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I. Abstract: 

The goal of this project is to modify a traditional kick scooter with an electric motor, 
gears and drive-chain configuration to drive the rear wheel and axle. The scooter is a compact, 
efficient way to travel relatively short distances, with its limiting factor being the range it can 
travel based on one charge of the battery. The main obstacles of the project were designing a 
frame wide enough to accommodate the rear wheel with gears attached, incorporating 
adjustability so ensure the chain is always tight and making sure the scooter could carry a 
passenger at a satisfactory speed. The frame was edited to contain all the components needed for 
a motor scooter and a circuit was created to incorporate the throttle speed regulator with the 
braking system. The scooter is able to travel between 7 and 8 miles per hour with a 185 lb rider 
on it and can last for around 20 minutes on one charge. 
  



II. Introduction: 
The basis for this Motor Scooter project comes from popular electric scooters like those 

manufactured by Razor, which use a rechargeable battery, motor and drive-chain to create a 
lightweight scooter which can typically travel between 10-15 miles per hour [1]. The idea to add 
in frontal crash sensing comes from the now industry-wide incorporation of collision avoidance 
systems in cars [2]. Due to time constraints, the crash sensing portion of the project will not be 
completed by the Maker Fair, however this portion was replaced with regenerative braking and 
the ability to flip a switch to cause the scooter to travel in reverse at the rider’s request. The 
project incorporates mechanical design components in modifications to the frame and the 
alignment of the motor, battery, gears, chain and rear wheel, which will power the scooter. It also 
involves some electrical circuitry when creating the throttle and braking mechanisms. 

Motor scooters first made their widespread debut back in 1946 with the development of 
the Vespa scooter [3]. With a design similar to that of a motorcycle, the Vespa scooter offered a 
lightweight, more compact method of transportation, which also used less gasoline. In 2003, 
Razor Scooters popularized the concept of a battery-powered electric motor scooter, taking the 
concept of the motorized two-wheeled scooter like the Vespa design and transferring the idea 
into a new design resembling the toy kick scooters Razor already manufactured [4]. The 
development of these battery-powered scooters has been enabled by the evolution of battery 
technology, specifically regarding the creation of safe Lithium-ion batteries. The first 
rechargeable batteries were Nickel-Cadmium (NiCd) batteries, but these were soon replaced by 
the longer lasting Nickel Metal-Hydride (NiMH) batteries [5]. Each of these early batteries 
presented dangers of overheating when left charging for too long, and thus for safety reasons 
they can only be charged at slow rates [5]. The creation of the Lithium-ion battery has allowed 
for quicker, safer re-charging, but both Lithium-ion and Nickel Metal-Hydride batteries are still 
common. Lithium is incredibly light while also offering a large amount of electrochemical 
potential, making it the perfect element for a battery. As a Lithium-ion battery is recharged, a 
positive Lithium-ion leaves the cathode portion of the battery and turns into lithium metal as it 
reaches the anode [5]. This is essentially storing the lithium such that it can later be oxidized and 
return to the cathode as a positive ion, prompting a flow of electrons (electric current). Many 
electric scooters tend to use a Lithium Iron Phosphate (LiFePO4) cathode (Figure 1) battery [6]. 

 

 

 



Figure 1 - Example Battery Diagram [5] 

Lithium Iron Phosphate batteries are known for their stability and safety as well as that 
they can be recharged many times without wearing out [8]. When an LiFePO4 battery is 
discharged the initial anode reaction consists of the oxidation of the Lithium (Equation 1). 

Equation 1 - Oxidation of Lithium [8] 

A complete reaction of the Lithium Iron Phosphate battery is shown below in Equation 2. 

Equation 2 - Complete Battery Reaction [8] 

 

III. Design: 

The scooter frame is approximately 4 feet long and 3 feet tall (from the floor to the top of 
handlebars). Both the front and rear wheels measure 12 inches in diameter, and currently the 
frame (Figure 2) allows for approximately 16” by 3” of space for the rider and the motor, throttle 
voltage regulation box and battery pack. The frame has since been expanded in width to contain 
the motor, battery and motor controller and is now has a 16’’ by 16” platform. The rear portion 
of the platform contains most of the equipment and the front portion contains foot-space for the 



rider to stand (Figure 3). Notable changes between the initial vision for the scooter and the final 
design product include the rear frame extensions (to be discussed later), moving the chain and 
gears to inside the rear frame (as opposed to on the outside as shown in the first CAD drawing 
(Figure 2) and drilling slots into the platform to allow the motor to be slid backwards and 
forwards to adjust the chain.  

Figure 2 - Initial Electric Scooter Design CAD (Dimensions in inches) 

Figure 3 - 16” by 16” Platform 
  



Figure 4 - Final Electric Scooter CAD (Dimensions in inches) 

Figure 5 - Final CAD Side View  



As the motor, battery and voltage regulator were being positioned on the scooter, there 
was an effort made to make sure the distribution of weight was even from side to side in order to 
keep the scooter from leaning in one direction. However, due to the precision needed when 
placing the motor in line with the rear gear, side to side balance had to yield precedence to the 
chain alignment and so there is a slight imbalance to the scooter, but nothing that severely 
impacts the riding experience. 

Figure 6 - Finished Design of the Scooter 

One major obstacle, discovered during the early design process, was that the rear wheel 
with the gears attached to the side was about 3.5 in in width, too wide to fit between the 3.25 in 
gap in the frame where the wheel was supposed to go.  

Figure 7 - Rear Wheel Frame Brace 
 



This meant that the rear frame had to be extended and widened to incorporate the rear 
wheel and gears and so a prototype Rear Wheel Frame Brace was designed, edited and laser 
printed out of wood initially to be bolted in and hold the rear wheel (Figure 7). Once the design 
had been perfected, it was then cut out of steel, with the proper holes drilled and making sure the 
frame remained symmetrical and bolted on to the rear portion of the frame (Figure 8). The gap 
between the two Rear Frame Braces is now 5.5 inches, so the wheel can fit in between 
comfortably. 

Figure 8 - Rear Frame Brace Top View 

The front wheel is free-rolling, while the back wheel is attached to an gear, which will 
turn with the drive-chain. This allows for the front wheel to be used for turning and decrease the 
overall weight of the scooter, since it is not necessary for each wheel to be powered by a motor 
independently. The ANSI 25 roller chain was selected as the drive-chain because it already 
meshed with the correct size and pitch of the sprocket on the motor and the gear on the rear 
wheel. This chain has 5 links per inch and is on the smaller end of possible chains, but is still 
able to effectively turn the rear wheel without slipping. The thick tires of the wheels allow the 
scooter to remain stable and the large 12 inch diameter of each wheel means the motor does not 
have to spin very fast in order to achieve high speeds. However, it is important that the motor 
outputs enough torque to turn the wheel and so several different sizes of motor were used in 
testing, resulting in the final decision to use a 2000 W, 12V motor. 

The motor’s speed will be controlled with a handheld device or throttle, which will be 
easily accessible on the handlebars. The throttle will send the rider’s input to the motor 
controller, which will then send the corresponding pulse width modulation to the motor, causing 
it to spin with speed relative to the throttle input. The primary source of braking will be to use a 
relay to switch the motor from drive-mode into a generator, which will provide resistance to stop 
the scooter (explained further in Theory section).  



IV. Theory: 
As stated earlier the motor scooter rear wheel is powered by pulse-width modulation and 

a throttle, and the braking system is based around a relay and switch set-up. 
The switch will be on the handlebars and will dictate whether or not the circuit between 

Battery 1 (BAT1) and the relay (RLY1) is closed or not (Figure 9 - SW1). When the switch is 
closed, current from Battery 1 will flow through the electromagnetic coil, triggering the relay to 
switch each path, flipping the negative and positive inputs into the motor (Figure 9). As seen in 
Figure 9, pins 3 and 6 lead to the positive wire of the motor and pins 4 and 5 lead to the negative 
wire of the motor. As the relay is triggered, the direction of the current is flipped because the 
connection between pin 1 and pin 4 switches to be a connection between pin 1 and pin 3 and the 
connection between pins 2 and 6 becomes a connection between pin 2 and pin 5. The relay used 
was a Double Pole Double Throw (DPDT), meaning it has 6 pins (aside from the 
electromagnetic coil) and thus two internal switches that can be triggered. The point of the 
regenerative braking mechanism is to flip the leads of the motor such that the motor becomes a 
generator as the scooter’s momentum is slowed by the resistance of the motor. The energy from 
the scooter’s momentum can be stored in the battery. Since momentum (p) is equal to andm * v  
kinetic energy (E) is equal to , assuming energy is conserved, the energy used to recharge/2mv1 2  
the battery from the braking mechanism would be equal to  (Calculation below)./2mp2  

 

 
Figure 9 - Regenerative Braking Relay Schematic 

  



Momentum and Energy Calculation 
 mvp =   
E /2mvK = 1 2  
E P E (battery)K =   
E (battery) p /2mP =  2  

 
One downside to this design of the regenerative braking is that once the momentum of 

the scooter is stopped completely, the motor stops acting as a generator and now works as a 
motor again, but in reverse. Thus, the rider has to be careful to shut off the scooter right as it 
comes to a stop or it will begin to drive in reverse. 

Other notable aspects of this regenerative braking design is the role of the voltage output 
controller. Essentially the 12 V battery is connected to the P+ and P- pins on the controller and 
then the voltage that is output by the controller (through the two M pins) is a fraction of the 12 
volts depending on the user’s input of how fast they want the motor to spin. Thus, it makes sense 
that the positive and negative leads on the battery should go directly to the P+ and P- pins and 
not be directly involved in the relay circuit, because what is really needed in the circuit is the 
output voltage (given by the two M pins). 

The speed of the motor is managed via the motor controller which sends a pulse width 
modulation to the motor, with user input from the throttle. The frequency of modulation of the 
motor controller at different levels (fractions of the 12 V input) are shown in Table 1, and visual 
representations of the voltage pulses are shown in the following Figures 10 and 11. The length of 
the pulse (ie. the width of the peak in the diagrams) corresponds to the speed of the motor. 
 

Voltage Level (fraction of 
12 V) 

 

Frequency Width of Peak 

0.1 
 

60 μs 8 us 

0.5 
 

60 μs 24 us 

0.8 
 

60 μs 48 us 

1.0 
 

60 μs 60 us 

 
Table 1 - Pulse Width Modulation 



Figure 10 - Pulse for 0.1 Voltage Level (1.2V) 

Figure 11 - Pulse 0.8 Voltage Level (9.6V) 
 

  



 
The gears on the motor and rear wheel incorporate mechanical advantage to get more 

torque on the rear wheel. The motor spins very quickly, so it has the potential to output many 
RPMs, but since the aim of the project was to reach around 10 miles per hour, the smaller gear 
was attached to the motor and the larger gear, which will output more torque on the rear wheel, 
will be used to turn the wheel. The diameter of the gear placed around the motor rotor is 1.5 in 
and the diameter of the gear on the rear wheel is 6 in.  
 
Mechanical Advantage Calculation 
 

A F (1)/F (2)M =   
 
R(1) = radius of motor gear = 6 in 
R(2) = radius of gear on rear wheel = 1.5 in 
F(1) = Force of Motor 
F(2) = Force on Wheel 
 
Calculate at V = 4.8V because we have measurements for both F(1) and F(2) at that level 
 

(1) 41.5NF =   
(2) 22.0NF =   

 
A 41.5N /22.0N  1.89M =  =   

 
In order to test if the motor was strong enough to power a chain that could drive the 

weight of the scooter with a rider, a string was attached to the motor rotor with the other end 
attached to a force meter. The force needed to stall the motor was measured by letting the motor 
pull the string tight until it was unable to move. The force meter maxed out at 50 N so only the 
first 4 increments (out of 10) of the 12V motor controller were used in testing, but the results are 
shown below in Table 2. As the voltage level increased, it is clear the angular force output by the 
motor (torque with no lever arm distance) increased as well, and thus I would estimate the full 
force of the motor to output a force of over 100 N on the chain. 
  



 

Voltage Level (fraction of 12 V) 
 

Force (N) 

0.1 
 

14.0 N 

0.2 
 

19.5 N 

0.3 
 

28.5 N 

0.4 
 

41.5 N 

 
Table 2 - Force of Motor at Different Voltage Levels 

 
The next step was to measure the amount of force needed to pull the scooter forward. 

Without any rider or motor equipment on the scooter the static pulling force needed to get the 
scooter rolling initially was 4.5 N and the rolling force was around 2 N. Once a 130 pound rider 
was added, the static force needed to start the scooter’s motion was 28 N, compared to a 13 N 
rolling force. From these tests it seems that the motor will be strong enough to drive the back 
wheel when the equipment and rider are both weighing down the scooter. 

With respect to the battery, the following calculation indicates that the battery does not 
have to be large, since I have not seen the current output on the power source reach over 2 A and 
would only expect a rider to need to use the scooter for around 30 minutes per charge,  a lighter 
battery that stores over 1 Ah should suffice (plan to wait until more accurate tests have been 
done to order battery). Online batteries with 4 Ahr of charge capacity weigh around 3 pounds [9] 
and cost around $20. 
 
Battery Calculation 
 

 IΔtQ =   
 

 2.4 A 0 min 1hr/60min 1.2 AhQ =  * 3 *  =    



V. Results: 

The scooter weighs 36 lbs (16.3 kg) (Appendix A) and is able to carry a 185 lb (84.0 kg) 
rider up to between 7 and 8 miles per hour. Initially, the scooter was only able to travel around 
2-3 miles per hour with a 185 lb rider, but this was found to be a consequence of small wires 
when alligator clips were still being used to connect the battery and motor controller. After larger 
diameter wires were soldered onto the controller the performance of the scooter increased to the 
current state, as predicted. The max RPM of the rear wheel with a 185 lb rider on the scooter is 
220 rev/min. Additionally, it takes the 12V battery approximately 50 minutes to be fully charged, 
which allows for around 20 minutes of ride time. The maximum ride time per charge is lower 
than initially expected because the motor draws significantly more current under the strain of the 
weight of a heavy rider than the 2.4 A found during initial tests of the motor. The battery is a 5.3 
Ahr battery, but since so much current is drawn when the motor is under stress, the charge from 
the battery is used more quickly. 

The force output of the motor at different voltage levels was measured earlier on in the 
Theory section (see Table 2 again below). 
 

Voltage Level Voltage Output (V) Force (N) 

0.1 1.2 14.0 N 

0.2 2.4 19.5 N 

0.3 3.6 28.5 N 

0.4 4.8 41.5 N 

Table 2 - Force of Motor at Different Voltage Levels 

According to the table, theoretically the motor would be able to pull a 130 lb rider starting at the 
0.3 voltage percentage (3.6 V output). After attaching the chain, gear and rear wheel set-up the 
torque of the rear wheel was measured (with the wheel radius of 6 inches).  
 

Voltage Level Voltage Output (V) Torque (N*m) 

0.1 1.2 0.78 

0.2 2.4 1.46 

0.3 3.6 1.87 

0.4 4.8 3.35 

0.5 6 3.86 

0.6 7.2 4.08 

0.7 8.4 4.47 
Table 3 - Torque of Motor on Rear Wheel  



 

Figure 12 - Graph of Torque vs. Voltage for Rear Wheel 

Torque was only able to be measured up to the 0.7 voltage level (8.4 V) because of issues 
with both the motor and the force sensor once the power to the motor was increased beyond that 
level. 

However, since , we can use the torque output of the rear wheel to calculatea /rF = m = τ  
the expected acceleration of both the 130 lb and 185 lb riders at the 8.4 V level by rearranging 
the equation to be ./mra = τ  

 
Acceleration Calculation - 130 lb rider: 

 m (scooter) m (rider)m =  +   
36lbs 130lbs) 1kg/2.2lbs 75.5 kgm = ( +  *  =   

 6 in 0.1524 mr =  =   
 4.47Nm) / (75.5kg .1524 m) 0.388 m/s/s a = ( * 0 =   

Acceleration Calculation 185 lb rider: 
36lbs 185lbs) 1kg/2.2lbs 100.5 kgm = ( +  *  =   

 4.47Nm) / (100.5kg .1524 m) 0.292 m/s/s a = ( * 0 =   
 

When the acceleration of the scooter was measured by recording the time it took to travel 
70 feet (21.336 m) with a 185lb rider it yielded an average time to travel that distance of 13.2 
seconds, which corresponds with an experimental acceleration of 0.256 m/s/s. 
 
Experimental Acceleration Calculation: 

 → /2atx = 1 2  2x/ta =  2  
 70 f t 21.336 mx =  =   
 (avg) 2.9 sect = 1  
 2 (21.336 m) / (12.9 s)a =  2  

0.256 m/s/sa =   
 



VI. Conclusion: 

Ultimately, the motor scooter proved to work effectively when carrying riders for short 
distances. The main upsides of the scooter include its adjustability for tightening the chain, range 
of speeds due to the throttle set-up and ease of mobility (as compared to a larger vehicle). The 
effectiveness of the drive-chain set-up exceeded expectations, as the chain is tight and never 
skips links or slips when the scooter is driving, indicating that it is well aligned and precise. 

The choice to use a 12V battery and a motor to correspond with a 12V battery was 
initially to minimize weight of the scooter, but in retrospect more power would have been ideal 
because the bulk of the weight on the scooter comes from the rider, not the scooter itself. Using a 
24V battery, motor and controller would have made the scooter heavier, and less maneuverable 
but would have also enabled the scooter to travel faster than a top speed of 8 miles per hour. A 
larger battery could also potentially have stored more charge and allowed for a longer riding time 
per charge.  

Additionally, one main error in the theory of the scooter was forgetting that the weight of 
the rider would cause the motor to draw significantly more current from the battery, thus 
lowering the riding time. This caused the small issue of wires overheating due to too much 
current, but this was quickly fixed by replacing the current wires with thicker ones. Furthermore, 
the regenerative braking system proved too effective, because since the scooter failed to reach 
high speeds, the motor stops turning so quickly that it lurches the rider forward, disrupting their 
balance. 

The initial goal of the project was to create a fun, easy and safe way to travel short 
distances, and the scooter definitely meets these goals. It is extremely satisfying to turn the 
throttle and feel the scooter accelerate with no need to manually push it forward. The scooter is 
also incredibly comfortable to ride, due to the shock absorbance of the large 12 inch rubber 
wheels. The scooter is also powerful enough to carry light and heavy riders alike (albeit at a 
slightly slower speed for heavier riders), which is important to ensuring that it can be enjoyed by 
both kids and adults. 

 
VII. The Next Step: 

The crash sensing portion of the scooter will be achieved using a radar, which will 
connect to an Arduino [10], which will then switch the direction of the current through a relay 
such that drive-mode is turned off and the motor turns into a generator. The radar will be able to 
tell how far away objects are, but to keep track of the scooter’s speed in order to actually 
calculate if a potential crash is imminent, a hall chip will be attached to the rear wheel. Using the 
diameter of the wheel and a magnet attached to the frame, the number of wheel spins per unit 
time can be calculated by seeing how frequently the hall chip is triggered and then the speed of 
the scooter can be found. Speed vs. distance equations will be coded to dictate whether or not the 
scooter needs to trigger the relay and use the motor generator style braking. 
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Appendix A: 

Measuring Mass of Scooter: 

Scooter Mass Being Measured on the Scale 

Mass is 36 lbs 



Appendix B: 

Parts List: 

Description Use Cost Where to buy 

Mongoose Expo 
Scooter 12 inch 
Wheels 

Frame and Wheels 
for the scooter - large 
enough wheels, not 
constricted for area so 
it can be modified 
easily 

$90 Amazon 

Large Motor Will run the 
drive-chain and turn 
the rear wheel 

$0 In stock in lab 

Drive-chain Will turn the axle via 
the motor 

$0 In stock in lab 

Rechargeable Battery 
Pack 

12 V battery to power 
throttle voltage 
regulation box and 
motor 

$30-60 Walmart or Amazon or 
electricscooterparts.com 

Throttle Will allow user to 
control the speed of 
the motor 

$0 In stock in lab 

Motor Voltage 
Controller (Pulse 
width modulation) 

Will allow a range of 
voltages to be applied 
such that motor turns 
at various speeds 
based on throttle 
input 

$20 Amazon 

Radar Sensor Works with arduino, 
senses objects in the 
scooter’s path 

$20 Amazon 

Arduino For sensing 
mechanism 

$0 In stock in lab 

Gears/Sprockets Rear-wheel and for 
motor 

$20 McMaster Carr 
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