ENGR 173

Name: _____________________________

Lesson 6 – BEAM Robotics

13 points (of 75 total)

In both ENGR 171 and 173 we have placed an emphasis on keeping the robots simple.  Here at Cuyamaca College the robotics program focuses primarily on behavioral robotics, in which robots are given a great deal of autonomy by combining primitive behaviors into more complex “robust” behaviors that permit the robot to keep going, avoid getting stuck, and so forth.  In doing so, we have striven to keep the programs we load into the microcontroller as simple as possible.
There is a school of robotics thought that goes farther still.  These maniacs prefer robots with no microcontrollers at all!  They point out that animals don’t have microcontrollers and they do just fine.  This branch of robotics goes by the name of BEAM Robotics, where BEAM stands for Biology-Electronics-Aesthetics-Mechanics.  This was the name coined by Mark Tilden, the founder of the BEAM movement.  A quick summary of BEAM’s meaning follows:

Biology: We can learn a great deal from Mother Nature.  Legs, hands, muscles, as well as behavior have been optimized by millions of years of evolution.  BEAM roboticists believe in competition as a way of rapidly driving robot evolution.  Also BEAM enthusiasts try to create robots that are autonomous – ones that need no batteries, but instead are energy independent.  Solar cells are an obvious energy source, but there are others:  For example, there are actually robots that eat bugs!  Try googling +robot +eats bugs.  
Electronics: Microcontrollers are used only as a last resort.  BEAM enthusiasts prefer analog electronics to digital, arguing that in the natural world, animals’ nervous systems behave in more of an analog than digital way – responses to stimuli tend to be shaded rather than all or nothing.

Aesthetics: In BEAM robotics, a high value is placed on the notion of cool, where cool means something built out of parts taken from broken tape decks, modems, computer mice, and so forth.  Anytime you can do this rather than buy the part, you are ahead.  BEAM enthusiasts love hose clamps, duct tape, hot glue, and solder.  They probably enjoy watching Mad Max movies.
Mechanics: Beam roboticists recognize that robots are not only electronic, but also mechanical.  Moreover, the mechanics dictate the electronics, so a rolling robot will have a very different set of electronics than will a walking robot.  

In this lesson we will build a robot that responds to its environment without the need of a microcontroller, then we will build solar-powered robots, and finally we will race them.
Activity 1.  (5 pt.  Instructor’s initials ________) Direct motor control by sensors
Back in the introductory robotics class we built robots whose motors turned on or off based on the amount of light detected by the photosensors.  In most of the projects the motors had a step response to light level.  If the light level exceeded the detection threshold the motor turned on fully.  If not, the motor was completely off (Figure 6.1a).  
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Figure 6.1.  (a) Step response of a motor to a light trigger. (b) Gradual response of a motor to a light input.

We also examined a more gradual response in which the speed of the motor varied with the light level (Figure 6.2b).  With the microcontroller this was a complicated process: First we measured light level indirectly by measuring the decay time of an RC (resistor-capacitor) circuit built around the photoresistor.  The RCTIME command we used to do this is itself an assembly language subroutine invoked by the BASIC Stamp.  Then our program used a linear interpolation to compute the output pulse width to be sent to the servo motors as a function of the RC time.  Finally the BASIC Stamp invoked the PULSOUT command, another assembly language subroutine, to actually drive the motors.  
In this activity we will build a motor controller that takes a variable input directly from a photosensor circuit and amplifies it enough to drive a motor.  This gives a much simpler means of gradual motor control than does a microcontroller.  Then we will use this simple controller to control a robot in a variety of ways.  Finally we will relate this approach to what is done by single-celled organisms in their search for light.
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Build the circuit shown in Figure 6.2.  Use one of the geared DC motors.
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Figure 6.2 (a) Light-stimulated motor control circuit

b) Transistor reminder
2. Test the circuit by passing your hand over the photoresistor.  The motor should slow down.  The 10K potentiometer is there to adjust the sensitivity.  Set it so that the motor slows if you pass a shadow over the photoresistor, and stops if you completely block the light to the sensor.
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You know enough about electronics at this point to be able to explain how the circuit in Figure 6.2a works.  A few considerations: a) The 10K potentiometer, the photoresistor, and the 4.7K resistor together act as a voltage divider, where the series resistance of the potentiometer and the photoresistor act as R1 and the 4.7K resistor is R2 (Figure 6.3).  b) An npn transistor turns on when
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Figure 6.3.  Voltage divider circuit

VBE reaches 0.7 V approximately.  Once the transistor is conducting, this voltage remains approximately constant. c) A transistor is a current amplifier, where iC = hfeiB.  You may wish to reread the transistor review in the DC motors lab.
Please explain to the instructor how the Figure 6.2a circuit works, including in your explanation why the motor turns off in the dark, why it runs slowly in low light, and why it runs quickly in bright light.  You are welcome to consult your labmates or any other source, but your explanation must be your own.
I.I _____________
4. Build and test a second copy of the circuit on the same circuit board.  Install the two circuits onto the vehicle you built for the DC motor lesson, connecting the motors as shown in Figure 6.4a.  Test the robot in an environment of light and shadow.  What does it do?  Does the robot’s behavior make sense?  Demonstrate operation to the instructor.
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Figure 6.4 (a) Vehicle 1



(b) Vehicle 2


5. Reconnect the motors to the sensors as shown in Figure 6.4b.  Predict the robot’s behavior.  Test it to see if experiment agrees with prediction.
6. The opposite of a light-stimulated motor controller is a light-inhibited motor controller. Build the circuit shown in Figure 6.5.  Pass your hand over the photoresistor and watch what the motor does. [image: image6.jpg]


 
Figure 6.5.  Light-inhibited motor controller
7. Rebuild the two robots shown in Figure 6.4 using two light-inhibited controllers.  If you were to redraw Figure 6.4, you would place minus signs where the plus signs are currently.  Why?  Predict the performance of each vehicle, and confirm your prediction.
8. One of the robots we built in ENGR 171 was a photovore that displayed optimum foraging behavior using a single photoresistor.  Recreate that robot using your vehicle and one light-inhibited motor controller.  The original assignment from ENGR 171 follows:

Optimum foraging theory is a branch of theoretical ecology that attempts to define what an organism should do to maximize energy intake while minimizing energy expense.  Let’s examine a photovorous organism that can’t stop moving.  Organisms that can’t or don’t stop moving are not that unusual – a shark, for example, will sink if it stops swimming.  According to optimum foraging theory, if food is found most abundantly in localized regions, called patches, an optimum strategy is to swim in a straight line when it is between patches, but once an organism finds itself inside a patch, to slow down and swim in a curved path as shown in the figure.  By doing this, the organism will tend to remain longer within the patch (try it yourself to see).  This foraging strategy is called area-restricted searching.
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  Design a photovorous robot that does area-restricted searching, turning to remain within a patch of light until the light disappears, then moving forward to find a new patch of light.  The robot must takes its light data from one photoresistor only.  Demonstrate operation (note, the original assignment said “Demonstrate operation and print a copy of your program.”  With BEAM robotics, there is no program to print!).

9. Final comment: The nervous system of an animal takes input from sensors and either sends a command directly to a muscle (in the case of reflexes) or sends the information to the central nervous system which then decides what to do and tells the muscles to act.  In multicellular animals there are usually many nerve cells (and possibly a brain) between the sensors and the muscle.  Direct connection of sensors to muscles is therefore  uncommon in the animal kingdom.  In contrast, most single-celled organisms that have mobility do exhibit this kind of direct connection, since they don’t have separate nerve cells.  Consider for example Euglena, a single celled photovore that behaves very like the robots we’ve been building.  The simple motor controllers we’ve built in this activity are therefore most reminiscent of single celled organisms, but not so much like a multicelled animal’s nervous system.
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Euglena.  1. Chloroplasts.  3. Eyespot.  4. Flagellum.
Activity 2.  (2 pts.  Instructor’s initials ________) Op amp comparator
The operational amplifier (op amp) is one of the most useful of all analog integrated circuits.  An op amp has one output and two inputs: 1) the inverting or negative input, and 2) the non-inverting or positive input.  The output voltage is given by the equation 
Vout = A(Vp – Vn)
where

A is an amplification factor called the gain 
Vp is the voltage applied to the non-inverting input

Vn is the voltage applied to the inverting input.  
In addition to the inputs and output, the op amp also has connections for the positive and negative power supply, called V+ and V-.  Amplifiers in general, and op amps in particular, are drawn schematically as a sideways triangle with inputs and outputs (Figure 6.6).
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Figure 6.6.  Basic Op amp schematic
There are many ways to use an op amp.  We will use one as a comparator.  A comparator is a device which compares 2 voltages and gives a different output depending on which voltage is greater.  Op amps can be used as comparators because the gain A is normally a very large number. This means that even a small voltage difference between Vp and Vn will result in a large positive or negative voltage at the output.  The two power supply voltages limit the actual output voltage to values between V- and V+, so that in practice Vout = V+ when Vp > Vn and Vout = V- when Vn > Vp.  
1. Build the circuit shown in Figure 6.7.  The LM386N-3 is an audio amplifier, which means the output can provide enough power (up to 700 mW) to drive a small speaker.  This is also enough to drive one of our small DC motors.  Adjust the 10K pot so the 2 sensors are balanced.
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Figure 6.7.  LM 386 audio amplifier acting as a comparator.
2. Test the circuit on a vehicle with 2 motors and 2 photosensors.  How does this robot behave?  Demonstrate operation to the instructor.
3. Explain to the instructor the operation of the Figure 6.7 circuit.  I.I. __________

Activity 3.  (5 pt.  Instructor’s initials ________) Solar engine
The ideal robot is self-sufficient.  Specifically, the ideal robot does not need regular changes of batteries.  Either it knows to return to a recharging station from time to time or it finds it’s own chemical or solar energy.  We’re not yet smart enough to build a robot that eats flys, so we’ll stick to solar energy.  
We’ll be using a small solar cell that by itself cannot produce enough current to drive a motor.  We’ll therefore use something called a solar engine.  With a solar engine you use a solar cell to charge a capacitor until there’s enough stored energy to run the motor, then you discharge it through the motor.  As a result, the motor does not run continuously, but in brief spurts of activity.  
1. Measure the output voltage of a small solar panel, both in the lab and out in full sunlight. 
VLab = ___________; VSunlight = ________
Measure the current produced by the solar panel both in the lab and in sunlight.
iLab = _________; iSunlight = __________
The DC motors we’ve been using need a minimum of 50 mA of current.  It’s obvious the solar cell cannot provide this even under the best of conditions.  This is why we’ll need to store energy in order to run the motor.

2. Connect a 4700 F capacitor across the solar panel.  Be careful: this is an electrolytic capacitor, so connect its positive lead to the solar panel’s positive lead, and connect negative to negative.  Connect a voltmeter across the capacitor to watch the capacitor charge up.  You should see the voltage increasing with time.  Capacitors store energy in the form of electrical charge, measured in Coulombs.  The higher the voltage on a capacitor, the more charge is stored.  Also the larger the capacitor, the more charge it can store.  These facts are summarized in the following equation:
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     where
           q is charge in Coulombs
          C is capacitance in Farads
          V is voltage in Volts.  

How much charge would be stored on the 4700 F capacitor if you left it connected to the solar cell for a long time in full sunlight? q = _________

3. Electric current is defined in terms of charge.  A current of 1 Amp in a wire represents a flow of 1 Coulomb of charge flowing through the wire every second.  In equation form, 
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    where
         i is current measured in Amperes
         q is measured in Coulombs
        t is time measured in seconds

Our DC motors require about 50 mA of current in order to run.  How long would your motor run if you discharged the capacitor from part 2 through it? tpredicted = __________

4. Connect a motor, a capacitor, and a solar cell as shown in Figure 6.8.  For the switch, simply connect and disconnect one of the motor leads.  Use one of the small segments of solderless breadboard for this.  The reason for using a small segment of breadboard is that later we’ll be building solar racers, and we want the breadboard to be as small and light as possible.
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Figure 6.8.  Basic solar engine concept

Let the solar cell charge the capacitor for a while (at least 10 seconds in full sunlight).  Then close the switch.  Does the motor run for the time predicted in part 3?

5. You’ve just built the most basic solar engine.  You should be able to envision a vehicle that charges up a capacitor, then discharges it through a motor to make it go, repeating the process indefinitely to get the vehicle down the road.  The only problem is that a human is necessary to press the switch every so often.  It would be nice to be able to sense when the charge has built up enough, then automatically throw the switch that lets current flow through the motor.  We’re going to do this, and you can probably guess that the switch will be a transistor.  The device sensing the voltage is called a 1381 voltage detector.  1381 voltage detectors measure the voltage across 2 of their 3 leads, and turn on when the voltage reaches a particular threshold.  The particular device we’ll be using is called a 13812-C.  It has an inverted output, which means that when it turns on, the output goes low.  The C is a code indicating a 2 V threshold.  You can get various 1381 voltage detectors with thresholds ranging from 2 to 4.6 V.  You can also get 1381 devices that do not have inverted outputs.  I wanted those, but accidently bought the wrong ones.  It’s okay.  We can still do the project.

Build the 13812-based solar engine shown in Figure 6.9.  Aim the solar cell towards the sun or other bright light.  The motor should rotate occasionally.
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Figure 6.9.  a) 13812-based solar engine    


b) The 13812-C

I got the idea for the design in Figure 6.9 from the Solarbotics.net website, which is, as far as I know, the official website for the BEAM robotics movement.  I had to modify their design to make it work for the 13812-C.  Since I’m stealing their work, I might as well steal their explanation as well.  This follows, modified to fit our design:
As the solar cell charges the 4700 F storage capacitor, the voltage across the capacitor increases with time. Eventually it reaches the 13812’s trip point, and the 13812 applies a low voltage to the base of the 2N3906. Since this is a pnp transistor it "trips" and applies current to the motor. Meanwhile, it has brought the base of the 2N3904 "high," which causes it to conduct to the 2N3906's base as well (so at this point, the 13812 is essentially out of the circuit). This state of affairs will continue until the capacitor is fully drained, at which point the 2N3904 and 2N3906 both go "quiescent," and the solar cell resumes charging the capacitor.
6. It is possible to get a bit more power from the above circuit either by using a 1381 device that triggers at a higher voltage, or by building a slightly simpler version called a Miller Engine (developed by BEAM roboticist Andrew Miller).  Figure 6.10 shows the design, again modified to suit the 13812.
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Figure 6.10  13812-based Miller solar engine

Notice that this design is simpler than the previous design (only 1 transistor).  The diode permits a larger voltage to build up on the capacitor (about 2.7 V) before the 13812 trips.  The increased voltage gives the motor a bit more power.  Also the 0.1 F capacitor across the input leads of the 13812 has the effect of keeping the transistor turned on long enough to significantly discharge the capacitor.  Build the circuit shown in Figure 6.10.

7. Build a solar-powered robot using a Miller solar engine.  This vehicle does not need sensors, but it does need to be able to keep on moving using solar energy, however slowly.  Demonstrate operation to the instructor.  
Activity 4.  (1 pt.  Instructor’s initials ________) Solar engine race
In this activity, you will build the fastest solar powered robot you can.  We’ll hold a 1 m race when we have enough competitors.  The rules are simple:

1) You may only use 1 solar panel, provided by the instructor.

2) You may not touch your robot during the race.
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