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What Is a Motorized Toy Car?  
A motorized toy car is a gear-driven electric vehicle that students build to meet at least one of the 
following three criteria:

• The car must travel over a course of three meters from a standing start under its own power in 
three seconds or less, or

• climb a 30-degree slope from a standing start under its own power for a distance of at least one 
meter, or

• climb a 15-degree slope for one meter from a standing start under its own power in two seconds 
or less.

Making a Toy Car
Motorized Toy Car Supplies

If your child hasn’t had a chance to play with a motorized toy car, you can make one at home! 
You can find gears, motors, and other supplies to experiment with gears and motors in the 
following locations:

• Robotics stores

• Toy stores

• Online vendors

• Hobby stores

Various manufacturers have created kits that include motors and gears, including LEGO®, K’NEX, and 
KELVIN® Educational. You can also 3-D print your own gears. To print your own gears, you will need 
to create designs for your 3D printer. You can use Gear Generator to create your designs for explore 
the Thingiverse to find plans that have been shared.

How Does the Motorized Toy Car Work?
In the Motorized Toy Car challenge, students construct prototypes with a pegboard frame, steel 
axles, rubber wheels, plastic gears, and a motor powered with an AC adapter. They explore forces 
and motion, and general movement in the assembly of these simple and complex elements. Gears 
play a key role in the potential performance of the moving toys. For many students, this may be 
their first opportunity to explore gears, examine the role they can play as an extension of simple 
machines, and see how they provide mechanical advantage. Some students will have trouble with 
some of the fundamental concepts about gears- for example, that meshing gears rotate in opposite 
directions. 

The selection of appropriate sizes and assembly of the gears to the motor and axle are important 
factors that enable the motorized toys to perform in specific ways. A simple gear arrangement of a 

https://geargenerator.com/#200,200,100,6,1,3,0,4,1,8,2,4,27,-90,0,0,0,0,0,0,16,4,4,27,-60,0,0,0,0,1,1,12,1,12,20,-60,0,0,0,0,2,0,60,5,12,20,0,1,0,0,0,0,0,3,-515
https://www.thingiverse.com/
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smaller driver gear rotating the driven gear on the axle will enable the car to move relatively fast. A 
compound gear arrangement increases the amount of torque, or twisting force, that will enable the 
motorized toy to climb a steep slope or pull a load. 

Developing an understanding of gear ratios, the relationship between the number of rotations 
of the driver gear and the driven gear, is another concept that students will explore throughout 
the challenge. Understanding that a ratio is really a relationship between two parts is a central 
mathematical concept.
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Gear Trains: Driver Gears and Driven Gears
Here is a simple gear train: 

The motor turns the motor axle. The teeth of the gear mounted on the motor axle mesh with the 
teeth of another gear mounted on a second axle. A wheel is mounted on the second axle and turns 
with it. The meshing gears transmit torque, or a turning force, from the motor to the wheel. The two 
gears do different jobs: The teeth of the gear on the motor axle push against the teeth of the gear 
mounted on the wheel axle and turn it. The first gear is a driver gear because it turns, or drives, 
another gear. The second gear is a driven gear because it is turned, or driven, by the first gear. A 
driver gear transmits torque from an axle to a driven gear. A driven gear transmits torque from a 
driver gear to an axle.

Gear Ratio and Performance
Understanding how gear ratios affect performance is essential to the design and development 
process. Gear trains are often used in machines to change the amount of torque and rotational speed 
from one axle to another. The amount of torque and speed transmitted depends on the relative size 
of the driver gear and driven gear in each meshing pair of gears in a gear train.

Torque
Torque is the ability of a force to produce rotation in an object. In a motorized toy car, the rotating 
objects are gears and wheels. The gears and wheels rotate around a pivot point, which is the center 
of the axle on which the gear or wheel is mounted. Gears transmit torque from one axle to another. 
In a meshing pair of gears, the driver axle provides torque. The teeth of the driver gear push against 
the teeth of the driven gear, turning it. This pushing force transmits the torque to the driven gear, 
which in turn transmits the torque to the driven axle.
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Torque and Lever-Arm Length
The amount of torque a gear transmits to or from an axle depends on the size of the gear. Let’s use a 
more familiar example to illustrate the effect of the size of the gear on the torque it transmits.

To turn a revolving door, you push on the door with your arm to make the door rotate around the 
pivot point at its center. If you push at the outside edge of the door, you need to push with less force 
than if you push nearer the pivot point.

You can demonstrate this to yourself using any door. First, open the door by pushing near the 
outside edge. Now open the door by pushing near the pivot point, or hinge. You will feel how much 
harder you have to push. The distance from the pivot point to the point where the force is applied is 
called the lever arm. This definition is valid only when you apply the force perpendicular to a line that 
joins the pivot point and the point at which you apply the force.

When you push farther from the pivot point, you are using a longer lever arm. When you push closer 
to the pivot point, you are using a shorter lever arm. The farther from the pivot point you push, 
the longer the lever arm and the more torque you create. This relationship can be expressed more 
precisely as follows: The amount of torque given to the door is equal to the amount of force applied 
multiplied by the length of the lever arm. Thus, if the lever arm is twice as long, the torque will also 
be twice as great.

This can be expressed as a formula:

torque = force x lever arm

Torque and Driven Gears
Let’s look at how this relates to gears. Imagine that our revolving door is a spoked wheel. 
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Now imagine that the interior of the wheel is filled in. The tips of each spoke stick out and serve as 
lever arms. 

It now resembles a gear. The ends of the lever arms are the gear teeth. A force pushing on one of the 
teeth perpendicular to the lever arm would create torque to turn the gear, just as a force pushing on 
one of the doors would turn the revolving door. 

The length of each lever arm is the same as the radius of the gear (the distance from the center to 
the end of a tooth). The larger the radius of the gear, the longer the lever arm that transmits the 
torque to the axle.

Torque and Driver Gears
Let’s now consider the torque transmitted by driver gears. In a driver gear, the axle provides 
the torque. The driver gear transmits the torque via its teeth to a driven gear. Let’s examine the 
relationship between the size of a driver gear and the torque it transmits. For example, the 75-tooth 
driver gear transmits the least turning force and the 15-tooth gear the most. Let’s examine why.

The relationship of torque, force, and lever arm is the same as with the driven gear we considered 
earlier. The torque in the axle is still equal to the force times the lever arm.

torque = force x lever arm

The torque is supplied by the driver axle, perhaps connected to a motor. Looking at the equation, we 
see that for a given torque, the greater the lever arm, the less the force must be. The force and lever 
arm are inversely proportional.

Torque, Gear Ratio, and Performance
Let’s compare three gear trains to see how the relative size of the driver gear and driven gear affects 
the torque and rotational speed of the driven axle. We’ll assume that all three gear trains use a motor 
that has the same torque and rotational speed.
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Gear Train A Gear Train B Gear Train C

In gear train A the driver gear is twice the size of the driven gear. In gear train B, the driver gear and 
driven gear are the same size. In gear train C, the driver gear is half the size of the driven gear. The 
following table summarizes the measurements of the gears. (Note that actual measurements of the 
driven-axle torque would be less because of friction between the moving parts.) 

Gear train Driver-axle 
torque (in 

newton 
meters)

Gear ratio Driver-gear 
lever arm (in 

meters)

Force at 
driver-gear 

teeth

Driven-gear 
lever arm (in 

meters)

Driven-axle 
torque (in 

newton 
meters)

A 10 1:2 2 5 1 5

B 10 1:1 1 10 1 10

C 10 1:2 1 10 2 20

For every turn of the driver gear of gear train A, the driven gear turns twice. The force at the teeth of 
the driver gear is the lowest, as we would expect with the large driver gear. The torque at the driven 
axle is also the lowest of the three examples. A vehicle with this gear train would produce a high rate 
of rotation for the wheel, but it would probably not have enough torque to climb a hill or perhaps 
even to begin moving from a standing start. Examples of machines that use a gear train like this are 
a salad spinner, a hand-cranked eggbeater, and a hand drill. These machines increase the rotational 
speed of the driver axle but reduce its torque. 

Because the driver gear and driven gear in gear train B are the same size, the torque in the driver 
axle and driven axle of the gear train on the left are the same (except for some loss due to friction). 
The rate of rotation of the wheel would be the same as that of the motor. A vehicle with this gear 
train would produce a moderate rate of wheel rotation and would be a better hill climber than one 
with gear train A. Because this gear train changes neither rotational speed nor torque, it would have 
limited use except, perhaps, as part of a multispeed transmission (see below). 
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Gear train C produces the highest torque in the driven axle, twice that of the driver axle. The wheel 
at the end of this gear train would rotate half as fast as the wheel in gear train B and 1 ⁄4 as fast as the 
wheel in gear train A. A vehicle with gear train C would produce a slow rate of wheel rotation and 
would be the best hill climber of the three. Because electric- and gasoline-powered motors commonly 
provide a high rotational speed and a relatively low torque, their gear trains are often designed with a 
high gear ratio that increases torque while providing a slower, more usable rate of rotation. 

Some machines, such as automobiles, have a transmission that offers several gear ratios, which 
can be selected depending on the relative amounts of rotational speed and torque required for 
different operating conditions. The highest gear ratio (first gear) is used to accelerate from a stop. 
The lowest gear ratio (fourth or fifth gear) is used for driving at a constant high speed, where lower 
torque is needed. 

The Scientific Definition of Work Machines
Simple Machines
A machine is a device that uses energy to perform work. Machines allow people to perform work 
more easily and quickly. To make work easier, a machine reduces the amount of force it takes to 
complete the task. It takes force to hammer in a nail, tighten a bolt, and screw in a screw. Many of the 
hand tools we use are machines because they lessen the force needed to accomplish those tasks.

A simple machine is a mechanical device that changes the direction and/or magnitude of a force. 
They are called simple machines because they only have a few parts. The amount that a machine 
magnifies an applied force is called its mechanical advantage.

Machines lessen the force needed to accomplish a task. A machine’s mechanical advantage is a ratio 
of the output force to the input force.

 
Actual mechanical advantage = 

Output force

Input force

This equation represents the actual mechanical advantage of a machine. If you can measure the 
force that is being applied to a machine and the force that the machine is applying to an object, then 
you can calculate the actual mechanical advantage of the machine.

Another way to calculate the mechanical advantage is to calculate its ideal mechanical advantage. 
The ideal advantage does not take into account friction (the resistance that one object encounters 
when moving over another). The ideal mechanical advantage is a ratio of the input distance to the 
output distance.

Ideal mechanical advantage = 
Output force

Input force
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Inclined Planes
An inclined plane or ramp is a very simple machine. Basically, an inclined plane is a triangular object. 
Inclined planes make work easier by changing the direction and magnitude of force that is required 
to accomplish a task. While the object is moved a greater distance, it requires less force to move it.

To determine ideal mechanical advantage for an inclined plane, the input distance is the length of 
the plane itself (the sloping surface). When using an inclined plane, its length is the distance over 
which a force is applied. The height of the inclined plane (the distance that an object is raised) is the 
output distance. 

The ideal mechanical advantage of the ramp shown above is 5/3, which equals 1.666. That means 
that this ramp multiples the force applied by 1.666.

Levers
A lever is a simple machine consisting of a beam or rigid rod pivoted at a fixed hinge, or fulcrum. 
Essentially, a lever is a long bar that helps to amplify a force. Levers all produce force, but not all 
levers are the same. In fact, there are three different kinds of levers, known as classes. These classes 
are based on where the load and effort are placed in comparison to the fulcrum. 
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Class 1 Levers
Class 1 levers are like the levers that most people think of when they hear the word lever. They are 
see-saw-type levers with the fulcrum between the applied force and the produced force. These 
levers convert a downward force to an upward one. Scissors are an example of a class 1 lever.

Class 2 Levers 
Class 2 levers are very different from the see-saw type lever. The fulcrum of these levers is at one 
end of the machine, while the applied force is in the middle. In class 2 levers, the force applied and 
the force produced are both in the same direction. Nutcrackers and wheelbarrows are examples of 
class 2 levers.
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Class 3 Levers 
Class 3 levers are similar to class 2 levers in that the fulcrum is at the end and the applied force and 
the produced force are both in the same direction. The difference is that the force is applied to the 
center of the machine rather than the end. Class 3 levers don’t make the force greater, they increase 
speed and accuracy. Fishing rods, tweezers, and tongs are examples of class 3 levers.

Wheels, Axles, and Gears
A wheel and axle is made up of a larger disc attached in the center to a smaller cylinder. Axles and 
wheels by themselves are not simple machines—only the combination of the two make a simple 
machine. The circular disc of the wheel acts as a class 1 lever with the axle as the fulcrum. Turning the 
wheel (the input force) causes that axle to turn (the output force).

The ideal mechanical advantage of the wheel and axle can be determined by taking the ratio of the 
radius of the wheel to the radius of the axle. The wheel below has an ideal mechanical advantage 
of 14/2 or 7.
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Gears 
Gears are simply wheels with teeth that allow them to mesh together. If you connect two wheels so 
that their outer surfaces touch one another, you can spin one of the wheels and the other wheel will 
turn (in the opposite direction). The teeth on gears ensure that the wheels turn one another without 
slipping. Gears can be used to transmit a force from one part of a machine to another, change the 
direction of a force, or change the output force of a machine.

To determine the mechanical advantage of two gears with different diameters, you count the teeth 
on the gears. The mechanical advantage is the ratio of the number of teeth on the output gear to 
the number of teeth on the input gear. It doesn’t matter how many gears are in a system, the ideal 
mechanical advantage is always the ratio of the number of teeth on the output gear (the last gear in 
the system) to the number of teeth on the input gear (the gear that is turned).  

Wedges 
Wedges are very basic simple machines that are made up of two inclined planes placed back to 
back. Wedges can be used to cut, split, tighten, hold things together, and scrape things. There are 
many examples of wedges that people use every day, including door stops, which holds a door open; 
knives, axes, and razors which cut; and axes and mauls which can be used to split. A wedge works in 
a similar way as an inclined plane. The wedge converts the force that acts on it to a larger force on 
the sides of the wedge.

The input force is applied to the thick end of the wedge and the force is transmitted to the sloped 
edges where it pushes outward.

The mechanical advantage of the wedge is similar to that of the ramp or inclined plane. To determine 
the mechanical advantage of a wedge, you divide its length by its width. The longer and thinner the 
wedge, the greater its mechanical advantage. The wedge below has an ideal mechanical advantage 
of 4/2 or 2.
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Screws
A screw is an inclined plane that is wrapped around a cylinder that converts a rotational force to 
a linear force. When a screw is turned once, it is drawn the distance between its threads into the 
object it is being screwed into. The distance between the threads is called the “pitch” of the screw. 
The ideal mechanical advantage is a ratio of the circumference (distance around) of the head of the 
screw to its pitch. You can also calculate the ideal mechanical advantage of a screw by using a ratio 
of the length of the threads (if you could lay the threads out in a straight line) to the length of the 
screw itself.
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Pulleys
A pulley is a wheel used in a different way. Pulleys are wheels set into housings that usually have 
grooved wheels that can help to keep a rope in place. Pulleys can be fixed—in which the pulley is 
stuck in one place—or movable—in which the pulley moves. In a fixed pulley a rope is looped over 
the pulley and one end attached to the object to be lifted and the other end pulled. In a movable 
pulley system, one end of the rope is attached to a surface and the pulley moves as the other end 
is pulled.

The ideal mechanical advantage of a pulley is always equal to the number of rope segments in the 
system (the segments that are actually pulling on the weight). Basically, the more rope segments, 
the less input force needed.

Single Fixed Pulley
A single fixed pulley changes the direction of a force applied. Basically, the single pulley allows you 
to pull down to lift something up or vice-versa. The force needed to pull the object up is the same 
as the force you would have needed to lift it. So, there’s no mechanical advantage to the single 
fixed pulley.
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Single Movable Pulley
When you are using a single movable pulley, you apply your force in a same direction as you would 
normally. That means that you pull up to lift an object. However, the force needed to pull the object 
up is one half the force you would have needed to lift it. So, the ideal mechanical advantage of a 
single movable pulley is 2.

Compound Pulleys
Adding more wheels to a pulley system reduces the force needed to lift a weight. Multiple pulleys 
distribute the load to a greater number of ropes, increasing the mechanical advantage of a system. 
The system on the right has a mechanical advantage of two—there are two ropes holding the load. 
The mechanical advantage of a pulley system can also be determined by dividing the distance that 
the rope is pulled by the distance the weight moves.

Complex Machines
Complex machines are made up of a combination of simple machines. Complex machines make 
work even easier than simple machines. Explore the complex machines below to learn more about 
the simple machines that they contain.
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ACTIVITIES



1. Inclined Planes and Ramps
In this activity, children explore how inclined planes change the amount of work necessary to lift 
an object.

The Ramp Advantage
Materials

• Smooth board or piece of cardboard about 60-80 cm (24-30 in) in length

• Books

• Rubber bands

• Small paper or plastic bag

• Binder clip

• 2 pieces of fruit that can fit into the paper bag

• Measuring tape or ruler

2. Levers
In this activity, children investigate how a lever lessens the force needed to lift an object.

Can You Lift It?
Materials

• Board that is at least 30 cm long and 15 cm wide 

• 14 oz. can

• 6-12 books of the same size

3. Wheels, Axles, and Gears
In this activity, children explore how wheels and gears work.

Water Wheel
Materials

• 2 Styrofoam disks (if you don’t have Styrofoam disks, you can use 2 cardboard circles) 

• Blank paper and pencil

• Ruler

• 2 wooden dowels

• Glue

• 16 plastic spoons or craft sticks

• String

• Permanent marker

• 2 washers (the same size)
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• Funnel

• Pitcher of water

Gearing Up!
Materials

• 2 plastic jar lids of different size

• 2 wide rubber bands

• Cardboard box that has a side that is larger than the two lids placed side-by-side

• Drill or hammer and nail

• Thumbtacks

4. Wedges
In this activity, children investigate how wedges make work easier.

The Wedge Advantage
Materials

• Nails

• Bolts

• Block of wood

• Hammer

5. Screws
In this activity, children build an Archimedes screw to use the action of a screw to lift water.

Archimedes Screw
Materials

• A length of plastic tubing (30-60 cm). Plastic tubing can be found at many home improvement and 
pet stores.

• 2 plastic bowls or basins

• Broomstick or dowel or piece of PVC pipe at least 30 cm long

• Duct tape

• Water

• A few books or a cardboard box
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6. Pulleys
In this activity, children explore how pulleys change the force needed to do work.

Pulley for You
Materials

• Screw eyes or hooks (make sure that your paper clip can fit through the eye)

• Medium to large-sized heavy-duty cardboard box

• String

• Rubber bands

• Measuring tape or ruler

• 2 paper clips

• Piece of fruit

• Zippered plastic bag (that the fruit can fit into)

• A stack of books
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1. Inclined Plans and Ramps
Think About It!
1. What is the ideal mechanical advantage of a ramp that has a 10 meters slope and is 2 meters 

high? Does increasing the length of the slope increase or decrease its mechanical advantage? 
The ideal mechanical advantage of this inclined plane is the length of the slope divided by the 
height of the plane which equals 10/2 or 5 for this inclined plane. Increasing the length of the 
slope increases the mechanical advantage.

2. The Americans with Disabilities Act (ADA) requires public ramps to have at least a 1:12 rise to 
run ratio. That means that a ramp that goes up one foot needs to have a 12-foot-long slope. A 
residential ramp only needs to have a 2:12 ratio. Why do you think there might be a difference 
between the two?   
Answers will vary, but children may recognize that residences might be too small to accommodate 
the larger ramp or that people at home might have help that would make it easier for them to use 
home ramps.

2.Levers
Think About It!
1. What happened when you moved the fulcrum when you were experimenting with the board and 

can lever? Did the books get easier or harder to lift?  
Moving the fulcrum closer to the applied force (where the child pushed the board) should have 
made the books harder to lift.

2. What class lever did you build in the Can You Lift It? activity?  
The lever built in this activity is a class 1 lever.

3. Wheels, Axles, and Gears
Think About It!
1. Go on a wheel scavenger hunt in your house. Find as many wheels and axles as you can and 

discuss how this simple machine makes things easier.  
Many household objects have wheels or operate like wheels and axles. Examples of wheels and 
axles include: 
• Wheels on toys 
• Wheels on chairs 
• Steering wheel of a car 
• Bicycle 
• Fan 
• Doorknob

2. People say that the wheel and axle are a modified lever. How could you explain that to someone else?  
The center of the axle serves as the fulcrum of the lever. The outside rim of the wheel acts as the 
handle of a lever, but instead of being a single handle it wraps all the way around the fulcrum in a 
full circle.
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4. Wedges
Think About It!
1. Why did the nail go in easier into the piece of wood than the bolt?  

The nail is wedge-shaped and can change the force applied to a splitting force whereas the bolt is 
flat and does not act as a wedge.

2. Where else might you use bolts? What would make them work better in those materials rather than 
the piece of wood?  
Children might suggest that bolts can be used to hold things together as well, but that these items 
would need to be pre-drilled to allow the bolts to work.

6. Pulleys
Think About It!
1. Look around you when you are out and about. Do you see any pulleys? What kind are they?   

You might see pulleys as part of construction vehicles, being used by movers, on a flagpole, or as 
part of a clothesline.

2. Think about where a pulley could be helpful in your daily life. Where could you or someone else 
construct a pulley to help?  
Children may have lots of different ideas about where pulleys might be useful. They might mention 
helping to move laundry, picking up their school bags, or helping to get groceries into the kitchen.

3. Pulleys are used a lot on boats. Why do you think pulleys would be especially useful on a boat?  
There is a small amount of space available on a boat and often heavy things to lift (cargo, sails, 
anchors) so pulleys would lessen the amount of space and force necessary to do the work.
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