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Table 5.11: MSE average errors, Ground Sweep Angle = 45 degrees.
Ground sweep velocity [rad/s]
MSE average distance per step (%)
MSE apex position per step (%)
MSE Average Λ per step (%)

(a) Simulation.

1
13.34041
2.28899
0.69027

(b) Real.

Figure 5.19: Average distance per step.

From the graphics in Fig.5.22a, it is possible to affirm that for the real CLHeRo
platform, the average traveled distance per step is greater than in the Adams simulations. It is also confirmed with the values of the MSE for the three different
velocities (Tables 5.9, 5.10, 5.11). This error, for the case with 90 degrees is reduced
when is increased the value of ωG , and the behavior is the opposite for 60 degrees.
But the principal focus has to point to the magnitude of this error in the simulations,
the worst analysis has a 14% or error, which is elevate.

(a) Simulation.

(b) Real.

Figure 5.20: Average apex position per step.

The average apex value 5.22b), can be considered the same for all the tests, with
only a maximum error of the 2.3%. Also, it is possible to observe the direct relation
between the velocity of displacement and the error obtained. Finally, with the
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smallest step angle, specially for the simulation tests, the error is higher than for a
same velocity value.
The last assessable parameter, Λ, has the lowest MSE of all the three parameters
(Fig.5.22c). This value represents the vertical variances of the body for every step
and can be considered that the vertical displacement in the simulations and in the
real platform is correlated.
Perhaps the error present in the forward displacement (around 15%), the results
with the physical platform accurately reflects the values obtained for the simulations
in the vertical axis.
As was mention during the displacement tests, unlike what happens with the
simulations were the transitions among steps does not interrupt the gait, in the real
platform, it has to be correctly checked, and it generates some moments were the
velocity of the robot is null.

(a) Simulation.

(b) Real.

Figure 5.21: Average Λ position per step.

5.4.2

Conclusions

After running all the tests described in this chapter and comparing the results between the simulations and the real tests, it is possible to summarize some conclusions
in the next points:
• The study of the slope (distance traveled vs time) demonstrate that the velocity for
every step can reach the same values.
• The Λ value, that describes the vertical oscillations between the apex point and the
transition point, can be considered the same value. It only presents an error less
than the 1.4%.
• The MSE apex position per step is directly related with the forward displacement
velocity.
• The average traveled distance per step is greater for the real robot, around 15%.
But for some cases, increasing the velocity can reduce this error.
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(a) MSE average forward displacement.

(b) MSE average apex position.

(c) MSE average Λ.

Figure 5.22: MSE values of the magnitudes measures between the simulations and the
real platform.
• The traveled distance vs time interval is lower for the real platform, due to the
process to verify the position of all the leg. This error get worse when increasing the
desired velocity.
At exception of the two final points, the obtained results can be considered as
successful. Therefore, it is possible to confirm that the implemented model in Adams
and the FSM developed in Simulink can be valid to represent the dynamic of the
CLHeRo for the alternating tripod gait.

5.5

Stability region for the CLHeRo

The mechanical limits of the motors together with the dynamical limits of the gaits
generate the boundaries of the stability region for the CLHeRo. This region is
represented in Fig.5.23 and compares all the values for the Ground Sweep Angle
with all values available for the rotation velocity of the motors (ωG ).
For this analysis, the lower limit for the αGSA has been set to the minimum value
where exists a reasonable traveled distance and the maximum rotation velocity is
achieved and the maximum value is set to the maximum value that the motors can
generate enough torque.
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Figure 5.23: Stability region for the CLHeRo

5.6

Conclusions

This chapter began with the study of the alternating tripod gait with the simulations in MSC Adams and modeling the legs with finite elements, then the results
for the real platform in the test bench are presented and analyzed. Later, the results from both studies have been compared, and finally, the stability region of the
CLHeRo has been represented, which allows to know the limits of the platform for
a stable walking gait.
Now, the main conclusions of the chapter involving the control variables for the
αGSA and ωG are gathered.
• Exists a direct relation between the Λ value and αGSA .
• Exists a direct relation between αGSA and the traveled distance at every step.
• The resolution of the motion capture system is not adequate to determine any behavior between the forward velocity and the vertical oscillations.
• Exists a direct relation between ωG and the traveled distance for a constant time
interval.
• Exists a direct relation in the error between the traveled distance and the forward
velocity, when comparing the simulation results with the results in the physical
platform.
Comparing the results of the simulation tests with the tests on the real platform,
allows to validate the alternating tripod gait algorithm implemented in Simulink
and simulated in Adams. The greatest difference is in the time disparity between
the transitions at every step. Nevertheless, it can be solved improving the gait
algorithm. So, it is possible to assume that the obtained results in the simulations
are correct for those values that has been tested.
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Therefore, for those reasons, the analysis described in this chapter allows to validate two points:
• The model developed in Adams is correct and the dynamic behavior corresponds
with the behavior of the real platform.
• The alternating tripod gait developed in Simulink is correct and reflects the results
obtained in the real platform with the ROS implementation.
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Chapter 6

Software architecture
Mobile legged robots require to coordinate all the actuators of the legs to generate
a stable and controlled movement of the robot on the environment. It is possible
to define a gait pattern as the planning and coordination of all the actuators that
results in an advance or rotation movement.
Nevertheless, these GPs require, on one hand, dedicating resources to the coordination and planning of the movements carried out by each actuator, which growth
exponentially together with the DoF of the robot.
To simplify the task of programming the GPs, a library has been developed to
facilitate the programming of any GP, the command of actuators and the reception
of the status.
Firstly, this chapter explains how the management of the CLHeRo GPs have been
implemented in ROS. It will describe the structure of the solution, the functionality
of the main packages, the services and messages that can be used to interact with
the robot and how to command the actuators.
In the second part, the chapter explains the details and specifications of the FSM
to teach how to program a GP. Finally, the chapter presents some instructions to
show how to program a GP with the use of the developed library.

6.1

Methodology overview

Before beginning to describe how the ROS package for manage the GPs has been
developed, it is necessary to specify the objectives and requirements that must be
met, so that the chosen development criteria can be justified.
The objectives described below must be met:
• The development of a ROS package that implements the actions of start, stop and
select between the different GPs.
• The package must be able to be used with the real robot and the simulations.
• To establish a programming methodology for any GPs.
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From the previous objectives, the following requirements were specified:
• The management system must be developed as a ROS Kinetic package and with
C++ language.
• The management system must be able to perform the following tasks:
– To select the different GPs.
– Activate/Stop/Pause the selected GP.
– Be able to modify some parameters (velocity, angles, rotation, . . . ) of the
selected GP.
• The management system must avoid conflicts and allow only one GP being active
simultaneously.
• The whole system must be a modular and replicable, so that the implementation of
a new GP should be as simple as possible.
• The implemented solution must be able for any “C-legs” robot.
• The management system must establish a generic message or command to send
orders to the actuators and publish the state of them.
With there requirements it is sought to create a software tool to be used for any
“C-legs” robot, and on the other hand, that the developed code can be used for
both, the real and the simulated robot, so there is no need to duplicate the code.
To achieve that a simple code can be used in both developments, physical and
virtual, it is necessary to create two interfaces that must be adapted to the characteristics of each solution.
This chapter will focus on the structure of the ROS package developed, detailing the nodes and communications that allow the management and control of the
different GPs.

6.2

Structure of the ROS package clhero gait controller

This package includes the definition of the nodes, libraries, messages and services
necessaries to meet the specified requirements.
Fig. 6.1, shows the general schema of the developed solution. The movement
orders generated at high level are interpreted by the Gait Patterns Interface (GPI),
this node modifies the state of the active GP or send the necessary information for
the movement.
If the sent command modifies the actual GP, the Command Interface node intervenes. This node receives the command orders for the actuators of every GP
and publish only the orders for the active GP, also, this node reads the state of the
actuators.
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Figure 6.1: Structure of the clhero gait controller package
As the reader can observe, there are two different external interfaces, the first one
for the physical platform and the second one for the simulations. These interfaces
will be described later.
Finally, the Gait Pattern node, manage the control of the GPs. In the next
sections, the functionalities, messages, services and particularities of the Command
Interface and Gait Pattern nodes will be described in detail.

6.3

Gait Pattern Interface (GPI)

This node is in charge of managing request for controlling the loaded GPs and
register new GPs. The management of all the GPs goes through this node.
In the following sections, the messages, services and functionalities related to this
node will be explained.

6.3.1

Messages and services

The nodes and services that play a role in this node are described in Table 6.1.
It indicates the name, message or services type, role (subscriber, publisher, client or
service) and a description of its role.
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Table 6.1: Messages and services of the Gait Pattern Interface
Name
change gait pattern

Type
clhero gait controller
/ChangeGaitPattern
(srv)
pattern command
clhero gait controller
/PatternCommand
(msg)
gait pattern control clhero gait controller
/GaitPatternControl
(srv)
register gait pattern clhero gait controller
/RegisterGaitPattern
(srv)

6.3.2

Role
Client

Description
Sends a petition to change the
active GP.

Publisher It is the message that receives
the GP with movement orders
or parameters.
Service
Service to send control orders or specify parameters to
a unique GP
Service
Service that needs to be called
for every GP to be able of being controlled and send commands to the actuators.

Gait patterns register

As it names indicates, the Gait Patterns Register provides a register of the GPs
recognized by the system. So it is possible to have a control over the active GP.
This function is motivated by two main aspects:
• The possibility of showing to the user all the GPs that are loaded and can be chosen.
• To have the control of the active GP and avoid interference with the loaded GP.
Both, the register and the active GP are available from the ROS Parameter Server.
The active GP is stored as a character string, while the register is stored as a list.
To add a new register (GP), the node has to call to the the Gait Pattern Register
service with the name of the new GP. The GPI checks that the name is not in use
and add it to the list.

6.3.3

Gait patterns control

This function allows to the user to control the actions of the robot with high-level
orders.
As will be described later, the GPs for the CLHeRo are conceived as Finite State
Machine (FSM). Following the ideas from the Guide d’Etude des Modes de Marches
et d’Arrêts (GEMMA) guide for the start and the stop modes, the definition of the
states is proposed at a higher level that governs each GP. This states corresponds
to the ones defined in the GEMMA guide.
• The operating mode ”normal”, defined as ”active” state.
• Stop at initial state or to stop the GP.
• Stop in an intermediate state, or to pause the GP.
• Verification of a GP or force a state of the GP.
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Table 6.2: Avaiable orders for controlling the Gait Patterns.
Order
Activate
Stop
Pause
Continue
Update arguments
Force state

Description
The indicate GP is set as the active GP.
The active mode is no longer the active GP and its state is set to
the initial state.
Disables transitions in the active GP. It is paused in the state at
the time the command is executed.
Enables again the transitions of the GP, removing the effects of
the pause.
Send specific data to the GP.
Forces a specific state of the GP.

Attending to this solution, only one GP can be set as ”active” mode, the rest of
the GP remain in the initial ”stop” state, which is common to all the GPs of the
CLHeRo.
The GPI allows to modify the state of the GP sending orders with the gait pattern control
service. The available orders are shown in Table 6.2.
The treatment and mode of operation of each of the different orders is briefly
described below.
Activate a gait pattern
Activating a GP implies that this GP is set as the active one, and its commands
will be the unique send to the actuators.
To activate a GP is necessary that it be registered in the gait patterns registered.
In its initializing process, a GP must ask for a register to the GPI with a unique
identifying name.
Next, the command interface needs to identify the active GP. To avoid mistakes,
it has to be request to the parameter server with the change gait pattern service. If
there are no conflicts, the new GP will be set as “active”.
In the event that there is a running a GP previously active, a stop signal must be
sent to avoid leaving an inactive running GP.
Fig.6.2 represents the flow chart of the treatment of an activation order.

Differences between activate and resume
Activating a GP always initiate its FSM from the initial state, while if the GP is
paused and it receives the order to resume, it will continue the flow of the FSM
since the state were it was paused.
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Figure 6.2: Flow chart for activating a GP.
Stop a gait pattern
Stopping a GP present two effects:
• The GP stop being the active GP, so it will not able to send commands to the
actuators.
• The actual state of its FSM is forced to be at the initial state.
Fig.6.3 represents the flow chart for stopping a GP. First, it checks if the activate
GP name matches with the requested name. If so, it sends the stop order.

Differences between stop and pause
Stopping a GP involves a forced transition to the initial state and remove the
actual GP from the parameter server. On the other hand, pausing prevents the
GP transitioning to any other state.
Pause a gait pattern
Pausing a GP implies that it cannot evolve to any other state, but it remains to
be the active GP.
As in the stop order, it checks that the name matches with the actual GP.
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Figure 6.3: Flow chart for stopping a GP.

Resume a gait pattern
For this case, the active GP continues with its normal execution from the state in
which it was paused. It can be used only if the GP was paused previously.
Update parameters
This type of order allows to send information to a GP. It has to be send in the
format of: identifier and value.
It is necessary to modify parameters of the GP like: forward velocity, legs angles
or diameter of the leg. The user can specify and program any parameter that are
needed.
Force a specific state of a gait pattern
It provokes that the GP transit to the specified state. As in the stop or pause
command, it checks if the GP name matches.
This command has been implemented for developing and debugging the different
GPs, and should not be used in the normal functioning of the robot.

6.4

Command interface

The Command Interface (CI) is the node that manages the commands sent to
the actuators, read the values of the motor drivers and avoid conflicts between the
execution commands for the active GP and the loaded GP.
The following sections will describe the messages and services that implement all
the functionalities of the node.
Escuela Técnica Superior de Ingenieros Industriales (UPM)

97

CHAPTER 6. SOFTWARE ARCHITECTURE

Table 6.3: Messages and services of the Command Interface
Name
change gait pattern

Description
Sends to the active GP
that can send commands to
the actuators.
legs command
Publisher Message with the uniiedy
command for the actuators.
legs state
clhero gait controller
Subscriber Message with the state of
/LegsState (msg)
the actuators. Read from
the drivers.
legs state com
clhero gait controller
Publisher Message with the state of
/LegsState (msg)
the actuators send to every
GP.
legs command request clhero gait controller
Service
Service that a GP uses to
/LegCommandRequest
send new command to the
(srv)
actuators.

6.4.1

Type
clhero gait controller
/ChangeGaitPattern
(srv)
clhero gait controller
/LegCommand (msg)

Role
Service

Messages and services

The messages and services that play a role in this node are described in Table 6.3.
It indicates the name, message or service type, role (subscriber, publisher, client or
service) and a description of its role.

6.4.2

Command interference prevention

One of the main tasks of the system is to avoid to be more than one GP active
simultaneously, provoking an erratic movement.
As was described previously, legged robots need the combination of different GPs.
For example, walking forward and turning in place, require of GPs completely different.
Furthermore, as the system is running under ROS, all the GP are executed as
independent nodes, although only one of them (the active), starts from the initial
state and runs through all the states.
Both, the interfaces and the gait patterns library have been developed trying to
avoid that a loaded, but not active, GP could not transit to another state and send
commands to the interfaces.
When the GPI receives the request to activate a GP, if it is correct, the GPI sends
a request to the CI. The CI, does not check the name of the GP, this request only
checks that the CI is operative. From this moment on, the CI only will attend to the
leg command request service in which the GP indicative matches with the specified
previously.
98

Jorge De León Rivas M13165

6.5. MANAGEMENT OF THE GAIT PATTERNS

6.4.3

State management and commands

To implement this part of the system, some techniques of real time programming,
specifically programming concurrent processes through threads, a detailed description of this process can be found in [143]. Fig.6.4 shows the normal functioning of
all the agents described previously.
Inside the main process, when it is initialize, two main threads are activated:
• One for the periodic sending of the status of the GPs.
• The second one for sending the same information to the actuators.

State management
The state thread is created to manage the state. This thread sends periodically
the status of the actuators to the GPs that are loaded.
This information needs to be send periodically because the GPs needs to coordinate the different movements.
As the reader can observe in Fig.6.4, in this function, two events occur concurrently in the main thread:
• The management of the callbacks from the messages, receives the legs state message.
• Sending the values to the global variables of the interface.
As both threads (state thread and legs state) can access to the variables, a mutex
has been implemented as a semaphore to manage the access to these variables.
Command management
To publish the commands to the actuators, the thread command thread has been
declared. As happens with the two previous described threads, the publish rate is a
variable that can be modified from the command interface node.
The main thread from the CI manages the callbacks from the leg command request
service that is called from the active GP. The command thread thread, can access
in an orderly manner to the commands and send them.
Like in the previous threads, a mutex has been implemented to avoid conflicts
when accessing variables.

6.5

Management of the gait patterns

This section will explain in detail, the necessary steps to manage the GPs in
this system. First, all the aspects of the gait pattern control control service will be
explained, secondly the arguments that can be used for the GPs will be treated.
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Figure 6.4: Sequence diagram of the package clhero gait controller.
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6.5.1

Control service

The node clhero gait controller implements the gait pattern control service. This
service receives the teleoperation commands or the autonomous navigation order (or
from any other source).

First, all the arguments from the service will be described (Listing 6.1).
Listing 6.1: Description of the gait pattern control message
#=============================================================
# Ga it Pa tt ernContr ol . msg
#
# Description : this service is set for controlling the
pattern
# manager .
#=============================================================

# Name of the gait pattern
string pattern_name
# Arguments
# In this field , arguments such as the velocity or the legs ’
contact angle shall be set .
string args
# Order
#
- stop : stop the gait pattern at an initial state
#
- pause : stop the gait pattern at the current state
#
- continue : resumes the course of action
#
- force_state : transitions to a defined state given
in args
#
- start : starts the gait pattern
#
- update_args : update the gait pattern ’ s arguments
string order
--int8 ans

The gait pattern control service has three request arguments and one response
field. Table 6.4 resumes a description of each one. All the request arguments have
been defined as strings, so the user can identify the message in an easier way.
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Table 6.4: Messages and services of the Command Interface
Field
pattern name
args

Role
Request
Request

Type
String
String

order

Request

String

ans

Response

int8

Description
Name of the GP that receives the order.
Additional arguments that can be send (modify
parameters, force a state, . . . )
Message with a specific order to the GP. It has
to be send with the specified format, if not, it
will send an error message.
Response code → 0 = success.

It is important to notice that the orders for update arguments or force a state
needs to specify the field args. The example in Listing 6.2 shows an example the
activation of the GP defined as ”mode 1”.
Listing 6.2: Example of using the gait pattern control service
# Initialize the variable with the service
c l h e r o _ g a i t _ c o n t ro ll er :: Gait PatternControl srv ;
# Specify the name of the gait pattern
srv . request . pattern_name = " mode_1 ";
# Specify the order
srv . request . order = " start ";
# Call the service
client . call ( srv );

6.5.2

Arguments passing

The field pattern name allows to send some specific arguments to a specific GP when
it is being executed.

The information to be send will be indicate in the field arrays. It can be:

• Categorical arguments, like ”left” or ”right” for a turning maneuver.
• Numerical arguments, like the value of forward speed.

The parameters are always considered as identifier-value pairs, and for the args
argument, must be specified with the following syntax.
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Syntax for arguments passing
Each argument must be specified with a name, followed of two points (:) and the value
of the argument. If there is the possibility of sending multiple arguments, they should be
separate by commas (,).
Example:
name 1 : value 1, name 2 : value 2, [. . .] , name n : value n

The Listing 6.3 shows an example for passing arguments through a process.
Listing 6.3: Example for passing argument with the gait pattern control service
# Initialize the variable with the service
c l h e r o _ g a i t _ c o n t ro ll er :: Gait PatternControl srv ;
# Specify the name of the gait pattern
srv . request . pattern_name = " modo_1 ";
# Specify the order
srv . request . order = " update_args ";
# Specify the arguments to be passed
srv . request . args = " giro : izquierda , velocidad :2";
# Call the server previously declared
client . call ( srv );

6.6

Actuators command

As was described in Fig. 6.1, the physical robot and the simulated model present
different interfaces for the actuators, this means that the LegCommand message by
the clhero gait controller node needs to be translate for the each specific controller.
For that reason, is necessary to create the Actuators Interface (AI).

6.6.1

Requeriments of the actuators interface

Even the AI depends on the implementation of the robot (the type of the Gazebo
controllers or the manufacturer of the motors), it is possible to identify some common
characteristics that needs to be present in the interface to be able to command the
actuators and read the state of each one. For commanding the actuators is necessary
that:
1. The AI accepts position commands and velocity profiles.
2. The AI accepts velocity commands.
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3. The AI allows to interchange between position and velocity control at any time.
In the same way, the requirements for publishing the status are the following:
1. The AI has to publish the position of each actuator.
2. The AI has to publish the velocity of each actuator.
3. The AI has to publish the torque of each actuator.
The units of all the arguments that can be send or receive must be in the standard
of the International System (IS).
Listing 6.4 shows the definition of the legs command message. This message sends
the command to the six legs and admit the type of controller (position or velocity)
and the velocity profile for each leg.
Listing 6.4: Definition of the legs command message
#=============================================================
# LegCommand . msg
#
# Description : this message contains the command for every
leg
#=============================================================

# Position
float32 [6] pos
# Velocity
float32 [6] vel
# Acceleration
float32 [6] acel
# Decceleration
float32 [6] decel
# Flag indicating if a new acceleration profile is set
std_msgs / Bool [6] new_acel_profile
# Flag indicating if the command is position - type
std_msgs / Bool [6] position_command

6.7

Programming interface for gait patterns. clhero robot
library

For programming any GP with the ROS package clhero gait controller explained
in the previous section, is necessary to use the Application Programming Interface
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(API) included in the same package. The main actor of this API is the clhero robot
library, which is declared in the clhero.cpp file and in the clhero.h header file, both
can be found in the same package.
This library automatizes the treatment all the messages and services necessaries
for the operation of the CI and the GPI.
To reduce the execution and response time, multi-threading techniques have been
implemented in the library. So, for using this library is necessary a ROS version that
can compile the code with a version equal or higher from the standard of C++11.

6.7.1

clhero robot class

The main element defined by this library, is the class that shares the same name,
the clhero robot class. It represents the robot, and the instances allowed to interact
with it.
Its operation is based mainly in the creation and management of threads that
allow automating actions such as the reception or sending of messages and services
or the execution of the active state. When instantiating this class, the constructor
creates the following threads:
• pattern command reception thread: thread that manages the reception of the
message from and acts consequently.
• leg state reception thread: thread that manages the message with the status of
the actuators.
• state handler thread: thread that manages the execution of the instructions of
every defined state.
Once the instance of this class has been declared, if the interfaces are active, all
this functions will be available for the GP.
It is important to point that exists a restriction with the use of the class, it can
only be instanced once per node. If there more than one instances, it will show an
error and block the use of that GP.

6.7.2

Command of the actuators

One of the main objectives of this library is to be very simple to send commands
to the actuators. Two control modes are available for the actuators: position and
velocity control. In both cases, it is possible to define also, the acceleration profiles.
Interchange between the type of control can be done in live execution, so that
calling a method that establishes the position or the velocity changes automatically
the type of the controller.
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Sending commands to the actuators can be done with the setLegPosition and
setLegVelocity methods from the clhero robot class, whose prototypes are the following:
// Set the position for a leg
void clhero :: Clhero_robot :: setLegPosition ( int leg ,
float position ,
float velocity = DEFAULT_VEL ,
bool new_acel_profile = true ,
float acel = DEFAULT_ACEL ,
float decel = DEFAULT_ACEL );
// Set the velocity for a leg
void clhero :: Clhero_robot :: setLegVelocity ( int leg ,
float velocity ,
bool new_acel_profile = true ,
float acel = DEFAULT_ACEL ,
float decel = DEFAULT_ACEL );
By default, for both types of commands the acceleration profile (DEFAULT ACEL)
has a value of 1200 rad/s2 . For the rotation velocity, it is defined by default (DEFAUL VEL) with a value of 2π rad/s.
It is possible to command the actuators with two different styles:
• Command one or more legs with the same order.
• Command with immediate effect or store orders and send them in batches.
Using the first option, it takes advantage of the polymorphism characteristic of
the C++ language and it is modified to implement a second version that admits
as first argument a vector (std:vector ) with the identifiers of each leg that needs to
be commanded. This option is available for the two types of control (position and
velocity). Below, it shows the prototype for the position control, and for the velocity
control, only the first argument needs to be modified.
// For multiple legs
void clhero :: Clhero_robot :: setLegPosition ( std :: vector <
int > legs ,
float position ,
float velocity = DEFAULT_VEL ,
bool new_acel_profile = true ,
float acel = DEFAULT_ACEL ,
float decel = DEFAULT_ACEL ) ;
By default, commanding the legs have immediate effect, it means, that when a
method is called, it is process and send the order immediately to the actuators.
However, an alternative option has been implemented, this option stores a bath of
orders, one for each leg and send them simultaneously to reach a higher degree of
synchronism in movement, avoiding individual processing time for each individual
order.
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This behavior can be controlled with the next methods:
// Controls if the command request shall be sent inmediately
// after the set function call or shall be buffered instead
// If false , once the set function is called , the msg is sent
void clhero :: Clhero_robot :: bufferCommands ( bool c );
// Clear the buffered command
// By default the initial command is a velocity command with 0
// as value for each leg .
void clhero :: Clhero_robot :: clearCommand ();
// Sends the buffered command
bool clhero :: Clhero_robot :: sendCommands ();

With a call to the bufferCommands method with true as argument, this mode for
the messages is activated. The following calls to setLegPosition and setLegVelocity
will not have effect until the code calls to the sendCommands method. On the other
hand, the clearCommand method makes a reset of all the orders stored.
Each time that the sendCommands method is called, the method internally calls
to the clearCommand method after using the leg command request service.
This buffering technique improves the simultaneity of the orders and, therefore,
it is a better tool to reach a better synchronization of the movements.

6.7.3

Obtain the status of the actuators

Know the status of each actuator at every time step is crucial for a correct coordination of the movements. In this work, the status is defined by three characteristics:
position, velocity and torque.
The information request of the status of the actuators is done asynchronously.
The leg state reception thread thread performs in parallel and periodically the data
processing of the callbacks from the legs state com message that is published by the
CI to the GP. This thread receives and process the message, updating the status of
the actuators values that are stored as a variable in the class. As in other situations,
to avoid collisions when accessing simultaneously to the variable, a mutex has been
implemented to regulate the access.
Thus, when a request is received, the method will return the last status received.
Obtaining this information can be done as follows:
• Requesting the status of all the legs.
• Requesting the status of each variable independently (position, velocity, torque) of
all the legs.
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For the first option, the method is:
// Function that returns the state of the legs
LegState clhero :: Clhero_robot :: getLegState ();
This method returns a custom variable of the type LegState. Which is a Struct
with fields for position, velocity and torque. And its definition is:
// Struct containing the state of the legs
struct clhero :: LegState {
std :: vector < float > pos ;
std :: vector < float > vel ;
std :: vector < float > torq ;
};
Instead, if the user decide to obtain only one of the variables of the status, it is
possible to call the method with on of the next instructions:
// Returns the position of the legs
std :: vector < float > clhero :: Clhero_robot :: getLegsPosition ();
// Returns the velocity of the legs
std :: vector < float > clhero :: Clhero_robot :: getLegsVelocity ();
// Returns the effort of the legs
std :: vector < float > clhero :: Clhero_robot :: getLegsEffort ();
Regardless of the method, it returns the required variable of all the legs as a vector
(std::vector ).

6.7.4

Definition and management of the status with multi-threading
techniques

In this section the tools for creating a FSM for definition of the GP with the
clhero robot library will be explained.
But first, is necessary to defined what is conceived as state within this framework.

“State” definition for the Clhero robot library
A state is defined as a void function and with a pointer as argument to the clhero robot
class. In these process will be executed the orders to command the actuators and evaluate
the conditions to move to another state.
Example:
void state_1 ( clhero :: Clhero_robot * clr );
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It is important to remark that at every state, a pointer of the clhero robot class is
received as argument. This means that at every state it can access to the instance
declared in this class.
Adding states to the finite state machine
To use a function as a state of the FSM it should be indicated by the call to the
attachState method of the clhero robot class.
// Function to attach a new state
// Returns :
//
True - if the state was successfully attached
//
False - if the state couldn ’t be attached
bool clhero :: Clhero_robot :: attachState ( int state_id ,
void (* state_fcn )( Clhero_robot *) ,
bool start in g_ st at e_flg = false );

Is necessary to pass as arguments a number (int) that will be the identifier of the
state, the pointer to the function that wants to be added to the FSM and as an
optional argument it can indicate with a boolean value if it is the initial state.
Transitions between states
Once a new state has been defined and declared in the FSM, it is necessary to
establish how to transit to this new state. To make a transition, the active state has
to call to the transition method from the clhero robot class indicating the identifier
of the state to which the FSM wants to make the transition.
// Function that performs the transition to a new state given
as argument
bool clhero :: Clhero_robot :: transition ( int state_id ) ;

For any FSM, is necessary that the conditions to transit to another state must be
checked. Consequently, is necessary to check them periodically. With that in mind,
the next method returns the active state.
// Function that returns the active state
int clhero :: Clhero_robot :: activeState ();

This method allows to know which is the identifier of the actual active state.
Once the transition has been called successfully or has change to stop, the active
state changes its value. So the state that was active, has to finish its execution and
send the active state to the corresponding state.
The implemented solution to manage the transitions consist in a while loop that
checks that the identifier from activeState matches with the identifier from the active
state. Inside the loop, is necessary to check the transition conditions.
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The “0” state
Before the user create any state, all the GP that use the clhero robot class, share
the definition of a common state, the “0” state or the initial state.
The “0” state corresponds to a state of inactivity in the GP, the objective of this
state is to be the starting point to all the GP and not to send actuation commands.
Therefore, this state only checks the status of the GP, if the state transit to active,
the “0” state transits to the corresponding initial state.
Thus, when the pattern command reception thread thread receives the stop order,
it makes a forced transition to the “0” state. So, all the GP when are stopped, are
always in the “0” state.

6.7.5

Treatment of the movement parameters

Passing arguments to the GP is one of the characteristics that present the clhero gait controller
package.
As was explained previously, this arguments are passed indicating the name of
the argument and its value. So, when is received a pattern command type message
for updating the arguments, the pattern command reception thread thread does a
treatment of the character string to update a field of the clhero robot class. This
variable is defined as a map (std::map).
To obtain the actual parameters from a GP, is necessary to call the following
method from the clhero robot class.
// Function that returns the arguments
std :: map < std :: string , std :: string > clhero :: Clhero_robot ::
getArgs () ;
The returned value is a map with the string characters both for the identifier as
for the value. If the value is not a string, is necessary to realize the corresponding
transformation.

6.8

Programming gait patterns with the clhero robot
library

After describing the main tools for programming a GP, in this section, an example
of programming a GP will be explained. The section begins with the explanation of
diagram of the FSM, then will describe how to initialize the node and finally with
the programming of the most representatives states.
The GP show in this example, is a test GP to test that the actuators are not
locked and can turn in both ways. For it, first the actuators will be commanded to
turn in one way, secondly they will receive a command to move to the symmetrically
position anticlockwise.
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The first step is to approach the GP. When the GP becomes active, it will transit
to the state 1, which moves the legs 90o clockwise. When it reaches the position, the
FSM will transit to the state 2, which sends the order of moving 270o anticlockwise.
This steps will be in a loop until the FSM receives the stop order. Fig.6.5 shows the
diagram for this FSM.

Figure 6.5: Diagram of the test GP.

6.8.1

Initializing a gait pattern

To avoid any error in the nodes, is necessary that together with the initialization of
the register of the GP, the states previously defined as functions have to be included.
This part of the code, has to be inside of the main loop of the node. In addition,
the order in which they are write will match with the sequence order in the code
too.
The first step is to instance an object of the clhero robot class. The constructor
takes as argument the string characters with the name. For this example, it will be
“check mode”.
// Define the name of the gait pattern
const std :: string pattern_name = " check_mode "
// Instance of the clhero_robot class
clhero :: Clhero_robot clhr ( pattern_name );
Once the object has been declared, is necessary to register this GP in order to be
recognized by the interfaces. To register it is necessary to call the registerGaitPattern
routine with the name defined previously.
// Register of the gait pattern
clhero :: regi s te r G ai t P attern ( pattern_name );
Once the node has been registered as a GP with an identifying name, it is possible
to defined the states. As in this section only explains how to initialize the GP, it is
considered that the routine of every state has been declared previously.
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Now, defined states are include in the main loop.
// Add the states of the fsm
clhr . attachState ( state_1 , 1 , true );
clhr . attachState ( state_2 , 2);

It is important to point, that the first state presents a third argument (“true”).
This argument indicates that is the initial state.
For this example, the commands will be send all together. To activate this option,
is a good practice to do it in the initialization loop.
// Activate the command buffer
clhr . bufferCommands ( true );

And with this, the initialization of a state has been accomplished. From this
moment on, the GP only has to wait to the different threads to finish their execution. To avoid programming any waiting loop, the class include a method with this
purpose:
// GP normal execution
clhr . run ();

6.8.2

Declaration of the states

This section will explain how to programming a state of the previously GP described. This GP has two states, which programming is identically except for the
final angle position. Therefore, only one will be detailed.
Generally, a state is composed of two main parts:
• The first one, which send the commands from the state
• The second one, which checks periodically the transition conditions.
Commanding actions
The first part of a state is dedicated to sending the corresponding commands to
the actuators. In this example, as the command is the same one for all the legs, it
can be send individually to each leg or together to all the legs. For the first case it
will be as follows:
// Individual command
for ( int i =1; i <= NUMBER_OF_LEGS ; i ++){
clhr - > setLegPosition (i , 1.5708 , 3.1416);
}
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However, taking advantage of the command capacity to send the same order to
all the legs, this option is much more compact.
// Vector with all the legs
const std :: vector all_legs = {1 , 2 , 3 , 4 , 5 , 6}
// Command
clhr - > setLegPosition ( all_legs , 1.5708 , 3.1416);
Both cases send the same command order to the actuators (90o = 1.5708 rad )
with positive velocity (clockwise) and value π rad/s.
Checking transition conditions
Once the commands have been send to the actuators, the state must check that
the state still being the active one, and if the transition conditions are met, it has
to transit to the corresponding state.
In order for this process to be carried out iteratively, the ROS are used. The
instruction “Rate” allows to force the loop beginning at a established rate, in this
case 100 Hz.
// State rate
ros :: Rate loop_rate (100);
In this way, and using the methods described in the last section, programming
this part only requires to follow the steps. First, inside the while loop is included
the condition for corresponding the active state with that state. Second, inside the
while loop, is necessary to check the transition conditions.
// Variable that indicates the number of legs in position
unsigned int legs_in_position = 0;
// Variable with the legs position
std :: vector actual_position ;
// Checking that the state is the active state
while ( clhr - > activeState () == 1) {
// Get legs position
actual_position = clhr - > getLegsPosition () ;
// Check that the legs are in position
for ( int i =0; i < NUMBER_OF_LEGS ; i ++) {
// If the legs are + -2 degrees in the final
// position (0.035 rad ) , it is considered that
// the legs have reached the position
if ( fabs ( actual_position [ i ] - 1.5708) < 0.035) {
legs_in_position ++;
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}
}
// If all the legs are in position
if ( legs_in_position == NUMBER_OF_LEGS ) {
// Do the transition
clhr - > transition (2) ;
} else {
// If not , clear the variable
legs_in_position = 0;
}
// Wait until the rate
loop_rate . sleep () ;
}
// When it is not the active state ,
// this process has to end .
return ;
As the positions, velocities and torques are variables expressed with floating point
type, to indicate that a leg is in position, is necessary to establish a threshold at
which it is considered that the leg has reached the reference.
With this, the state 1 has been completely programmed. For the state 2, only
is necessary to modify the target position, and consequently the check position
value. The turning side is related with the signed of the speed variable. So, for an
anticlockwise movement, the actuator speed should be negative.

6.9

Actuators interfaces

The clero gait controller that helps to manage the programmed GP, allows to
send the the command orders independently of the target platform. For example,
the same node can send the orders to both platforms, the simulated and the real
one.
But, unfortunately this interfaces need to be programmed ad-hoc for each controllers. It means that every motor manufacturer will need to have its own interface.
This section will describe the two AI developed for the CLHeRo: the simulation interface and the hardware interface. But, before are specified the requirements to be
covered by any actuator interface that could be implemented for being use in this
system.

6.9.1

Requirements and operating conditions

This section describes the characteristics that any created AI must be met in
order to work properly with the GPI. In general, the requirements are focus in how
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to publish and interpret the messages of the system.
General requirements for the actuators interfaces
This requirements must be met to avoid any error in the system. The Table 6.5
specifies these requirements.
Table 6.5: General operating requirements of the actuators interfaces.
Requirement
Position order

Desription
The interface has to be able
to publish the specific position commands corresponding
to the orders send by the GPI.

Velocity order

The interface has to be able
to publish the specific velocity commands corresponding to
the orders send by the GPI.

Modifiy controller
type ”on-live”.

The interface has to be able to
publish the corresponding order
for change the actual controller
from position to velocity or vice
versa.

Publish the status
of the actuators.

The interface has to be able to
publish the actual position, velocity and torque of the actuators.

Justification
It is necessary that the application can be controlled with
position commands, and therefore, translate the generic command to the corresponding GP.
It is necessary that the application can be controlled with
speed orders, and therefore
translate the generic commands
of the active mode into specific
commands.
To accommodate the characteristics of the gait mode programming package, the application
must be able to change the control type at any time during
normal execution.
For a good synchronization of
the movements of each GP, it is
necessary that the GP can read
the status of each actuator at
every moment.

To accomplish these requirements, the interfaces have to manage the reception
and sending of the specific messages from the clhero gait controller package. Table
6.6 shows the description of the messages. As was described in previous sections,
the units for each message must agreed the units from the IS.

6.9.2

Simulation interface

This section will detail how to get working the AI together with the GPI with the
CLHeRo simulation model. This interface can be found in the ROS package named
clhero sim control and with the node named sim control interface.
Simulation model
The simulation model of the robot has been developed in previous works ([2] and
[32]). This simulation is based on the simulation software Gazebo y the definition
of the robot in a URDF 1 file with XACRO language.
1

Unified Robot Description File
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Table 6.6: Messages required by the actuators interfaces.
Name

Rol

Type

Definition of the message

legs state

Publisher

LegsState

Float32 [] pos
Float32 [] vel
Float32 [] torq

LegCommand

Float32 [6] pos
Float32 [6] vel
Float32 [6] acel
Float32 [6] decel
Std_msgs / Bool [6]
new_acel_profile
Std_msgs / Bool [6]
position_command

legs command

Subscriber

Figure 6.6: Simulation model of the CLHeRo in Gazebo
The simulation model can be find in the ROS packages named clhero gazebo simulation,
where it is the definition of the robot and the launch file for the simulation. Fig.
6.6 shows the robot in the Gazebo simulator.
Control of the actuators
The control of the actuators for this simulation model is based in the controllers
system of ROS, named ROS Control [72], together with the ROS plug-in gazebo ros control
from Gazebo. With the intention of having a more realistic model, each leg has two
controllers, as the Maxon controllers implement:
• effort controller/JointPositionController : Position PID controller with action on the
motor torque.
• effort controller/JointVelocityController : Velocity PID controller with action on the
motor torque.
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Table 6.7: Parameters of the position and velocity controllers for the Gazebo model.
Controller type
Position
Velocity

KP
20
2

KI
10
10

KD
0.5
0

This two controllers are necessaries to cover the neeeds imposed by the GPI, as it
requires both types of commands.
Parameters of the actuators
To adequate the behavior of the simulation to the behavior of the physics motors on the CLHeRo, the PID parameters of the controllers were adjust. These
parameters are shown in Table 6.7.
All the legs have the same parameters for their controllers, this parameters can be
found in the YAML file name clhero sim controllers.yaml inside of the clhero sim controllers
ROS package. This package also includes a launch file that execute the controller spawner
node from the controller manager ROS package. By default, the controllers launched
at the spawn are the velocity controllers.
Interchange the actuators
Once of the functionalities that includes the ros control, allows to interchange the
active controller for any of the joints defined in the XACRO file. To do the interchange is necessary to call the clhero/controller manager/switch controller service
with the type controller manager msgs/SwitchController.
To change the controller type, is necessary to specify the name of the controller
that is going to be activated with the start controllers parameter and the name of
the controller that is going to be stopped with the stop controllers argument.
The name of the controllers are defined as follows:
• Name of the position controller: motorX position controller.
• Name of the velocity controller: motorX velocity controller.
For both cases, the X must be overwrite with the identifying number of the
corresponding leg.
Steps to launch the simulation
For executing the simulation is necessary to follow the following steps:
1. Launch gazebo and spawn the robot model.
2. Load and initialize the controllers.
Escuela Técnica Superior de Ingenieros Industriales (UPM)

117

CHAPTER 6. SOFTWARE ARCHITECTURE

This can be done with the execution of the two launch commands explained
previously:
( Terminal # 1)
$ roslaunch clhero_gazebo clhero_gazebo . launch
( Terminal # 2)
$ roslaunch cl he ro _si m_ co ntr o l le rs cl h e ro _si m_ co nt rol le rs .
launch
Functionality. Commanding and obtaining the status
The functionality of the simulation interface implemented in the sim controller interface
node is the management of the messages corresponding to the controllers, both for
command and for obtaining the status.
Obtaining the status
Obtaining the status of the messages is done with the subscription to the
/clhero/joint states message with sensor msgs type from the gaebo ros control plugin.
This message is a vector (std::vector ) with the position, velocity and torque of
each one of the actuators, together with the name defined in the URDF file.
Therefore, when the sim control interface node receives a message of the type
/clhero/joint states, it reads the information of the message and transcribe to the
leg state message with th clhero gait controller/LegState type.
Commanding with position orders
For commanding each one of the legs, the node executes a total of six threads, one
for leg. So, every thread is dedicated to periodically publish the corresponding command. The position message is /clhero/motorX position controller/command with
type std msgs/Float64, and the velocity message is /clhero/motorX velocity controller/command
with the same type. In both messages, the X has to be substitute with the identifying
number of the leg.
The ros control controllers do not allow the position controllers to have acceleration profiles neither the rotation direction. To implement this functionality, a
realistic position control is implemented as follows:
1. If the difference between the reference position and the real position is over a threshold, obtained in the specified acceleration profile function, a velocity control is realized with the specific velocity parameter.
2. If the difference is less than the threshold, it commands the leg with the velocity
controller with a velocity value corresponding to the value of the deceleration profile.
3. If the difference is a value of 7o or less, the position controller commands directly
the leg to the reference position.
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With this process, the simulation packages tries to present a similar behavior to
the Maxon motors that are installed in the real robot, and at the same time, it
allows to specify the rotation turning sense.
Commanding with velocity orders
To control the legs with velocity commands, each thread needs to check if is
necessary to stop the position controller and activate the velocity controller. And
then, send the /clhero/motorX velocity controller/command message with the value
of the desired velocity.
For both, position and velocity control, the reference value and the type of command for each leg is stored as a global variable of the process. These variables are
updated when attending to the subscribe callback legs command message of the type
clhero gait controller/LegCommand described in previous sections.
Implementation and use
Implementation
The simulation interface includes the sim control interface ROS node corresponding to the clhero sim control package.
Use and initialization
This node can be used standalone, and can be launched with the following instruction:
$ rosrun clhero_s im _c ontrol sim_ cont rol_i nter face
There is a second option for launching this node. This node is included in
the launch file of the GPI node, specifically in the gait controller.launch from the
clhero gait controller package. By default, this launch file assumes that is executed
for the real platform, so is necessary add an extra parameter:
$ roslaunch cl he ro _ga it _c ont r o ll er gait_controller . launch
gazebo_sim := true

6.9.3

Hardware interface

As happened with the simulation interface, to operate the GPs in the real robot
it is necessary to create the hardware actuators interface for the Maxon motors.
This section describes the main points of the hardware interface develop, beginning
with the use of the library for the motors, and following with its functionality,
commanding and obtaining the status of the motors, like in the simulation interface
section.
The result of this part of the work is the hw control interface node in the clhero hw control
ROS package.
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Specification of the actuators of the legs
Each leg of the CLHeRo, has a Maxon MCD EPOS motor which mission is to
rotate the corresponding joint. The master motor unit is connected with USBRS232 protocol, and creates a CAN network with the other motors.
For the correct implementation of the hardware interface, is necessary to know
the reduction factor (529 : 16 ∼ 33 : 1) and the encoder, which is a 1000 pulses
quadrature enconder, which is a total of 4000 pulses per turn.
EPOS Maxon library for controlling the motors
The hardware interface uses the oficial Maxon library, named EPOS Positioning
controllers, specifically the version published in 2006 [106].
Unfortunately, the EPOS library units does not correspond to the IS units, as the
table 3-7 from the EPOS2 positioning controllers Firmware Specification document
[146], the units from the library are the following:
• Position units: encoder pulses.
• Velocity units: revolutions per minute [rpm].
• Acceleration units: velocity units divided by seconds [rpm/s].
To convert the position units (encoder) from the library to the standard units
of the IS, is necessary to calculate the relation between the position angle of the leg
and the read value from the library.

Leg position[rad] = Motor position[pulses] ·

2π rad
16
·
4000 pulses 529

It is important to notice that the values obtained from the library are read at
the axis of the motor, so it is necessary to consider the reduction relation.
Finally, is necessary to map the values of the encoder to one turn, so the position
units has to be mapped between [0, 2π).
Functionality. Commanding and obtaining the status
Like in the simulation case, the functionality of the hardware interface is to translate
the messages from the GPI to the Maxon motors.
Obtaining the status
To obtain the status of the motors, is necessary to call three different functions:
epos functions::GetPosition, epos functions:: GetVelocity and epos functions::GetEffort.
Unlike the simulation interface, the official library does not have a method that returns one vector with all the values.
Commanding with position orders
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For commanding the Maxon MCD Epos in position, first is necessary to activate
the position profile, this can be done with the epos functions:: ActivateProfilePosition instruction. Then, the epos functions:: MoveToPosition function execute the
commands to reach to the desired position. If the user needs to modify the velocity
profile, it can be done with the epos functions::SetPositionProfile function.
Commanding with velocity orders
Commanding the motors in position, uses the same commands as for the position controlling, except that the instruction includes the Velocity word instead of
Position.
Implementation and use
Implementation
The described node (hw control interface) in this section has been include in the
clhero hw control ROS package.
Use and initialization
As happened with the simulation interface, this node can be run standalone with
the next instruction:
$ rosrun clhero_hw_control hw_cont rol_interface
And can be also launched with the launch file from the clhero gait controller
package.
$ roslaunch cl he ro _ga it _c ont r o ll er gait_controller . launch
hardware := true
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Chapter 7

Programming of gait patterns
This chapter describes how to programming some gait patterns with the tools
explained in previous chapters. But first, it will be introduced the units and reference
systems used. Then, it will explained how to set the CLHeRo to a specific position.
In third part, how to program a walking forward gait pattern, and finally how to
implement turning maneuvers.

7.1

General considerations

Before explain how to program a gait pattern, is necessary to define the units,
reference system and a tripod.
Units
As has been exposed in previous chapter, the units correspond to the defined by
the International System, except if there is an instruction indicating the opposite.
So, distances are measured in meters [m], angles in radians [rad] and time in seconds
[s].
Following this annotation, the units that derive from them (velocity, acceleration)
or any other combination, will used also the units from the International System.
In same cases, some specific units like revolutions per minute [rpm] can be used for
a better understanding by the reader.
Reference systems
The reference system used for the CLHeRo follows the adapted reference system
that is used by convention for aerial and ground robots. This system presents the
X axis parallel and with positive value to the advance direction, the Z axis is
perpendicular to the ground and, finally, the Y axis is the result of applying the
rule of the right hand. This reference system is described in Fig.7.1. Following the
same principle, the reference system for each leg was declared.
The initial reference position for each leg matches with the position where the
leg is not in contact with the ground and the contact point between the leg and
the ground is perpendicular to the origin of the reference system for the legs. For
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Figure 7.1: Reference system defined for the CLHeRo.

(a) Reference system for each leg.

(b) Reference position for a leg.

Figure 7.2: Reference system and reference position for each leg.
an easier interpretation of the position of the leg, the angular position (θ) will be
mapped between 0 and 2π and with positive sign clockwise turning around the Y
axis.
Tripods
Studying the gait patterns of different families of insects, it is possible to affirm
that their principal walking gait, which is named “alternating tripod” defines to
tripods of alternating legs. Each tripod includes the two legs of the ends of the same
side and the intermediate one of the opposite side, Fig.8.2 shows this definition.

7.2

Gait patterns for positioning the CLHeRo

This section will show how are programmed the gait patterns for defining a specific
position for the CLHeRo. This configurations are basics for a correct coordination of
124

Jorge De León Rivas M13165

7.2. GAIT PATTERNS FOR POSITIONING THE CLHERO

Figure 7.3: Tripods for the alternating tripod gait
the robot and some are defined as standby or stop positions and can be implemented
in more complex movements.
During this thesis, two of this kind of gait patterns have been developed, one for
stand up the robot and set the legs perpendicular to the ground, and a second one
for rest the robot on the ground.
Stand up
The “Stand up” position sets the legs of the CLHeRo to the encoder “0” position.
This is an upright position on its legs, standing as shown in Fig.7.4

Figure 7.4: Gazebo simulation with the CLHeRo in the “stand up” position.

Programming this gait pattern as a fsm is very simple, just one unique state where
all the legs are commanded to the “0” position with positive velocity. Fig7.5 shows
the diagram for this commanding. Also, is necessary to include a routine to check
if the legs have reach the “0” position. When a leg reaches the desired position, the
node has to stop sending the movement order to that leg. By default, the rotation
velocity of the legs is set to 2 rad/s.
Fig.7.6 shows the movement of the robot from a stand by position to the “stand
up” position.
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Figure 7.5: Diagram for the “Stand up” finite state machine.

Figure 7.6: Sequence for reaching the “stand up” position.
Lay down
The “lay down” position sets the CLHeRo with the chassis in contact with the
ground and the legs without any contact with the ground and pointing to the Z
axis. Fig.7.7 shows a Gazebo simulation with the CLHeRo in this position.

Figure 7.7: Gazebo simulation with the CLHeRo in the “lay down” position.

As in the previous gait pattern, this fsm can be programmed with one state but
commanding the legs to the opposite position (π rad) and with negative velocity.
Sending the command with positive velocity can provoke that the chassis could crash
with the ground if the legs rotate with the open section of the “C” shape.
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7.3

Alternating tripod

The alternating tripod gait pattern is the default mode for forward displacement,
and is inspired in the study of beetles and cockroaches. This gait pattern bases its
operation on alternating the tripod that is in contact with the ground, so that when
a tripod is performing the terrestrial movement, the other one is performing the
aerial movement.
The fsm for this gait pattern is described in Fig.7.8. According to it, when the
gait pattern has been activated, it has to set its legs for the first step, to do this,
first the robot has to stand up (if it is not), then set the position of one tripod in the
“take off ” angle, to do the aerial movement, and the other tripod in the “take land”
angle, for doing the ground movement. Once the robot has reached the described
position, the movement states are executed, in each one one tripod do the ground
movement and the other one the aerial movement.

Figure 7.8: Diagram for the alternating tripod gait pattern.

This fsm is programmed in four states: stand up robot, legs positioning, tripod
1 in aerial phase and tripod 2 in ground phase, and tripod 1 in ground phase and
tripod 2 in aerial phase.
The first state is the same movement that the one described in the previous section
for standing up the robot, even the code has been reused for this fsm. This shows the
versatility of the system, where different gait patterns can share some programmed
states.
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Before starting the forward displacement, is necessary to set the legs in the correct
position in order to have a coordinate movement of all the legs. In this case, is
necessary to set the tripod 1 to the “take off ” angle and the tripod 2 to the “take
land” angle. This position allows transitioning to the state 3 (Phase 1) without
provoking any erroneous coordination. Fig.7.9 shows the CLHeRo in this position.

Figure 7.9: CLHeRo positioned in the state #2.

The third state corresponds with the phase 1 of the alternating tripod pattern.
In this state, the tripod 1 is commanded to perform the aerial movement and the
tripod 2 to perform the ground movement. When each tripod has reached the desired
position, the fsm can transit to state #4. Fig.7.10 shows the sequence of movements
performed by the CLHeRo in this state.

Figure 7.10: Sequence of movements in the state #3.

The final state of the fsm corresponds to the opposite semi-cycle of the movement, in this state the roles between tripods are interchange, the tripod 1 performs
the ground movement and the tripod 2 performs the aerial movement. Once this
transition is done, the fsm transit to the state #3, creating a loop with this two
states until the gait pattern is stopped. Fig.7.11 shows the sequence of movements
performed by the CLHeRo in this state.

Every time that the fsm transit to a new state, the first action performed is to
update the parameters. This parameters include the aerial and ground velocity
and the “take off ” and “take land” angles. This allows to modify the gait pattern
dynamically without having to stopped the system and compile the node.
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Figure 7.11: Sequence of movements in the state #4.
By default, the ground velocity is set to 1 rad/s, the ground angle, which is
the total sweep angle for the ground phase, is set to 1.047 rad and the stand up
velocity to 2 rad/s. The parameters for the aerial movement (angle and velocity) are
obtained from the equivalent ground parameters. The aerial sweep angle is the result
from rest the ground sweep angle to a total revolution (2π). The aerial velocity is
obtained applying the constraint that both phases have to be performed in the same
time period, so:
θ = ω · t =⇒ taereo = tterrestre =⇒

θaereo
θterrestre
=
ωaereo
ωterrestre

(7.1)

From this relation is possible to obtain the aerial velocity. This velocity always
has to be greater than the ground velocity and its limit is the total revolutions per
minute from the motor.

7.4

Turning gait pattern

The forward alternating tripod provokes a straight displacement due both tripods
present the same aerial and ground phase. But if a difference is set for the legs of the
same tripod, for example, the legs placed at the left side present a greater ground
phase than the legs placed at the right side, it is possible to generate a trajectory
that combines forward displacement with curvature radius.
This section will described the case where the legs that belongs to the same tripods
perform the same distance but with opposite velocities (one clockwise and the other
counterclockwise), this causes the center of rotation to be located at the geometric
center of the robot and, therefore, to robot can turn in the place, in other words,
with radius of curvature = 0. The direction of rotation depends on the relation of
turning side of each leg, so that:
• Left turning, positive or counterclockwise: the left side legs perform the phase in
negative direction and the right side legs in positive direction.
• Right turning, negative or clockwise: the left side legs perform the phase in positive
direction and the left side legs in negative direction.
The turning gait pattern described in this section will be generic, because it is easy
to be adapted to any turning direction, only is necessary to interchange the positive
and negative velocities. Fig.7.12 represent the fsm that describes the different states.
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Figure 7.12: Diagram for the turning alternating tripod gait pattern.
As in the fsm for forward displacement, it is programmed in four states, the first
state stand ups the robot. But the second state differs, in this case is necessary to
achieve the correct position without any displacement of the supported legs, to avoid
provoking any uncontrolled displacement and introduce failures in the odometry
system.
To solve this situation, this state sets the legs of each tripod in the intermediate
point of the phases, so, tripod 1 is set to 0o and tripod 2 to 180o , Fig.7.13 shows the
sequence of this state.

Figure 7.13: Sequence of movements for positioning the CLHeRo.

This state, named Phase #1, is based in the same principle that in the forward
alternating tripod, the tripod 1 performs the ground phase and the tripod 2 the aerial
phase. The corresponding legs turning direction have to be modified correspondingly
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and the desired angle consequently. Once all the legs have reached the desired
positions, the fsm transits to the fourth state. Fig.7.14 represents the evolution of
the movement.

Figure 7.14: Sequence of movements for the state #3.

In the last state, Phase #2, the both tripods interchange their functions and
continue with the movement. When the positions are reached, the fsm can transit
to the third state again. Fig7.15 describes this state.

Figure 7.15: Sequence of movements for the state #4.

As this gait pattern is programmed based on the alternating tripod, the parameters that defined the movement can be modified dynamically and are updated at
every state. By default, the ground angle is set to 1.047 rad, the ground velocity to
1 rad/s and the stand up velocity to 2 rad/s. The complementary parameters can
be obtained following the instructions from the alternating tripod.

7.5

Offset configuration mode

This section describes the sequence of maneuvers programmed for a correct initialization of the CLHeRo, even it cannot be considered as a gait pattern, this mode is
critical for setting correctly the legs in the “0” position.
This implementation is closely related with the hardware selected for the motors.
The Maxon MCD Epos that are installed in the CLHeRo does not present absolute
encoders, so, every time the MCD is powered up, it sets the initial position with the
corresponding position of the leg, which can be aleatory.
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To solve this problem and establish a permanent initial starting point for the encoders, the solution implemented was adapted from the study of different industrial
systems that requires to set always the initial point. To do that, the configuration
mode is reading constantly the current of the motors until it detects any peak.
Therefore, with this method is possible to identify the first moment in which any
leg is contact with the ground. Geometrically this points can be calculated and
corresponds with the maximum take off angle and the minimum take land angle
described in the Odometry chapter. The offset configuration mode uses as reference
the maximum take off angle, with value 103.7287o , because in this position the leg
requires a higher torque to stand up the robot, so is easier to identify rather than
in the minimum take land angle.
Fig.7.16 shows the fsm that represents the operation mode of this configuration
mode. As was explained previously, this mode is inspired in other industrial systems
that requires to initialize the set point. First, there is a ”fast” approach to the
ground, when the motor detects a first peak of current, it goes back, and then
performs a new approach with a slower velocity, until it detects a new peak of
current.
With the concept of this idea, the fsm has been set with a similar concept: the
first state looks for the contact of every legs with the ground, next, the second state
moves away the legs, so the following state performs a slower approach to the ground
and with a more sensitive current threshold, finally, the last state set the position
of the legs a 180o degrees.
In the first state, the system consider that each leg can be in any random position,
but always with the chassis in touch with the ground. So, all the legs are commanded
with negative velocity (-0.5 rad/s) and waits until the current of each motor exceeds
the threshold of 1000 mA.
As each leg reaches the contact point, a first offset value is set with the named
offset setting with type clhero gait controller::OffsetSetting, which is send to the
hardware interface. This interface manages the control of the actuators and takes
in consideration this value to publish the correct transformed position of the legs.
Fig.7.17 shows the sequence of movements for the first state of the fsm. In this
first approach due to the current threshold the robot gets up a little off the ground.
In this second state, the legs are distanced 20o from the contact point, as Fig.7.18
shows. Positioning the legs in this point, decreases the time to find the new contact
point. When all the legs have reach this position, the fsm transits to the third state.
The third state, which corresponds with the second approach, reduces the rotation velocity and the threshold current value. The sequence of movements is very
similar to the one from the first state and is shown in Fig.7.19.
The final state, is reached once all the legs have been in contact with the ground
twice. Now, the legs are set to the stand by position, which is opposite to the one
for standing up the robot. When this position is reached, the offset configuration
mode has finished. Fig.7.20 shows this sequence and the final position of the legs.
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Figure 7.16: Diagram for the offset configuration mode.

Figure 7.17: Sequence of movements for the state #1.

Figure 7.18: Position of the legs after rotating 20o .
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Figure 7.19: Sequence of movements for the state #3.

Figure 7.20: Sequence of movements for the state #4.
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Chapter 8

Pose estimation
This chapter presents a novel algorithm for estimate the odometry of “C” legged
robots with compliant legs and the analysis to estimate the pose of the robot. This
new algorithm uses the encoder of the legs to improve the estimation of the robot
localization together with other sensors and algorithms (Extended Kalman Filter).
Due the flexible properties of the “C” legs and the localization of the rotational
complexities, the algorithm makes a linear approximation of the leg compressed
instead of calculating in each iteration the mechanics of the leg using finite element
analysis, so the calculus level is reduced.
The chapter starts with a introduction of the kinematic model of the robot. Next
the solutions provided where the mathematical model for the odometry will be
described. Finally the simulations and tests in indoor and outdoor scenarios with
the real robot will be explained.

8.1

Robot kinematic

The objective of this section is to illustrate how is the behavior of C-legged robots
doing a study of the kinematic and dynamic of this kind of robot. Before starting
to explain the kinematic, it is necessary to assume the next statements:
• The robot must have an even number of legs.
• Each couple of legs have to be faced and symmetrical respect to the XZ plane and
aligned through an axis parallel to the Y axis. This is referring to the system
reference of the robot, see Fig. 8.1.
• Each leg only have one DoF, which is a rotation through the Y axis referred to the
body frame.
• All the legs have the same mechanics properties of elasticity and the “C” shape.
If the robot satisfies the requirements above, then is possible to apply the study of
Raibert [126] and assert that the displacement of the robot on the horizontal plane
is described by the unicycle model with dynamic extension.
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Table 8.1: Notion for the mobile robots systems
DoF
1
2
3
4
5
6

Description
motion in the X direction
motion in the Y direction
motion in the Z direction
rotation about the X axis
rotation about the Y axis
rotation about the Z axis

8.1.1

Forces and
moments
X
Y
Z
K
M
N

Linear and
angular velocities
u
v
w
p
q
r

Position and
orientation
x
y
z
φ
θ
ψ

Kinematics

For any mobile robot than can move in the 6 DoFs, it needs 6 coordinates to
determine its position and orientation (table 8.1). The 3 first coordinates (x, y,
and z), and their derivatives with respect to time, correspond to the position and
translation respect the Xg , Yg and Zg axis. On the other hand, the last 3 coordinates
(φ, θ, and ψ), and their derivatives with respect to time, describe the orientation
and rotational movement of the robot respect to the Xb , Yb and Zb axis, see Fig. 8.1.
Also, the 3 DoFs systems represent the model in the horizontal plane (translation
in the X and Y axis and rotation on ψ angle) and are used in system for dynamic
positioning and navigation and guidance systems. For its part, the 6 DoFs systems
are used for the simulation and estimation of the displacement of the robots.
The kinematic equations for the CLHeRo V2.5 are developed using a global reference system (G) and a reference system fixed to the body of the robot (B), see
Fig. 8.1. With the description of the Fig. 8.1, the Xb+ axis represents the positive
froward translation of the robot and the Yb+ axis the positive lateral displacement.

Figure 8.1: Global (G) and Body-fixed (B) Coordinate Frames for CLHeRo V2.5.

The position and orientation vector that sets the localization of the robot respect
to the world (G) is defined as:
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η = [x, y, z, φ, θ, ψ]T

(8.1)

Where x, y, z are the position coordinates of the robot, and φ, θ, ψ the position
angles for the orientation. With this vector, now is possible to define the velocity
vector refer to the robot frame (B) as:
υ = [u, v, w, p, q, r]T

(8.2)

Where u, v, w are the linear velocity components and p, q, r the angular velocity
components.
With this two vectors defined, now is possible to use the vectorial form to express
the equations of the system, this form allows to understand better the physical
properties of the models. One advantage of the vectorial form is the possibility of
reduce the number of coefficients necessaries to control the robot [147]. Also, is
possible to solve the system with truncated Taylor-series expansions [148], but that
system will not be covered in this thesis.
Thus, the kinematic equations of the robot are expressed in vectorial form as:
η̇ = J(Θ)υ
Where Θ = [φ, θ, ψ]T and the transformation matrix J(Θ) ∈ R6x6 is

 G
RB (Θ) 03x3
J(Θ) =
03x3
T (Θ)

(8.3)

(8.4)

G (Θ) (eq. 8.5) and T (Θ) (eq. 8.6) the linear and the angular velocity
With RB
transformation matrices from G to B frame, respectively.



G
RB
(Θ) = R1 R2 R3

(8.5)








c(ψ)c(θ)
−s(ψ)c(θ) + c(ψ)s(θ)s(φ)
s(ψ)s(φ) + c(ψ)c(φ)s(θ)
R1 = s(ψ)c(θ)  ; R2 =  c(ψ)c(φ) + s(φ)s(θ)s(ψ)  ; R3 = −c(ψ)s(φ) + s(θ)c(φ)s(ψ) 
−s(θ)
c(θ)s(φ)
c(θ)c(φ)


1 s(ρ)t(π) c(ρ)t(π)
c(ρ)
−s(ρ) 
T (Θ) = 0
0 s(ρ)/c(π) c(ρ)/c(π)

(8.6)

where: s(α) → sin(α), c(α) → cos(α), and t(α) → tan(α).

8.1.2

Leg modeling

This section will present a simplified approach to the model of the “C” legs of the
CLHeRo V2.5.
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The aim of this section is to explain the effect that legs produce in the robot
displacement, instead of develop a complex and very detailed model of one of each
legs. To be able to derive the dynamic equations that describe the movement of the
CLHeRo V2.5, we will take in consideration the model of contact forces between
the leg and the ground. Different methodologies can be chosen to find a solution for
this problem, but this work uses the Newton-Euler formulation, which is based on
Newton’s second law, which relates mass (m), acceleration (~v˙ G/B - Global/Body)
and force (f~G - Global) according to:
m~v˙ G/B = f~G

(8.7)

As was mentioned before, the CLHeRo robot is a hexapod platform with C-legs,
see Fig. 8.1. The CLHeRo V2.5 can walk, run, turn in place and turn with radius of
curvature, using in each occasion the most efficient GP. For the description of this
section, it is necessary to assume that the robot is going to move along the X + axis
and with the alternating tripod pattern.
The alternating tripod gait, is a GP bio-inspired in the cockroaches locomotion
[149]. This GP for hexapods needs to divide the 6 legs in 2 subgroups with 3 legs
each one (Fig. 8.2), each tripod includes the two legs of the ends of the same side
and the intermediate one of the opposite side. This GP establishes that in every
step, one tripod is in contact with the ground, while the other one moves in the air.
The tripod that is in contact with the ground is the one that provides the stability
to the robot.

Figure 8.2: Tripods for the alternating tripod gait.

Each leg of the robot (denote with the i subfix) describes its movement using a
spherical coordinate frame [li , φi , θi ]T . The distance from the origin of the leg respect
the coordinate frame of the robot (B) is the vector ai , as you can see in Fig. 8.3.
Each leg can only move in the φi revolution DoF and also presents a passive flexion
along li . This passive flexion is produced due to the mechanical designed in the C
shaped leg. Because of this, all the legs can be simplified as a massless linear spring
with initial length (l0i ) and stiffness (ki ).
Therefore, the movement of the leg can be described as a circle contained in the
plane XZ of the frame of the robot.
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Figure 8.3: Modelling of the legs forces.

When a leg i is in contact with the ground, it experiences the ground reaction
forces (FAi , FGi , FSi ), see Fig. 8.4. The result of the ground forces in the leg i is
τ
FAi = l0ii , where τ0i is the torque of the motor in the DoF φi and li is the length of
the spring.
Because of how is the leg fix to the chassis of the robot, it is possible toassert that
the lateral force, Fyi , of the robot can be considered as negligible (Fyi = 0). Thus, the
leg i experiences the ground force with only two components, where ||FGi || = ||FAi ||
(Fig. 8.4).
Consequently, the forces that the robot experiences are:
• The ground reaction forces and the spring forces (FAi , FGi , FSi ) for each leg that is
in contact with the ground (Fig. 8.4).
• Gravitational forces and moments.
• The dynamic forces due the inertia of the mass of the robot are ignored because at
this point we are not considering the robot moving at high speed, only with a static
walk.
The spring forces and the gravitational forces can be expressed in the frame of
the robot using the next transforms,

FiB

  


Fxi
−sin(φi ) −cos(φi ) 
FSi




0
0
= Fyi =
FGi
Fzi
−cos(φi ) sin(φi )
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Figure 8.4: Leg Forces on the XZ B plane.
τ

Where FSi = −Ki (li − l0i ) y FGi = lφii , therefore, the vector FiB of the forces
acting on the leg respect to the frame of the robot are:

FB

 B
6
Fxi
X


= Fyi
=
legi · FiB
i=1
Fzi

(8.9)

And the resulting vector of the moments with respect to the center of gravity of
the robot is:

τB

 B
6
τx
X
= τy  =
legi · τiB
i=1
τz

(8.10)

Where

legi =

1 = Leg i ground
0 = Leg i air

(8.11)

And from the schema of the Fig. 8.5 the following vectors are obtained (eq. 8.12).
The value of l1, l2 and l20 are the distances from the center of the robot to the origin
of each leg and are detailed in table 8.3.
λ1 = [l1 − l2 0]T ,
λ2 = [l1 l2 0]T ,
0
0
T
λ3 = [0 − l2 0] ,
λ4 = [0 l2 0]T ,
λ5 = [−l1 − l2 0]T , λ6 = [−l1 l2 0]T ,

(8.12)

The principle of moments describes that τiB is equal to the cross product of distance of the leg and the forces acting on it (τiB = λi × FiB ). And applying the
symmetric Skew matrix, is possible to obtain the resultant force in each leg axis of
the robot from any force that is applied.
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Figure 8.5: Localization of the forces in one leg.




0
−λ3 λ2
0
−λ1  F
λ × F := S(λ)F =  λ3
−λ2 λ1
0

(8.13)


T
Where λ = λ1 λ2 λ3 .

For the next step, obtaining the τiB moments, is necessary to analyze the robot
geometry and localize the actuation forces FiB of each leg, where i is the identifier
of each leg and B denotes de frame of the robot. With the analyze of the robot
geometry, it is possible to obtain that the forces along the Z axis, as all they are
coplanars, they can be considered as null.
And the resultant moments are shown in eq.(8.14).



τ1B






0 0 −l2
Fx1
0
0 l2
Fx2
0 −l1   0  ,
=  0 0 −l1   0  , τ2B =  0
l2 l1 0
Fz1
−l2 l1 0
Fz2

τ4B


0
Fx4
0 0 l2
=  0 0 0  0  ,
0
Fz4
−l2 0 0


0
0 0 −l2
Fx3
= 0 0 0   0  ,
0
Fz3
l2 0 0


τ3B





τ5B






0
0 −l2
Fx5
0
0 l2
Fx6
0
l1   0  , τ6B =  0
0 l1   0 
= 0
l2 −l1 0
Fz5
−l2 −l1 0
Fz6
(8.14)

In the case of use that is described in this section and continuing the example
where the robot is moving with the alternating tripod gait, this means that at the
same time, the legs 1, 4 and 5 (T1) are in contact with the ground, while the legs
2, 3 and 6 (T2) are in the air. Then, in the next step, the state of each leg is the
opposite. According to this, the resulting vector of forces and moments is (eq. 8.15):
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 B


B + FB
F
+
F

1
4
5

if T1 ground → τ =


τ1B + τ4B + τ5B



FB
τ= B =
 B

τ


F + F3B + F6B


if T2 ground → τ = 2B
τ2 + τ3B + τ6B









(8.15)







Table 8.2: Position of the legs with respect to the center of the robot.
Leg
1
2
3
4
5
6

8.2

x[mm]
-235
-235
0
0
235
235

y[mm]
233
-233
289
-289
233
-233

value
[-l1, -l2]
[-l1, -l2]
[l1, l2’]
[l1, -l2’]
[l1, l2]
[l1, -l2]

Odometry estimation

This section explains how the odometry has been implemented in the robot, together with the description of the devices and ROS nodes used.

8.2.1

Legs odometry

As as mentioned previously, calculate the odometry for the “C” legs robots is
not as easy as in wheeled robots. Various are the factors that have to be take into
consideration:
• The rotation axis is not locate at the center of the leg.
• The trajectory described by the leg is a cycloid.
• The leg presents elastic properties.
• At every cycle, the leg rotates without being in contact with the ground.
Odometry model
The mathematical model for the odometry has been developed considering future
improvements and the adaptability of the model to any ”C” legs robot. The model
follows the steps shown in Fig. 8.6.
Also, for the mathematical model is necessary to affirm the following assumptions:
• The robot’s movement is planar
• The legs roll without sliding or skidding.
Identify the legs in contact with the ground:
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Figure 8.6: Odometry model steps
In contrast with the mobile robots with wheels that always are in contact with
the ground, the legged robots need to identify which of these are in the position to
transmit the effort.
This identification proceeds in two steps: a filter that chooses those legs which
position can be in contact with the ground and a final identification through a
weighting function that selects the legs which extension to the ground is higher.
The first step filters those legs that have a configuration valid to be in contact
with the ground. Due to the CLHeRo’s geometry, exists a range of rotation for
the legs where it can’t touch the ground, this points are called, takeoff max angle
max
min
(θtakeof
f ) and landing min angle (θlanding ). The value of each is obtained with the
geometric relations from the previous work [2], and for the CLHeRo V2.5 with a leg
with 160mm of diameter are shown in the eq. 8.16. Figure 8.7 shows the limits.
Both represent the boundary between the aerial and ground movements, being this
the origin of their names.
max
min
θtakeoff
= 103.7287o ; θlanding
= 241.954o
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(a) Takeoff max angle.

(b) Landing min angle

Figure 8.7: Limit angles for aerial movements.
From this, the condition for the filter is shown in eq. 8.17.

Leg in possible ground position ⇐⇒

θ ∈ [0, 103.7287] o
θ ∈ [241.954, 360] o

(8.17)

Due to the configuration of the hexapods, the minimum number of legs that
configure a stable situation is with 3, a tripod. Any configuration with a number of
legs less than 3 and more than 0 is considered as an unstable position, that either
the robot can’t move or if it did it would be uncontrolled, thus, in that case it is
considered that the robot remains halt, see eq. 8.18.
If legs in possible ground position < 3 =⇒ v robot = 0

(8.18)

If the number of legs is equal or superior to 3, the identification will continue.
Only the tripod with the 3 legs closest to the maximum elevation position of the
robot is considered to realize the traction with the ground. The maximum elevation
occurs in the position 0 or 2π.
The elevation of each leg is assessed by a weighting function that contributes with
a score proportional to itself. This weighting function (eq. 8.19) corresponds to a
second degree polynomial function with a double root at π, point of lower elevation.
Figure 8.8 represents this function in the definition interval of the legs position. A
leg is perpendicular to the ground at 0 rads or 2π rads, as a leg get nearer to this
position, the weighting function scores higher that leg. Otherwise, at π rads the leg
is at the highest position, therefore, the score obtained is zero.
fpond (θ) = (θ − π)2

(8.19)

Once the elevation score is obtained, these are in order of highest to lowest ratings
with a quicksort algorithm [150] and the 3 legs with highest score are chosen. Then,
the state of these 3 legs will be used to obtain the velocity of the robot.
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Figure 8.8: Weighting function for elevation.

Figure 8.9: Representation of parameters used in the kinematics for a leg.
When the legs that are in traction with the ground have been identified, the
velocity of the robot is calculated from the state of the legs with the kinematic of
the CLHeRo. The direct kinematic implemented is based in the same model of other
mobile robots ([151], [152], [153]).
Using this method, the velocity of the robot in a leg can be defined as:
v lego = v robot + ω × rrp

(8.20)

Now, expressing the forward and rotation velocity of the robot from the reference
system of the leg, the general expression for the direct kinematic is obtained (see eq.
8.21). This expression is similar to other systems that can be found in the literature
for a model with a unique leg [151].


vleg,i
0



 
 v
s(αi + βi ) −c(αi + βi ) −di · c(βi )  rx 
vry
=
c(αi + βi ) s(αi + βi )
di · s(βi )
θr


(8.21)

Where α is the angular position of the leg with respect to the center of the robot.
β is the angle that forms the Y axis with the line that joins the center of the robot
with the center of the leg and d is the distance between the center of the robot and
the leg. Figure 8.9 shows a diagram with these parameters.
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The velocity of the leg only presents the term of forward velocity in the X axis,
because one of the assumptions of the model is that the legs neither slip nor skid.
So, the velocity of the robot expressed from a fixed reference system is obtained
by rotation matrices. Therefore, the direct kinematic for a i leg can be expressed as
(eq. 8.22):


vleg,i
0



 
vx
= Ri vy  =⇒ v p,i = Ri · v
θ˙r

(8.22)

This represents the general model of the direct kinematic for mobile robots, nevertheless, to particularize for the CLHeRo is necessary to specify the velocity of the
legs and solve the values of α and β.
The legs of the CLHeRo do not present any DoF in the direction of the leg,
consequently, they are always attached with the same orientation with respect to
the chassis of the robot. This peculiarity causes that the α and β parameters present
fixed values for each one of the legs. More specifically, attending to the Fig. 8.1,
where the reference system of each leg is shown, it can be demonstrate that:
For every i leg =⇒ αi + βi =

π
2

(8.23)

This demonstration makes that the Ri matrix can be simplified in the following
form (eq. 8.24):
s(αi + βi ) = s( π2 ) = 1
c(αi + βi ) = c( π2 ) = 0

Ri = R1 R2



c(θ) s(θ)
1 0 −d · c(βi )
; R2 = −s(θ) c(θ)
R1 =
0 1 d · s(βi )
0
0


⇒ Ri

(8.24)


R3



0
c(θ)
s(θ)
−d
·
c(β
)
i
0 ; R3 =
−s(θ) c(θ) d · s(βi )
1

To obtain the velocity of the legs is necessary draw on their kinematic, which has
been presented by the authors in previous works ([32], [2], [144]). The kinematic of
the legs corresponds to a cycloid, therefore it velocity can be defined as:
v p,i =

  

vp
R · [ϕ̇ − ϕ̇ · cos(ϕ)]
=
0
0

(8.25)

Where ϕ is the position angle of the cycloid and R is the radius of the leg. To
reference the kinematics with the same angle, is possible to make the next change
of variable.
ϕ = π + θ =⇒ ϕ̇ = θ̇
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Finally, the expression for the velocity for any leg is:
i#
  " h
vp
R · θ̇ − θ̇ · cos(π + θ)
v p,i =
=
0
0

(8.27)

At this point, is necessary to remember the assumptions made by the authors: the
movement of the robot has only be considered in the plane, this does not take into
account the displacement in the Z axis. And the legs have an ideal rolling without
sliding or skidding, which makes the velocity in the Y axis zero.
Nevertheless, so far it has only applied the kinematic for a leg, giving rise to a
undetermined system a priori. To apply it to the rest of the legs, which receive the
subscript i, j, k is enough with extend the same definition.

    
Ri
vx
v p,i
  
 v p,j  = 
(8.28)
 Rj  · vy =⇒ v p = R · v
v p,k
θ̇
Rk
Since there are a greater number of restrictions to that of DoF, it may result in
an incompatible system. So with minimum squares the minimum error solution can
be obtained, that will be taken as an estimate of the robot’s speed.
Pose integration and estimation:
Once the estimation of the velocity of the robot with the direct kinematic has been
done, the estimation of the pose is done with the last position and the numerical
integration.
h t
i−1 t
v robot = R · R
R · vp

(8.29)

The final expression for the pose obtained is taken as an estimate of the pose
resulting from the odometry of the legs.
Implementation, configuration and use
Implementation
The model described in the previous section has been implemented in the ROS
package clhero odom, which executes a node with the same name. This package
belongs to the other ROS packages developed for the CLHeRo platform and that
are described in [154]. All the packages can be download from a public repository1 .
The clero odom node subscribes to the message leg state. This message is a custom message developed for the CLHeRo that includes the timestamp, the position,
velocity and torque of all the legs. In the callback function of the node is where the
odometry algorithm is implemented. Then, it is published in the topic /legs odom
with the type nav msgs/odometry2 from ROS.
1
2

https://github.com/grafoteka/clhero common
docs.ros.org/melodic/api/nav msgs/html/odometry.html
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Previous steps
Once the repository has been downloaded, is necessary to unzip the file and add
the folders to the workspace (i.e. /catkin ws). In order to compile everything
correctly is necessary to install all the dependencies before, first move to the src
folder and then execute the next command:
$ cd ~/ catkin \ _ws / src
$ rosdep install -- from - paths . -- ignore - src -y

Once the process has finished correctly, is possible to compile all the ROS workspace
with the catkin command.
$ roscd && cd ..
$ catkin_make

The next two subsections will explain how to configure the package for any hexapod robot and how to launch the system.
Configuration
For obtaining an accuracy result in the odometry estimation is necessary to include the physical parameters of the CLHeRo. These parameters are include in
the configuration file clhero odom.yaml which can be found in the config directory
within the ROS package.
The required parameters are listed below:
• clhero geom/leg i/position/x : position on the x axis of the robot i with respect to
the center of the robot expressed in meters.
• clhero geom/leg i/position/y: position on the y axis of the robot i with respect to
the center of the robot expressed in meters.
• clhero geom/max take off angle: maximum take-off angle expressed in radians.
• clhero geom/min landing angle: minimum landing angle expressed in radians.
• clhero geom/leg radius: leg radius expressed in meters.
• clhero geom/base height: minimum height between the ground and the axis of rotation of the leg motors, that is, the distance between the bottom base of the robot
chassis and the motor axis, expressed in meters.
The value of the minimum angle for landing and the maximum angle for takeoff
were specified in the previous section.
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Table 8.3: Position of the legs with respect to the center of the robot.
Leg
1
2
3
4
5
6

x[mm]
-235
-235
0
0
235
235

y[mm]
233
-233
289
-289
233
-233

The position of each leg with respect to the center of the robot are included in
table 8.3.
ROS package use:
For launching the odometry is only necessary the following command line in the
terminal:
$ roslaunch clhero_odom clhero_odom . launch
By default it is assumed that it will work together with an IMU and that it is
operational. Otherwise, it must be specified by entering a parameter:
$ roslaunch clhero_odom clhero_odom . launch imu := false
If the IMU is configured as an input, the node will subscribe to its message and
takes for the initialization the orientation value of the magnetometer. Only the
orientation is set up in this way, the rest of parameters are initialized as null.
It is important to point out that the odometry node, by default, will not publish the transformation between the reference system of the odometry (/odom) and
the base of the robot (/base link) because the robot pose ekf node carries out on
that function. Nevertheless, the authors have include in the package an alternative
version of the node, clhero odom w tf, this node publishes the transform if the user
wants to use the raw odometry measure, without fusing it with other sources.

8.3

Tests and validation

The objective with the tests is to verify two objectives:
• The validation of the proposed model for the odometry algorithm
• The analysis of fusing the odometry information with more sensors and compare if
the localization is more precise.
The simulation tests were run with the Gazebo simulator version 7 and the model
detailed in the C-Legs ROS metapackage [154]. On the other hand, the real tests can
be distinguished between indoor and outdoor tests. The indoor tests were monitored
with a ground truth system to validate the measurement of the different sensors,
while the outdoor tests uses the onboard sensors of the robot and manual measure
tools.
Escuela Técnica Superior de Ingenieros Industriales (UPM)

149

CHAPTER 8. POSE ESTIMATION

8.3.1

Simulation tests

Test environment description
As was mentioned above, the software used for the simulations has been Gazebo
simulator version 7, which is the default simulator for ROS Kinetic. For the tests
Gazebo was updated to the version 7.14. But everything has been test and is possible
to run it with Ubuntu 18.04, ROS Melodic and Gazebo 9.0.
The implemented model for the simulation faithfully reproduces the physically
characteristics of the robot and the behavior of the robot’s actuator.
The empty default world from Gazebo was used to carry out the tests, because
to analyze the gait patterns is not necessary to implement any special scenario.
Test conditions
For analyzing the forward displacement 10 tests were performed. The robot and
the control program were configured for the fiberglass legs with 160mm of diameter,
a ground sweep angle of 60 degrees, a rotation velocity for the legs of 1rad/s at the
ground phase and to complete 10 steps.
After each test, the final position error and the mean squared error were analyzed
to verify the accuracy of the algorithm.
Running the simulations
Unfortunately, to launch the simulations with the CLHeRo lay down on the ground
and with the simulated leg controllers correctly initialized, is not an automatized
process with ROS. Therefore, is necessary to launch manually some commands when
the previous one has been correctly initialized.The first command is responsible of
launching the simulation Gazebo environment and loading the robot model.
$ roslaunch clhero_gazebo clhero . launch
In a second terminal, the simulation controllers will be launched, by default the
controllers are set up in position mode.
$ roslaunch cl he r o _si m_ c o ntr ol le rs
c l h e r o _ s i m _ c o nt rol le rs . launch
Next, the default gait patterns from the C-Legs package are loaded.
$ roslaunch cl he r o _ga it _ c ont ro ll er
c l h e r o _ g a i t _ c on tro ll er . launch
A new one is needed for the odometry node.
$ roslaunch clhero_odom odom . launch
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Then launch the register node.
$ rosrun clhero_register
clhero_state_register_gazebo
Finally is necessary to execute the node for running the simulations. In the control
terminal, only is necessary to execute the ”forward test”, see Fig. 8.10.
$ rosrun cl h e r o _ ga it _c ont ro ll er control_terminal

Figure 8.10: Menu for launching the forward test.
Conclusions and discussion
Is important to point, that one of the reasons why the results vary is, largely due,
to the manually initialization of all the ROS nodes and they stop. So, the human
factor has an important effect on the results. But, despite that, the variations in
each tests are very small. In the table 8.4, the mean squared error and the maximum
error for each test are listed. The error is measured between the pose of the robot
given by Gazebo and the estimation calculated by the odometry algorithm. Fig. 8.11
shows the results for the test #1. Analyzing in detail the graph, it is possible to
observe that the measures from Gazebo have a continues slope, while the odometry
algorithm present the particular jumps at every step, for example at time = 3[s] or
time = 8[s].
The objective of these simulations were to analyze if the odometry algorithm was
enough accurate as the other sensors mounted on the CLHeRo, for that reason, only
the forward displacement was analyzed in the tests.
The mean of all the mean squared errors and the mean of the maximum errors
are very small, see results below:
Mean MSE = 0.0015 m2
Mean Maximum Error = 0.0954 m
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Figure 8.11: Gazebo test #1
If not taking in consideration the results from the test 7, which presents a result
outside of the mode, the new value of the mean for the maximum errors is reduced to
0.0069m. This means that for all the tests were the robot has walk a mean distance
of 3.257m, the odometry algorithm has an estimation error less than 7cm, in other
words, 2.14% of the traveled distance. This is a very accurate result considering
that the algorithm uses an approximate model of the leg that makes a lineal approximation of the flexible characteristics of the leg. Or an error less than the 10%
of the total body length of the robot. So, it is possible to consider that the results
obtained from the odometry algorithm have sufficient precision to use it in the real
robot.
The graphs for the simulation results of the tests, the simulation tests dataset and
the Matlab scripts can be downloaded from this repository3 .

8.3.2

Indoor real tests

Test environment description
To carry out the indoor tests, two scenarios were set up for this purpose. The first
one, include a test bench developed in previous works [155] and a Optitrack motion
capture system to obtain the pose of the robot. This test bench has been designed
to analyze the forward displacement of the robot and analyze different gait patterns
and configurations (rotation speed, attack angles, . . . ). The test bench includes
a computer that uses the Optitrack system information to calculate the difference
between the pose of the robot and the center of the test bench and thereby regulate
3
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Table 8.4: Error results for the simulated forward tests.
# Test
1
2
3
4
5
6
7
8
9
10

MSE [m2 ]
0.0001
0.0001
0.0006
0.0014
0.0010
0.0008
0.0019
0.0030
0.0039
0.0014

Maximum Error [m]
0.0352
0.0501
0.0524
0.0652
0.0643
0.0747
0.3258
0.1005
0.1059
0.0797

the speed of it. Fig. 8.12 shows the schema of all the system for the real tests and
Fig. 8.13 shows the test room once it was operational. In this room, a total of 6
cameras of the Optitrack system were installed together with a computer exclusively
dedicated to running the Optitrack control software (Tracking Tools). The effective
volume that is covered with the cameras was focused on the test bench since it would
be the area where the robot would perform the tests.

Figure 8.12: Schema of all the system for the indoor tests with the test bench.

The second indoor scenario area is bigger than the first one and has been conceived
to analyze more complex maneuvers like turning or complete a circuit. The effective
work area for this scenario is 8x6 meters. For covering this area, two more cameras
were necessary to be installed, so a Optitrack system with 8 cameras was configured.
As in the first indoor scenario, one computer is exclusively necessary to run the
Optitrack control software and publish the global pose of the robot. Fig. 8.14 shows
the second test area once it was operational.
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Figure 8.13: Test room for the odometry tests.

Figure 8.14: Indoor tests scenario 2.
Indoor tests - scenario 1
Test conditions
The tests carried out in the test bench aimed to validate the results obtained
in the Gazebo simulations. The real tests consisted on a set of 10 tests walking
forward on the test bench. In order to reproduce the conditions of the simulation,
the configuration of the parameters of the robot were the same as in the simulations,
see table 8.5.
In order to prevent a result influenced by the human factor, the teleoperation of
the CLHeRo was forbidden and a ROS C++ script was created, so in each test
the execution orders were send always with the same time-stamp. To reproduce or
execute the same tests, the reader can download the codes and rosbags available in
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Table 8.5: CLHeRo parameters for tests at indoor scenario 1.
Parameter
Legs diameter
Ground sweep angle
Ground rotation speed
Flight rotation speed

Value
160[mm]
60 [degrees]
1 [rad/s]
5 [rad/s]

Figure 8.15: CLHeRo forward tests - scenario 1
this repository4 .
In this tests, the set up of the robot was without its batteries, instead of that, it
was supplied with a cable that was also used as an umbilical cord, like in some real
search and rescue tasks. In the other hand, the communications between the robot
and the control station were untethered, with Wi-Fi protocol at 2.4GHz.
Results and discussion
As was explained before, the objective with this tests is to validate if the odometry
algorithm is enough accurate to use it in the real robot and can be used as an input
data for fusion sensor. Like in the simulation study, in the test bench tests, only the
forward displacement of the robot has been taken into consideration.
In the table 8.6, the mean squared error and the maximum error for each test
are listed. The error is measured between the pose of the robot given by Optitrack
system and the estimation calculated by the odometry algorithm. Fig. 8.16 shows
the results for the real test #6.
For all the tests the robot has walk a mean distance of 1.259m, which is equal to
8 steps with a ground sweep angle of 60degrees. The odometry algorithm has an
estimation error of 2.5cm at the final position, the mean of the odometry values is
1.269m and the mean for the Optitrack measures is 1.244m, in other words, 1.97%
error of the traveled distance.
Mean MSE = 0.0055m2
Mean Maximum Error = 0.1096m
4

https://github.com/grafoteka/clhero test bench
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Figure 8.16: Real test #1
The tests show that the results obtained are even better than the obtained in the
simulations. But some facts have to be pointed, the distance traveled by the robot is
less in the real tests than in the simulations, so tests with a longer distance traveled
are required to evaluate if the error is constant or increases with the distance. Second, some physical parameters or coefficients cannot be modeled in the simulation,
so it could be another point to take into consideration.
Indoor tests - scenario 2
Test conditions
For the indoor scenario 2, three different tests were performed:walking straight,
turn in place and complete a circuit. The first one, walking straight, can be considered as an extension of the test in the indoor scenario 1. But this time the analysis
will include all the sensors installed in the robotic platform (IMU, RealSense D435
and T265). On one side, the IMU is used together with the odometry algorithm
and the ROS pacage Robot pose EKF to estimate the pose of the robot. It uses an
extended Kalman filter with a 6D model (3D position and 3D orientation) to combine the input measurements. On the other side, the RealSense D435 is used with
the algorithm ORB-SLAM2[156] which is a SLAM solution to compute in realtime
the camera trajectory and a sparse 3D reconstruction. It is able to detect loops
and relocalize the camera in realtime. Finally, the RealSense T265 uses the Intel
tracking software to calculate the position and orientation of the robot.
Walking straight test
The walking straight test can be subdivided into two different tests. The first
one consists in 5 trials to analyze the final localization of the robot and the error
measurement from each sensor respect to the ground truth system. These analyzes
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Table 8.6: Error results for the real forward tests.
MSE [m2 ]
0.1802
0.2130
0.3025
0.1416
0.0824
0.0376
0.0753
0.0702
0.0283
0.0452
0.1115
0.0985
0.1017
0.1005
0.1311
0.0334

# Test
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Maximum Error [m]
0.0122
0.0344
0.0194
0.0029
0.0019
0.0002
0.0017
0.0008
0.0001
0.0003
0.0052
0.0025
0.0028
0.0028
0.0000
0.0001

include the XY trajectory of the robot and three individual studies of the displacement in the three axis respect to the time (X, Y, Z ). The XY trajectory is used
to recreate the path followed by the robot in the trial and get the final error in the
coordinates (X, Y ). The individual studies of each variable is used to find some
periodic behaviors or disturbance in the sensor measurements. For this trials the
robot configuration is the same as in the indoor scenario 1 (see table 8.5).
Table 8.7 resumes the final errors for each trial and sensor. The ”Odometry” tag
results are the EKF values with the input of the odometry algorithm and the IMU
sensor, but is called with that name, for a better comprehension.
Table 8.7: Results for the indoor scenario 2 test 1: walking straight. Error units [m]

ORB-SLAM2

T265

Odometry

X
Y
Z
X
Y
Z
X
Y
Z

1
0,0184
0,1931
0,0438
0,7464
0,1446
0,1561
0,1449
0,1247
0,0430

2
0,0013
0,1176
0,0438
0,8530
0,0196
0,2085
0,0866
0,4174
0,0438

Trial
3
0,0238
0,2293
0,0746
0,6511
0,2640
0,0434
0,0611
0,1024
0,0487

4
0,0070
0,4302
0,0727
0,3196
0,3068
0,1170
0,0440
0,2769
0,0456

5
0,0007
0,0755
0,0874
0,2189
0,1052
0,1641
0,0663
0,1866
0,0561

In the Fig. 8.17 and Fig. 8.18, the results of the final X and Y errors are shown.
The T265 presents much worse errors than the ORB SLAM2 and EKF algorithms,
even though Intel specifies that the algorithm of the T265 uses an EKF algorithm
together with the onboard IMU sensor of the camera. The magnitude of the error
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Figure 8.17: Indoor tests scenario 2. Test 1, trial 1. Final error X position.

Figure 8.18: Indoor tests scenario 2. Test 1, trial 1. Final error Y position.
for the trials 1 and 2 is even bigger than the length of the body of the robot. But
if we study, for example, the XY graph of the trial 1 (see Fig. 8.19), it shows
that the T265 presents a more erratic and not as smooth path as the ORB SLAM2
path. After some more tests, the reason why the T265 presents this error in the
measurements is because the Intel’s Visual SLAM requires more features in the scene
than the ORB SLAM2 algorithm. When the amount of features that are present in
the scene increases, this error is reduced.
So, the error measure in the final X position has acceptable results, specially for
the EKF and ORB SLAM algorithms, however, none of the three methods presents
a perfect estimation for the displacement in the Y axis. But the errors measured are
smaller than the half of the width of the length of the chassis of the robot, which
can be marked as an acceptable result.
Another important point is that, for all the trials, the T265 presents a worse
estimation of the robot position in the Z axis. While the measure should be between
0.0[m] and −0.1[m] in some trial, the T265 exceeds the +0.2[m], which is a difference
as big as go up one step. Fig. 8.20 resumes the Z measures from the first test, the
black line is the T265 camera.
The second test consisted in 3 different trials, and each one was repeated twice.
Also, in each one of the three trials the ground sweep angle was modified (30o , 45o ,
and 60o ). The objective of this second test is to analyze if different gait patterns
configurations help to achieve a better pose estimation and try to find a better
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Figure 8.19: Indoor tests scenario 2. Test 1, trial 1. Final error XY position.

configuration to solve the errors showed by the T265 camera. For the six tests,
the CLHeRo was programmed to walk for a period of sixteen strides and not to
achieve a certain distance, because the distance travelled in each step is directly
correlated with the ground sweep angle. The ground rotation speed parameter has
kept constant at 1rads/s. Also, for this test, more EKF filters were configured.
This new EKF filters have been configured in pairs of sensors (Odometry + IMU,
Odometry + ORB SLAM2, IMU + ORB SLAM2), so now the study can also indicate
if a couple of sensors make a great difference in the pose estimation of the robot.
Also, the EKF filter for this test include three sensors measurements (Odometry,
IMU and ORB SLAM2). To verify the conclusion from the previous test, where the
T265 was not very accurate, some objects were included in the scene, so the T265
can extract more features in each frame.

Table 8.8 resumes the final mean errors for each trial, sensor and EKF combination. In the Fig. 8.21 in and Fig. 8.22 the results of the final X and Y errors are
shown.

The first thing that can be notice from the results is that the final error in X
position for the T265 has decreased considerably (in some cases more than 0.6meters
which is an improve of the 85%). In the 6 trials the raw measurements of all
the sensors is below than 0.2meters of error and in the majority of cases under
0.1meters, which can be considered as a very precise results. The worst results are
the combination of the EKFs that combines the IMU with another sensor (odometry
or camera), it could be caused by the oscillations and forces that the robot suffers
at every step. Decreasing the rotation speed of the motors can help to reduce this
negative effect.
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Figure 8.20: Indoor tests scenario 2. Test 1, trials 1-5. Error in Z position.
The final Y error position has also been significantly improved. The gait pattern
with the ground sweep angle of 30degrees has proved to be a very precise gait
pattern in order to estimate the pose of the robot in both axis (X and Y). While in
the two other configurations (45degrees and 60degrees) a major oscillation of the
robot’s body provokes that the cameras have several problems to perform a better
estimation and therefore, the EKF that includes the odometry and the IMU presents
the better results.
Finally, to complete this analysis, is necessary to compare the oscillation in the
Z axis (Fig. 8.23). As happened with the X and Y final errors, the Z position
error with the legs angle configured as 30degrees presents the better estimation,
but only for the ORB SLAM2 algorithm. For the other two configurations, both
visual estimators presents a negative derivative, but with the combination of the
EKF algorithm with the three inputs (odometry, IMU, ORB SLAM2) this negative
error can be solved and the Z error position is almost null.
Turn in place
This type of movement has been the second to be implemented in the CLHeRo.
Having this two different actions (walking straight and turning in place) for moving
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Table 8.8: Results for the indoor scenario 2 test 2: walking with different ground sweep
angle.

ORB-SLAM2

T265

Odometry

EKF

Odometry + IMU

Odometry + ORB SLAM2

IMU + ORB SLAM2

X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z

30o
0,0184
0,1931
0,0438
0,7464
0,1446
0,1561
0,1449
0,1247
0,0430
0,1449
0,1247
0,0430
0,1449
0,1247
0,0430
0,1449
0,1247
0,0430
0,1449
0,1247
0,0430

Trial
45o
0,0013
0,1176
0,0438
0,8530
0,0196
0,2085
0,0866
0,4174
0,0438
0,0866
0,4174
0,0438
0,0866
0,4174
0,0438
0,0866
0,4174
0,0438
0,0866
0,4174
0,0438

60o
0,0238
0,2293
0,0746
0,6511
0,2640
0,0434
0,0611
0,1024
0,0487
0,0611
0,1024
0,0487
0,0611
0,1024
0,0487
0,0611
0,1024
0,0487
0,0611
0,1024
0,0487

the robot, allows to achieve more complex tasks in a future, e. g. path following or
autonomous navigation.
In order to have a more detailed study for this test, it was divided in five trials,
where only the ground sweep angle was modified. The first trial begin with a configuration for walking straight, 60 degrees (1.05 rads). After that, in the next trials
the angle was reduced: 45, 30, 22.5, 11.25 degrees (0.79, 0.52, 0.39, 0.2 rads). But in
all the trials the ground rotation velocity was kept constant: 0.1 rads/s.
Also, in this test and in the futures one, to have a more detailed analysis the EKF
combinations with couples of sensors have been configured, as in the previous test.
And taking in consideration some lessons learned from the previous test, different
objects were included in the scene in order to have more features and get a better
tracking.
The first trial, with the 60 degrees configuration failed, the robot was only able
to do some steps and then was necessary to do some recovery maneuvers and resynchronize the legs to be able to continue turning. After several tries, this trial was
considered as null due to the lack of torque of the motors.
The second trial, with 45 degrees (0.79 rads) configuration, was also repeated
several times, and each trial consisted in two and a half turns. The extra turns
Escuela Técnica Superior de Ingenieros Industriales (UPM)
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Figure 8.21: Indoor tests scenario 2. Test 1, trials 1-5. Final error X position.

Figure 8.22: Indoor tests scenario 2. Test 1, trials 1-5. Final error Y position.
in each trial were done because both cameras were lost. So, closing the loop was
intended to relocalize the robot after each complete turn. But this only was useful
to correct the ending position of the turn, during the rest of the turn there was a
translational error that could not be reduced.
The configuration with 30 degrees (0.52 rads) was the third trial. In this case,
the same strategy as in the previous configuration was repeated, turn more than one
turn in order to close the loop and relocate the robot.
For the last two trials, 22.5 and 11.25 degrees (0.39 and 0.2 rads) configuration,
only one turn was executed, because in these configurations, the oscillation in the
Y and Z are less aggressive than in the previous cases.
Fig 8.24 shows the tracked XY position for the trials 2−5. It is important to notice
that both localization methods based on images present the same and constant error.
It draws the attention that for all the trials, the visual error have more or less the
same magnitude and presents the shape of a circumference. In the case that the
robot needs to realize one complete turn, there should not be any problem because
the XY localization is correct (less than 10 cm of error, which is an acceptable value).
Nevertheless if the robot only turns a portion of a complete turn, a translational
error appears in the robot localization, it can get a maximum value of the length of
the robot’s body for 180 degrees or half of the body length for 90 degrees or 270
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Figure 8.23: Indoor tests scenario 2. Test 1, trials 1-5. Final error Z position.
degrees, table 8.9 shows in detail this error.
Table 8.9: Visual odometry systems, mean error measurements.
Angle [degrees]
45
90
135
180
225
270
315

Angle [rads]
π/4
π/2
3π/4
pi
5π/4
3π/2
7π/4

X error [m]
-0.1
-0.3
-0.45
-0.6
-0.45
-0.3
-0.05

Y error [m]
0.15
0.2
0.15
0.0
-0.25
-0.35
-0.25

For its part, the odometry algorithm, except for the last trial, presents a good
estimation of the position of the robot, with only a few centimeters of error. This
error is provoke because the algorithm takes in consideration the maneuver of turn
in place as an ideal turn with no friction or drift, but this is not true, because of
the morphology of the robot and its properties to rotate the legs, is necessary some
drift to be able to turn.
With the final results of the previous tests, it is possible to confirm that the
odometry algorithm presents a good accuracy to estimate the pose of the robot.
Some reasons to accept the algorithm as valid are that the estimation error is not
increased with the distance and the estimation is better when it is compared with
other sensors like the T265 that is highly accepted for autonomous navigation with
ground and aerial robots.
Now, analyzing the EKF results, in one hand, the IMU + VO combination does
not improve the estimation, so this configuration can be rejected. In the other hand,
Escuela Técnica Superior de Ingenieros Industriales (UPM)
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Figure 8.24: Indoor tests scenario 2. Test 1, trials 2-5. Final error XY position.
the complete EKF and the odometry + VO reduces the effect of the translational
error in a range about the 50% (see table 8.11). And finally the odometry + IMU
shows an excellent result, drawing a perfect turn in place movement.
One possible reason why the visual odometry sensors a loosing the localization
of the robot is due to the complex movement of the turn. In each step, the robot
rotates, but also some vertical displacement is registered. This vertical displacement
is bigger as the ground sweep angle is increased, table shows the average vertical
displacement at every step depending on the angle.
Table 8.10: Vertical average distance.
Angle [degrees]
45
30
22,5
11,25

Angle [rads]
0,79
0,52
0,39
0,2

Vertical displacement [cm]
1,2
1,6
2,1
2,7

Circuit
This test combine the movements studied in the last two previous explained tests.
This test can be used as a first approach to achieve autonomous navigation for robots
with ”C” shape legs.
The circuit consisted of traversing a rectangle with approximate dimensions of
3x2 meters. A total of four trials were done for this test, and all of them were
teleoperated, so each one differ a little bit in the path generated. The important
facts for the study is not to do always the same path, but are: first, that the path
covered presents the minimum possible error between the Optitrack system and the
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Table 8.11: Translational error for turn in place test. Angle units [degrees]. Error units
[m].
Trial
T2

ORB-SLAM2

T265

Odom+VO

EKF

0o
90o
180o
270o
360o
0o
90o
180o
270o
360o
0o
90o
180o
270o
360o
0o
90o
180o
270o
360o

X
0,0
-0,273
0,643
-0,296
-0,059
0,0
-0,270
-0,511
-0,303
0,009
0,0
-0,264
-0,327
-0,244
-0,068
0,0
-0,262
-0,321
-0,251
-0,080

Y
0,0
0,270
0,011
-0,324
-0,002
0,0
0,191
0,006
-0,248
0,005
0,0
0,212
-0,001
-0,070
0,022
0,0
0,157
-0,001
-0,059
0,015

T3
X
0,0
-0,242
-0,517
-0,246
0,047
0,0
-0,256
-0,434
-0,248
0,034
0,0
-0,117
-0,244
-0,098
0,032
0,0
-0,111
-0,236
-0,097
0,037

Y
0,0
0,183
-0,003
-0,286
0,000
0,0
0,174
-0,002
-0,230
0,007
0,0
0,085
-0,003
-0,172
-0,005
0,0
0,081
-0,017
-0,138
-0,005

T4
X
Y
0,0
0,0
-0,268 0,193
-0,568 0,008
-0,268 -0,323
0,020 0,000
0,0
0,0
-0,265 0,213
-0,504 0,008
-0,265 -0,284
0,009 0,002
0,0
0,0
-0,140 0,092
-0,287 -0,002
-0,146 -0,173
0,148 -0,007
0,0
0,0
-0,142 0,093
-0,287 -0,027
-0,142 -0,174
0,004 -0,017

T5
X
Y
0,0
0,0
-0,275 0,205
-0,563 0,004
-0,276 -0,360
0,008 0,000
0,0
0,0
-0,263 0,181
-0,499 0,004
-0,262 -0,335
0,001 0,009
0,0
0,0
-0,154 0,084
-0,324 -0,048
-0,141 -0,254
0,004 -0,018
0,0
0,0
0,153 0,087
-0,337 -0,074
-0,135 -0,249
0,004 -0,020

information from the sensors. Second, the final position must be as close as possible
to the physical final position.
Fig. 8.25 shows the trajectory followed by each trial. The three first trials were
done with a turning configuration of: ground sweep angle 0, 39 rads and a ground
rotation velocity of 0, 5 rads/s. In the third trial, the ORB SLAM2 algorithm lost
the robot localization. For that reason, a more conservative setting was selected
(ground sweep angle of 0, 2 rads and ground rotation velocity of 0, 1 rads/s). But
for both cases, the walking straight configuration was 60 degrees and 1, 0 rads/s.
Table 8.12 resumes this information.
Table 8.12: Configuration parameters for the indoor circuit test.
Trial
Turn
Straight

Angle [rads]
Speed [rads/s]
Angle [rads]
Speed [rads/s]

1
0,39
0,50
1,05
1,00

2
0,39
0,50
1,05
1,00

3
0,39
0,50
1,05
1,00

4
0,20
0,10
1,05
1,00

Analyzing the results, some conclusions can be done from a first sight: the odometry algorithm has failed in all the trials at every turn action. So, the odometry
algorithm needs to be improved to have a better accuracy when alternating difEscuela Técnica Superior de Ingenieros Industriales (UPM)
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Figure 8.25: Indoor tests scenario 3. Trials 2-5. Error in XY position.
ferent types of movement. The second conclusion is that the translational error
described in by the visual odometry sensors in the turn in place test is also present
in the turns of this test. Eventhough the translational error exists, there is not a
problem with the orientation because the walking straight path is parallel to the
path described by the Optitrack system.
Now, studying the final error position error, there is not a great difference between the different sensor to identify which one is the best one. The ORB SLAM2
algorithm and the T265 camera present very similar results. For the X position
error, both sensors are giving a precision under the 4 cm of error. Meanwhile, for
the Y position, the T265 average error is 0.11 meters and for the ORB SLAM2
(excluding the trial 3) the average error is 0.159 meters.
Attending now to the EKF combinations, only the odom+vo configuration helps
to reduce the final error in both axis (X, Y ). Although for the trials 2 and 4 there is
not a real benefit or improve. In the opposite side, the imu+vo configuration have a
worse result in all the trials than the Visual SLAM methods by themselves. Finally,
the complete EKF presents a similar performance as the odom+vo, but in this case,
it is able to correct the predicted trajectory along the path and is very similar to
the one followed by the robot. Table 8.13 resumes all the final errors from this test.

8.3.3

Outdoor real tests

Finally, to complete this work, some outdoor tests were performed in order to
analyze the precision of the algorithms and sensor in real conditions. Because of the
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Table 8.13: Final errors for the indoor scenario 2 test 3: complete a circuit. Error units
[m].

ORB-SLAM2

T265

Odometry

EKF

Odometry + ORB SLAM2

IMU + ORB SLAM2

X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z

1
0,0269
0,2226
0,0098
0,0352
0,2367
0,0625
0,1654
1,5035
0,0085
0,1048
0,1618
0,1174
0,0668
0,0336
0,0099
0,0248
0,2216
0,0066

Trial
2
3
0,0469 2,2719
0,1527 2,3802
0,0782 0,0329
0,0233 0,0018
0,0756 0,0251
0,0058 0,0067
0,7119 1,0992
2,6927 3,6621
0,0074 0,1154
0,1424 0,285
0,1129 1,4407
0,2355 0,0858
0,145 0,0743
0,0881 2,9011
0,0782 0,0017
2,0957 2,8439
0,2475 0,0885
0,2001 0,0878

4
0,0037
0,1026
0,0081
0,0261
0,1034
0,0011
1,9157
3,5649
0,1102
0,07
0,1013
0,3018
0,0868
0,2136
0,0081
2,2643
0,4837
0,2025

characteristics of the outdoor scenarios is not possible to have the Optitrack system,
but a conventional measurement system, which can give a precision of millimeters
is used.
Two of the three tests explained in the previous section were adapted to the
outdoor scenario, the walking straight and the circuit. Also, each test was carried
out in two different types of terrain: asphalt and meadow. The first one offers a high
coefficient of friction in addition to be a flat surface. The second one is an uneven
terrain with remnants of cut vegetation on the surface, this can provoke that the
legs drift.
Walking straight
Test conditions
The walking straight test was carried out in three different places: one paved road
and two different uneven terrains (see Fig. 8.26).
The paved road presents a high coefficient of friction5 (0.9) between the asphalt
and the rubber that covers the legs of the robot, so the rotation of the motors can
be transform into forward displacement without losses.
5

Friction coefficient between rubber and dry asphalt = 0.9[157]
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(b) Uneven terrain #1.

(a) Paved road.

(c) Uneven terrain #2.

Figure 8.26: Real tests scenarios
In the two uneven localizations, the remnants of vegetation cause that the legs can
present some loss of traction on some steps. Also the ups and downs of the terrain
induce that for a total forward displacement, more steps will be required than from
a flat surface.
For both types of terrain, the robot was configured with the same parameters,
which are established as the default configuration for walking straight in alternating
tripod, and are resumed in table 8.5.
Each trial had a different final position because of the characteristics of the terrain,
table 8.14 resumes the final position measure for each trial. It is important to notice,
that for the uneven terrain is not possible to have a certain measure of the real
displacement in the Z axis due to the lack of a ground truth system. While for the
asphalted surface the authors assume that is completed flat, so the initial Z height
is equal to the final Z height.
Table 8.14: Results for the outdoor scenario 2 test 1: walking straight

Paved road
Uneven terrain 1
Uneven terrain 2

Final
X
10,75
10,10
9,8

position [m]
Y
Z
0,37 0,00
1,17
–
1,22
–

Results and discussion
Table 8.15 resumes the mean error for the final position in each trial and Fig. 8.27
shows the path followed by the robot in each one.
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Table 8.15: Results for the outdoor scenario 1: walking straight. Error units [m].

ORB-SLAM2

T265

Odometry

EKF

Odometry + IMU

Odometry + ORB SLAM2

IMU + ORB SLAM2

X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z
X
Y
Z

Asphalt
0,0404
0,0795
0,0106
0,0471
0,0868
0,3424
0,0667
0,3700
0,0000
0,4730
0,1990
0,0487
0,7727
0,7868
0,0000
0,0163
0,0822
0,0116
0,0405
0,0795
0,0118

Trial
Uneven #1
0,1729
0,0773
0,1135
1,6320
0,3560
0,0570
1,8340
1,1700
0,0000
0,7388
0,2043
0,2161
1,8332
2,0644
0,0007
0,6670
0,3524
0,1123
0,2252
0,1045
0,1006

Uneven #2
0,3716
0,1369
0,2352
2,2178
0,1082
0,0676
1,8043
1,17
0,0000
0,9753
0,4433
0,3085
1,8038
1,6895
0,0001
0,8209
0,2330
0,2348
0,3718
0,1366
0,2345

For the paved surface all the sensors and EKF combinations, with the exception of
the odom+IMU configuration, present a good final position estimation. The majority of the methods have a final X error less than the 0.5% of the distance traveled. In
the other hand, for the final Y position error, both visual slam methods present an
error around the 20% of the final position. But the ORB SLAM2 algorithm reflects
the real trajectory of the robot, while the T265 corrects the position after detecting
an approximate error of 20 cm., see Fig. 8.28a. Also, the full EKF configuration
presents a higher error than the ORB SLAM2 because it has to correct the error
from the odometry algorithm estimation, which it does not add any displacement in
the Y axis.
Attending to the Z graph of the same trial (Fig. 8.28b), the T265 shows a negative
drift that is never corrected and with each step it is increased. This error could be
caused because the camera should need more features in each frame, as happened
in the previous indoor experiments.
The first trial on uneven terrain shows an error similar to the detected on the
asphalt, the IMU shows a big drift from the beginning of the trial. Another point
is that the T265 camera stopped tracking the position almost at the end of the
experiment (see Fig. 8.27b). Also, the odometry algorithm presents a large error in
the final X position. So, the best estimation is done by the ORB SLAM2 algorithm.
In this trial, the Z displacement cannot be measure, but ORB SLAM2 and T265
presents a similar curve, and that is a good sign. Fig. 8.29 shows the absolute error
Escuela Técnica Superior de Ingenieros Industriales (UPM)
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(a) Outdoor test. Paved road. Error in XY (b) Outdoor test. Uneven terrain 1. Error
in XY position.
position.

(c) Outdoor test. Uneven terrain 2. Error
in XY position.

Figure 8.27: Outdoor test #1

in each axis for this test.

For the second uneven terrain trial (Fig. 8.27c), again the IMU shows a drift
that is not related with the path followed by the robot. It may be possible that the
IMU algorithm cannot filter the perturbations provoked by the displacement on the
uneven terrain. Also, due to this behavior of the IMU, the full EKF combination
shows a deviation from the path followed by the robot. The analysis of the X
distance traveled by robot reveal that one more time the ORB SLAM2 algorithm
together with the RealSense 435 is more precise than the other two methods included
in the robot (odometry and RealSense T265 ). But for this trial, the odometry
algorithm has less error than the T265, although this error can be considered as bad
estimation (18.36% of the total distance). On the other hand, the EKFs that include
the visual odometry as input have corrected the error of the odometry (75.56%) and
the full EKF (91.43%). Attending now to the Y error, both visual sensors presents
a good estimation, the T265 even better than the D435, despite it has a worse result
for the X position.

Like in the previous test on uneven terrain, both visual sensors have a parallel
trajectory on the Z axis but with a difference of 20 cm., nevertheless there is not
option to identify which one is more accuracy, see Fig. (8.30).
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(a) Paved road test Y error.

(b) Paved road test Z error.

Figure 8.28: Outdoor test #1
Finally, it is possible to confirm that for walking on a paved road the odometry
algorithm and the visual slam methods present very accurate results during the
path and at the final position. However, when the robot has to walk through uneven
terrain the odometry algorithm presents a worse estimation, always considering that
it has traveled less distance. Also, the combination with the IMU presents a bad
result because the IMU cannot filter the disturbance generated by the steps and
that are increased with the obstacles on the surface.
Circuit
Finally, to complete this work, the last test carried out was to complete a circuit,
but only on the paved road and on the uneven terrain #2. The experiments on the
asphalt were repeated twice and in both occasions the robot was able to complete it.
But on the uneven terrain the trial was repeated five times and only in one occasion
the robot could achieved the end point successfully. The reason why the robot
could not success all the test is provoke by the characteristics of the terrain and the
maximum torque that the motors can achieved. As the terrain is not flat, in some
steps all the legs are not in contact with the ground, therefore, some motors have to
increased the torque generated to move the robot to the next step. Sometimes it was
possible, but when the torque required is too high, the motor’s protection for over
current is activated and does not allow to move the motor. This could be solved by
acquiring a motor with a higher torque, but it will decreased the maximum travel
velocity.
The circuit on the paved road had a maximum width of 9 meters (the width of
the road), so the circuit describes a square of 9x9 meters, see Fig. 8.31a. Thus,
the trajectory of the robot will be inscribed in this square. While the circuit on the
uneven terrain is a square of 4x4 meters (Fig. 8.31b).
As happened in the indoor experiments, the IMU is not detecting correctly the
turning action and points that the robot has turn less than 90 degrees in each corner.
Escuela Técnica Superior de Ingenieros Industriales (UPM)
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Figure 8.29: Outdoor uneven terrain #1. Walking straight test. Absolute errors.

Figure 8.30: Outdoor test 1. Uneven terrain #2. Absolute Z error.
Therefore, with that large measurement error the estimation of the full EKF is not
valid either.
In both experiments on the paved road (Fig. 8.32), the T265 camera describes a
path shorter than the showed by the ORB SLAM2 algorithm and followed by the
real robot, but is able to recognize that has closed the loop and correct the final
position. For the paved road, the second trial obtained a better pose correction from
the full EKF, very similar to the odom + vo configuration, but in both cases the
best estimation is with the ORB SLAM2 algorithm. Despite, the measures in the
Z axis are not valid (see Fig. 8.33) because its values are out of the range that the
robot can achieve, furthermore it presents high variations.
The circuit on the uneven terrain was more difficult to complete for the robot,
in three of the four experiments, the result was unexpected. The ORB SLAM2
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(a) Paved road.

(b) Uneven terrain #2.

Figure 8.31: Outdoor test #2

(a) Outdoor circuit test. Paved road. Test 1 (b) Outdoor circuit test. Paved road. Test
Error in XY position.
2 Error in XY position.

Figure 8.32: Outdoor circuit test on paved road
algorithm stopped tracking the position because it lost the references, even the
T265 not always gave a good estimation, it never stopped tracking the position,
while the odom + IMU still showing a big error. The best pose estimation was on
the third test (see Fig. 8.34)
Due to the fail of the ORB SLAM2 algorithm and the drift from the IMU sensor,
all the EKFs combinations that include one of these two sensors, or both, shows
a result that is not representative of the path followed by the robot. So, for the
circuit test on the uneven terrain, only the results from the third test are valid for
this analysis.
Like in al the previous circuit tests, the odometry algorithm and the IMU are not
giving a good estimation, therefore, the full EKF combination, deteriorate the pose
given by the ORB SLAM2 algorithm. To try to correct this, for the combinations
with the ORB SLAM2 algorithm the EKF configuration was modified and more
weight was given to the data received from the algorithm.
Attending now, only to the results from the T265 and the ORB SLAM2 (that
one more time are giving the best results), the T265 describes a curve on the right
side of the circuit, after the first turn, and it is not correct, it should be a straight
Escuela Técnica Superior de Ingenieros Industriales (UPM)
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(a) Outdoor circuit test. Paved road. Test 1 Error in Z axis.

(b) Outdoor circuit test. Paved road. Test 2 Error in Z axis.

Figure 8.33: Outdoor circuit test on paved road. Error in Z axis
line. Also, the path show by this sensor indicates that the robot continue walking
straight more than one meter after reach the initial Y point. Therefore the ORB
SLAM2 algorithm shows a more accurate result.

8.4

Conclusions

This chapter presents a complete study that includes different maneuvers, scenarios and configuration parameters for estimate the pose in C-legs robots with a novel
odometry algorithm and the conjunction with other sensors to evaluate how useful
it is. In addition, this work not only analyze the behavior of the robot for a few
steps in a straight path.
In contrast to previous studies like [158, 159], this study is focus in the alternating
tripod gait and not in the analysis with dynamics gaits like jogging.
With the results obtained, it is possible to confirm that the algorithm have a
precision similar to the visual odometry methods and, in scenarios with few visual
characteristics can have better results. Moreover, can be used in robots that do not
have a high performance computer because the algorithm does not required high
computational costs as the ORB SLAM2 algorithm. And in some other conditions,
specially in the turn in place maneuvers the odometry algorithm can help to improve
the estimation of the visual and IMU sensors.
Section 8.2 defines a novel algorithm for a “C” leg with a initial diameter of 160
mm, however, due to the intrinsic flexible properties of the leg and the variations
during the displacement of the CLHeRo, this length varies continuously. Calculating
the exactly length of the leg in real time with FEA methods is not possible due to the
actual limitations of computer calculating; therefore, after the simulation tests and
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(a) Outdoor circuit test. Uneven terrain #2. (b) Outdoor circuit test. Uneven terrain #2.
Test 1 Error in XY position.
Test 2 Error in XY position.

(c) Outdoor circuit test. Uneven terrain #2. (d) Outdoor circuit test. Uneven terrain #2.
Test 3 Error in XY position.
Test 4 Error in XY position.

Figure 8.34: Outdoor circuit test on paved road
the indoor tests, a linear approximation of the average compression of the leg was
approached. This approximation was generated for the physical characteristics of
the CLHeRo v2.5, the “C” legs properties and the velocity and acceleration profile
specified for the rest of the tests. Moreover, this ”new” length of the leg, was
introduced as a parameter in the odometry algorithm which can be interpreted as a
correction factor for the nominal diameter of the leg. It is important to point, that
for an optimal implementation in other platforms, is necessary to do some tests with
different parameters and analyze the results to obtain the adequate factor for the
new platform.
Despite, there are some limitations and problems that have to be take in consideration, which will be described below.

8.4.1

Problems and Limitations

Motors Data Update Frequency
Due to the communication problems, involving the Maxon interface and the ROS
protocols, which are problems unrelated to the focus of this work, the frequency to
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obtain the parameters of the motor (current position, velocity, and torque) is very
slow (8 Hz). Considering that the odometry is obtained with a callback message,
the intervals for the numeric integration are high. If the publish frequency would
be higher, like in the Gazebo simulations (100 Hz), the odometry results could be
more accurate by reducing update times.
Legs Elasticity
One of the characteristics of the “C” legs robots is the elasticity of its legs, which
provides to the robot the ability to perform unique actions, nevertheless this implies
the deformation of the legs when they are in contact with the ground.
To solve this situation, for the fiberglass legs, a elasticity coefficient has been
included in the equation. For this work, using a value of 0,9125 has demonstrate to
be valid. This value has been calculated taking in consideration the robot standing
with 3 legs, its mass and the compression parameter of the fiberglass legs (k = 8166
N/m).
A good proposal could be to test the robot with different legs (varying the its
diameters and elasticity) and walking configurations (angles and speeds) to create
a database. So the algorithm could be adapted perfectly to different C-legs robots.
IMU
The IMU installed in the robot is frequently used in different robotics platforms
like autonomous ground vehicles [160] or underwater vehicles [161]; and for other
applications like 3D reconstruction with visual odometry [162]. Nevertheless, in
none of these previous works the IMU presented an erratic performance as in the
study presented here. Analyzing the displacement in the Z axis (see Figures 8.29,
8.30 and 8.33) it is possible to detect that the IMU is reading constantly variances in
the measurements, and therefore adding a drift in the estimation of the pose causing
loss of confidence in the sensor.
Computational Cost
The ORB SLAM2 algorithm used for the calculating the robot localization with
the RealSense D435, demands high compute capabilities, using this algorithm with
the RPi 3 is not possible because the processor does not have enough capabilities.
For this option, the best configuration can be to only use the Odometry algorithm
proposed by the authors together with the RealSense T265, which computes all
the tracking system in the camera and only sends a message with the position and
orientation of the robot. Nevertheless, using the ORB SLAM2 algorithm offers a
very precise and robust localization, even for outdoor environments. And with the
results of the tests it needs less features in the scene than the RealSense T265.
Having in consideration this problems and limitations, the implementation of
the odometry model presented in this study for fusing the information with other
sensors can improve the pose estimation of a “C” legs robot. Moreover, the results
obtained after the tests can help to understand that this kind of robot has peculiar
characteristics and the maneuver of turning can provoke to lose the estimation of
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the pose, specially because the visual odometry systems are used when the turning
action only presents a rotation in the Z axis without any perturbation in the other
two axis.
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Chapter 9

Teleoperation
The CLHeRo has been designed as an exploration robot, hence the correct implementation of a teleoperation mode takes major significance, because within its
activities it should have to walk across uneven terrains, without any previous map
and in the worst scenarios, without navigation aids. Also, during this thesis, the
teleoperacion capability has been specially useful when developing and debugging
different GPs, during the odometry algorithm tests or, as will be explain in Chapter
10 for creating 2D maps using SLAM techniques.
Thus, how the teleoperation has been developed for the CLHeRo is described in
this chapter. First, the communications set-up to be able to teleoperate the CLHeRo
are explained. Afterwards, there is the section that explains the specifications for
controlling the CLHeRo with different controllers: terminal and pad. Finally, the
velocity commands interfaces used in other functions and the that allow to operate
the CLHeRo only with lineal velocity or tun commands is described.

9.1

Communications set-up

To facilitate the communication between the CLHeRo with other hardware interfaces, like the CGS, a dedicated local network was created for the platform. The
general structure is shown in Fig.9.1, where all the communications are managed
with a main router.
The network is assigned with a SSID value of “hexapodo base”, where in a beginning only the CGS and the CLHeRo are connected always in the network. Occasionally, for some special tests or debugging, other computers can be connected via
ethernet cable or WiFi.
The remote connection to the CLHeRo is make through the SSH (Secure SHell)
protocol, which allows to execute a remote terminal in CLHeRo’s computer and
launch the necessary ROS nodes to execute the taks or missions.
Also, both the CLHeRo and the CGS were configured to provide support to a
distributed features of ROS, so that it is possible to launch a node in any of the connected computers and visualize the available information (messages, topics, services,
. . . ) in any other client (Fig.9.2). With the one and only limitation that the nodes
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Figure 9.1: Communications schema for teleoperating the CLHeRo.
that require a direct communication with the hardware devices had to be directly
launched from the equipment where they are connected. This feature of ROS was
use when the RVIZ visualization was required or to supervised some topics of the
robot or to teleoperate the robot.

Figure 9.2: Schema for running ROS across multiple machines.

To create a correct configuration for running ROS across multiple machines it is
necessary to configure correctly the ROS MASTER URI parameter. But also, some
considerations have to be accepted:
• Only one computer can be configured as “master”.
• The rest of computers must be configured to use the same master, via
ROS MASTER URI.
• There must be complete, bi-directional connectivity between all pairs of machines.
• Each machine must advertise itself by a name that all other machines can resolve.
All the configuration has to be set-up in the “.bashrc” file of each computer. The
configuration for the master is shown below.
# ## ROS MASTER CONFIGURATION ###
export ROS_MASTER_URI = http :// localhost :11311
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export ROS_IP = " IP_MASTER "
export ROS_HOSTNAME = " IP_MASTER "
And for the rest of computers is very similar, only modifying the ROS MASTER URI
variable with the value of the IP of the master.
# ## ROS SLAVE CONFIGURATION ###
export ROS_MASTER_URI = http :// master_ip :11311
export ROS_IP = " IP_SLAVE "
export ROS_HOSTNAME = " IP_SLAVE "

9.2

Terminal mode

The first teleoperation mode developed for the CLHeRo was the ”Control terminal”. One of the advantages of been a terminal interface is that it does not require
any extra devices and can be execute only with a SSH connection, without recurring
to the configuration explained in the previous section.
Following the structure of all the processes that manage the gait of the robot, all
the teleoperation proccess base their operation in the management of the /gait pattern control
control service and automate the construction of the request message and send a
response in case of error. As the workflow of this type of service has been explained,
this chapter will not detail its construction and will focus in the functionality of each
one of the teleoperation methods.

9.2.1

Menus distribution

Main menu
The main menu of the control terminal is shown in Fig.9.3, this menu offers to the
user all the actions that are available.

Figure 9.3: Main menu of the control terminal.

For selecting a option, the user only needs to press the keyboard key corresponding
to the character shown in the brackets (“[ ]”), all the actions corresponds to a
different number with the exception of the help menu (“h”) and the exit option
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(“q”). To avoid introducing different actions, if a different key is pressed, an error
message is shown in the terminal.
In the other hand, if an existent command is selected, the menu will be updated
with the specific menu of that option. When the function has finished, the terminal
automatically returns back to the main menu.
Menu for starting a gait pattern
This menu corresponds to the option key #1 and the new available options are
shown in Fig.9.4. The available patterns show in this menu correspond to the GPs
loaded in the GPs manage system.

Figure 9.4: Menu for starting a gait pattern.

The list is created dynamically each time that the user selects the option in the
main menu, every time that the user enters in this menu, it only shows the GPs that
can be activated in that moment and it assigns a number following their appear
order. The different gaits are sorted according to the last time when each GP made
the register request to the GPI, therefore, it is possible that the same GP does not
present the same number in the list.
When a GP is selected, the control terminal builds the corresponding message and
sends the request associate to that service. If the request is processed successfully,
a message associate with the event is shown in the terminal, but if it cannot be
possible, the terminal shows the corresponding error code.
Stop, pause and continue menus
The number options ‘#2’, ‘#3’ and ‘#4’ give way to the stop, pause and continue
functions of the active GP, respectively. Fig. 9.5 shows the example of the menu
shown for the stop option. Even, the three options generate different actions, as
they share the same internal structure all of them are described in this section.
The stopping menu shows the active or paused GP and then, asks to the user one
more time for stopping the GP. This second confirmation has been implemented to
avoid stopping the active GP by mistake.
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Figure 9.5: Menu for stopping the active gait pattern.

Update movement arguments menu
The option #6 from the main menu allows the user to send configuration parameters
to a GP (Fig.9.6). Using this option, the terminal requires, first which one of the
loaded GP will be the objective, second the different parameters to be send with the
according syntax.

Figure 9.6: Menu for updating the movement arguments of a gait pattern.

The syntax has to follow the structure specified in the control service service, also,
the character string is send without being treated, so it is important to write them
correctly, in order to avoid any error. As was explained in a previous chapter, the
syntax follows the structure of identifier and value separate with the (:) character.
Also, to help the user, the syntax is printed in the terminal menu.

9.2.2

Implementation and use

The control terminal tool is include in the node developed for the gait pattern
management system (clhero gait controller ), but it is programmed in an independent
node (control terminal ).
To avoid that the messages shown in the different menus be printed together with
the messages published by other nodes, the terminal node is not included in any
launch file. Therefore, to execute this teleoperation mode, the user only has to
launch the node in a new terminal window with the next command line:
$ rosrun c l h e r o _ g a i t _ c o n tro ll er control_terminal
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9.3

Pad mode

In some situations maybe controlling the CLHeRo via the terminal is not possible
or the best option, or also, is the operator requires a faster or more intuitive mode
for controlling the robot. For these reasons, an alternative secondary control mode
was developed.
During this thesis the selected controller was the Logitech RumblePad 2 [5], which
is shown in Fig.9.7. This controller can be connected both, directly to a USB port
of the CLHeRo for a local teleoperation or to the CGS (or any other computer
configured as in previous sections) for a remote teleoperation.

Figure 9.7: Logitech Rumblepad 2 controller used for teleoperation. Source: [5]

To integrate the operability of the robot with the pad, one new node dedicate
exclusively to convert the signals from the pressed buttons or joysticks with the
construction of the service for the GP was created. In the following sections, the
distribution of the actions implemented for the buttons is described and how to
implement and use the node.

9.3.1

Buttons distribution

The configuration created for the different buttons of the pad is shown in Fig.9.8.
In general, each button is associate to a GP and pressing each one sets as active the
corresponding GP. When the button is released, the active GP is paused and if the
same button is pressed again it resumes the previous pattern.
The forward displacement and the capacity for turning to both sides actions are
implemented wit the cross direction buttons, each button is associated with the
coherent move action. The alternating tripod GP has been defined as the default
GP, therefore, all the movement actions are according to this mode.
Pressing all the front buttons simultaneously activate the configuration mode to
set the offset of the legs. This special “combo key” is defined specially to avoid any
accidental pulsation that provokes the CLHeRo stopping the actual GP and begin
an erratic movement that could damage the robot or any part of it.
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Figure 9.8: Assignment of the buttons from the pad for the teleoperation tasks.

9.3.2

Implementation and use

Implementation
The teleoperation pad mode has been developed in a new ROS package, called
clhero teleop. This package also requires that the joy official ROS package to be
installed, because this node reads the state of every actuator of the pad (buttons
and joysticks) and publish it in the /joy message and with the type sensor msgs/Joy.
The clhero teleop package implements the clhero teleop joy node which subscribes
to the joy message and process the information to adapt it to the request for the
“/gait pattern control” control service.

9.4

Use

The launch file for the GPI, “gait controller.launch” from the clhero gait controller
package includes the necessary commands to launch the require nodes to correctly
control the CLHeRo with the pad. By default, this option is active.
Nevertheless, it is possible to prevent it to be launched, the user can modify the
behavior modifying the paramater joy in the launch file. Also, it can be modified
when launching the node with the following instruction.
$ roslaunch cl he r o _ga it _ c on tro ll er gait_controller . launch joy := true

9.5

Interface for the velocity commands

Although the method explain in this section is not a teleoperation solution by
itself, it is an alternative command option commonly used with mobile robots. It is
based in the use of command velocity orders to indicate the movement to the robot.
The legged locomotion system that defines the morphology of the CLHeRo makes
necessary to programming the gait patterns resulting in a structured movement, this
provokes that in some situations the robot has to wait until the totally positioning
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of the actuators, therefore the actuators are moving but there is not a reference
velocity in the body of the robot. For this reason, the system to manage the gait
patterns differs from the standard conception of the velocity commands.
Unfortunately, if higher level tasks want to be implemented in the CLHeRo (i.e.
autonomous navigation), it is necessary to be able to accept this type of movement
orders. With this in mind was developed the clhero vel interface node which is a
solution to this problem. This node obtains the three possibilities for alternating
tripod gait (forward, turn left and turn right) as the base for the movement and
automatically update the values for the ground sweep angle and velocity parameters
according to the cmd Vel message with the type nav msgs/Twist.
As it is not possible to manage a continuous velocity control for the forward or
turning maneuvers, the algorithm controls the different orders according to the step
average speed. The method to obtain the average speed for every step is explain
below.

9.5.1

Method to obtain the average velocity for forward displacement in alternating tripod gaits

This method sets the reference system with the positive X axis as the forward
positive direction and the Y axis perpendicular to the ground plane, then the average
velocity for a period of time is defined as:
vbx =

1
t2 − t1

Z

t2

vx (t) dt

(9.1)

t1

The instantaneous velocity can be obtain directly from the kinematic of the displacement and corresponds to the trajectory of a cicloid:
  

rx
x0 + R [θ(t) − θ0 − sen(θ(t))]
→
−
r cycloid =
=
ry
R [1 − cos(θ(t))]

(9.2)

Deriving the previous equation it is possible to obtain the velocity:
  

v
Rθ̇(t) [1 − cos(θ(t))]
→
−
v cycloid = x =
vy
R θ̇(t) sen(θ(t))

(9.3)

Where, R is the leg radius, θ corresponds to the angle of rotation of the cycloid
and φ to the angle of position of the motor.
To comply that θ ∈ [0, 2π] because φ ∈ [0, 2π], the conversion from the position
of the motor to the angle of the cycloid can be obtained as:

θ(t) =
186

φ(t) + π si 0 ≤ φ < π
φ(t) − π si π ≤ φ < 2π

(9.4)
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If the restriction to the domain is suppressed, directly it can be transformed as
θ = φ + π.
Considering now, that the acceleration of the leg is enough fast to underestimate
the acceleration slope, the angular velocity for the cycloid can be expressed as:
θ̇(t) = φ̇(t) = vm ≡ Motor velocity

(9.5)

To express the average speed with the parameters intrinsic in the movement, it is
necessary to do a change of variable in the integral. Now, the time is expressed as:
φ(t) = vm · t + φ0 ⇒ t =

φ(t) − φ0
vm

(9.6)

So:
t2 − t1 =

φ(t2 ) − φ(t1 )
φ2 − φ1
αGSA
=
=
vm
vm
vm

(9.7)

Where αGSA = φ2 − φ1 is the ground sweep angle.
In the other hand, the differential has to be modified for the position angle:
1
dφ
= φ̇(t) = vm ⇒ dt =
dφ
dt
vm

(9.8)

Applying the conditions of the change of variable, the expression of the average
velocity results in:
1
vbx =
t2 − t1

Z

t2

t1

vm
vx (t) dt =
αGSA

Z

φ2

φ1

1
vx (φ)
dφ =
vm
αGSA

Z

φ2

vx (φ) dφ

(9.9)

φ1

The instantaneous forward velocity expressed in terms of the angular position of
the motor results:
vx (φ) = R · vm [1 − cos(φ + π)]

(9.10)

Now, substituting in integral:
R · vm
vbx =
ap

Z

φ2

[1 − cos(φ + π)] dφ

(9.11)

φ1

And finally resolving:
vbx =

R · vm
[φ − sin(φ + π)]φφ21 =
ap



=



R · vm 
φ2 − φ1 −sin(φ2 + π) + sin(φ1 + π)
| {z }
ap

(9.12)

ap
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After all these steps, the final expression that relates the average forward velocity in movements characterized by the alternating tripod gait and with the same
movement parameters is:
vbx =

R · vm
[ap − sin(φ2 + π) + sin(φ1 + π)]
ap

(9.13)

This expression is very useful to obtain the necessary velocity for the motor to
achieve the average velocity from the receive command velocity, once the αtakeof f
and the αtakel and angles are defined, it is possible to obtain vm :
vm =

9.5.2

vbx · ap
R [ap − sin(φ2 + π) + sin(φ1 + π)]

(9.14)

Method to obtain the average velocity for turning maneuvers
in alternating tripod gaits

To obtain the average rotation velocity, only is necessary to use the previous
expression (9.13) and the elemental condition of:
vx = ω · l

(9.15)

With l defined as the distance to the instantaneous center of rotation (ICR) to
the leg of the robot.

9.5.3

Implementation and use

As was explained before, this functionality is implemented in the clhero vel interface
node, which belongs to the clhero 2dnav navigation package. This node subscribes
to the the standard velocity command message (“cmd vel”). From this message,
the node extracts only the forward velocity (x ) and the turning velocity with respect to the z axis (positive is clockwise turn and negative counterclockwise turning
direction).
Once the message has been received, the node can differentiate between the three
movement orders and obtain the reference for the average velocity. If the aerial
velocity if out of range (over the maximum speed of the motors), the algorithm increases the αGSA value to reduce the aerial velocity. After this set-up, the movement
parameters are updated and the start command is send to the selected gait pattern.
To launch this node, only is necessary to execute the clhero configuration.launch
file which is inside the clhero 2dnav navigation package.
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Implementation SLAM features in
the CLHeRo
As it has been explained in previous chapters, one of the final goals of the CLHeRo
platform is to be able to perform search and rescue tasks. Only one of the previous
C-legs platforms was designed to be sensorized and do exploration tasks, this robot
is the X-RHex. One of those core exploration tasks is the SLAM (Simultaneous
Location And Mapping), this technique consists in building a map while exploring
the environment and at the same time the robot locates itself so it can associate
new discovered features with the previous referenced.

In the case of the X-RHex, it needs carries a second computer with a nVidia
GPU capable of running CUDA, a programming and computing architecture that
allows highly-parallel execution of machine code. The computational power of this
secondary computer is used to process sensor data in a parallel, specially to extract
SIFT and SURF features in real time using GPU implementations of the algorithm,
in order to perform feature extraction, tracking and optical flow calculations during
dynamic locomotion.

Therefore, one of the main objectives to achieve with the CLHeRo is to develop
the capability of execute SLAM in unexplored environments also, taking advantage
of the gait pattern management system and the teleoperation features, explained in
previous sections.

This chapter will continue detailing the necessary resources to correctly execute
the SLAM algorithm, specifying which ROS packages and process are necessary
together with the external sensors that need to be configured. The next section
will explain how the SLAM functionality has been implemented and parameterized.
Finally, the different tests performed with the platform and the SLAM algorithm
will be commented, defining the methodology and the required steps to create the
two maps created during the tests, one inside a building and a second one in an
outdoor scenario.
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10.1

Required resources

This section describes the necessary resources to have a correctly implementation
for the SLAM algorithm. As will be explained later, the SLAM package requires
inputs from two main sources: the odometry, which has been explained in Chapter
8 and the second one is the distance measured from the lidar sensor to the obstacles.
Therefore, is necessary to implement a lidar sensor in the robot, this also requires
to modify the URDF file of the CLHeRo, including the transformation link from the
sensor to the base footprint of the model and to publish the correct message with the
information from the sensor, with the name of scan and with sensor msgs/LaserScan
type. For this implementation, the message is published from the official node from
the manufacturer of the sensors.
The SLAM could be also performed with the RealSense D435 camera installed in
the front of the robot, but this camera does not provide natively messages of the
laser type, instead it provides the common message for depth cameras, which is a
points cloud (sensors msgs/PointCoud2 ). But there is a ROS package developed
that can convert a 3D point cloud into a 2D laser scan (“pointcloud to laserscan”),
nevertheless the results obtained with this implementation were not as accurate
to provide a useful localization map, because the horizontal field of view of the
RealSense is only 86o , which is not enough, specially when turning to detect the
necessary amount of characteristics and associations for the SLAM.
For the final implementation, a Hokuyo URG-04LX-UG01 laserscan was installed
in the front of the robot, see Fig.10.1. This sensor provides distance reads in a range
of 240o which is an excellent input source for the SLAM algorithm. The Hokuyo is
connected to the computer with a USB 2.0 generic cable.

(a) Hokuyo URG-04LX-UG01. Source: [163] (b) Installation of the Hokuyo in the CLHeRo.

Figure 10.1: Hokuyo URG-04LX-UG01 laserscan used for SLAM and its location in the
CLHeRo.

One of the benefit of this sensor, is that it has also a strong support from
the manufacturer and exists an official ROS package for it (hokuyo node), there190
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fore it can be use directly without any special configuration with the launch file
hokuyo test.launch.

10.2

SLAM implementation

Once the Hokuyo sensor has been installed and its ROS packages, this section
details how the SLAM functionality has been implemented, and the required instructions to use it.
After reviewing all the packages available in ROS for implement the SLAM algorithm, the option chosen was the gmapping package, which is based in the laser sensor
information. In particular, this develop is a wrapper for ROS of the OpenSlam’s
gmapping project which implements in a unique node (slam gmapping) the simultaneously localization and mapping function from the pose estimation of the robot
and the input data from the laser sensor. This node is also responsible of publishing
the grid occupancy map with the message map and the nav msgs/OccupanyGrid
type.
Therefore, the implementation does not present any complication, only requiring
the corresponding ROS package from its github 1 or via the Ubuntu software manager
(sudo apt install ros-distro-openslam-gmapping).
With the previous described steps the implementation of the SLAM functionality
in the CLHeRo has been accomplished, now for using it only is necessary to launch
the corresponding node. But, as happens in the majority of the ROS packages, the
success of the implementation is direct related to the correct definition of the parameters for the algorithm. For a completely description of all the available parameters
that can be modified and their descriptions, the best option is to read the ROS wiki
page of the gmapping package.
Also, in the official repository it is possible to find a launch file developed for
the PR2 robot, named as slam gmapping pr2.launch and that is used a standard
template for slam gmapping. So, has was previously described with the Hokuyo
sensor, for a correct configuration for the CLHeRo only was necessary to modify
the maximum range of the laser (maxUrange) from the initial value of 16.0 to the
maximum value specified for the sensor 5.5 (distance in meters).
The new clhero slam package was created with the sole purpose of including the
launch file for the SLAM functionality for the CLHeRo, so it could maintain the
nomenclature of all the project and its homogeneity. This package also includes the
parameterized launch file for the CLHeRo configuration. To launch the node only
is necessary to execute the following instruction in the terminal:
$ roslaunch clhero_slam slam_gmapping_pr2 . launch
1

https://github.com/ros-perception/slam gmapping
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10.3

Performed tests

Once, the Hokuyo lidar has been correctly installed on the CLHeRo and all the
ROS packages for providing the SLAM features have been configured, some tests
have been performed in order to check that the platform is able to generate some
maps and locate itself in the them.
Before explaining the tests, the next section will describe the procedure followed
on each one of the test to generate the map, first in an indoor scenario (the ground
floor of the CAR building) and, secondly in an outdoor scenario, mapping the access
to the building.

10.3.1

Procedure for the SLAM tests

Always, before starting to map the environment is necessary to follow the next
steps:
1. Turn on the CLHeRo and the motors
2. Initialize the management system, gait patterns, hardware interface and the teleoperation node.
3. Place the robot in the initial starting point to create map.
4. Initialize the odometry and Hokuyo ROS nodes.
5. Initialize the SLAM node.
From this point on, the CLHeRo is operative and has begun to generate a map
from the information get from the lidar. Now, controlling the robot with the pad
(Fig.10.2) and moving it to undiscovered locations the map gets new information
and add the detected obstacles to it.

Figure 10.2: Teleoperating the CLHeRo to generate a map using SLAM.
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Also, to check that the map is being generated correctly, it can be visualized with
RVIZ using a multi-ROS configuration from the remote control station mentioned
in previous chapters. With this method it is possible to check if the generated map
is consistent with the displacement followed by the robot and the features of the
scenario.
Once the user considers that the map is correctly detailed or the robot has covered
all the area, the map can be save using the available function from the map server
package, which is include in the ROS Navigation Stack. This package implements
the map server node which has to be subscribe to the map message and saves it in
a file with the desired name.

10.3.2

Test #1: indoor scenario

The first test, performed to check the navigation capabilities in an indoor scenario,
was realized in the ground floor of the Centre for Automation and Robotics from
the UPM. This map generates a 2D image that covers the hall, the two corridors of
the floor and the first room, where the control station was located.
Fig.10.3 shows the evolution of the map during the performed test, it was visualized always from the control station and using RVIZ. The test began with the robot
placed next in the room were the control station was located, then it was displaced
to the hall, later to the left corridor and finally to the right corridor.

Figure 10.3: Evolution of the map during the SLAM process in the indoor scenario.

After complete the test, the final generated map is shown in Fig.10.4. This map
was saved with the pgm format and it also includes a configuration file with yaml
format, which is used to load the map in future occasions.
Escuela Técnica Superior de Ingenieros Industriales (UPM)

193

CHAPTER 10. IMPLEMENTATION SLAM FEATURES IN THE CLHERO

Figure 10.4: Generated map from the ground floor.
As it possible to appreciate in Fig.10.4, in the last section of the second corridor
there is a slight curvature. Because of this, the test was repeated several times, but
always with the same result. As the left corridor was correctly mapped, this problem
may be caused because the right corridor is very large and does not have enough
features or there could be some a device in the corridor which magnetic field affects
to the magnetometer of the IMU provoking this deviation.

10.3.3

Test #2: outdoor scenario

After validating the indoor results, the next test consists on generating a map
from the outdoor area of the building. Fig.10.5 shows the evolution of the map
during the performed test, as in the indoor test, it was visualized always from the
control station and using RVIZ. In this case, the robot starts from the end of the
right corridor of the building and gets out of the building, to continue mapping all
the outdoor corridor.
Another aim of this test was to test if the behavior of the lidar does not present
any incoherence when trespassing from the indoor area to the outdoor. But, unlike
the indoor tests, in this one, the surface was not completely flat, it has a light slope,
so to avoid any inconsistency when returning to the starting point, this test only
was made from the indoor hall to the end of the outdoor corridor.
Fig.10.6a shows an aerial view of the outdoor scenario with a superposed mask
indicating the approximate area mapped with the CLHeRo and Fig.10.6b shows the
final occupancy map obtained, as in the previous test, the map is saved in a file with
extension pgm and associate yaml file, both generated with the map server node.
After validating the correct SLAM implementation in the CLHeRo, the foundations for future navigation projects are laid. Also, it could be very interesting to
improve the SLAM techniques and try to improve the implementation trying to add
new SLAM techniques which incorporate more information from the scene using
3D SLAM [164] or 2.5D SLAM [165], this new techniques does not required always
a lidar sensor, it can be also implemented using stereo camera systems like the
RealSense D435 mounted in the fron of the CLHeRo.
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Figure 10.5: Evolution of the map during the SLAM process in the outdoor scenario.

(a) Approximate area for the outdoor test.

(b) Generated map from the outdoor area.

Figure 10.6: Test #2. Outdoor scenario.
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Chapter 11

Test bench design
This chapter presents the design and construction of a test bench specially indicated to validate different gait patterns developed for a “C-legs” robot and compare
the results with those obtained in the simulation tests.
The chapter starts detailing the study to select the components of the test bench.
Next the motion capture system, used to localize the robot in the test bench at
every moment will be described. Finally the last section will explain how is the
communication structure that include all the intervening systems in order integrate
everything into a single centralized system.

11.1

Analysis and design of the test bench

This section explains how all the components of the test bench have been designed,
detailing their function and design. Fig.11.1 shows a 3D view of the test bench and
also a photography of it, after building.

(a) 3D design of the test bench.

(b) Real test bench.

Figure 11.1: Test bench (design and construction).

11.1.1

Chassis

This structure has to be designed for holding all the elements and for supporting
the efforts, forces and inertia movement while the system is being used.
With the idea of designing a test bench easily replicable, all the system has been
designed using the 45x45 mm standard aluminum profile from Bosch. The struc197
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ture calculations validate this profile to build a stable chassis, avoiding bending or
deformations.
Fig.11.2 shows a global view of the frame of the chassis. The main frame is a
rectangle supported by eight legs. Also, for security, on the top of the main frame,
two lateral barriers have been installed, with a 30x30 mm profile. The barriers can
help prevent to falling down the robot in case of bad working. Under the front
location of the test bench, has been designed the structure to install the motor and
the electronics control. For a correct leveling of the bench, all the legs have a screw
which allows to compensate a difference of two degrees.

Figure 11.2: Design of the chassis, barriers and motor support.
To be able to properly tension the belt system between the motor and the main
roller, the motor plate is mounted on a hand made support that can be displaced
and fixed to the chassis. This two pieces are shown in Fig.11.3.

(a) Structure where the motor
plate is fixed.

(b) Motor plate, back view.

(c) Motor plate, frontal view.

Figure 11.3: Structures to fix the motor.

Structure calculation
Now, to verify that the chassis can resist all the forces generated when it is working,
this point will show the structure calculation. XVigas is the software used to obtain
the final solution of the diagram. Fig.11.4 shows the values at the section with the
greatest load and the force diagram in the chassis structure.
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(a) Values at the worst section.

(b) Moment diagram.

Figure 11.4: XVigas solution for the chassis.

From Fig.11.4, the moment analysis sets the worst section at 1.9m from the front
side of the bench, and with a maximum moment of 1, 43 · 10−2 [N · m]. Using as
a reference parameter the σ, which is the stress force normal to the plane of the
section and giving by the manufacturer, with a value of 1, 1 · 108 [ mN2 ], then applying
a security factor of the double of the mass of the robot (Fig.11.5) and adding also a
security factor to the σ value of the aluminum, the modulus of the section is obtained
as:
Alsecurityf actor → µ = 0.8

σmax = µ · σAl = 1.1 · 108 · 0.8 = 8.8 · 107

σmax =

N
m2

M
1.43 · 102
→ Wx =
= 1.62 · 10−6 cm3
Wx
8.8 · 107

(11.1)

Figure 11.5: Analysis of loads of the main beam of the structure.
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Finally, a security factor (µ = 2, 8) for the profile elements is selected, to avoid
risks due to inertia or the resistance of the profile.
ωmax = 2.8 · 1.62 · 10−6 = 4.536 · 10−6 m3 → ωx = 4.80cm3

(11.2)

At last, attending to the information of the manufacturer (Fig.11.6), the 45x45
mm profile, presents a wx with a value of 4, 8 cm3 , therefore, this profile is valid for
the structure.

Figure 11.6: Data information from the manufacturer.

To complete the design of the chassis, is necessary include the elements to place
the roller and the drum and the belt tension system. The roller and the drum will
be explain in detail in forward sections.
The tension system is placed between the chassis and the piece that fixes the roller,
so, when the tension system acts, the roller is displaced according to the system and
the conveyor can be tensioned and leveled. The tension system is made up of three
elements (Fig.11.7):
• One part is responsible for making a sliding movement on the chassis profile.
• The second part is responsible for providing movement to the piece and, therefore,
to the roller.
• The third part is placed in the axis of the roller, this moves independently of the
rolling surface and is fixed to the chassis.

On the other hand, the clamping system for the drum is made up of two parts
(Fig.11.8), a bearing that supports the axis of the drum and a metal piece to fix
every to the chassis. Due to the characteristics of the drum, the axis cannot rotate
freely as happens with the roller, the bearing is mandatory.
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(a) 3D model of the tensor system.

(b) Implementation of the tensor system.

Figure 11.7: Tensor system.

Figure 11.8: Clamping system for the drum.

11.1.2

Transmission system

This subsystem of the test bench consists of a conveyor belt, a transmission belt,
the pulleys, the roller and the drum. The first one is responsible of provoking the
displacement of the robot, while, the second one transmits the rotational movement
of the motor to the conveyor belt.
Conveyor belt
For selecting the correct conveyor belt some points are necessary to take in consideration, for example the material of the surface, the width of it and the method
for joint the two extremes.
In the case of this conveyor belt, the surface is made from rubber, which gives
resistance and flexible properties at the same time. The width of the conveyor was
selected as one meter, this width are usually standard widths, so is a parameters
that needs to be taken in consideration when designing the width of the chassis.
The length of the conveyor is not a problem, because the two extremes can be joint
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with different methods, in this case using a high frequency sealing special for PVC
o PU conveyor belts.
Because of between the drum and the roller there has a two meters span, to make
the system secure and absorb the impacts of the robot while it is walking on the test
bench is necessary to place a wood panel. This panel is held with four hand made
metal brackets.
Transmission belt
Between all the types of the transmission belts, it has to be chosen according to
the pulleys. For the system,it is a type A trapezoidal belt with an eight degrees of
openness and 13x8 mm (Fig.11.9). This belt is reinforced with nylon and with a
length of 800 mm.

Figure 11.9: Type A trapezoidal transmission belt.
Pulleys
One of the reasons for choosing pulleys instead of gears is that they are more
precises when is necessary to reach a specific position and are quieter.
Every transmission system can play with the different size of the pulleys to increase
or decrease the torque generated depending on the relation of each pulley. For this
specific application, as the selected motor can reach the specific torque the relation
between the two pulleys is 1:1, therefore, there is not necessary to do any extra
calculus to obtain the velocity between the pulley of the motor and the one in the
conveyor belt.
Each pulley has an effective diameter of 100 mm., and with a maximum width of
20 mm. (Fig.11.10).
Driven elements
The two driven elements of the system are the roller and the drum, both are made
of stainless steel and have a external diameter of 50 mm and a length of 1 meter.
The roller has inside it an axis that can rotate freely and with two outer covers
to protect the internal bearings. The roller is attached to its support with a M15
screw.
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Figure 11.10: Dimensions of the pulley

In the other hand, the drum presents an axis that is coupled with the external
cylinder to transmit the movement of the motor. In this case, is necessary to attach
it with a bearing at each extreme (see Fig.11.8), also, in one of extremes of the drum
one of the pulleys is fixed.

11.1.3

Motor selection and driver

One of the requirements for the selection of the motor is to be able to achieve
an acceleration of 2m/s2 without any slipping in the transmission system. Other
aspects that were taken into consideration for chosen the motor were the no need of
a reduction module, the option to use a driver with P W M input as signal and an
input voltage range between 24 − 36Vdc .
The selected motor was a brush DC motor Berriola (Fig.11.11) that can delivered
up to 850W, in addition, the motor has attached an inertia flywheel which is used
to liberate the kinetic energy when necessary.

Figure 11.11: Berriola motor used for the system.
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The selected motor, can achieve the requirements of the system in the stationary
region. Nevertheless, in the transitory region the motor does not met the torque
and velocity necessaries. To achieve the required values an inductor has been placed
in series with the motor. This configuration is called series excitation, and provokes
an increase in the speed in a shorter period of time. This is a normal configuration
for motors that needs to move a load when starting a motion with no speed.
Motor calculations
Now, all the calculus that are needed to obtain the requirements of the motor will
be developed.
First, all the masses from the mobile parts of the test bench will be obtained:
• Mass of the roller and drum:
2
2
Mroller = ρ · π · (Rext
− Rint
) · Lr · 2 = 3, 477Kg

(11.3)

• Mass of the covers:
2
Mcovers = ρ · π · Rext
· Lcovers · 4 = 0, 062Kg

(11.4)

2
Maxis = ρ · π · Raxis
· Laxis · 2 = 1.482Kg

(11.5)

• Mass of the axis:

• Mass of the pulley of the drum:


2
2
Mpulley = ρ · π · Rint
· Lthroatbush + 2 · ρ · π · Rext
· Lpulley = 0.495Kg

(11.6)

Second, the inertia of all the components that present any DoF will be calculated,
because each one provokes an increment in the power required to the motor.
• Inertia of the roller and drum with the lateral covers:



1
2
2
2
Iroller = mr · (Rext − Rint ) +
· mt · Rext · 2 = 1, 06 · 10−3 kg · m2
2

(11.7)

• Inertia of the axis of the roller and drum:
2
Iaxis = me · Raxis
= 1, 67 · 10−4 kg · m2

(11.8)

• Inertia of each pulley:


2
2
Ipulley = mint · Rint
+ 2 · mext · Rext
= 1, 65 · 10−3 kg · m2

(11.9)

• Inertia of the transmission belt (negligible)
2
Ibelt = mc · Rext
= 3, 13 · 10−4 kg · m2

(11.10)

Also, is necessary to take in consideration the value of the inertia from the CLHeRo
(7, 50 · 10−3 kg · m2 ).
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And the summation of all these inertias is:

X

Iroller + Idrum + Iaxis + Iaxis + Ipulley + Ipulley + Ibelt + ICLHeRo = 1, 069 · 10−2

kg · m2
(11.11)

The next step is to obtain the angular acceleration (α) of the drum to get the
value of 2m/s2 .
α=

2
Rextdrum

= 80

m
s2

(11.12)

Now, is possible to obtain the rotation velocity of the motor, assuming the maximum velocity declared before (2m/s) and a relation 1 : 1 in the pulleys.

V =

vel
2 · π · Rext


· 60 = 763, 94 rpm

(11.13)

Finally, the last calculation are the torques necessaries, in one hand for the roller,
which is the summation of the inertias with the angular accelerations:
X
M =(
I) · α = 0, 85

N ·m

(11.14)

And, in the other hand, the power necessary in watts for the motor to be able
of move the value obtained before, and reach the acceleration and velocity requirements, therefore, the power required is the product of the torque by the angular
velocity:
P ower = M · ω = 653, 20W

(11.15)

For safety reasons and because the friction forces could not be calculated, the
power required by the motor has to be greater than the value obtained in the last
equation.
Motor driver
The motor driver also has to required some specifications to be able to control de
motor correctly. The signal input has to admit PWM signal as the velocity setpoint
value. Also, it must be able to admit as a control interface an Arduino, which will
be subscribed to a ROS topic that will command the motor (Fig.11.12).
The driver also needs to admit the voltage and current that the motor requires for
its correct operation. With that in mind, a XY-14AS DC motor driver board was
selected. This driver admit a power supply voltage range between 6 and 36VDC and
can manage currents between 15 and 20A. Also, it can be controlled with PWM
signal with an effective range from 0.1% to 100.0% and a frequency in a range from
0 to 100KHz.
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Figure 11.12: Motor driver and its connection to the global system.

Figure 11.13: Motion capture system effective working area.

11.2

Motion capture system

The global system needs to obtain the localization of the robot in the conveyor
belt in order to adapt the order signals to the motor and be able to control the test
bench correctly.
To obtain the position of the robot, a motion capture system has been installed
together with the test bench in the same room. This system can measure the both,
the position (X, Y, Z ) and the orientation (σ, β, γ).
The motion system consists of a group of infrared cameras placed in a fixed location. This cameras emits the light and read the information return by some infrared
LEDs or special objects called markers. All the cameras present high speed features
with a maximum rate of 250 fps.
To have a detailed information of how this system works and is configured, the
reader can found more information at [166].
Once all the motion capture system has been configured and the ground reference
has been correctly placed, the effective working area has to be similar to a sphere
(Fig.11.13).
The last step in the configuration, is to allow the software to publish the information outside of it. To accomplish this, in the official software (Trackin Tools) is
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Figure 11.14: Closed-loop control system.
necessary to enable the option of the VRPN protocol with in the default port 3883.
Now, is possible to identify the bodies in the software (robot and test bench), each
one will create an object called “trackable”. It is necessary to detect at least three
points of the body to create it.
These trackables conform a polygon shape, adding also a central point which
corresponds to the geometric center of the body. The localization of this central
point is the information sent via the VRPN protocol.

11.3

Control system

The control system of the test bench corresponds to a classical architecture of
PID with a closed-loop system, where the control action depends on the output in
the previous state.
With the closed-loop architecture the state of the motor velocity is feedback, so
the input and the output signals can be compared, and adapt the setpoint order to
the difference of the error. This allows to make the system stable and correct some
disturbances provoke by changes in the speed, for example.
The principal reference of the system is the error distance between the robot
localization and the center of the test bench. This error in the position is the input
of the PID controller and the output of the controller the velocity value for the
motor of the test bench. According to the difference between the tracked bodies and
the measured error, this value would be increased or decreased. Fig.11.14 shows a
schema of this controller.

11.3.1

ROS structure

The control the system is managed by a ROS metapackage created during this
thesis. This metapackage is formed by four different ROS packages: vrpn client[167],
ros serial, control node and log node. The first two packages have been previously
developed by the ROS community, while, the last two, have been developed for this
system. A workflow of the ROS workspace is shown in Fig.11.15.
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Figure 11.15: Workflow of the ROS workspace.
The first node (vrpn client node) establishes the communication between the Tracking tools software and the ROS system, and publishes the position and orientation
of the two “trackables” defined before. This information is published in the geometry msgs/PoseStamped format (x, y, z position and orientation in quaternion).
The second node, which is one of the developed nodes for this project, is the
one that manages the control of the test bench. This node subscribes to the two
topics that publish the state of the robot and the test bench and includes the PID
controller which calculates the signal control for the motor.
The next node, is an official node from the ROS repositories, this node connects
with the Arduino board and is the interface between the ROS orders and the PWM
values for the motor.
Finally, the second developed node is used to log the evolution of the system.
It writes on a txt file, the velocity values of the robot and the motor. It allows
to generate some graphs of the tests (Fig.11.16) and evaluate the behavior of the
system.
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Figure 11.16: Resulting graph of a log file from a test. Orange: velocity of the robot.
Blue: velocity of the test bench.

Escuela Técnica Superior de Ingenieros Industriales (UPM)

209

CHAPTER 11. TEST BENCH DESIGN

210

Jorge De León Rivas M13165

Chapter 12

Conclusions and future work
12.1

Conclusions

The thesis presented the design of a hexapod robot with compliant C-legs, its dynamic analysis for the alternating tripod gait, a serie of tools to develop gait patterns
and teleoperate the robot and the design of a test bench to validate different algorithms and gait patterns. When describing the objectives of this thesis (See Section
1.2, several lines of work were also defined. Therefore, the following conclusions can
be extracted in relation to each of them.
1. Develop of a C-legs hexapod robot for exploration tasks.
This line of work was key to achieving the rest of the thesis objectives. Starting
with an analysis of the strengths and weaknesses of the previous developed platforms. Based on this analysis, the CLHeRo robot was designed. The most complicated part was the design and manufacture of the legs, the majority of all the
previous platforms were developed in mechanical or mechatronic laboratories, while
this thesis was developed in an electronics and automation laboratory, therefore,
the were no tools or means available to manufacture and tests different types of legs
according to parameters like material, dimensions, . . . Finally, two different legs were
manufactured with different materials and dimensions for the robot.
2. Dynamic analysis of the developed robotic platform.
After reviewing numerous studies on the stability solutions for SLIP templates but
none according to a robot with the characteristics of the CLHeRo, it motivated
the study of a mathematical model in MATLAB to find the stability field of the
model. This process was long and tedious. Multiple attempts were made from
various perspectives, including trying to adapt existing SLIP model. But none of
them presented a range of solutions acceptable, thus, the Passive BSLIP template
was developed. This line of work concluded with the comparison of a simulated
model and the real platform and with the analysis of the different parameters for
the alternating tripod gait.
3. Develop of the software architecture.
The software architecture implements the gait pattern manager, which defines each
gait pattern as an independent process and that with orders through different services
allows or not to command the actuators. To achieve this functionality, two ROS
nodes were created: the gait pattern interface, manages the active node and allows
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sending parameters to the loaded gait patterns, and the command interface which
only accepts the commands from the active gait pattern to the actuators and publish
the information of the state of the actuators. Also, the clhero robot library was
developed, which helps to programming new gait patterns easily.
4. Develop a novel odometry algorithm for C-legs robots.
The odometry algorithm began with the formulation of a theoretical model that
analyzes the trajectory of the legs, described by a cycloid and a simplification of the
leg properties of the legs. This model was implemented in a ROS node and subsequently tested in simulations and indoor and outdoor scenarios with the CLHeRo.
This method was compared with the result of other sensors installed on the robot for
visual odometry and with a motion capture system, obtaining satisfactory results.
5. Implement teleoperation capabilities for the robot.
The capabilities of teleoperation have been fundamental to achieve other objectives
of the thesis or to debug algorithms and gait patterns. Using the management system
presented in Chapter 6, the problem of teleoperation is reduced to the automation of
requests to the service that allows the activation and execution of the different gait
patterns. Two methods for teleoperation were implemented: by terminal, intended
more for debugging tasks and by pad or joystick.
6. Implement SLAM features within the software develops.
The last software implementation for the CLHeRo was the ability to perform SLAM.
A Hokuyo laserscan was installed on the from of the robot and the gmapping ROS
package was configured and parameterized to implement the SLAM. To validate it,
some tests were carried out.
7. Develop a sensorized test bench for testing different ground mobile robots.
The development of the test bench whose use is generic and not specific only for the
CLHeRo has been successfully concluded. This system is capable of controlling the
speed of the belt based on the position of the robot on it and the speed with which
it is moving, adapting the speed of the belt so that the robot stays in the center of
the bel, which is a safe area and avoiding the extremes. In addition, the system is
capable of storing the recorded data in a log file for a later study.

12.2

Future work

The research presented in this thesis has opened several lines of future development, both from a research and an engineering point of view. As with the conclusion,
they are divided according to the different lines of work of this thesis.
1. Develop of a C-legs hexapod robot for exploration tasks.
The platform presents some limitations in the torque of the motors, specially to
perform acrobatic maneuvers, consider new torque specification for the motors in
order to achieve a higher torque will be a good challenge from an engineering point
of view. Also, a redesign of the chassis to manufacture a watertight case and an
extraction battery system to interchange easily the discharged batteries.
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2. Develop of the software architecture.
Among the different gait patterns implemented in the ClegS package, there is none
designed specifically to overcame stairs. Developing one and compare it to the
existing ones to evaluate the performance presents new challenges to improve the
capabilities of the CLHeRo.
3. Implement SLAM features within the software develops.
The next natural step after implement teleoperation and SLAM capabilities is to
provide autonomous navigation to the CLHeRo. Because of the great mobility of
the CLHeRo, ideally it would be better first to be able of generate 3D maps, and,
later achieve 2.5D or 3D autonomous navigation.
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Nacionales de Robótica 2017: Spanish Robotics Conference”, June 8-9, 2017, Valencia. ISBN 978-84-697-3742-2. pp. 1-6.
5. León, J. de, Barrientos, A. Estudio de los patrones de marcha para un robot hexápodo
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Appendix A

Modeling the CLHeRo in MSC
Adams
A.1

Introduction

The Finite Elements Method (FEM) is a method to discretize continuous systems
dividing the system in infinity parts called as elements and connect between them
with nodes. The behavior of the system depends on how many elements and nodes
have been implemented and how are connected between them (triangle, square, star,
. . . ).
The FEM has been developed with two different branches, one more mathematical, with techniques that use differential equations ([168],[169]) and variational approximation methods [170]. The second one, based on mechanical engineer, creates
analogies between real discrete elements and infinity pieces of continue elements.
The amount of nodes that can be calculated is directly related with the computer
capabilities and in the last decades it has increased significantly, so it allows to
perform more realistic approximations.
The FEM, converts a problem defined with differential equations into a matrix
problem. This method obtains an exact solution for the set of domain nodes and an
approximate solution for the set partitions or elements [171]. The resolution of the
problem consists of three stages:
• Pre-processing stage: the geometry, mesh and domain boundary conditions are defined.
• Calculation state: the matrix equations are solved.
• Post-processor stage: checks if exists certain performances, breaks, buckles, . . . that
must be checked.

Fig.A.1 shows a diagram of all the process for calculating a system with the FEM.
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Figure A.1: Diagram of the FEM process.

A.2

Modeling the CLHeRo

One of the reasons for choosing the MSC Adams for modeling the CLHeRo is its
ability to simulate systems with flexible properties using FEA. This allows to simulate the real behavior of the robot and, therefore, accelerate the developing process
and reduce the costs because it is not necessary to manufacture the components and
validate them in the real platform.
Another advantage of this software is a special plugin (Adams CONTROL) which
that allows to create all the control algorithm with Matlab/Simulink software and
interconnect both programs for the simulations. This work takes advantage of this
feature and performs the programming of all gait patterns by implementing FSM in
Simulink.
The following sections will described how to implement the CLHeRo characteristics into an Adams model and later, the modeling of the flexible legs.
For generating a realistic model of the CLHeRo is necessary to create a database
with the MSC Adams VIEW program, which is include in the MSC Adams suite.
This program allows to create the geometric shape of the robot with some primitives
or to import CAD model files. As the CLHeRo has been designed previously with
Autodesk Inventor software, the main components of the platform (chassis and legs)
will be imported.
It is important to point, that the reference system used by Adams is different
from Inventor. In both programs, the X positive direction is the forward direction,
but the gravity direction for Inventor corresponds with Z negative direction and
for Adams is the Y negative direction, finally, the positive direction of the third
axis, for Inventor corresponds to Y positive and for Adams with Z positive. This
point can be taken in consideration when designing the pieces with Inventor or later,
when importing the piece indicating a relative rotation of the axis. Fig.A.2 shown
the “File import” window.

A.2.1

Ground

This component can be modeled with the primitives shapes. It is created with
the option “Bodies → Solids → Box” and the dimension of it. Also, it is necessary
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Figure A.2: “Import file” window.
Table A.1: Inertia matrix values. Units [Kg · mm2 ].
Ixx = 179573, 933
Ixy = −710, 610
Ixz = 4034, 966

Iyy = 345391, 033
Iyz = −3457, 602

Izz = 504941, 769

indicate that the object has to be “Ground” type.

A.2.2

Chassis

Once the chassis file has been imported (Fig.A.3), it is necessary to indicate the
mass and inertia of it. If the model has been correctly design in Inventor, adding
the corresponding materials, this information can be obtain from the properties of
the model. The CLHeRo has been design taking in consideration the localization
and mass of every component, so everything is balanced and, therefore the inertial
matrix of the chassis can be represented with only the terms on the diagonal (Ixx ,
Iyy and Izz ), since the terms Ixy , Ixz and Iyz are three orders of magnitude smaller
than the other terms (Table A.1). These parameters are introduced in the physical
properties of the imported element (Fig.A.4).

A.2.3

C-legs

The legs of the CLHeRo have been imported using the same method as for the
chassis. For a correct location of the legs, is necessary to create a reference system
for each one. As the CLHeRo has two different models of legs, is necessary to create
both models and activate, later, the corresponding one depending on the test that
is going to be performed. Table A.2 collects the properties of each of the legs. As
in the case of the chassis, the properties of the legs were obtained with the Inventor
software.
Now, for adding the flexible properties to the legs is necessary to use the ViewFlex
module, which is a wizard to generate the MNF file of the legs. Another option to
generate this file, is to use the Nastram software.
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Figure A.3: Chassis of the CLHeRo once it is imported.

Figure A.4: Chassis properties.

Before generating the flexible properties, is necessary to create the material in
the database and indicate the characteristics of each one. Table A.3 indicates the
necessary parameters to define the two different materials of the legs. Although the
carbon fiber and the fiberglass are not isotropic materials, is necessary to add this
characteristic, if not, it would be required to add the coefficients of the tensor of
stiffness of the legs, obtained from an exhaustive mechanical study the legs. But
this study is not the intention of this work. Fig.A.5 shows the configuration of the
two materials.
Once the materials have been generated, the next step is to create the flexible
legs with their corresponding MNF file for each leg. In the ViewFlex assistant (Fig.
A.6) is necessary to indicate the leg that is going to be convert and the material of
218

Jorge De León Rivas M13165

A.2. MODELING THE CLHERO

Table A.2: Parameters of the two available legs for the CLHeRo.

Diameter (mm)
Width (mm)
Thickness (mm)
I xx (kg · mm2 )
I yy (kg · mm2 )
I zz (kg · mm2 )
Mass (kg)

Carbon fiber
200
100
6
775.162
284.091
1005.841
0.128

Fiberglass
160
100
6
639.949
244.101
811.533
0.174

Table A.3: Parameters of the materials of the legs.
Parameter \ Material
Young module (N/mm2 )
Poisson coefficient
Density (g/cm3 )
Type of material

(a) Carbon fiber.

Carbon fiber
600
0.3
1.43
Isotropic

Fiberglass
2000
0.3
1.81
Isotropic

(b) Fiberglass.

Figure A.5: Assistant for the configuration of the materials for the legs.

it. Also, more parameters can be modified, for example the shape of the mesh, but
the default configuration of theses parameters works correctly.

A.2.4

Motors

The motors allows to create the joints between the chassis and the legs. Although
this section is described after importing the legs, the motors have to be generated
before the legs, if not, Adams will send an error message because the joint does not
exists.

The motors are configured using the assistant for creating the motors, exists a
simpler option, which is to create the joints as rotational joints, but this option does
not have all the parameters of the motors, for example, is not possible to add some
maximum values (speed, torque, acceleration, . . . ), so the joint will not act as the
real motor of the CLHeRo. The assistant for the motors is an option included in
the Machinery module, which has to be installed as an extra option.
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Figure A.6: ViewFlex assistant to generate the fiberglass flexible leg.
Another reason to add the motors, is the possibility to select a position or velocity
controller to manage the motor, for this case, the velocity controller has been selected
and this controller will received the order from the Matlab/Simulink plant. Also,
it is necessary to indicate the position of the motors, their orientation and which
part is connected with what (rotor to the leg and stator with the chassis). Finally,
the technical information of the motor is added in the Input tab, this information
is obtained from the manual of the motor, and the Enter Target Value: Expression
is the name of the variable from Matlab/Simulink, Fig.A.7 shows this tab.

A.2.5

Contacts

To perform the displacement of the robot in the simulations is necessary to define
the contacts between the legs and the ground, if not, the robot will fall through the
ground due to the gravity action. Defining correctly the contact parameters will be
translate in having a realistic simulation results or not, Giesbers [172] explains in
detail how the different parameters affect to the reaction forces between the bodies
in contact. Fig.A.8 shows the parameters that has to be filled in the contact options.
Once all the motors and contacts have been properly defined, the CLHeRo is
ready to receive movement orders. Fig.A.9 shows the final model in Adams VIEW.

A.3

Connection with Matalb/Simulink

This section will describe the implementation of the connection between Adams
and Matlab/Simulink to transmit the control orders to the CLHeRo model. Even
Adams include a module for programming orders and sequences to the actuators,
it is very limited, therefore the option with Matlab/Simulink helps to program in
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Figure A.7: Assistant to configure the Maxon MCD Epos in Adams.

Figure A.8: Parameters for defining the contacts option between the flexible legs and the
ground.

a higher level and take advantage of all the libraries developed in Simulink, for
example the FSM library which will be used to program the different gait patterns.
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Figure A.9: CLHeRo model with flexible legs in Adams VIEW.
In order to create a correct communication between the two software is necessary
to define the variables that are going to be able in both sides. Two types of variables
can be distinguished, the ones that read information of the robot and are send to
Matlab/Simulink, and in the other hand, the control commands that are send from
Matlab/Simulink to the actuators of the robot. For the first case, these variables are
the angular position and velocity of the motors and the position of the CoM of the
robot respect to the origin. For the second case, the variables are the six angular
velocities for the motors.
Fig.A.10 shows how to create a variable for the angular position of a leg. It
selects the variable for reading the angular position respect to the Z axis with the
AZ function that receives as parameters two reference systems: the one that has
a relative rotation respect to the one that is used as reference (rotationSystem,
referenceSystem). For the input variables, all of them have to be initialized with
null value.

Figure A.10: Definition an angular position variable.

To be able to connect both softwares it is necessary to generate a plant in Adams
VIEW. To do this (Fig.A.11), is necessary to open the Plugins tab and the select
the option Controls → Export plant. Then, all the input and output variables of
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the plant have to be added. Finally, clicking in the “OK” button will generate the
plant files.

Figure A.11: Exporting a plant model.

Now, all the Matlab/Simulink part will be detailed. From Matlab’s command line,
is necessary to call the plant generated in Adams. Then, the plant can be open in
Simulink with the file adams sys.slx that has been generated with the last command.
Once it is opened, the plant is the block called “adams sub” (Fig. A.12) and has to
be copied in a new Simulink file, where all the gait pattern will be programmed.
To verify that the plant has been correctly imported, all the inputs and outputs
of the ”adams sub” block must be all the variables defined in Adams VIEW. Opening this block (Fig.A.13 and Fig.A.14) allows to configure some parameters of the
simulation, for example to visualize an animation in real time, the solver language
or the simulation mode (continue or discrete), among other options.
After finishing the steps described before, it is possible to launch a simulation
connected between the two softwares. But it is important to point that if a change
is made in the Adams VIEW model, is mandatory to generate a new plant file and
execute all the steps of this sections.

A.4

Simulink control plant

To clarify how to connect both programs for a simulation, this section illustrates
a control plant that performs a gait pattern.
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Figure A.12: Steps for opening a plant in Matlab/Simulink.

Figure A.13: adams sub block generated with the adams sys.slx file.
First, it is necessary to define correctly and with the corresponding units, the
inputs and outputs variables of the plant in Simulink. Table A.4 shows all the
inputs and outputs for this example.
Next, the adams sub block has to be copied in the file and connected to the inputs
and outputs signals (Fig.A.15).
For a correct reading of the legs position, a new block has been created to visualize
the position only in the range of a revolution (0-360o ), therefore, the position of the
legs will not be increased constantly. Fig.A.16 shows this block. The block (R2D)
convert the angular position from radians to degrees, it can present an interval
value of [-360, 360], depending on the rotation direction of the leg (clockwise or
counterclockwise). The second block (mod ) truncates that value only in the positive
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Figure A.14: Configuration options for the simulation.
Table A.4: Simulink plant: inputs and outputs.
Inputs
leg pos X [rad]
chassis pos X [mm]
velocity X [mm/s]

Outputs
motor order X [rad/s]

Figure A.15: Adams sub block connected to the input and output signals.

range, this allows to easily interpret how the tripods are turning, because one turns
clockwise and the other in the opposite, so the first one will be increasing the values
from 0o to 360o and the second one will be decreasing the values from 360o to 0o at
every cycle.
The next step is to add the FSM to the Simulink model and to program the gait
pattern. To do this, exists the block “Chart”, which implement some modules for
adding the states, the transitions between them and set the initial state (Fig.A.17).
In every state is necessary to define the values of the output and the transitions that
has to be activate according to the value of the variables.
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(a) Block that converts the angular position of the leg into the range of one
revolution.

(b) Module that scales the position of the signal in the interval (0, 360). If the
signal is less than 0, then add 360 to it, otherwise it does nothing.

(c) Evolution of the angle of the two tripods during the gait. Tripod 1 increases
the value and tripod 2 decreases.

Figure A.16: Assistant for the configuration of the materials for the legs.

Figure A.17: Simple FSM example.
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The FSM created for this example has as input: the position of the legs, the angles
for takeoff and take land and a threshold for reaching the position order. In the
other hand, the output variables are the ground velocity and the aerial velocity for
each tripod, this is the velocity that the Adams will receive as a command for the
motors.
Although the CLHeRo moves according to the two tripods, all the legs have to
be controlled independently to avoid desynchronization between them, therefore is
necessary to generate six control blocks that will be controlled by a superior block.
With this architecture, if a leg gets to the position before the others, it will wait
until all the legs get to their desired position. Once all of them are in position, the
state that controls all the tripods will transit.
The FSM for each tripod is shown in Fig.A.18. The tripod begins in the “stanby”
state. When all the legs of the tripod reach to the desired position (takeoff or
take land ), then the active state will be “transition”, this state modifies the global
variable t1 state to allow to the state diagrams of the legs of this tripod change the
state from ground to aerial or vice versa. This is a state to synchronize all the legs
of the tripod. Table A.5 shows the meaning of the tX state, where X = 1,2 and
represent the two available tripods.

Figure A.18: Diagram of states for the tripod 1.
Table A.5: Meaning of the tX estado variable.
tX state
0
1
2

Meaning
Stanby
Aerial-ground transition
Ground-aerial transition

The FSM for each leg is shown in Fig.A.19, the corresponding leg starts at the
initialization state and moves to the desired position (takeoff or take land )before
beginning the movement of the gait pattern. Once this position is reached, it waits
until all the legs are in position. Then, the state transits to the corresponding phase
(ground or aerial) with the velocity of the phase. This process continues until the
last leg reaches its desired position.
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Figure A.19: Diagram of states for the leg 5.

A.5

Analyze data in Adams Post-processor

Adams include a package to analyze the results obtained during a simulation,
Adams Solver. This allows to study the evolution of different variables, like the
compression of the leg.
As in this example, the simulation has not been executed from Adams VIEW, is
necessary to import the results generated by Matlab/Simulink in a file with extension
.res. This results can only visualize the simulation and not modify any parameter,
to do that is necessary to modify the Simulink model and run again the simulation.
Finally, it is possible to export the results in a text format. This is interesting,
for example, to generate a report in an Excel document.
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