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Introduction
The LEGO Mindstorms construction systems have found their way into a wide range of
applications in engineering education such as robotic devices, electro-mechanical control
systems, process control, and data acquisition. The LEGO system provides a low cost
opportunity for easy and rapid construction and programming of systems containing various
types of sensors and actuators; these systems can be programmed in a number of different
languages, including Robolab (based on the industry standard LabView data acquisition and
control software) and an adaptation of C, called Not Quite C or NQC [1]. The microprocessor
based LEGO RCX provides three multipurpose output ports, three multipurpose input ports, and
a two-way infrared communications port [2]. The RCX is also known as the “Brick” because of
its shape and for its ability to be integrated into the physical structure of the system being built.
The LEGO system is quite robust and allows students with wide ranging skill levels to build
even complex systems and have them operational in a very short time and with a minimal
amount of trouble-shooting.
The LEGO Mindstorms system has been incorporated into a sophomore level, multi-discipline
(electrical, mechanical, civil, and environmental engineering) design course that is part of
Northern Arizona University’s award winning Design4Practice four-course sequence. We are
very pleased with the students’ response to our redesigned course. But, as we look forward to
additional course development and more complex design projects, we would like to go beyond
the limitations of the three LEGO RCX inputs and three outputs. We had previously used the
PONTECH SV203C servo motor controller board for robotics projects; this board provides
multiplexed analog-to-digital inputs, servo control outputs, an infrared communications port, and
a programmable microprocessor [3]. Integration of the SV203C with the LEGO RCX controller
promised to be an excellent way to provide an expanded, dual processor controller with a much
wider range of input/output capabilities. Experience with the LEGO system clearly demonstrated
the benefits of its robust packaging and plug-and-play interconnections; this same philosophy
would guide the design and packaging of our expanded controller.
This paper describes the development of the LegoPlus dual processor controller, its capabilities
and design features, and its planned incorporation into our design course.
Motivation for Change
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The structure of our LEGO based design course provides a rich technical environment for active
student learning [4,5]. However, the standard LEGO® System interface, sensor, and actuator
capabilities limit the scope of projects that can be developed for a multidisciplinary course. [6]

The standard LEGO® System configuration quite adequately supports computer controlled
electro-mechanical design projects that stimulate a high level of interest and relate directly to
other courses taken by mechanical engineering and electrical engineering students. However, the
interests of civil engineering and environmental engineering students are not well served by
projects that have little civil or environmental relevance. Augmentation of the LEGO® System
with the LegoPlus controller to accommodate a wider range of sensors, actuators, and interfaces
such as the following will strongly increase the level of interest and degree of active learning for
civil and environmental engineering students and will broaden the design experience of all
students in the class:
1. Ph sensors
2. Turbidity sensors
3. Biologic activity sensors
4. Force and pressure sensors
5. Flow rate sensors
6. Strain and displacement sensors
7. Vibration sensors
8. Pumps and agitators
9. Heaters and temperature controls
10. Positioning servomechanisms
11. Survey instrument interfaces
12. GPS interface
13. Wireless sensor networking
The Strategy
The controller for LEGO Mindstorms system is called the RCX and is shown in Figure 1.
Our augmentation approach was to add a second controller with the following characteristics:
1. Interface to the RCX through its existing
infrared communications port.
2. Draw power from the RCX batteries.
3. Provide pulse-width-modulated (PWM)
outputs for controlling hobby-type
positioning servos.
4. Provide analog-to-digital (A/D) conversion
for interfacing with additional analog
sensors.
5. Provide an RS232 asynchronous serial port
Figure 1: LEGO RCX Control Module
for interfacing with a wide range of other
devices.
6. Provide processing and formatting required for external sensors and actuators to
minimize the computational load on the RCX.
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This strategy limited modification of the RCX to adapting the battery cover to allow access to the
RCX battery connections.

RCX IR Communications
The RCX IR communication is based on the RS232 asynchronous serial protocol using 1 start
bit, 8 data bits, odd parity, and one stop bit. The bits are transmitted at a baud rate of 2400 bits
per second. Binary “0” bits are represented by a 417 µS IR pulse that is modulated at 38 KHz.
Binary “1” bits are represented by a 417 µS absence of IR radiation. The RCX has two IR power
settings resulting in an RCX to RCX communication range of about 4 feet at low power and 30
feet at high power.
Normal RCX IR messages are in packets of nine 11-bit groups consisting of a 3-byte header, a
message type identifier and its complement, the message data and its complement, and a packet
checksum and its complement. This protocol is rather complicated and slow (41.3 mS for one
packet), but it provides reliable communications over a fairly long range, even in optically noisy
environments. An alternative communications protocol allows individual data bytes to be
communicated without the additional error detection capability provided by the packet method;
this is the method used for communication between the RCX and the augmentation module,
which is mounted directly on the RCX. Single data byte communication is nine times faster than
the packet method and requires much less formatting effort by the augmentation processor.
The LegoPlus System
As shown in Figure 2, the LegoPlus system consists of the elements needed to extend the RCX’s
control through its infrared port and to additional non-LEGO sensors, actuators, and interfaces.
The additional electronics and processors, now in prototype form, will be packaged together in
the final implementation as an augmentation module that attaches to the battery cover on the
bottom of the RCX as shown in Figure 3. The RCX battery cover will be modified to allow
access to the RCX batteries (6 1.5 volt AA
cells) for powering the augmentation
RCX LEGO Controller
module. The RCX will otherwise be
unmodified and may be used with or
without the augmentation module.
IR Communications
Infrared Transceiver
Synchronous Serial Communications (SPI)
Communications Controller

battery
cover

Asynchronous Serial Communications (RS232)
augmentation
module

Interface Controller
Figure 2: LegoPlus System Block Diagram
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Figure 3: LegoPlus Packaging

Infrared Transceiver
The infrared (IR) transceiver subsystem consists of an IR receiver (photo-transistor), an IR
transmitter (IR light emitting diode), and a MAX 3100 [7] RS232 universal asynchronous
receiver transmitter (UART) with a Synchronous Peripheral Interface (SPI) [8]. The microcontrollers used in the Communications Controller and Interface Controller subsystems have
built-in RS232 serial communications ability, but only with no parity. The MAX3100 handles
the odd-parity input and provides additional message buffering. The MAX3100 processes the 11
bit RS232 messages to/from the RCX, extracts out the 8 data bits and the parity bit, and then
packages them along with additional communications status bits and sends a 16 bit packet on to
the Communications Controller subsystem, which controls the operation of the MAX3100
through the SPI protocol.
Communications Controller
A Parallax BasicStamp2 (BS2) is used for the communication control functions [9]. The BS2
manages the SPI communications with the MAX3100 in the Infrared Transceiver subsystem,
calculates the value of the parity bit for messages going back to the RCX, and formats
commands and data for communications with the Interface Processor subsystem. Messages sent
by the RCX to another RCX or the LEGO IR tower are in packet format, while the messages
intended for the LegoPlus augmentation system are not in packet format; the BS2 discards all
messages that are in packet format.
Interface Controller
The PONTECH SV203C servo motor controller board is used as the interface controller. Figure
4 shows this board with its 9-pin serial interface connector removed for more compact packaging
in the augmentation module. The SV203C provides multiplexed analog-to-digital inputs, servo
control outputs, an infrared communications port, and a programmable microprocessor. The
SV203 communicates with the BS2 Communications Controller through a standard 9600 Baud
RS232 interface.
5 analog
inputs
RS232
Interface
8 servo
outputs

Figure 4: SV203 Servo Controller
Possible Changes from Prototype System
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The prototype LegoPlus system was assembled from off-the-shelf modules, which in some cases
provide more than the required capabilities. For example, the SV203 is available in three
configurations: (1) the full up version, (2) programmable but without IR port, and (3) basic nonprogrammable. Our prototype system uses the full up version, but since the Communications

Controller subsystem can handle all the anticipated processing, the SV203 does not necessarily
need to be programmable. The TV remote compatible IR capabilities of the SV203 provide
additional interface and control possibilities; however, some learning-type remotes can be used
directly with the RCX.
Another possibility for simplification and cost reduction might be to eliminate the BasicStamp2.
The SV203 could interface directly with the MAX3100 in the Infrared Communications
subsystem, but it would use up one analog input and one servo output and would slow down the
communications process.
Another method to eliminate excess capability would be to build a custom board that
incorporates only the components needed. This would result in more compact packaging and
optimum performance. However, using standard, commercially available modules greatly
simplifies the troubleshooting and maintenance aspects. This and other configuration decisions
will be made after we have additional experience using the LegoPlus system in the classroom.
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