Proc. of the 10th Int. Conf. on Mobile Robots and Competitions (ROBÓTICA2010), Leiria, Portugal, March 24th , 2010

BENDER: An open, low–cost robot architecture for educational and
research purposes
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Abstract— This paper describes BENDER, an open robotic
platform designed for educational and research purposes. The
hardware architecture is built using cheap modules easily
available at online shops. The software architecture consists of
a set of distributed open-source components connected using
YARP, a free framework that supports distributed
computation. Finally, the research and educational
applications of the robot are detailed and the global cost is
compared to other robotic platforms used by students and
researchers.
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I. INTRODUCTION

decades ago, robots were mainly found in factories,
carrying out repetitive tasks, boosting productivity and
cutting cost. In those days, only reduced groups of people
spent their time taking part in competitions and sharing
their knowledge to design and build small robots whose
performance was quite poor.
Nowadays, there is an increasing interest in topics related
to Robotics. Service robots, intelligent electronic devices
and biometric components, among others, are starting to be
used in a wide range of everyday jobs such as cleaning,
surveillance, medical care or helping people in hospitals
and residential homes for the elderly. Furthermore,
industrial robotics, the advances in automobile industry, the
use of robots in risky situations and many other
applications are still being improved day by day [1].
Therefore, Robotic Science is becoming an important
subject to study at university and even at school.
But designing robots is not only building a mechanical
arm or a wheeled or humanoid robot. The software
architecture and the communication capabilities are key
issues in modern robots design. Specifically, mobile robots
must interact with human beings, perceive and understand
the environment and be capable of taking decisions, making
plans and communicating with other devices. So, in this
context, both classical Artificial Intelligence (AI) and SoftComputing approaches provide interesting solutions to a
wide range of problems. These techniques together with
classic control methods must be studied and put them into
practice by heterogeneous teams of engineers [2].
At university, in those fields related to technology, future
engineers must acquire the necessary skills to develop
robotic systems. Lecturers must set out the guidelines that
provide suitable tools so that the students get the required
abilities.
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As mentioned before, these abilities are related to both
hardware and software engineering and are acquired
studying different subjects such as Software Engineering,
Control Systems, Robotics, Parallel and Distributed
Programming, Real Time Systems and many others ([3],
[4]).
According to the new ECTS (European Credit
Transference System) framework ([5], [6]), undergraduates
must spend their time not only attending theoretical
lectures, but practicing individually or in a group at the
laboratory and at home. On the other hand, the lecturer
must properly mark the whole work made by the students
and this task is often subjective and difficult.
In order to make easy the job of both students and
lecturers, it is necessary to use real devices in the laboratory
and improving the access to these devices using Internet.
Nowadays, many lecturers and researchers are doing efforts
to set this kind of laboratories in motion. Several interesting
projects have been successfully tested and are under way.
In fact, many of these educational projects are focused
on the simulation of robotic and control systems combining
well-known tools as Matlab/Simulink and Internet access
[7].
On the other hand, competitions are usually a good way
to encourage undergraduates to learn more about Robotics.
In contests like RoboCup, they have to implement new
classic control and AI algorithms to improve the behavior
of soccer robots [8]. DARPA Challenges, the prize
competitions for driverless trucks, funded by the Defense
Advanced Research Projects Agency, are well-known too,
and many improvements in research have been obtained
thanks to this race [9].
Platforms for education based on the LEGO©
MindstormsTM are also very useful ([10], [11]). They allow
building modular robots with different features (humanoids,
wheeled robots, small robotic arms), and the cost of the
hardware is lower than working with automobiles or
industrial arms.
The IRobot Corporation’s Roomba vacuum cleaner is
another interesting educational framework, as well as being
one of the most famous cleaning robots. A full evaluation
of Roomba is addressed in the scope of research and
education in [12].
To make easy the students’ work at home when they
have to practice with a real robot, web-based virtual
laboratories have been designed using commercial robots,
for example ActiveMedia’s Pioneers or Khepera, and a set
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of high level software tools, such as JSP (Java Server
Pages), Java RMI (Remote Method Invocation), CORBA
(Common Object Request Broker Architecture) or SOAP
(Simple Object Access Protocol), that allow designing
distributed applications to control a set of robots and
devices in the laboratory ([13], [14]).
Most mentioned frameworks and laboratories are
focused on how to lecture subjects such as Control Systems
Design or Robotics. Other subjects (for example Real Time
Systems, Concurrent Programming, Distributed and
Parallel Programming or Software Engineering), do not
use this kind of educational resources. In general, practicals
consist of programming applications that calculate, arrange
and store data sets. However, the abilities acquired when
these subjects are studied are essential for the design of
algorithms that perceive and understand the environment
and generate suitable intelligent behaviors in the robotic
field.
On the other hand, many laboratories use small cheap
robots with major hardware constraints, specially related to
sensors. This fact limits software performance. Using more
expensive robots can solve this problem but it usually limits
the number of available units.
Trying to solve the problems described above, the last
version of BENDER (Basic ENvironment for DEveloping
Robotics systems), a low–cost modular robotic platform is
addressed in this paper. BENDER is the main component
of a multidisciplinary laboratory for research and
educational purposes. It can be used remotely since the
software architecture is fully distributed. Compiling and
executing code using a remote compiler is also possible.
Students can design and program their own algorithms and
insert the new module in the whole system using the
middleware framework YARP (Yet Another Robotic
Platform), an open-source tool fully described in [15]. A
BENDER simulator based on Player/Stage ([16], [17]) and
a Gnome-based graphical interface designed to evaluate the
behavior of the hardware and software components of the
robot are also addressed in detail.
This paper is organized as follows. Section II describes
the hardware, software and communication architectures,
the simulator and the remote virtual laboratory. Section III
shows both educational and research applications of the
robot in the laboratory. Section IV compares BENDER to
other robotics frameworks and, finally, sections V and VI
address conclusions and future work.

Undergraduates could work with a real mini-robot to
learn about how to program parallel and distributed
applications in a real world framework. Extended
information about previous versions of BENDER can be
browsed in [18] and [19], as well as several examples about
educational applications of the robot and the improvement
of marks obtained by the students.
At present, BENDER 9.04 is the last version of the
project. The name of this version is related to the Linux
distribution that works in each computational node of the
system. As it will be further described in detail, a
computational node is a low–cost computer where some
processes of the distributed control application can be run.
BENDER 9.04 provides both hardware and software new
features. The following characteristics can be emphasized:
 An updated graphical interface based on Gnome has
been developed.
 A dynamical system of YARP port names has
improved the communication system.
 The access to the real robot by the ssh protocol has
been improved.
 A remote compiler and a testing tool have been
developed. They will be first used during the
academic year 2010.
On the other hand, the simulator has been totally updated
by means of a Stage model, so both undergraduates and
researchers can easily swap the real and the simulated robot
without changing the code; in fact, the graphical interface
allows changing the mode just using a reset option.
A. Hardware architecture
Obtaining a low–cost robot from a mechanical point of
view is necessary, but keeping certain mandatory abilities
related to the environment perception. Furthermore, the
system must be fully modular. BENDER 9.04 (see Fig. 1)
accomplishes these goals.

II. PROJECT BENDER: HARDWARE AND SOFTWARE
BENDER is an educational project emerged in 2006,
whose main motivation is the need of designing a
laboratory in the scope of Concurrent Programming, a
subject taught during the second year in the Computer
Science Technical Engineering syllabus at the University of
Huelva.
6

Fig. 1: The robot BENDER 9.04: Shape and size descriptions.

The chassis is built using a very cheap material that can
be shaped using typical do-it-yourself tools. In particular,
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metallic and wooden parts have been used, although using
other materials such as PVC or aluminium is feasible
paying attention to the simple assembly diagram shown at
Fig. 2.

Fig. 2: Basic assembly diagram to build BENDER 9.04.

Table 1 shows the minimum number of hardware devices
needed to build a basic robotic platform with advanced
sensing features.
TABLE 1
BENDER BASIC HARDWARE DEVICES
Device
T*
Characteristics
Step angle: 0.36º. Measuring area: 60 –
Hokuyo laser scanner
S
4905 mm. and 240º. USB and RS232
range finder
connections.
Two Logitech webcams: Model Sphere
AF with a Pan & Tilt integrated system
Stereo vision system
S
and Autofocus, USB connection, UVC
(USB Video Class) compliant.
Motor Driver
Inputs for quadrature encoders, I2C
(Devantech MD23 Interface, direct control of motors or
A
12V 3A Dual Hthe ability to send a speed and a turn
Bridge module)
command.
Two EMG30 motors
A
Gear motors with quadrature encoders.
100mm wheels with hubs already fitted.
Two drive wheels
A
Wheel diameter=9 cm.
USB to I2C communications module
with a FTDI FT232R USB chip to
handle all the USB protocols. It is
USB – I2C interface
I
connected to any computer USB port
and the FTDI driver creates a new
serial virtual port.
Acer Aspire One Notebook with Intel
Atom N270 Processor (1.60 GHz.),
DDR2 SRAM 1 Gb., 160 Gb. Hard Disk
Low cost computer
CN
Drive, WLAN: Acer InviLink™
802.11b/g
Wi-Fi
CERTIFIED®
network connection, 48.8 W 4400 mAh
6-cell Li-ion battery pack.
Single 12V battery capable of supplying
Battery
Sup
peak current of 6 Amps.

Both of them are easily connected by the I2C protocol to
the USB-I2C interface.
As Table 1 shows, at least, a computer is needed and
must be carried by the robot. Nowadays, small notebooks
can be used as a good choice in mini-robots design, because
they are low cost, incorporate its own battery supply system
and are very thin and light.
Before emerging low–cost notebooks, a PC-104
embedded computer was used in previous versions of
BENDER. In fact, this kind of devices provides more
interfaces and buses and the size is also reduced, but they
need an extra power supply and the advantages do not
justify their higher cost.
Due to the small dimensions of modern notebooks, it is
possible to embed several without increasing the global
weight and cost of the robot. Each computer used by the
system to process data and control the robot is called
computational node.
Since many physical nodes (not necessarily embedded in
BENDER), are involved in the system, the software
architecture must allow to distribute the tasks between
them. Distributed processes interaction is solved by means
of a wireless system and the middleware framework YARP,
which provides a transparent communication system
independent of low–level protocols. Both software and
communication architectures are addressed in detail in the
following sections.
B. Software architecture
Fig. 3 shows how the physical devices (sensors and
actuators), are connected to a computational node and the
software interfaces that control the robot.

T* (Type) S = Sensor / A = Actuator / I = Hardware Interface
Sup = Supply / CN = Computational node

Some optional modules can be added to BENDER,
specifically a low–cost ring of ultrasonic rangers (based on
Devantech SRF02 sensors), and a Devantech digital
compass with two Philips KMZ51 magnetic field sensors.
7

Fig. 3: Embedded software architecture.
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The drive system, the ring of ultrasonic rangers and the
digital compass are connected using USB-I2C interfaces
whose features are described in Table 1, so virtual serial
ports are used when reading and writing information from
these interfaces is needed. In a Linux based system, this
kind of ports can be accessed through /dev/ttyUSBX, where
X is the number of the virtual serial port.
On the other hand, the scanning laser ranger and the
stereo vision system are available in Linux using the
filesystem
ports
/dev/ttyACM0
and
/dev/videoY
respectively, where Y is the number of the camera.
There are several software components in the user space
that handle each physical device. Table 2 briefly explains
the function of each module.
TABLE 2
LOW LEVEL SOFTWARE COMPONENTS DESCRIPTION
Component

Function

Serial interface

It allows the access to the virtual serial
ports, reading and writing data and
configuring the specified port.
Sending and receiving commands and
information to the I2C devices using the
information provided by the serial interface.
It calculates odometry taking into account
the information obtained from the drive
system encoders and, optionally, other
devices such as the digital compass. It uses
the USB-I2C interface to read and write the
physical I2C drive system device. Results
are sent to the YARP network.
It allows reading data from the Hokuyo
laser scanning range finder.
It uses the Player/Stage laser driver to
obtain a set of data from the laser scanning
range finder and it sends the information to
the YARP network. If the ring of ultrasonic
rangers is available, distances obtained are
also sent.
It uses the opencv-based YARP device to
obtain images from the left and right
cameras. Configuration parameters of the
webcams can be changed.
It uses the camera interface to obtain
images. The processed images and
additional information about them is sent
using the YARP network. It can receive
commands in order to change the cameras
configuration parameters.
Using an extended configuration of the
UVC protocol and the Video4Linux
features, the integrated Pan and Tilt and
Zoom can be moved.
It controls the PTZ system for each camera
using the PTZ interface. Commands are
received from YARP and results are sent
also using this network.

USB-I2C
interface
Odometry

Player/Stage
laser driver
Distance
Measurements

Camera
interface
Stereo system
controller

PTZ interface

PTZ controller

YARP*

YARP*
S
R

control and another can execute the rest. In this case, the
YARP network will be used if physically separated
components (for instance Odometry and PTZ controller),
need to interact.
New high level software components can be written and
easily added to the architecture. These new processes can
be run in any of the embedded computational nodes or in a
remote computer connected to the system using the YARP
network.
YARP communications are based on sending and
receiving messages asynchronously through channels
consisting of a pair of connected YARP named ports [15].
Many readers can be connected to a writer port and only
one writer can write in the same port. YARP hides any
information about low-level processing and uses the
TCP/IP protocol by default, although it allows changing
this configuration.
Fig. 4 shows the communication diagram based on
YARP.

Fig. 4: YARP communication diagram

Embedded software controllers are servers that send and
receive data by means of the named YARP ports shown in
Fig. 4. When a software component (a client), wants to
communicate with any of the servers, it must create a
channel, using a YARP connect call, consisting of a pair of
ports: one in the server side and the other created by the
client.

S = Send / R = Receive

If it is necessary, several computational nodes can be
carried by the vehicle. In this case, the low–level software
components can be distributed between different
computers. For example, a computational node can run the
processes related to the stereo vision system and the PTZ
8

C. Graphical interface and Player/Stage simulator
Due to BENDER is used by both researchers and
students to do their own experiments, an improved
simulator based on Player/Stage and a Gnome new
graphical interface have been designed to make easy that
task at the laboratory and at home.
The Stage simulated robot provides odometry,
compatible Hokuyo laser scanner range data and
information from a ring of virtual SRF02 ultrasonic rangers.
A software component called BENDER Simulator is
connected to the Player server (that uses the Stage plugin to
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simulate the robot), reads the data obtained from virtual
sensors, receives and applies commands and sends the
suitable information to the YARP ports whose names are
specified in Fig. 4.
The name of the ports and the type of data sent and
received are the same both in real and simulated modes,
therefore if a new high level software module is tested in
the simulator, it can be run in the real system without
compiling again. In fact, if the high level module is
executed in a remote machine, the process does not really
know if it is working with the simulated or the real robot.
A Gnome graphical interface has been designed to
simplify some necessary tasks such as starting the YARP
and Player/Stage servers and changing the YARP port
name list. Furthermore, the application allows monitoring
the state of the real vehicle or the simulated scenario and it
also provides independent access to the stereo system
because the cameras and the PTZ units can be separately
tested and used in other applications related to the artificial
vision field.
Fig. 5 shows the graphical interface working with the
simulated robot.

is sent back. When the code is correct, the generated
executable file is stored and queued at the server until the
remote system tests it. The results (log files and optionally
videos), are then uploaded to the website profile of each
student and an email is sent to notify that the practical work
has been tested. The undergraduates can study these results
and decide if the practical work runs properly or not.
III. APPLICATIONS
BENDER 9.04 provides a very useful testing framework
to students, lecturers and researchers. It can be used in
different subjects such as Concurrent Programming, Real
Time Systems, Control, Robotics, Distributed and Parallel
Programming and many others.
Lecturers decide about the practical works that the
undergraduates must solve and they develop auxiliary
software modules connected by YARP if it is necessary.
On the other hand, researchers have a low–cost mobile
robot with advanced sensors to perceive the environment.
Network details are hidden by means of YARP.
A. Educational tasks
Apart from using BENDER in some subjects, the robotic
platform is used by those students who are working in some
projects. In fact, the graphical application development has
been carried out as a part of a degree dissertation where a
fuzzy application to track objects visually and identify
visual commands has also been implemented.
The advantages of using BENDER, from the students’
point of view, are detailed in [19].

Fig. 5: Graphical interface based on Gnome working in simulated mode.

B. Research
BENDER 9.04 provides a suitable indoor robotic
platform. In fact, an autonomous exploration system in
unknown indoor locations is currently being developed, see
Fig. 6.

D. Remote virtual laboratory
Nowadays, students at the University of Huelva are using
BENDER 9.04 in the subject Concurrent Programming.
They can use the graphical application and the simulator if
an Internet connection is not available.
At the laboratory they can use the real robot from their
computers by the intranet. Normally, a computer (situated
at the lecturer location) is used as the node where the YARP
server is running. The real robot is connected to the intranet
using the corporative wireless network.
During the academic year 2009–2010, a compiler and a
running framework will be tested remotely. The lecturer
can propose a practical work (for example, tracking a
simple path), and the students must write a piece of the
application compiling and testing the exercise using the
remote compiler. For this purpose, the students send the
code using a website that recognizes their logins and
passwords. If the code is wrong the list of compiling errors

Fig. 6. Application for autonomous exploration system.
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The application allows the robot to navigate through an
unknown space only using data from the scanner range
finder. It analyzes features in the environment, classifies
them and generates a set of polylines whose points are
labeled in semantic terms. Using the labeled polylines, a set
of traversable segments are calculated according to certain
features such as corners and discontinuities due to
occlusions. Taking into account features and traversable
segments, different exploration paths are calculated and
tracked. Some tests, using the simulated robot, have been
accomplished successfully. At present, tests in the real
robot are being carried out and the semantic description of
the environment will be improved using visual features.
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