This is a work in progress.  I am putting this document together to use in a 4th and 5th grade introductions to robotics class.

1. Robots

1.1. What are Robots?

What are robots?   You may have seen robots in the movies or on TV like C3PO and R2D2 from Star Wars.  These robots are science fiction and aren’t a reality yet. 

Robots are built to perform many different jobs and functions.  The car that your parents own was probably put together by a robot.  Robots are often used to do jobs that are difficult for humans to do like welding automobiles.   They are also good for doing jobs to be repeated exactly the same way many times like assembling electronics. They are also used to do work in environments that are dangerous for humans like working in a nuclear power plants or space exploration on Mars where NASA recently landed the robots Spirit and Opportunity  (http://marsrovers.jpl.nasa.gov/home/index.html)  for exploring the surface of Mars.  
Another area that robots are used for is to do repetitive tasks like vacuuming (http://www.roombavac.com/homepage.asp).   
Some other robots include:
· Security Guards
· Pipe inspectors

· Lawn Mowers

· A Humanoid Robot developed by Honda. (http://world.honda.com/ASIMO)
· Robots built for fun using the Lego Mindstorms Robotics Inventions System. (http://mindstorms.lego.com/eng/default.asp)
Most robots contain several common components including a frame or chassis that holds the robot together, motors to move the robot or its arms, sensors to allow the robot to explore the surrounding environment, a computer that acts as the robot’s brain, and a power supply.  Each of these components is described in the rest of this chapter.
1.2. Body/Frame/Chassis
The body, frame, or chassis is like the skeleton of the robot.  It is the structure that the sensors, motors, gears, power source, and computer and possibly wheels or treads are attached to.   The frame is what gives the robot its basic shape.  It is important that this structure by strong and robust.   Below is an example of a frame that was used to build a robot for the First Lego League Mars Challenge in 2003.  It was designed to hold three motors (two to drive the wheels and one to drive mechanisms to accomplish the challenges) and the RCX.
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<picture FLL Robot Frame>

Here is the frame with the motors and RCX in place.
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<picture FLL Robot with motors and RCX>

1.3. Mobility

Some robots are stationary like the robots used to weld automobiles, but others are use wheels or treads to move around their environment.   There are robots being developed to balance and walk on legs and others to even fly.  If you want to build a fast robot you will probably want to build one with wheels, but if you want a robot that can climb up steep rugged terrain treads are a good choice.
<picture of wheels, treads, walker>
1.4. Sensors

Robots use sensors just like we do figure out where they are and what the need to do.  The Roombavac vacuum cleaner uses an infrared light and infrared sensors like sonar to detect and avoid obstacles with touch sensors as backup.   Some robots use more sophisticated vision systems that allow robots to almost “see” like we do.   Robots also use sensors to measure the rotation of axels to determine how far they have traveled.
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<picture of Mindstorms Touch, Light and, Rotation Sensors>
1.5. Brain

Robots work autonomously (they work on their own and are not actively controlled like a radio controlled car).  To accomplish this robots need to sense and respond to their environment.  Engineers develop computer programs that run on computers (the robots brain) that tell the robot what to do, when to do it, and how to respond to the input from there sensors. 
[image: image4.jpg]



<picture  RCX, Brains of the Robot.>
1.6. Power

In order for robots to do their job they need power.  Stationary robots can be plugged into the wall to get their power, however mobile robots need to carry their own power supply with them.  The Lego Mindstorms uses 6 AA batteries as it’s power supply.
2. Lego

2.1. Nomenclature

When we talk about the Lego pieces it is important that we know what they are called.  In this section we will describe several of the different types of Lego that you will use to build robots.

Bricks

The most basic Lego part is the brick.  The bricks are held together by friction between the studs on the top of the brick and the tubes in the bottom of the brick.
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<picture of 2x4 brick>
First lets start with a basic brick. The Lego brick has studs on the top and can be stacked on top of other bricks.  The bricks are held together by friction.  Bricks can be described by the number of studs that they have on top.  For instance a 1x1 brick has a single stud on top, a 2x2 brick has two rows of two studs each, and a 2x4 brick has two rows of 4 studs each.
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<picture of 1x1, 2x2, 2x4  bricks>

Beams
Lego Technic Beams are similar to bricks but they have holes through the sides that are spaced in between the studs on the beam.  These holes provide another way for you to secure your Legos together.  There are pins (that slide and that stick), and axels that are designed to fit into the holes.  The beams come in a variety of lengths from a 1 stud beam all the way up to a 16 stud beam.    Beams are great for framing your robot and building arms and structures.
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<picture of  beams>

Plates

Plates are thin and flat and are often used to get spacing right between beams and secure beams. When you stack three plates together it is the same height at one brick or beam.
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<picture of three plates stacked next to one beam>

When you are using plates for spacing you can often use short plates or even 1x1 curricular or button plates.  This type of construction will reduce the weight of your robot which is always a good thing.

[image: image9.jpg]1x1 Circular Plates





<picture contrasting using 1x1 plates vs long plates to separate 1x8 beam>

Pins

Lego pins, that fit into the holes in the beams, come in two varieties friction (they don’t spin in the holes), and non-friction (they spin freely in the holes).  The pins are used to hold beams together.   One type fits into the beam holes on one end and has an axel on the other.  This pin can be used to attach idler gears to beams.
Bushings

Bushings are used for spacing and to hold axels in place.  There are ½ bushings and full bushings.  
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<picture of bushing holding an axel in place connected to a gear.>

Half Bushings can also be used as a pulley in a belt drive system.

Gears

Gears can be used to transfer power, change the direction of rotation, or change the speed of rotating axels or motors.  More details about gears are available in section 3.3. 
3. Construction

3.1. Lego Geometry
3.2. Frame

3.2.1. Good Construction Techniques

You can use the techniques that you learned in the Lego Geometry section to help support and hold your robot’s frame together.  These practices should be used secure motors and other components to your robot.  Good design means cross bracing using beams or lift arms attached with pins to hold the frame, the motors, or other components in place.
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<pictures showing beams secured with cross beams>
3.2.2. Not So Good Construction Techniques

One of the biggest problems with many Mindstorms Robots is that they fall apart before they accomplish what they were designed to do.  Sometimes this happens because robots are only held together using the studs on the bricks and beams.  When I teach kids how to build robots we have a rule that we never rely on the studs to hold our robots together.
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<picture of studs on studs>
3.3. Gears

3.3.1. Types

There are several types of Lego gears that each can be used to accomplish many different tasks.  Gears can be used to transfer power, change the direction of rotation, or change the speed of rotating axels or motors.
Gears are described by the pitch or number of teeth they contain.  The Mindstorms kit comes with spur gears (the round flat ones with teeth around the edges) that range from 8 to 40 teeth.  It also comes with special gear called a worm gear.  The worm has a pitch of one and has one tooth wrapped around a cylinder so every time the gear rotates 360 degrees the gear advances by one tooth.  
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<pictures Gears>

3.3.2. Gear Train

When gears are meshed together they form what is called a gear train.  Here is an example of a simple gear train that is used to reduce the speed of the rotation of the output from the motor axel. 
[image: image15.png]



<picture simple gear train, 8 tooth gear driving a 40 tooth gear>

Using a small gear on the input axel to drive a larger gear on the output axel causes the output axel to rotate slower than the input axel.  This is called gearing down.   
You can calculate exactly the gears affect the speed of the input and output axels using the following equation:
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<EQN 1 Gear Train>

The Gear Ratio is defined as the ratio of the speed of rotation of the powered gear of a gear train to that of the final or driven gear.  This can also be described as the number of rotations of the input axel that are required to get exactly one rotation of the output axel.
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<EQN 2 Gear Ratio>

Using <EQN 1> equation one you can see that the gear ratio can also be calculated by the following equation
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<EQN 3 Gear Ratio>

If you set up a gear train as we did above with an 8 tooth gear on the input axel and a 40 tooth gear on the output axel the gear train will have a gear ratio of  40/8 or 5 or you may see it written as 5:1.  This means that for every 5 times the input gear rotates 360 degrees the output gear rotates once.

If you have more than two gears in the gear train you can just multiply the ratio’s together as shown below for a three gear train.
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<picture Gear Train ( 40:24:8)>
Using the equations we can determine the Gear Ratio for this gear train.
For the 8 tooth to the 24 tooth gear:

Gear Ratio8:24 = 24/8 = 3:1

The 8 tooth gear rotates 3 times for one rotation of the 24 tooth gear.

For the 24 toot to the 40 tooth gear:
Gear Ratio24:40 = 40/24 = 1.666:1

The 24 tooth gear rotates 1 and 2/3 times for one rotation of the 40 tooth gear.

The over all gear ratio is the product of the two gear ration or

Gear Ratio8:24:40 = 3 * 1.666 = 5.
So for every 5 revolutions of the 8 tooth gear the 40 tooth gear will rotate once.  This information can be used along with information from the rotation sensor to determine how far a robot has traveled.
The number of gears in a gear train will all determine if the input and output gears are rotating in the same or in the opposite direction.  When there are an even number of gears in the gear train the final axel will rotate in the opposite direction of the motor shaft.
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<picture Simple gear train made up of two spur gears meshed changing the direction of rotation of the motor axel.>

If you want the final gear in this gear train to rotate in the same direction as the input gear you will need to us an extra spur gear between the motor and the axel. This extra gear is called an idler gear.   It allows the gear train to transfer power from the motor axel to another axel rotating in the same direction as the motor axel as shown below.  Note that both the motor axel and the right hand axel are rotating clockwise while the idler gear is rotating counter clockwise.
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<picture Simple gear train made up of three spur gears.  The center idler gear allows the right hand axel to rotate in the same direction as the motor axel.>  

It turns out that when ever you have an odd number of gears that the input and the output gears will rotate in the same direction.

Another interesting gear is the crown gear.  It was named that because it looked like a Queen or King’s Crown.  This gear is used change the direction of an axel 90 degrees.
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<picture A crown gear changing the direction of rotation by 90 degrees.>

Bevel gears are also used to change the axis of rotation and below is an example of how to us them to attach two axels up to one motor. 
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There is special type of gear called a clutch gear.  It is a white gear with 24 teeth.  It is designed to slip so that your gear train doesn’t destroy itself if you robot gets stuck and the wheels or gears stop turning.
Another special gear assembly is the differential gear.  It is made up of three small bevel gears connected to an external housing.
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<picture of Differential Gear>

The interesting thing about the Differential Gear is that it allows each of the axels coming out the ends of the housing to turn independently.  This is good when you are driving the back wheels with one motor.  This configuration also allows the wheels to turn smoothly when the robot is turning.

3.3.3. Power vs. Speed Trade Off (Torque)
As described above gears trains can be used to change the speed and torque of a rotating axels.  Torque is the power or force that is transmitted through the gear train.  It turns out that the speed and the torque are inversely related (as the speed goes up the torque goes down).  If you are building a robot that needs to move very fast you should put a larger gear on the input (motor) axel and a smaller on the output axel.  This will make the output axel turn faster than the input axel.  This is called gearing up.
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<Fig. Gear train that is FAST but WEAK, and is called gearing up.>

The reason this gear train increases the speed of rotation is that for every time the motor axel with the 40 tooth gear rotates once, the axel with the 8 tooth gear rotates 5 times. Unfortunately there is a cost of this increased speed of rotation and that is power  or torque.  When you increase the speed of rotation you reduce the power or torque .  If you are gearing up the wheels on your robot that it may go very fast on the flat but not have enough power to climb up a hill.

If you want to build a robot that has lots of power and needs to climb up steep hills then you want to set your gear train up so that the smaller gear is on the input (motor) axel and the larger gear is on the output axel.   
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<Fig. Gear train that is SLOW but STRONG, and is called gearing down>

This is called gearing down.  In this case the motor axel with the 8 tooth gear has to rotate 5 times before the axel with the 40 tooth gear rotates once.  This means that the output axel will rotate very slowly but it will be very powerful.  This type of gear train is often used in Sumo competition where pushing power is important and speed doesn’t matter as much.
You can calculate the change in speed of the rotating axel using the following equation:
W1 * T1 = W2 * T2

where

W1 = speed of the motor (input)

T1 = # teeth of the gear on the motor axel

T2 = # teeth on the gear on the output axel

W2 = speed of the output axel

So if the motor is rotating at 100 rpm and there is a 40 tooth gear attached to the motor axel that is meshed with an 8 tooth gear on a second output axel, the out put axel will be rotating at:

W2 = (W1 * T1)/T2
W1 = 100 rpm

T1 = 40

T2 = 8  (T2 will rotate 5 times for every 1 time T1 rotates)

W2 = ( 100 * 40)/8
W2 = 500
The output axel will be rotating at 500 rpm.
3.3.4. Spacing

Gear spacing depends on the radii of the gears involved.  They can be placed horizontally along a beam, perpendicular to the beam, or diagonally between beams.   
<picture of horizontal, perpendicular, and diagonally spacing>

When placed diagonally they don’t always fix exactly but many times they will be close enough.   You can determine the exact distance using geometry.  Several people have developed charts showing which diagonal spacing will work for various different gears.  There is a spread sheet at the end of this book that describes spacing for many gear configurations.

3.4. Pulleys

You can all use pulleys and belts to transmit power from motors to wheels or other components.  The advantages of belts and pulleys are that the spacing does not have to be exact and that the belts will slip when the torque gets to high.  This can also be a disadvantage sometimes when the belts slip when you don’t want them to.  I have seen robots built with double pulleys and belts to help reduce this problem. 
<picture of pulleys at unusual diagonal spacing, and include double belt example>
4. Sensors

The Lego Mindstorms kit comes with two touch sensors and a light sensor.   The sensors need to be hooked up to the RCX (computer) via the input ports (1, 2, and 3) to be used by the robot.  

<picture of sensors attached to RCX.>
4.1. Touch

Touch Sensors can be used to find walls, edges of tables, objects, and other robots. The sensor is activated when the little yellow nob is pressed.  It is possible to use a touch sensor by its self, but usually engineers build attachments to extend the usable range of the sensor as shown here.
<picture Increasing the usable area that can activate the Touch Sensor by using a bumper.>

Some folks use touch sensors in SUMO competitions to determine when their robot is engaging with another robot and how to square up and push straight ahead.
4.2. Light
Light Sensors are often used in line following and edge detection in SUMO events. The Light Sensors are best at seeing big differences like dark and light and not as good at detecting slight differences in color.  Unfortunately the Light Sensors are affected by differences in the level of light in a room.  Robots may behave correctly in a dark room and not work at all in a bright sunny room.  To help reduce this problem you can calibrate your Robot before you use it in each different lighting situation.  

When you use a light sensor you often need to set up the values that it will use to compare against to determine if something is dark or light.   One way to calibrate this value for different lighting conditions is to do the following:
· First, attach wire from the Light Sensor to an input port (1, 2, or 3) on the RCX that has been set up for sensing Light (see the programming section for details on this) and attach it to your robot in the same way that it will be used when the robot is completed.  The distance from the light sensor to the surface it is sensing makes a difference. 

· Next, turn on the RCX and press the view button until the carrot ^ on the LCD screen is pointing to the input port (1, 2, or 3) that the light sensor is attached to.
· Now the numeric reading on the RCX LCD should reflect the input from the Light Sensor.

· Record the value when the Light Sensor is pointing at the dark surface.

· Record the value when the Light Sensor is pointing at the light surface.

· Take an average of the two reading and use that as the ??? point  to determine when you change from dark to light or light to dark. 

· Reprogram your comparison to use the calibrated value.

· Run your Robot.

Some sophisticated Robots do this calibration automatically.

4.3. Rotation

4.4. Temperature
There is also a Temperature Sensor available from Lego.  
4.5. Advanced Sensors
4.5.1. Infrared Wall Following
It is possible to use the Light Sensor along with the infar red communications channel in the RCX to create a touchless sensor that can detect walls or other obstacles.  This is accomplished by using the messaging functionality of the Mindstorms robot to send out pulses of infar red light and using the light sensor to detect the reflected infar red light when it bounces off of obstacles in front of the robot.  The algorithm for this is listed in Chapter 8.
5. Construction Techniques

5.1. Chassis

5.2. Drive Train
5.2.1. Motor

5.2.2. Axel

Axels can be used to transmit rotary power between a motor and wheels or other actuators over longer distances.  They can be joined directly to the motor or together to form a long  axel using axel joiners.   

Any time that you are using an axel you should think about how you are supporting the axel.  It is best to support an axel in at least two places to balance out the load.  If the load on an axel is not balanced, the axels may bind in the beam holes and increase friction causing your robot to either move slower or not run in a repeatable manner.
<picture of single support, double support from one side, and double support from both sides>
5.2.3. Wheels
Wheels are the most common form of locomotion in Mindstorms Robots.  A wheel assembly is made up of two parts.  In the center of the wheel is the hub that is made of hard plastic and contains a slot to attach it to an axel.  The tires attach to the outside of the hub.  There are plenty of types of wheels.  
Narrow wheels like the Wedge Belt Wheel are easier to turn but they provide less traction.  If you are looking for good traction you may want to try the 81.6 x 15 Motorcycle Tire or the 49.6 x 28 Tire.  Both of these offer good traction on rough or smooth surfaces. 



Wedge Belt Wheel
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17 x 43 Tire




30.4 x 14 VR Tire
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81.6 x 15 Motorcycle Tire



49.6 x 28 Tire

In the section on gears we talked about how to make a gear train that is fast by using a small gear on the motor shaft and a large gear on the wheel axel.  You can use wheel size to increase or decrease the speed of our robot as well.  If you replace a wheel with a larger diameter wheel your robot will go faster and if you replace it with a smaller diameter wheel the robot will go slower.   Just like with gears, there is a trade off between speed and power.  The smaller diameter wheels will go slower but have more power and the larger diameter wheels will allow the robot to go faster but will have less power to drive up hills. [image: image32.jpg]



<picture Wheels>

5.2.4. Treads

Treads are used to build a robot that uses what is called differential drive.  This means that you steer the robot by running one tread in one direction while holding the other still or running it in the opposite direction.  If the treads are both running but in opposite directions the robot will spin in place.
5.3. Casters

5.4. Grabbers

5.5. Steering

5.5.1. Differential Drive

5.5.2. Rack and Pinion Steering

5.6. Sensor Attachment

6. Programming


6.1. Events

6.2. Loops

6.3. Conditional

6.4. Variables

7. Motors

7.1. Type

There are several types of Lego 9 volt motors.  The Mindstorms kit ships with an Electric Technic Mini-Motor.  This motor is geared down and the shaft rotates at 360 rpms. As you can see from the picture, the wire connector for this motor is on the top. 
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Electric Technic Mini-Motor 9v #71427
It is a good all purpose motor and a great choice for most all general applications.  This  motor can be attached to you robot using several techniques.   One way is to just put it together with your robot using the studs and tubes, but this method will likely lead to problems.  

<picture of motor mounted using studs>

When you motor runs it will try and rotate around the axel and after it is started and stopped a few time it may pull itself loose from your robot. 

<picture of motor falling off after just mounting with studs and tubes>

 This can be overcome a couple of ways
Recently Lego introduced a new updated version of this motor.  The new version is 33% lighter and the shaft rotates at 340 rpms.  It has slightly less torque than the original but the lighter weight make it good for some applications.
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Electric Technic Mini-Motor 9v #43362
Both of these mini-motors can be attached to robots using the door rail plates or by using cross bracing techniques as shown below.
<picture motor attached with door rails, and with cross bracing>

Before the introduction of these motors Lego made an un-geared motor that rotated at 4100 rpms.  The power connectors for this motor are on the bottom of the motor.
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Electric Technic Motor 9V #74569

This motor is good to use if you need to have a high speed motor with low torque.

In most typical uses you will need to gear this motor down to slow the motor down and increase the torque so that it doesn’t stall under load.

There are three other specialized motors including the Electric Technic Micromotor which rotates at 35 rpms.  The power connector for this motor is on the back of the motor. 
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Electric Technic Micromotor #70823
The Micromotor is often used in situation where you don’t need much power or speed and weight and size are critical such as at the end of a long robotic arm, or in a minature walker are places that it might be use.
If it is speed and power that you need you should look at the Race Buggy Motor.  It rotates at 1300 rpms and still has enough torque to drive a robot.  It is quite a bit larger and bulkier than the other Lego motors and it draws more power so you will drain your batteries faster, but it is definitely the best if you are trying to get your robot going fast.  As a mater of fact it is so fast that it may be difficult to control where your robot goes if you use this motor. 
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Electric RC Race Buggy Motor #5292
Another new motor that was recently introduced by Lego is the clear Electric Technic Motor 9V Geared motor.  This motor rotates at 460 rpms.  The 47154 motor has an axel hole and a flat design which makes it easy to place on your robot.  The problem with this is that the stud and tube friction connection is not strong enough for most motor connections and you will want to use some type of additional bracing beyond just relying on a stud and tube connection.  The interesting thing about this new motor is that you can drive any length axel with it
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Electric Technic Motor 9V Geared # 47154
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