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LESSON D-2 
USING A MULTIMETER 

► Understanding Voltage, Resistance, and Current in Series vs. Parallel Circuits 

(Lesson A-3) 

► Voltage Dividers (Lesson B-9) 

❑ Breadboard x1 

❑ 1K-Ohm Resistors x3 

❑ 3V Battery x1 (2xAA) 

 

❑ Multimeter with leads  

❑ 9V Battery (not included in kit) 

❑ Small Phillips Screwdriver from your 

Level C Kit 

  

Lesson Overview 

► Measuring Resistance 

► Measuring Current 

  

► Multimeter Functions & Hardware 

► Measuring Voltage 

 

Materials Needed 

Concepts to Review 
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LESSON D-2 
USING A MULTIMETER 

A multimeter is a tool used throughout electronics for measuring voltage, current, and 

resistance. Some multimeters may also have additional specialized functions like 

testing diodes, transistors, or other electronic components. You may see multimeters 

referred to as voltmeters, but this is a legacy name that started back when some 

devices only measured voltage. The terms ‘voltmeter’ and ‘multimeter’ are often used 

interchangeably, but ‘multimeter’ is the more popular term for devices that have 

multiple measurement functions available. 

Multimeter Functions 

Here are the functions available on the multimeter from your Level D kit: 

• Voltage measurement – both DC and AC 

• Resistance measurement 

• Current measurement 

• Diode check 

• Transistor check 

 

The voltage, resistance, and 

current measurements will be 

covered in upcoming sections. 

The diode and transistor 

checking functions will not be 

covered in this lesson due to 

the complexity of connecting these devices to the multimeter and interpreting the 

readings on the screen. For more information on these functions you can visit: 

https://42electronics.com/pages/level-d-resources 
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Multimeter Hardware 

A multimeter has a rotating selector switch that’s 

used to turn the multimeter on and off as well as 

select the type of signal that will be measured. 

The multimeter runs on an internal 9-volt battery so 

it’s important to make sure the multimeter is turned 

off when not in use to avoid unnecessarily draining 

the battery. 

The multimeter has removable leads, also known 

as probes, that are used to touch areas of a circuit 

or components for measurement. These leads have 

handles with pointed tips to aid in touching only the specific component that you intend 

to measure. 

 

You may notice there are three jacks for leads and only two leads. This is because the 

red lead will be connected to one of two jacks when making different measurements: 

Important Tip: 

The multimeter probe tips are made of conductive metal so it’s important to be 

extremely careful when attempting to measure voltage or current levels in live 

circuits. If the probe tips are allowed to contact more than one component, a short 

circuit could occur, and electronic components or the Raspberry Pi could be 

damaged. 
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The measurement taken will be displayed on the small LCD screen above the selector 

switch. Since there are a limited number of digits available on the display, the range 

selection will determine how accurately those digits are used. 

Range Selection 

The range selected for a measurement will determine the highest and lowest values 

that can be displayed. Since the LCD screen can only display four digits, you must 

select a measurement range using the selector switch that will allow you to get the 

most information possible from those four digits. 

When a range that is too low is selected, a 1 will be displayed in the left-most digit. This 

indicates that a higher range must be selected to view this measurement. When a 

range that is too high is selected, the reading will be displayed, but you won’t be able to 

see much accuracy in the reading. 

Let’s use an example of measuring the voltage in a single AA battery which is 

somewhere between 1.5 and 1.6-volts for a fresh battery, or around 1.2-volts for a 

rechargeable cell. Your multimeter has voltage ranges of: 

• 1000V 

• 200V 

• 20V 

• 2000mV 

• 200mV 

The AA battery can be measured using any of these ranges except for the 200-millivolt 

range. Trying to measure a 1.5-volt battery using this range will result in a 1 being 

displayed indicating that the voltage being measured exceeds the selected range. 

Here are the various degrees of accuracy that will be displayed for an AA battery 

containing 1.529 volts by using the other ranges: 

Range Measurement Units 

1000V Fluctuates between 001 and 002 Volts 

200V 01.5 Volts 

20V 1.52 Volts 

2000mV 1529 Millivolts 
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The 2000mV range gives us the best accuracy on this measurement, but this range 

cannot be used to measure voltages over 2000 millivolts, or 2 volts. If you wanted to 

measure your 3-volt battery pack, you would use the 20V range which, unfortunately, 

loses one digit of accuracy over the 2000mV range. 

Some higher-end multimeters have a feature called Autoranging, which means it can 

automatically adjust the range based on the voltage that’s being measured. This is a 

very nice feature, but it does increase the cost of a multimeter generally 2-3x over 

models where the range must be adjusted manually. 

Measuring Voltage 

Measuring voltage can be very useful when building projects. You may want to do 

things like measure the voltage level of a battery or determine if proper voltage is 

getting to a sensor on your robot. With a multimeter you can measure the exact voltage 

that is present at any point in your project. 

Just like you’ve seen in previous circuits that you’ve built; ground is the zero-volt 

reference that everything else is measured against. Another name for ground is 

common and this can be found on one of the lead jacks of your multimeter named 

COM. The black lead plugs into this jack and this lead will be connected to a ground 

point in your circuit to ensure that your voltage measurements are accurate. 

To measure voltage, ensure that your black lead is connected to the COM jack and 

your red lead is connected to the VWmA jack. Next, select the appropriate range from 

the voltage measurement options; the 20V range will likely be the best range to use for 

most of your Raspberry Pi projects given most voltages are around 3.3 or 5 volts. With 

your circuit powered up and running, carefully touch the black lead to a ground point 

and the red lead to the point at which you would like to know the voltage. 

The display will show the voltage currently being measured between the black and red 

leads. If the display shows a 1 or a very small number, then you likely have the wrong 

range selected. Change the range to a better value for your expected voltage and try 

again. 
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Measuring Resistance 

Measuring resistance will come in handy when checking to see if two components are 

connected or if you can’t remember the resistor color codes. The main thing to 

remember about measuring resistance is that the component cannot be powered on. 

The multimeter will run a tiny amount of current through the component in order to 

measure its resistance, and this measurement will be thrown off if there is additional 

current flowing through the component from the circuit. Your multimeter can also be 

damaged if there is enough current coming from the circuit, so always make sure 

components to be measured are disconnected from the circuit or the entire circuit is 

powered off before making resistance measurements. 

A term you might see related to resistance is called continuity. When something has 

very low resistance between two points it is said to have continuity. This might apply to 

a single jumper wire or multiple connections made through wires and your breadboard: 

 

In the image above, a multimeter is being used to measure the resistance between two 

pints on the breadboard that are connected by multiple jumper wires. With only 5.1 

ohms of resistance present, these two points would be considered to have continuity. 

You may see references later in this course to “checking the continuity” of component 

or connection. This just means using your multimeter to verify there is very low 

resistance between the points to be checked, which means you have verified there is a 

good electrical connection between these points. If higher than expected resistance or 

a complete open is measured, then you have located a problem that will need to be 

resolved before continuing. 
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This may come in the form of a bad jumper wire. If you’re instructed to check a jumper 

wire for continuity, then the resistance of that wire should be measured. If the 

resistance in that jumper wire is very low (less than 10 ohms) then the jumper wire 

should be considered good, and additional troubleshooting will be required to find the 

problem. If higher resistance is measured in that jumper wire, then the wire or 

connections have failed, and that jumper wire should be discarded as you can no 

longer rely on it to perform reliably on your projects. 

To measure resistance, ensure that your black lead is connected to the COM jack and 

your red lead is connected to the VWmA jack. Next, select the appropriate range from 

the resistance measurement options for your expected resistance. If checking for 

continuity you can use the lowest range of 200 ohms. Make sure that your circuit is 

powered off and carefully touch the black and red leads of your meter to the points that 

you would like to measure: 

• If your display is showing zeros to the left of the measured value, then you can 

switch to a lower range to obtain a better reading. 

• If your display is showing a 1 then your selected range is too low for this 

measurement. Switch to a higher range to display the measured value. If your 

display continues to display a 1 on the highest range, then the two points you are 

trying to measure are not connected. This could be due to a failed component or a 

jumper being inserted into the wrong hole in breadboard. 

 

Here are some common resistance measurements that you might make and what 

values to expect: 

• Jumper wire – very low resistance, less than 10 ohms 

• Single Resistor – the resistance value of the resistor being measured 

• Resistors in Series – resistor values added together 

• Resistors in Parallel – the inverse of the inverse of all resistors in parallel, for more 

information see https://en.wikipedia.org/wiki/Resistor#Parallel 
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Measuring Current 

Current measurements can be used to 

determine how much current is flowing 

through a specific point in a circuit. 

Measuring current is different than voltage 

or resistance in that to measure current 

you must break the circuit at the point you 

wish to measure and use your multimeter 

to complete that portion of the circuit. 

The amount of current you plan to 

measure will determine which location you will use for the red lead connection to your 

multimeter. The standard VWmA jack will only support 500mA of current. If you plan to 

measure current values greater than 500mA then the 10A jack should be used for the 

red lead connection. Running more than 500mA of current through the standard 

VWmA jack can damage the internal electronics of your multimeter. 

Here is a chart of the current measurement ranges that are available and the 

corresponding red lead connection that should be used: 

 

In order to measure current, you must first determine how much current you plan to 

measure and set the range selection and red lead position appropriately. If you’re 

unsure if the current you plan to measure will exceed 500mA, then use the 10A range 

and 10A red lead jack. You can always select a lower range and move the red lead to 

the VWmA jack to get a more accurate measurement. If you accidently overload the 

500mA rating of the VWmA jack then your meter may be damaged, so always error on 

the side of caution if you think you might exceed that 500mA limit. 

Selection Maximum Measurement Red Lead Jack 

200µ 200 microamps VWmA 

2000µ 2000 microamps VWmA 

20m 20 milliamps VWmA 

200m 200 milliamps VWmA 

10A 10 amps 10A 
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After the proper range and red lead position have been selected you must power the 

circuit down and break the circuit at the point you would like to measure. Next, 

complete the circuit using the leads of your multimeter making sure to keep the black 

lead toward ground or negative of the battery. Reversing the leads won’t damage 

anything but your current reading will indicate a negative current value which might be 

a little confusing. 

When the circuit is powered back on, current will flow through the multimeter and the 

amount of current measured will be displayed on the screen. If there are components 

like switches or LEDs in the circuit that might affect the current at your measurement 

point, then you can try switching those components on and off to watch how they 

change your current measurement in real-time. 

When you’re done measuring the current, power the circuit down, and remove your 

multimeter from the circuit. Make sure to complete the circuit in the location you were 

measuring so it will operate properly with your multimeter removed from the circuit. 

Lesson D-2 – Using a Multimeter Page 44

SAMPLE



 

In this activity, you will install a 9-volt battery into your multimeter so it can be used to 

take measurements in upcoming activities. 

 

Step #1 
Place the multimeter face down on your work surface and use the small Phillips 

screwdriver (from your Level C kit) to remove two screws from the locations below: 

 

 

 

Once the screws are loose, remove the back cover and turn the back-cover upside 

down to fully remove the loose screws from the cover. Set these screws aside in a safe 

place on your work surface where they will not easily be lost. 
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Step #2 
Attach the 9-Volt battery to battery connection. Make sure to properly align the positive 

and negative terminals before trying to attach the connector to the battery to avoid 

applying reverse voltage to the power connector. Once properly connected, the battery 

connector should be secured to both battery terminals. 

Slide the battery into the multimeter in the space provided: 

 

 

 

The extra flap of plastic on the battery connector should be near the circuit board. This 

plastic is used to protect the battery from the metal blade connecting the COM jack to 

the circuit board. 
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Step #3 
Fit the back cover onto the multimeter taking care to avoid damaging the battery 

connector with the back cover. If the cover is not fitting on properly, gently bend the 

plastic flap and wires on the battery connection toward the battery. This will create more 

clearance for the features of the back cover to slide past the battery connector: 

 

 

 

 

 

Step #4 
Once the back cover is fully seated, insert the two Phillips screws into the holes in the 

back cover and tighten them with your screwdriver. Use just enough force to fully tighten 

the screws. Overtightening the screws can damage the screw threads in the front cover 

of your multimeter. 

 

 

 

  

Lesson D-2 – Using a Multimeter Page 47

SAMPLE



Step #5 
The next step will be to make sure the multimeter powers up with your battery attached. 

Turn the multimeter over and switch the range from OFF to the DC measurement at 

1000V range. The display on the multimeter should turn on and display HV and 000. 

Switch the multimeter back to OFF to avoid draining the battery when not in use. 

 

 

 

If the display does not turn on, switch the multimeter back to OFF, remove the rear 

cover, and check the battery connection. If the battery connection is good, then your 

battery could be dead. Try connecting another battery and reassemble using steps 2 

through 4 above. 
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Step #6 
Attach the test leads to the multimeter in the following locations: 

• Black lead – COM jack 

• Red lead - VΩmA jack 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: 

Current measurements above 500mA will not be made during this lesson so the red 

lead will stay in the VΩmA jack for the entirety of this lesson. 
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In this activity, you will build a small circuit with three resistors and measure varying 

levels of resistance at different points throughout the circuit. 

 

Step #1 
Clear the breadboard of all components except for the wedge. The wedge can be 

difficult to install and remove so it will be left in place, even though it will not be used for 

this lesson. When completed, your breadboard should look like this: 

 

 

 

Be sure there are no jumper wires connecting the power rails to the wedge. Power will 

be applied to the P1/N1 rails using your 3V battery pack and this could damage your 

Raspberry Pi if the P1 and N1 power rails are still connected to the wedge. 
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Step #2 
Next, insert three 1K-ohm resistors in series in the following locations: 

1K- Ohm resistor - R1 – Between P1-55 and A55 

1K- Ohm resistor - R2 – Between E55 and E59 

1K- Ohm resistor - R3 – Between B59 and N1-59 

 

 

 

To avoid confusion, the reference designators R1, R2, and R3 will be used to refer to 

each of these resistors throughout the remainder of this lesson. 
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Step #3 
It’s time to start measuring the resistance at different points in the circuit. The first 

measurement will be R1 by itself, which should measure right around 1K-ohms. Rotate 

the dial on your multimeter to the 2000-ohm position. The display will initially display a 1 

because there is very high (infinite) resistance between the two leads. 

Touch your red lead to the power rail end of R1 and your black lead to the other end of 

R1: 

 

 

 

You should be measuring around 1000 ohms, but it will likely not be exactly 1000 ohms. 

Due to the 5% +/- tolerance on these resistors, you could measure anywhere between 

950 ohms and 1050 ohms. 

If your measurement is not displaying as expected, double-check that your multimeter is 

set to Ohms mode in the 2000 ohms range. 
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Step #4 
Now that you’ve measured the value of R1, let’s measure R1 and R2 together. Since 

the values of two resistors in series are added together to get the total resistance, you 

should measure right around 2000 ohms. While this is the maximum value that can be 

measured with the 2000-ohm range that the multimeter is currently set for, this range 

will give us the most accurate measurement possible, so we will try that range first. 

Touch your red lead to the power rail end of R1 and your black lead to the end of R2 

located in breadboard position E59: 

 

 

 

You should be measuring somewhere around 2000 ohms. If the value is below 2000 

ohms, then it will be displayed on the screen of your multimeter. If the value is above 

2000 ohms, then it will exceed the selected range and you will only see a 1 on the 

display to indicate that the value being measured is out-of-range. If this happens, switch 

your meter into the 20K-ohm range and the measured value will be displayed. 

If you still cannot get a good reading for R1 and R2 using the 20K-ohm range, confirm 

that your resistors are placed into the breadboard properly, so they are connected in 

row 55. 
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Step #5 
Now, let’s measure R1, R2, and R3 together. These three resistors connected in series 

should give us a measurement of around 3000 ohms. Since the expected measurement 

is 3000 ohms, this will exceed the range of the 2000-ohm setting, so switch your 

multimeter into the 20K-ohm range (you might already be in this range if you had to 

switch ranges in Step #4 to get the value of R1 and R2 to display). 

Touch your red lead to the power rail end of R1 and your black lead to the end of R3 

located in breadboard position N1-59: 

 

 

 

Switching to the higher range reduces the accuracy of the reading you can now receive. 

Instead of ohms, the reading will now be in K-ohms, so your display should be showing 

somewhere around 3.00 K-ohms. The actual reading will vary based on the exact 

values of the resistors in your circuit, so considering the 5% +/- tolerance rating of these 

resistors, your reading could be anywhere from 2.85 K-ohms up to 3.15 K-ohms. 

If you still cannot get a good reading for R1, R2, and R3 using the 20K-ohm range, 

confirm that your resistors are placed into the breadboard properly so R2 and R3 are 

connected in row 59. 
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Step #6 
Now that we’re done with resistance measurements, turn the selector dial on the 

multimeter back to the OFF position to avoid accidentally leaving the multimeter on, 

wasting battery power. This is a good habit to get into as it will save you from having a 

dead battery the next time you want to use your multimeter. 
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In this activity, you will connect a 3-volt power source to your circuit and use the 

multimeter to measure voltage levels at various points throughout the circuit. 

 

Step #1 
Insert two AA batteries into the battery holder from your Level A kit and connect its 

wires to the following locations: 

Battery positive – Red wire – P1-61 

Battery negative – Black wire – N1-61 

 

 

 

 

 

 

 

 

Note: 

Do not allow the wires from the battery box to touch once batteries are installed, as 

the resulting short circuit could cause damage to the battery holder or batteries.  
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Step #2 
With no switch in your resistor circuit, current will begin to flow through the circuit as 

soon as you connect the batteries. You can now measure the voltage level present at 

different components. 

Switch your multimeter into the voltage measurement range of 20 volts. The first 

component that you will measure is R3. Touch the black lead of the multimeter to N1-59 

end of R3 and the red lead to the leg in B59: 

 

 

 

You will measure approximately 1-volt at this location. This circuit is just like the circuit 

in Lesson B-9 where you learned about voltage dividers. Since all three resistors are the 

same value, then each of them will drop 1/3 of the input voltage. With an input voltage 

of 3-volts, each resistor will drop about 1-volt. You are currently measuring the voltage 

drop across R3 at about 1-volt. 
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Step #3 
It’s now time to measure the combined voltage drops across R2 and R3. 

Leave your black multimeter lead in its current location and move the red lead to the leg 

of R2 in E55: 

 

 

 

Each component is dropping about 1-volt, so your multimeter will now display 

approximately 2-volts, as this is the combined voltage drop of R2 and R3.  
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Step #4 
You will now measure the voltage drop across R1, R2, and R3. 

Leave your black multimeter lead in its current location and move the red lead to the leg 

of R1 in P1-55: 

 

 

 

Your multimeter will now display approximately 3-volts, as this is the combined voltage 

drop of R1, R2, and R3. This also happens to correspond with the total voltage coming 

from the battery pack. 

 

 

Step #5 
Carefully remove your test leads from the components in the circuit and switch your 

multimeter back to the OFF position. 
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In this activity, you will measure the current flowing through your test circuit made of 

three 1K-ohm resistors in series. 

 

Step #1 
In order to measure the current flowing through a point in a circuit, the circuit must be 

broken at that point, and the multimeter meter inserted as part of the circuit. The 

multimeter can then display the amount of current flowing through it as it completes the 

circuit. 

To break the circuit, we will move R1 away from row 55 where it’s currently connecting 

to R2. Remove R1 from the circuit and move it to the new location below: 

1K- Ohm resistor - R1 – Between P1-53 and A53 
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Step #2 
The last step in measuring current will be to complete the circuit using the leads of your 

multimeter. Here is a quick calculation of the amount of current we can expect to 

measure at this point in the circuit using Ohm’s Law: 

Current = Voltage / Resistance 

Current = 3 volts / 3000 ohms 

Current = 0.001 Amps or 1 milliamp 

We can expect to measure about 1mA of current in this circuit. Switch your multimeter 

to the current measurement range of 200mA. 

Touch the red multimeter lead to the leg of R1 in A53 and the black multimeter lead to 

the leg of R2 in E55: 

 

 

 

As soon as your multimeter completes the circuit, it will begin to display the amount of 

current flowing through that point in the circuit. You should see a value of right around 

1mA displayed on the multimeter. Since all of these components are connected in 

series, it does not matter where you measure the current. We could have broken the 

circuit between R1 and the positive battery connection, between R2 and R3, or between 

R3 and the negative battery connection. These points will all still have only 1mA of 

current flowing through them. 
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Step #3 
Now that all measurements have been taken let’s prepare the components for storage. 

Switch the multimeter to the OFF setting and remove the AA batteries from the battery 

holder. You can also remove R1, R2, and R3 from the breadboard as they will not be 

needed in the next lesson. 
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1. Should you leave the multimeter from your kit powered on all the time?  

 

2. Does it matter if a circuit is powered on when measuring resistance values? 

 

3. When checking two points for continuity, are you looking for very high resistance or 

very low resistance? 

 

 

 

 

 

 

 

 

 

 

 

Answers Can be Found on the Next Page  
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Answers 

1. Should you leave the multimeter from your kit powered on all the time?  

ANSWER: No, the dial on the multimeter should be switched back to the OFF 

position when you’re finished with measurements. This will ensure the longest life 

possible from the 9V battery inside. 

 

2. Does it matter if a circuit is powered on when measuring resistance values? 

ANSWER: Yes. A circuit or component should never be powered on when taking 

resistance measurements. Always make sure the circuit is powered off before taking 

resistance measurements to avoid possible damage to your multimeter or the 

components in the circuit. 

 

3. When checking two points for continuity, are you looking for very high 

resistance or very low resistance? 

ANSWER: Two point with very low resistance between them are considered to have 

continuity. If high resistance is found, then there is no continuity between those 

points. 
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LESSON D-11 
MOTOR PWM & CALIBRATION 

► Pulse Width Modulation (Lesson B-4) 

► Networking and Remote Access (Lesson C-1) 

► Driving Motors (Lesson D-10) 

❑ Windows PC or Chromebook to  

establish a remote connection with the 

Raspberry Pi  

❑ Assembled Robot from Lesson D-10  

❑ Wireless home network for 

connecting multiple devices 

  

Lesson Overview 

► Low Speed Motor Characteristics 

► Left & Right Motor Variability 

► PWM Control of DC Motors 

► Motor Drive IC Pinout 

 

Materials Needed 

Concepts to Review 
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LESSON D-11 
MOTOR PWM & CALIBRATION 

In the previous lesson, you connected the drive motors on your robot to the L293DNE 

motor drive IC and tested both motors in both directions. This test was conducted with 

the motors running at full speed, but there are often times when you might want the 

motors to run at lower speeds: 

• The robot is near an object. 

• The robot is trying to follow a line using its sensors. 

• The robot is turning too quickly to be easily controlled remotely. 

 

The input lines of the motor drive IC are digital, meaning they will only recognize high 

or low signals. This means that the only options for driving those inputs are high or low, 

which will result in the connected motor either being off or driving at full speed. Since 

the speed of the motor can’t be controlled by the motor input lines, the only way to 

control the speed is to use the enable lines of the motor drive IC. 
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PWM Control of DC Motors 

You may remember from previous lessons that a PWM signal allows you to rapidly turn 

a signal on and off. We previously used a PWM output to control the brightness of an 

LED. With standard high and low signals, the LED will either be on or off. Brightness 

values in between can be attained by rapidly turning the LED on and off. If this high/low 

switching is done fast enough, the LED will appear to be on, but dim. This brightness 

value can be adjusted by manipulating the duty cycle of the signal which can be 

adjusted to any value between 0%, or never high, to 100%, or always high. 

• A higher duty cycle means the signal is high more often, and the LED will be 

brighter. 

• A lower duty cycle means the signal is high less often, and the LED will not be as 

bright. 

 

These principles for controlling the brightness of an LED can be directly applied to 

speed control of a motor. By using a PWM signal to control the enable line of the motor 

drive IC, you can control how often that enable line will be high, which will control how 

often the enable line will allow the motors to drive. 
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Motor Drive IC Pinout 

Here is the pinout of the L293DNE motor drive IC as it will be used in our robot: 

 

GPIO12 will be controlling the enable line for the right motor, and GPIO13 will be 

controlling the enable line for the left motor. Sending out PWM signals from these 

GPIO pins on the Pi will allow the speed of each motor to be controlled independently. 

Pushing an enable line high will only cause a motor to move if one of the motor drive 

inputs to that channel is also high. Let’s say for example, the right motor drive lines on 

GPIO23 and GPIO24 are both low. You can drive GPIO12 high permanently, or 

intermittently using PWM, but the right motor will still never move.  The motor drive IC 

will pass the signals from GPIO23 and GPIO24 to the motors, but since both are low, 

the motor will not move. A high would also be required on either GPIO23 or GPIO24 in 

order to make that motor move: 

GPIO12 (Enable) GPIO23 GPIO24 Motor 

Low High Low No movement – Enable line is low 

Low Low High No movement – Enable line is low 

High High Low Fast movement 

High Low High Fast movement 

PWM High Low Speed controlled movement 

PWM Low High Speed controlled movement 
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Low Speed Motor Characteristics 

PWM control of the enable lines on the motor drive IC is a great way to control the 

speed of motors, and high speeds are no problem. As the value of the PWM signal 

approaches 100% duty cycle, the motor will just run faster and faster, until it’s running 

full speed. 

Caution must be exercised when reducing the PWM duty cycle value to levels that 

cause the motor to move too slowly, or not at all. Low speed operation is not exactly 

the same as high speed. A PWM duty cycle value of 99% will run the motor at almost 

full speed, or 100%. This is not the case for low speeds. At 0% duty cycle, the motor 

will be off. At 1% duty cycle, the motor will be turning on 1% of the time, which will not 

be enough to get the motor to move. Trying to drive the motor with a PWM duty cycle 

value that’s too low will cause a condition called a stall. 

A motor stall occurs when there is not enough current running through the motor 

windings to create movement. This stall condition can cause unwanted heat in the 

motor, motor drive IC, or associated wiring if allowed to continue too long. A stall can 

often be identified by a high-pitch whine coming from a motor when it should be 

moving. This is an indicator that the PWM duty cycle that you’re sending the motor is 

too low. 

The minimum PWM duty cycle value that can be used to drive a motor will be based on 

many variables: 

• Construction of the motor – Variables from one motor to another can affect the 

lowest speed that a motor can run at without stalling. 

• Gear ratio of the gearbox, if one is present – A gearbox will generally lessen the 

load on the motor, allowing the motor to turn at higher speeds, while the wheel/tire 

turns more slowly. 

• Size of the wheel/tire combination attached to the motor – Larger diameter wheel/

tire combinations will be more difficult for the motor to rotate. A larger the wheel/tire 

combination will cause the motor to stall more easily. 

• Voltage being supplied to the motor drive IC – It’s easier to stall a motor when the 

motor drive IC is being run by a lower voltage supply. A motor drive IC running on 5

-volts will cause motors to stall easier than one running at 9-volts or more. 
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• Resistance of the driving surface – A smooth driving surface like hardwood or 

concrete will allow for lower PWM values before stalling. Surfaces like carpet will 

cause more resistance for the robot to drive over and will require a higher PWM 

value to avoid stalling. 

• Weight of the robot – A light robot will be easier for the motors to propel, so lower 

PWM values can be used. As the robot increases in weight, driving the motors will 

require more force, so a higher PWM value will be required. 

With so many factors involved, the only way to figure out the minimum PWM duty cycle 

that can be used on your robot before stalling the motors is experimentation. Every 

robot and driving surface will be a little different.  

Left and Right Motor Variability 

In a perfect world, when commanded to drive straight, your robot would drive in a 

perfectly straight line. As we found in the last section, many variables will come into 

play when determining exactly how fast a motor will move. This is especially 

problematic when the enable lines of the motor drive IC are not controlled using PWM. 

Without PWM control, each motor will run as fast as possible when commanded. This 

could result in one motor running at 195 revolutions-per-minute (RPM), and the other 

motor running at 205 RPM. This may not sound like much, but that means that wheel 

will rotate 10 more times than the other over the course of a minute. Breaking that 

down even further, one of the wheels will make one extra revolution every 6 seconds. 

Even over short distances, this will result in a slow turn when the robot is supposed to 

be driving straight. 

PWM control of the left and right enable lines on the motor drive IC will allow you to 

“calibrate” the left and right motor speeds independently. If you command both motors 

to drive forward at a PWM value of 95% and the robot is turning slightly left, that means 

the right motor is driving a little faster than the left when using 95% PWM values. 

Slightly decreasing the PWM value of the right motor will slow down that motor and 

should cause the robot to drive more accurately in a straight line. Reducing the right 

motor PWM value too much could cause the robot to start turning to the right. Finding 

the right value might take a couple of attempts, but the driving accuracy that’s gained 

will be well worth the effort. 
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In the last lesson you confirmed that both motors would turn in both directions with the 

robot held above your work surface. This is a good test, but there could still be problems 

that exist with your motor wiring that could be causing reversed commands to the drive 

motors. In this activity, you will modify the program from Lesson D-10 to drive both 

motors in forward and then reverse to confirm the motors propel the robot in the 

expected direction when using the GPIO pin numbers below: 

 

High on GPIO Pin Motor Movement 

GPIO23 Right Motor Reverse 

GPIO24 Right Motor Forward 

GPIO19 Left Motor Forward 

GPIO26 Left Motor Reverse 

 

We will first be powering the robot using AC wall power to modify the program, and then 

switching to battery power for mobile testing once the program is complete. 

 

 

  

Note: 

The enable lines required for these motor movements have been omitted from this 

chart for clarity. 
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Step #1 
If the Pi is currently up and running, shut the Pi down before proceeding. 

Disconnect battery power input from the Pi by disconnecting the micro USB power 

connector. Connect the 5V wall power adapter to wall power and then to the micro USB 

power connection of the Pi. The Pi will power up and automatically connect to your WiFi 

network. 

 

 

Step #2 
Connect to the VNC server of the Raspberry Pi using a desktop computer or laptop 

connected to your WiFi network. Once connected, you should be viewing the Desktop of 

the Pi just as if you had a monitor, keyboard, and mouse connected directly to the Pi. 

Open the folder named robot on the Desktop and double-click on the file named 

motor_test.py to open the file in Thonny. 

 

 

Step #3 
Save a new copy of this program in Thonny by selecting File, and then Save As from 

the upper-left menu. Double-click on the robot folder in the displayed list of files to save 

your file in the same location as the original. Type motor_fwd_rev.py in for the file 

name and click on the OK button in the lower-right of the Thonny window. 

You will now be working in a new copy of the file so the original can be used again later, 

if needed. 
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Step #4 
The first modification will be to allow the function named drive_motor to allow for 

multiple arguments. The arguments that we will use will be pin1, pin2, and state: 

Pin1 – A pin to control 

Pin2 – A pin to control 

State – The desired state of high or low 

 

This will save quite a bit of code since we will be controlling multiple motor pins to drive 

the motors. Change the word pin after the function name to pin1, pin2, state: 

def drive_motor(pin): 

 

will become 

def drive_motor(pin1, pin2, state): 
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Step #5 
The next modification will be to replace the code the function will run when called. The 

new function behavior will be to change the high/low state of pin1 and pin2 to the 

state specified in the arguments when the function is called. Remove the current 

content from the drive_motor function and replace it with the following highlighted lines 

of code: 

def drive_motor(pin1, pin2, state): 
    GPIO.output(pin1, state) 
    GPIO.output(pin2, state) 
    time.sleep(1) 

 

This will cause pin1 and pin2 to pushed high or pulled low based on the value of the 

state argument, and then a 1 second delay will occur before returning to the main 

program. 
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Step #6 
It’s now time to modify the main program motor command to include the additional pin 

and state information that was added to the function. Here are the motor commands 

that will be used: 

1. The r_for and l_for pins will be pushed high to drive the robot forward. 

2. The r_for and l_for pins will be pulled low to stop the robot. 

3. The r_rev and l_rev pins will be pushed high to drive the robot in reverse. 

4. The r_rev and l_rev pins will be pulled low to stop the robot. 

 

Remove the existing drive_motor function calls and replace them with the highlighted 

lines of code below: 

    time.sleep(1) 
 
drive_motor(r_for, l_for, 1) 
drive_motor(r_for, l_for, 0) 
drive_motor(r_rev, l_rev, 1) 
drive_motor(r_rev, l_rev, 0) 
 
GPIO.cleanup() 
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The program is now fully modified, and all changes have been highlighted below: 

import RPi.GPIO as GPIO 
import time 
 
motors = [13,19,26,12,23,24] 
r_enable = 12 
r_for = 24 
r_rev = 23 
l_enable = 13 
l_for = 19 
l_rev = 26 
 
GPIO.setmode(GPIO.BCM) 
GPIO.setup(motors, GPIO.OUT) 
GPIO.output(motors, GPIO.LOW) 
 
GPIO.output(r_enable, 1) 
GPIO.output(l_enable, 1) 
 
def drive_motor(pin1, pin2, state): 
    GPIO.output(pin1, state) 
    GPIO.output(pin2, state) 
    time.sleep(1) 
 
drive_motor(r_for, l_for, 1) 
drive_motor(r_for, l_for, 0) 
drive_motor(r_rev, l_rev, 1) 
drive_motor(r_rev, l_rev, 0) 
 
GPIO.cleanup() 
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Step #7 
Save the program and shut down the Raspberry Pi. Save your program, exit Thonny, 

and shut down the Pi. Once the SD card activity LED is no longer flashing green, 

remove micro USB power cable from the Pi. 

Connect the micro USB power cable from the on-board 5V converter to the Pi. Next, 

connect the 9-volt battery pack to the 5V converter, powering up the robot. 

Caution – When running on power from the battery pack, the motors will be powered up 

and ready to move. Make sure that your robot is on the floor or in some location 

where driving off the edge of a desk or tabletop is not a possibility, as this could 

result in damage to the robot that cannot be easily repaired. 

Do not continue to run the robot if the red power LED on the Pi is flashing or turning off. 

Discontinue use of the robot immediately and charge or replace the batteries. Running 

the robot in a low battery pack could result in corruption or data loss on the SD card in 

the Pi. 
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Step #8 
Connect to the VNC server of the Raspberry Pi using a desktop computer or laptop 

connected to your WiFi network. Once connected, you should be viewing the Desktop of 

the Pi just as if you had a monitor, keyboard, and mouse connected directly to the Pi. 

Open the folder named robot on your Desktop and double-click on the program named 

motor_fwd_rev.py to open it in a new Thonny window. 

Ensure the area around the robot is clear of any obstacles and safe for driving. Run the 

program to confirm that the robot drives forward for one second, stops, reverses for one 

second, and stops. If the robot deviates from this expected behavior, power the robot 

down and check the list of possible wiring causes below: 

• Robot drives in reverse and then forward – Both motors have swapped 

connections, check connections of both motors from GPIO pin, through motor 

drive IC, and onto motor per wiring connections made in Lesson D-10. 

• Robot drives in circles instead of forward/reverse – One motor is reversed, 

determine which motor drives in reverse when program starts. Check wiring for 

this motor per Lesson D-10 and correct reversed wiring as needed  

 

Do not proceed to the next activity until running this program results in the robot driving 

forward and then backward. 
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In this activity you will modify the program from the last activity to include PWM control 

of the enable lines on the motor drive IC. This will enable independent speed control of 

the left and right motors. This program modification will be quick and can be done on 

battery power. 

 

Step #1 
If not already running from the last activity, power up the robot on battery power and 

connect to the onboard VNC server using another device on your network. 

Once at the Desktop, open the folder named robot and double-click on the file named 

motor_fwd_rev.py to open the file in Thonny. 

Save a new copy of this program in Thonny by selecting File, and then Save As from 

the upper-left menu. If needed, double-click on the robot folder in the displayed list of 

files to save your file in the same location as the original, which is inside the folder 

named /home/pi/Desktop/robot. Type motor_pwm.py in for the file name and click 

on the OK button in the lower-right of the Thonny window. 

You will now be working in a new copy of the file so the original can be used again later, 

if needed. 
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Step #2 
The first modification that will be made to this program will be to add variables that 

contain PWM values that will be used for the right and left motors. We will use the 

variable names r_speed and l_speed to store values of 99 for both motors as a starting 

point. Add these variables and their values to the list of variables at the beginning of the 

program: 

motors = [13,19,26,12,23,24] 
r_enable = 12 
r_for = 24 
r_rev = 23 
r_speed = 99 
l_enable = 13 
l_for = 19 
l_rev = 26 
l_speed = 99 
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Step #3 
The next modification will be to configure the PWM signals that will be used to drive the 

l_enable and r_enable pins. We will use the names l_pwm and r_pwm for the left and 

right PWM signals and we use 1000Hz for the frequency. Add the highlighted code 

below to the program just before the drive_motor function: 

GPIO.setmode(GPIO.BCM) 
GPIO.setup(motors, GPIO.OUT) 
GPIO.output(motors, GPIO.LOW) 
 
l_pwm = GPIO.PWM(l_enable, 1000) 
l_pwm.start(l_speed) 
r_pwm = GPIO.PWM(r_enable, 1000) 
r_pwm.start(r_speed) 
 
def drive_motor(pin1, pin2, state): 
    GPIO.output(pin1, state) 
    GPIO.output(pin2, state) 

 

This will configure and start the PWM signals on the left and right enable pins using the 

l_speed and r_speed duty cycle values that were specified in earlier in the program. 

 

 

Step #4 
The goal of this test is to see how straight the robot is driving, which may be a little 

difficult if the robot only drives for one second. Change the time.sleep value in the 

drive_motor function from 1 to 2 so you will be able to get a better view of how straight 

the robot is driving: 

def drive_motor(pin1, pin2, state): 
    GPIO.output(pin1, state) 
    GPIO.output(pin2, state) 
    time.sleep(2) 
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Step #5 
The program is now ready to drive the motors using PWM speed control values of 99 for 

both the left and right motors. In a perfect world, these equal values would cause the 

robot to drive perfectly straight, but as you learned in this lesson, many factors are 

working against these being the best values. 

Ensure the area around the robot is clear of any obstacles and safe for driving. Keep in 

mind that the robot will be driving twice as far as the first test since we doubled the 

time.sleep value in the drive_motor function. 

Run the program and monitor the robot’s accuracy when driving forward and then in 

reverse. Here are the ways to handle adjustments as needed: 

• The robot is driving straight – No adjustment is needed, proceed to the next step. 

• The robot is turning slightly to the left – This means the right motor is driving too 

quickly. Substitute a slightly lower number for the value of r_speed and run the 

test again. Keep adjusting this value until the robot is driving straight. 

• The robot is turning slightly to the right – This means the left motor is driving too 

quickly. Substitute a slightly lower number for the value of l_speed and run the 

test again. Keep adjusting this value until the robot is driving straight. 
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Step #6 
Now that the robot is driving straight using your PWM values, make note of these values 

as they will be useful for future programs that you will create that use PWM speed 

control of the left and right motors on your robot. 

Since the PWM speed control test and calibration is now complete, power off the 

Raspberry Pi. Once the SD card activity LED has stopped flashing, disconnect the 

battery pack from the Voltage Regulator Module to fully remove power from the robot. 
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1. Will a robot always have perfectly matched left and right drive motors that will allow 

the drive in a straight line, or will PWM speed control of the motor enable lines be 

needed to fine-tune driving accuracy?  

 

2. What might cause a drive motor to emit a high-pitch sound and not rotate? 

 

3. If your robot is turning slightly to the right when driving forward, should the left or 

right motor speed be lowered? 

 

 

 

 

 

 

 

 

 

Answers Can be Found on the Next Page 
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Answers 

1. Will a robot always have perfectly matched left and right drive motors that will 

allow the drive in a straight line, or will PWM speed control of the motor enable 

lines be needed to fine-tune driving accuracy?  

ANSWER: PWM motor speed control will almost always be required to calibrate a 

robot for straight driving due to the number of factors that can cause drive 

inconsistencies between the left and right sides. 

 

2. What might cause a drive motor to emit a high-pitch sound and not rotate? 

ANSWER: The high-pitch sound and lack of rotation indicate a stall condition. This is 

often caused by a PWM duty cycle that’s too low, and a higher value should be used 

to ensure a stall condition is avoided. 

 

3. If your robot is turning slightly to the right when driving forward, should the 

left or right motor speed be lowered? 

ANSWER: A slight right turn when driving forward indicates that the left motor is 

turning faster than the right. The left motor speed should be lowered to allow for 

better straight driving performance from the robot. 
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LESSON D-16 
CONTROLLING ROBOT MOTION WITH A WEB PAGE 

► Networking and Remote Access (Lesson C-1) 

► Command Line Programs (Lesson C-5) 

► Web Page Control (Lesson C-16) 

► Driving Motors (Lesson D-10) 

❑ A computer or laptop with VNC client 

installed for accessing the Pi remotely  

❑ Assembled Robot from Lesson D-11  

❑ Wireless network for connecting 

multiple WiFi devices 

  

Lesson Overview 

► Javascript OnPointerUp Events 

 ► Button Functionality 

► CGI Script  

► Div Tags 

 

Materials Needed 

Concepts to Review 
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LESSON D-16 
CONTROLLING ROBOT MOTION WITH A WEB PAGE 

There are many ways that a robot’s motion can be controlled, like a joystick, 

pushbutton switches, or keyboard input. Another option for controlling a robot is to use 

a web page hosted locally on the robot. 

In this lesson, you will create a web page to control the motion of your robot. This web 

page will be hosted by the Apache server that was installed as part of the RPi Cam 

Web Interface software that was used to stream camera video to a web page in Level 

C. The web page will be used to trigger multiple CGI scripts that will control the left and 

right motors and their speed. The steps used to accomplish this task will be similar to 

those in Lesson C-16 where you learned to control the color of an RGB LED with a 

web page. There will be some review in this lesson related to concepts covered in that 

previous lesson. 

Web Page Overview 

The web page that we will create will use the HTML scripting language. Images of 

direction arrows will be downloaded from our GitHub repository and they will be used to 

create buttons on the page. When any of these buttons is clicked, a CGI script will be 

called that will drive the motors in the appropriate direction for that button. 

Here is a table that lists the locations of some of the files that will be used for the web 

page: 

 

Any HTML files located in the /var/www directory will be hosted by the Apache server 

on the Pi and can be accessed by using the IP address of the Pi.  

Element Path Purpose 

Web Root /var/www Holds files and folders for generating web pages 

CGI Scripts /usr/lib/cgi-bin Location for CGI scripts for web pages 
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CGI Script Review 

CGI scripts will be used to run WiringPi commands that will adjust PWM motor speeds 

and drive the motors as required for forward, reverse, left, and right turns. To change 

the mode of a pin to an output, PWM, or back to an input we will use: 

 
 

We can use the following command to drive the pin high or low once it’s configured as 

an output: 

 
 

For PWM pins that need to have the duty cycle adjusted to control motor speed, we 

can use the following: 

 
 

For more information and examples on each of these commands, you can refer back to 

the section titled Controlling GPIO Pins with WiringPi in Lesson C-5. 

You may remember that newly created CGI scripts won’t be executable. They will need 

to be made executable by running the chmod command on the file to add the +x 

attribute: 

 
 

gpio -g mode pin_number new_mode 

gpio -g write pin_number 0_or_1 

gpio -g pwm pin_number duty_cycle 

sudo chmod +x /usr/lib/cgi-bin/forward.cgi 

Lesson D-16 – Controlling Robot Motion with a Web Page Page 369

SAMPLE



 

 

If you’re already in the directory containing the CGI script you would like to modify then 

you can remove the path from the filename: 

 

 

This method will be used to make any CGI scripts that we create throughout this lesson 

executable. 

sudo chmod +x filename.cgi 
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Web Page Elements 

The web page that we will build for controlling the robot will be very similar to the RGB 

LED control page that you built previously. There are a few new concepts you haven’t 

seen before that will be used to build this page. These new concepts are HTML div 

containers and javascript onpointerup functionality. 

Div Tags 

The RGB LED control page that you built previously used a series of links down the left 

side of the page. This left-justified formatting is the default display method used for web 

pages so it’s very easy to create this type of page with very little code. 

However, this layout doesn’t work well for 

everything. We will be using five buttons for 

controlling the robot and this is how they would 

look if stacked down the left side of the page. 

 

 

 

 

 

 

This layout will technically work, but it could be 

made a lot more user friendly by arranging the 

buttons more logically based on their direction. 
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This can be done by enclosing the heading and buttons in div tags. Div tags will create 

a division or section of the page that can apply styling to any elements inside the div. 

This div styling can be used for many things, but the example above applies a style 

called text-align:center to center everything inside the div. 

The HTML code to accomplish this layout will look something like this: 

 
 

The open div tag is used to set the alignment style for any elements in the div 

container. This will apply to the Robot Controls heading and all of the button images 

below. 

The heading will be displayed on its own line. Next the forward image button will be 

displayed, and a break tag is used to create a new line. The left, stop, and right button 

images are centered together on the next line, and a break tag is again used to create 

a new line. The reverse button image is displayed and the closing div tag is used to 

close the div container. 

The break tags must be used to create new lines, or else all of the button images 

would be centered below the heading on the same line. 

  <body> 
    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
      <img src="/forward.jpg"> 
      <br> 
      <img src="/left.jpg"> 
      <img src="/stop.jpg"> 
      <img src="/right.jpg"> 
      <br> 
      <img src="/reverse.jpg"> 
    </div> 
  </body> 
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Javascript OnPointerUp Events 

In the previous RGB LED control program, we only used the JavaScript event named 

onpointerdown that called a function when a link was clicked. This worked to change 

the color of the LED as soon as the link was clicked. 

With the direction controls for the robot, it will also be helpful to assign another event to 

each button that will call a function when the button is released. This will allow you to 

click and hold down on a button to keep going that direction and release the click when 

you would like to stop the robot. This will be accomplished by assigning both an 

onpointerdown event and an onpointerup event to the button: 

 
 

This button will have the following characteristics: 

• The file named forward.jpg will be used as the image for the button. 

• The function named fwd() will be called when the button is pressed. 

• The function named stop() will be called when the button is released. 

 

The functions named fwd() and stop() referenced by this button will need to be 

created earlier in the program to call the appropriate CGI scripts to control motor 

movements. 

<img src="/forward.jpg" onpointerdown="fwd()" onpointerup="stop()"> 
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Button Functionality Overview 

You may remember from previous lessons related to WiringPi, that GPIO pins are 

inputs by default. They must be configured as outputs or PWM before they can be 

used as either an output that will be driven high and low, or as a PWM output. The 

following GPIO pins will need to be configured before they can be used to drive the 

robot: 

• Right Motor 

• Enable – GPIO12 - PWM for speed control 

• Forward – GPIO24 - Output for high/low drive 

• Reverse – GPIO23 - Output for high/low drive 

 

• Left Motor 

• Enable – GPIO13 – PWM for speed control 

• Forward – GPIO19 - Output for high/low drive 

• Reverse – GPIO26 - Output for high/low drive 

 

This web page will have CGI files for forward, reverse, left, right, and stop that could be 

used to configure these pins. We could include the pin configuration code in each file, 

but that will add 6 lines of code to each file in addition to the lines required for driving 

the motors. 

The direction arrow buttons will be configured to run the stop() function whenever 

they are released, calling the stop.cgi script. We can save some code in the direction 

CGI files by only including the pin setup information in the stop.cgi file. The pins will 

be configured every time the Stop button is pressed or any of the direction buttons are 

released. This means that there will be two ways to get the GPIO pins configured when 

you first open the web page: 

• Press the Stop button and the pins will be configured and ready to drive the robot. 

• Press and release a direction button. The first press will be ignored since the pins 

are not yet configured, but the release will run the stop.cgi script that will 

configure the pins. Subsequent presses of any direction buttons will result in 

movement of the robot. 
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In this activity you will download the arrow and stop button images from our GitHub 

repository so they can be used later to build the web page. 

 

Step #1 
Since this program will take a little while to build, there is no reason to run the robot on 

batteries throughout the build process. Disconnect battery power input from the Pi by 

disconnecting the micro USB power connector. Connect the 5V wall power adapter to 

wall power and then to the micro USB power connection of the Pi. The Pi will power up 

and automatically connect to your WiFi network. 

 

 

Step #2 
Connect to the VNC server of the Raspberry Pi using a desktop computer or laptop 

connected to your WiFi network. Once connected, you should be viewing the Desktop of 

the Pi just as if you had a monitor, keyboard, and mouse connected directly to the Pi. 
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Step #3 
Open a Terminal window by clicking on the Terminal icon in the upper-left menu bar. 

Run the following command to change into the /var/www directory that’s used to hold 

files and folders hosted by the Apache web server: 

cd /var/www 

 

 

Step #4 
You will now be located in the /var/www directory. Let’s make a new folder called 

images that will hold the button images that we will use to build the web page later in 

this lesson. 

Run the following command to create this folder: 

sudo mkdir images  

 

Your pi user will not have write privileges for this new directory by default. Run the 

command below to change the owner and group for the new folder to pi and www-data: 

sudo chown pi:www-data images 

 

Now that the images directory has been created, and you have changed ownership to 

give yourself write permissions, use the following command to move into the new 

directory: 

cd images 
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Step #5 
Since you’re now located in the images folder, download the .zip file containing the 

arrow and stop button images by running the following command: 

curl 
https://raw.githubusercontent.com/42electronics/level_d/master/lesson_16/arrow_images.
zip > arrow_images.zip 
 
This is a very long command that cannot be displayed on one line above, but it should 
be run as one command in your CLI. 

 

 

Step #6 
The .zip file contains button images for forward, reverse, left, right, stop, hello, and 

good-bye. Unzip the image files by running this command: 

unzip arrow_images.zip 
 
 
The button images will be inflated from the .zip file and stored in your current directory 
which is /var/www/images. 
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Step #7 
Use the ls command to list all of the files on your current directory to verify the images 

were unzipped properly. The output should look list the .zip file and seven unzipped 

images: 

 

 

 

If the output from your ls command does not match the image above, go back to Step 

#6 and attempt to unzip the file again. If that does not help, repeat Steps #5 and #6 to 

download a new copy of the .zip file, and attempt the unzip process again. Verify your 

file listing matches the image above before proceeding to the next activity. 
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In this activity you will build the CGI scripts that will be used for configuring and driving 

the GPIO pins that will control the speed and direction of the motors. 

 

Step #1 
The CGI scripts for the web page that we’re building will be located in the 

/usr/lib/cgi-bin directory. Using the Terminal window from the previous activity, run 

the following command to move into the /usr/lib/cgi-bin directory: 

cd /usr/lib/cgi-bin 

 

 

Step #2 
The stop.cgi script will be the most complicated, so we’ll start there. This script will 

perform the following actions: 

• Establish the scripting language used in the file as bash 

• Configure motor forward and reverse drive pins as outputs 

• Configure motor enable pins as PWM outputs 

• Pull all forward and reverse pins low to stop robot motion 

• Return a Status 204 message to the Apache web server 

 

Create and open a new file named stop.cgi by running the following command: 

sudo nano stop.cgi 

 

The new file will now be open in the Nano file editor. Add the content below to the 

stop.cgi file: 
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#!/bin/bash 
 
#motor fwd/rev as outputs 
gpio -g mode 19 out 
gpio -g mode 26 out 
gpio -g mode 23 out 
gpio -g mode 24 out 
 
#motor enable as pwm 
gpio -g mode 12 pwm 
gpio -g mode 13 pwm 
 
#motor fwd/rev all low to stop 
gpio -g write 19 0 
gpio -g write 26 0 
gpio -g write 23 0 
gpio -g write 24 0 
 
echo "Status: 204 No Content" 
echo "Content-type: text/plain" 
echo "" 

 

If you’re unclear on why the /bin/bash or echo lines above are being used, please 

refer back to the section titled Creating and Running CGI Scripts in Lesson C-16. 

Use the CTRL-X keyboard shortcut to exit the file, press y to save changes, and press 

the Enter key to confirm the filename that will be written. 
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Step #3 
The fwd.cgi script will set the PWM speed of both motors to 1000 and drive both 

motors forward. 

Create and open a new file named fwd.cgi by running the following command: 

sudo nano fwd.cgi 

 

The new file will now be open in the Nano file editor. Add the content below to the 

fwd.cgi file: 

#!/bin/bash 
 
#right motor speed 
gpio -g pwm 12 1000 
 
#left motor speed 
gpio -g pwm 13 1000  
 
#right motor forward 
gpio -g write 24 1 
 
#left motor forward 
gpio -g write 19 1 
 
echo "Status: 204 No Content" 
echo "Content-type: text/plain" 
echo "" 
 
 
Use the CTRL-X keyboard shortcut to exit the file, press y to save changes, and press 

the Enter key to confirm the filename that will be written. 
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Step #4 
The rev.cgi script will set the PWM speed of both motors to 1000 and drive both 

motors in reverse. 

Create and open a new file named rev.cgi by running the following command: 

sudo nano rev.cgi 

 

The new file will now be open in the Nano file editor. Add the content below to the 

rev.cgi file: 

#!/bin/bash 
 
#right motor speed 
gpio -g pwm 12 1000 
 
#left motor speed 
gpio -g pwm 13 1000 
 
#right motor reverse 
gpio -g write 23 1 
 
#left motor reverse 
gpio -g write 26 1 
 
echo "Status: 204 No Content" 
echo "Content-type: text/plain" 
echo "" 
 
 
Use the CTRL-X keyboard shortcut to exit the file, press y to save changes, and press 

the Enter key to confirm the filename that will be written. 
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Step #5 
The left.cgi script will set the PWM speed of both motors to 850, drive the right motor 

forward, and the left motor in reverse. 

Create and open a new file named left.cgi by running the following command: 

sudo nano left.cgi 

 

The new file will now be open in the Nano file editor. Add the content below to the 

left.cgi file: 

#!/bin/bash 
 
#right motor speed 
gpio -g pwm 12 850 
 
#left motor speed 
gpio -g pwm 13 850 
 
#right motor forward 
gpio -g write 24 1 
 
#left motor reverse 
gpio -g write 26 1 
 
echo "Status: 204 No Content" 
echo "Content-type: text/plain" 
echo "" 
 
Use the CTRL-X keyboard shortcut to exit the file, press y to save changes, and press 

the Enter key to confirm the filename that will be written. 
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Step #6 
The right.cgi script will set the PWM speed of both motors to 850, drive the right 

motor in reverse, and the left motor forward. 

Create and open a new file named right.cgi by running the following command: 

sudo nano right.cgi 

 

The new file will now be open in the Nano file editor. Add the content below to the 

right.cgi file: 

#!/bin/bash 
 
#right motor speed 
gpio -g pwm 12 850 
 
#left motor speed 
gpio -g pwm 13 850 
 
#right motor reverse 
gpio -g write 23 1 
 
#left motor forward 
gpio -g write 19 1 
 
echo "Status: 204 No Content" 
echo "Content-type: text/plain" 
echo "" 
 
 
Use the CTRL-X keyboard shortcut to exit the file, press y to save changes, and press 

the Enter key to confirm the filename that will be written. 
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Step #7 
Use the ls command to confirm that stop.cgi, fwd.cgi, rev.cgi, left.cgi, and 

right.cgi are present in this folder. There will also likely still be other CGI scripts 

present from your work in Lesson C-16 when controlling the RGB LED. 

At this point, the CGI scripts for this project have been created but the web server will 

not have execute permissions for the files. Add execute permissions to all files in that 

directory by running the following command: 

sudo chmod +x *.cgi 

 

The * will make the command apply to any file ending in .cgi in your current working 

directory. This will add execute permissions to any files that are not yet executable but 

will not affect the .cgi files from your previous project since they were already 

executable. 

Leave this Terminal window open as it will be used in the next activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lesson D-16 – Controlling Robot Motion with a Web Page Page 385

SAMPLE



 

In this activity you will build the web page that will use the button images from Activity 

#1 and the CGI scripts you created in Activity #2. The finished web page will allow you 

to control the movement of the robot by clicking the arrow buttons on the web page. 

 

Step #1 
The web page will be located in a new directory named /var/www/robot_control. 

Run the command below to move into the /var/www directory: 

cd /var/www/ 

 

Next, create the directory named robot_control using the command below: 

sudo mkdir robot_control 

 

Run the command below to move from your current directory into the 

/var/www/robot_control directory: 

cd robot_control 

 

Now that you’re in the robot_control directory, create and open a new web page file 

named index.html using the following command: 

sudo nano index.html 

 

The new file will now be open in the Nano file editor. 
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Step #2 
This web page will follow much of the same format as the RGB LED page that you 

created previously.  If you’re unsure about any commands or HTML tags that are used 

in this and upcoming steps, please refer back to Lesson C-16. 

The first step in building the web page will be creating the html, head, and body tags for 

the page. Add the following tags to the index.html file: 

<html> 
  <head> 
 
  </head> 
  <body> 
     
  </body> 
</html> 

 

Make sure to use the forward-slash character to start the closing tag for each section. 

Using indentation and carriage returns to make your file match the code above will 

make it easier to add more code to the proper section later. 
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Step #3 
The web page now has the html, head, and body sections, but they are currently 

empty. In this step, we will add the script information to the head section. This script 

section will do the following: 

• Specify the script language as Javascript 

• Create a function named fwd() that will call /cgi-bin/fwd.cgi 

• Create a function named rev() that will call /cgi-bin/rev.cgi 

• Create a function named right() that will call /cgi-bin/right.cgi 

• Create a function named left() that will call /cgi-bin/left.cgi 

• Create a function named stop() that will call /cgi-bin/stop.cgi 

 

Add the following highlighted block of code to your program between the head tags: 

<html> 
  <head> 
    <script Language="Javascript"> 
      function fwd() 
        {document.location="/cgi-bin/fwd.cgi";} 
      function rev() 
        {document.location="/cgi-bin/rev.cgi";} 
      function right() 
        {document.location="/cgi-bin/right.cgi";} 
      function left() 
        {document.location="/cgi-bin/left.cgi";} 
      function stop() 
        {document.location="/cgi-bin/stop.cgi";} 
    </script> 
  </head> 
  <body> 

 

Ensure all the curly braces, quotation marks, and semicolons match the code above 

exactly or the functions will not execute the CGI scripts properly when called. 
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Step #4 
The head section is now complete and it’s time to build the body section of the page. 

We will start by adding a div that will center-align all of its contents and a heading 

that will display Robot Controls in the h1 font size. 

Add the following highlighted block of code to your program between the body tags: 

    </script> 
  </head> 
  <body> 
    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
 
    </div> 
  </body> 
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Step #5 
The div is now ready for the buttons. This is how the buttons will be arranged with their 

image file names, onpointerdown, and onpointerup behavior: 

Row Image File Onpointerdown Event Onpointerup Event 

1 /images/forward.jpg fwd() stop() 

2 / images/left.jpg rev() stop() 

2 / images/stop.jpg stop() stop() 

2 / images/right.jpg right() stop() 

3 / images/reverse.jpg rev() stop() 

 

Add the following highlighted block of code to your program between the heading and 

the closing div tag: 

    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
      <img src="/images/forward.jpg" onpointerdown="fwd()" onpointerup="stop()"> 
      <br> 
      <img src="/images/left.jpg" onpointerdown="left()" onpointerup="stop()"> 
      <img src="/images/stop.jpg" onpointerdown="stop(event)" onpointerup="stop()"> 
      <img src="/images/right.jpg" onpointerdown="right()" onpointerup="stop()"> 
      <br> 
      <img src="/images/reverse.jpg" onpointerdown="rev()" onpointerup="stop()"> 
    </div> 
  </body> 
</html> 

 

Be sure to include the <br> tags to add new lines for the second and third rows of 

buttons. Without break tags, all the buttons would be displayed from left to right on the 

same line. 
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Step #6 
The web page is now complete. Use the CTRL-X keyboard shortcut to exit the file, 

press y to save changes, and press the Enter key to confirm the filename that will be 

written. 

This page is now ready to use for controlling the movement of your robot from over the 

network. Before switching the Pi away from AC wall power, let’s test the web page and 

CGI scripts to make sure they behave as expected. Using the web browser on another 

device on your home network, point the browser to the IP address of your Raspberry Pi, 

followed by /robot_control. Since the web page in this folder is named index.html, 

Apache will automatically load that file when this directory is requested. 

If your Raspberry Pi is currently at IP address 192.168.1.100, then the full address to 
access this page would be: 

192.168.1.100/robot_control 

 

Once the web page is open, the heading and button layout should appear like this: 

 

 

 

Click on each of the buttons to verify that no CGI or web page errors are displayed. The 

motors will not drive but the CGI scripts will still be running. 

Here is a list of problems you might encounter and how to troubleshoot each of them: 

• Page is not found – Verify that the IP address of the Pi is correct. Also verify the 

web page is named index.html and is located in the /var/www/robot_control 

folder. 

• Page loads but layout is wrong – Double-check the contents of the div in your 

page. This code is responsible for the layout of the page, so missing elements or 

characters could break the formatting of the page. 
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• Internal server error when clicking a button – The web server does not have 

permission to run the CGI script associated with that button. Navigate back to 

/usr/lib/cgi-bin and use Step #6 of Activity #2 to make all scripts in that 

directory are executable. 

 

Here is the full code of the web page in case you need to do any further 

troubleshooting: 

<html> 
  <head> 
    <script Language="Javascript"> 
      function fwd() 
        {document.location="/cgi-bin/fwd.cgi";} 
      function rev() 
        {document.location="/cgi-bin/rev.cgi";} 
      function right() 
        {document.location="/cgi-bin/right.cgi";} 
      function left() 
        {document.location="/cgi-bin/left.cgi";} 
      function stop() 
        {document.location="/cgi-bin/stop.cgi";} 
    </script> 
  </head> 
  <body> 
    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
      <img src="/images/forward.jpg" onpointerdown="fwd()" onpointerup="stop()"> 
      <br> 
      <img src="/images/left.jpg" onpointerdown="left()" onpointerup="stop()"> 
      <img src="/images/stop.jpg" onpointerdown="stop()" onpointerup="stop()"> 
      <img src="/images/right.jpg" onpointerdown="right()" onpointerup="stop()"> 
      <br> 
      <img src="/images/reverse.jpg" onpointerdown="rev()" onpointerup="stop()"> 
    </div> 
  </body> 
</html> 

 

Do not proceed to the next step until your web page is loading, the button layout is 

correct, and the buttons do not generate errors when clicked or released. 
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Step #7 
It’s now time to drive the robot motors using battery power, so the robot must be 

switched from AC wall power over to battery power. Use your VNC connection to the Pi  

to complete a proper shutdown to avoid any data loss. Once the SD card activity LED is 

no longer flashing green, remove the micro USB power cable from the Pi. 

Connect the micro USB power cable from the on-board 5V converter to the Pi. Next, 

connect the 9-volt battery pack to the 5V converter, powering up the robot. 

Caution – When running on power from the battery pack, the motors will be powered up 

and ready to move. Make sure that your robot is on the floor or in some location 

where driving off the edge of a desk or tabletop is not a possibility, as this could 

result in damage to the robot that cannot be easily repaired. 

 

 

Step #8 
As soon as the Pi is done booting up, the robot_control web page will be available. 

Using the web browser on another device on your home network, point the browser to 

the IP address of your Raspberry Pi, followed by /robot_control. 

Click and hold each direction button to determine if each button behaves as expected: 

• Clicking on a button should make the robot drive in that direction. 

• Holding down a button should make the robot continue in that direction. 

• Releasing a button should make the robot stop. 

 

If the robot does not move in the expected direction when a button is pressed, then you 

should check the following: 

• Check web page code to ensure proper function names are being called by that 

button and that function names are calling the correct CGI script. 

• Make sure associated CGI script in /usr/lib/cgi-bin is performing the correct 

motor drive operations for moving in that direction. For example, fwd.cgi should 

be driving the forward lines on both motors high. If not, the robot will not drive 

forward when fwd.cgi runs. Also, double-check that PWM code is present in 

problematic CGI files. No PWM signal means that a motor will not be enabled, 

and it will not move. 
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Step #9 
We used PWM values of 1000 for the forward and reverse CGI files. Your robot may not 

be driving perfectly straight in forward or reverse, so the PWM motor values in fwd.cgi 

and rev.cgi may need to be adjusted. Adjust the values as needed to correct slight 

turns: 

• Turning slightly left – Right motor is driving too fast. Use smaller value for right 

motor speed. 

• Turning slightly right – Left motor is driving too fast. Use smaller value for left 

motor speed. 

 

We used PWM values of 850 for the left and right CGI files. Your robot may be turning 

to quickly or slowly with these values, so the PWM motor values in left.cgi and 

right.cgi may need to be adjusted. Adjust the values as needed to obtain a good 

speed for turns: 

• Turning too quickly – PWM value is too high. Try using a lower PWM value for 

the left and right motors. 

• Turning too slowly – PWM value is too low. Try using a higher PWM value for the 

left and right motors. 

 

 

Step #10 
When you’re done driving the robot using the web page, make sure to properly shut 

down the Raspberry Pi using your VNC connection and disconnect the battery pack to 

avoid unnecessarily draining the batteries. Do not continue to run the robot if the red 

power LED on the Pi is flashing or turning off. Discontinue use of the robot immediately 

and charge or replace the batteries. Running the robot in a low battery pack could result 

in corruption or data loss on the SD card in the Pi. 
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1. What is the name of the event that’s used to assign behavior to the release of a 

clicked button?  

 

2. Will the heading below be left justified, centered, or right justified in the div container 

below? 

    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
    </div> 

 

 

3. What tag is used to separate the  button images in the web page from Activity #3 

into three rows so they can be displayed in a direction-friendly layout? 

 

 

 

 

 

 

 

 

Answers Can be Found on the Next Page  
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Answers 

1. What is the name of the JavaScript event that’s used to assign behavior to the 

release of a clicked button?  

ANSWER: The onpointerup event can be used to assign an action that will be 

performed when a button is released. 

 

2. Will the heading below be left justified, centered, or right justified in the div 

container below? 

    <div style="text-align:center"> 
      <h1>Robot Controls</h1> 
    </div> 

ANSWER: The heading displaying Robot Controls will be centered in the div 

container. The style of text-align:center will be applied to all elements within the 

div. 

 

3. What tag is used to separate the  button images in the web page from Activity 

#3 into three rows so they can be displayed in a direction-friendly layout? 

ANSWER: The break tag or <br> is used to create new lines for the button images: 

      <img src="/images/forward.jpg" onpointerdown="fwd()" onpointerup="stop()"> 
      <br> 
      <img src="/images/left.jpg" onpointerdown="left()" onpointerup="stop()"> 
      <img src="/images/stop.jpg" onpointerdown="stop(event)" onpointerup="stop()"> 
      <img src="/images/right.jpg" onpointerdown="right()" onpointerup="stop()"> 
      <br> 
      <img src="/images/reverse.jpg" onpointerdown="rev()" onpointerup="stop()"> 
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42 ELECTRONICS 

INTRO TO ROBOTICS LEVEL D 

Scope and Sequence 

 

Lesson 1 

 

Data Protection and Recovery 

• How Data is Stored 

o Causes of Data Corruption 

• Protecting Against Data Loss 

o USB Drive Backups 

o Full SD Card Image Backups 

• Recovery Options 

o Pulling Data from a Corrupted SD Card 

o SD Card Characteristics and Software 

• Recovery Options Summary 

• Activities: 

o Activity #1: Backing Up Files Using USB 

o Activity #2: Creating a Backup Image of Your SD Card 

o Activity #3: Restoring an Image to An SD Card (optional) 
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Lesson 2 

 

Using a Multimeter 

• Multimeter Functions 

• Multimeter Hardware 

• Measuring Voltage 

• Measuring Resistance 

• Measuring Current 

• Activities: 

o Activity #1: Installing the Battery 

o Activity #2: Measuring Resistance Values 

o Activity #3: Measuring Voltage Values 

o Activity #4: Measuring Current in a Circuit 

 

Lesson 3 

 

Building the Robot Chassis 

• Hardware Considerations 

o Handling the Robot 

• Activities: 

o Activity #1: Assembling the Robot Chassis, wheels, motor mounts, and 

motors 
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Lesson 4 

 

Adding the Pi and Camera to the Robot 

• Networking Considerations 

o Connections to the Raspberry Pi 

o VNC Security 

• Working with Mechanical Hardware 

o Camera Handling Considerations 

• Activities: 

o Activity #1: Preparing the Raspberry Pi 

o Activity #2: Mounting the Raspberry Pi 

o Activity #3: Attach the Camera to the Chassis 

o Activity #4: Testing the Pi and Camera 

 

Lesson 5 

 

Level Shifting for Sensor Outputs 

• Overview of the Components 

o The Importance of Correct Wiring 

o Level-Shifting IC 

o Sensor Connections 

o Testing the Level Shifter 

• Activities: 

o Activity #1: Adding and Connecting the 74LVC245 

o Activity #2: Building the Test Program 

o Activity #3: Testing Each Channel of the Level Shifter 
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Lesson 6 

 

Adding the Infrared Sensors 

• Line Following Sensors 

• Obstacle Sensors 

• Sensor Pin Numbering 

• Robot Orientation 

• Activities: 

o Activity #1: Mounting the Sensors 

o Activity #2: Wiring the Line and Obstacle Sensors 

o Activity #3: Testing the Sensor Inputs 

 

Lesson 7 

 

Mounting and Testing the Ultrasonic Range Sensor 

• Ultrasonic Sensor Wiring 

• Ultrasonic Plate Mounting 

• Activities: 

o Activity #1: Adding the Ultrasonic Range Sensor 

o Activity #2: Testing and Calibrating the Sensor 
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Lesson 8 

 

Adding the Audio Amplifier and Speaker 

• Audio Wiring System 

• Audio Commands 

• Methods of Triggering Audio Playback 

• Speaker Noise Issues 

• Activities: 

o Activity #1: Installing the Speaker and Amplifier 

o Activity #2: Testing the Audio System 

o Activity #3: Recording Audio Files 

 

Lesson 9 

 

The Mobile Power System 

• Batteries 

o Energy Capacity 

o Batteries Connected in Series 

o Batteries Connected in Parallel 

o Batteries Connected in Series/Parallel 

• Power Conversion 

• Safety and Precautions 

• Activities: 

o Activity #1: Mounting the Hardware 

o Activity #2: Testing the Power System 
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Lesson 10 

 

Driving Motors 

• DC Motors 

o Driving a Bidirectional Motor 

o Controlling Back-EMF with Diodes 

• The Motor Drive IC 

o Heat Warning 

o Enable Lines 

• Activities: 

o Activity #1: Adding the Motor Drive IC 

o Activity #2: Quick Motor Test 

 

Lesson 11  

 

Motor Pulse Width Modulation (PWM) and Calibration 

• PWM Control of DC Motors 

o Motor Drive IC Pinout 

o Low Speed Motor Characteristics 

o Left and Right Motor Variability 

• Activities: 

o Activity #1: Motor Direction Test 

o Activity #2: Add PWM Drive Control to Motors 
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Lesson 12 

 

Project Planning and Documentation 

• Determine Scope of the Project 

• Hardware Planning 

• Document Expected Software Functionality 

• Solving Problems 

• Preserving Documents and Files 

• Activities: 

o Activity #1: Create Wedge Map for Robot 

o Activity #2: Create Block Diagram of Infrared Sensors 

 

Lesson 13 

 

Line Following 

• Line Following Fundamentals 

o Creating the Course 

o Line Sensing Behavior 

o Line Sensor Positioning 

o Speed and Motor Drive Characteristics 

o Troubleshooting Your Line Following Robot 

o Safe Operation of the Robot 

• Activities: 

o Activity #1: Building the Line Following Program 

o Activity #2: Building the Line Following Path 

o Activity #3: Testing the Line Following Program 
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Lesson 14  

 

Obstacle Avoidance 

• Characteristics of Each Sensor 

o The Ultrasonic Range Sensor 

o The Infrared Obstacle Sensor 

o Sensor Positions 

• Speed and Turning 

o Tuning the Robot’s Actions 

• Overview of the Program (Code) 

o Motor Functions 

• Activities: 

o Activity #1: Building the Program 

o Activity #2: Testing and Tuning the Robot 

 

Lesson 15 

 

Keyboard Control of the Robot 

• Keyboard Input Considerations 

o Keyboard Focus 

o Keypress Hold Behavior 

o Keypress Repeat Rate 

• Programming Movement Behavior 

o Motor Speed and Movement 

o Tkinter Keybinding 

• Activities: 

o Activity #1: Building the Program 

o Activity #2: Testing and Tuning the Robot 
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Lesson 16 

 

Controlling the Robot Motion with a Web Page 

• Web Page Overview 

o CGI Script Review 

• Web Page Elements 

o Div Tags 

o Javascript Onpointerup Events 

o Button Functionality Overview 

• Activities: 

o Activity #1: Downloading and Unzipping Button Images 

o Activity #2: Building Required CGI Scripts 

o Activity #3: Build the Web Page 

 

Lesson 17 

 

Video on a Web Page 

• Camera Autostart Settings 

• Video Format and Required Files 

• HTML Page Elements for Viewing Video 

• Activities: 

o Activity #1: Changing the Autostart Setting 

o Activity #2: Create a Simple Camera Web Page 

o Activity #3: Add Video to Robot Control Web Page 
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Lesson 18 

 

Adding Audio Playback to a Web Page 

• Audio System Overview 

• File Locations 

• Playing an Audio File Using CGI Script 

• Activities: 

o Activity #1: Download and Run the Script 

o Activity #2: Creating the CGI Files 

o Activity #3: Creating the Web Page 

 

SAMPLE
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