Teaching Physics Using Hoverboard:  “Train to be an Astronaut”
Abstract

This article describes a creative activity using Hoverboard to teach basic physics concepts including Newton’s Law of motion. Hoverboard is a circular wooden platform levitated with an air blower on which a person can ride over smooth flooring. Using additional materials such as wooden ladder, bicycle wheels, and CO2 fire extinguisher, we design the Astronaut Challenge activity that students practice controlling their motion without relying on friction like astronauts do in outer space. In the Astronaut Challenge activity, students can apply their knowledge of Newton’s 1st and 3rd Law of motion to a variety challenge of motion in no-friction context; 1) tightening and loosening bolts without friction, 2) controlling moving velocity without friction, 2) orientation control without friction. This article describes how each challenge describes physics concepts and Newton’s law of motion.  This article also suggest a possible extension of the activity for more realistic outer space experience and connect the activity to the new framework for K-12 science education.
Introduction

Many students are wondering how they feel if they are in outer space when they watch a TV show or a movie that astronauts float around their spacecraft.  Astronauts in outer space orbiting the Earth are working in gravity free context so they are not supported by nearby surfaces, such as the floor or the walls. That said, astronauts need to learn to live and work in essentially a friction-free environment.  
We have used Hoverboard to teach student in the context of what to expect in a friction-free environment, called, Astronaut Challenge. In the astronaut challenge lesson, students practice controlling their motion without relying on friction like astronauts do in outer space and understand Newton’s law of motion.
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Figure 1:  Student on a hoverboard demonstrating rocket propulsion using a CO2 thruster.
Materials:

· Hoverboard (with seat that can accommodate two people, sitting back to back). The one-person ridable hovercraft or hoverboard, also called a “human hockey puck” (Altshuler, 1989) is a circular wooden platform levitated with an air blower on which a person can ride over smooth flooring (Figure 1).  Hoverboards can be purchased from educational vendors or you can build by yourself (see online resource for instruction).  
· Wooden seat that can accommodate two people (Figure 2)
· Overhead frame (wooden ladder)  with tools to apply torque (Figure 2)
· Masses to throw (e.g. basketballs, medicine ball)
· CO2 fire extinguisher (modified, as described below) for use as a thruster (Figure 1)
· Bicycle wheel gyroscope (Figure 3)
· A motor to spin the wheel
Hovercraft Astronauts Challenge 
Hoverboard can be used just for fun riding. But it is a very useful tool for teaching kinesthetic component of many physics and engineering lessons such as Newton’s Laws of Motion  (Altshuler, 1989; Burchill, 2003; Greenslade, 1993) for a wide range of ages (see also Pasco’s user’s manual for the ideas of teaching Newton’s Law of Motion using Hoverboard).  The Astronaut Challenge  activities give students to apply their knowledge of Newton’s Laws of Motion (specifically 1st and 3rd) to a variety of motion control challenges in no-friction context; 1) tightening and loosening bolts without friction, 2) controlling moving velocity without friction, 2) orientation control without friction. The following describe each motion control challenge and related physics knowledge including Newton’s 1st and 3rd Law of Motion.
                                                                 -------  Photo 2 here -----
Figure 2:  A “hovercraft astronaut” struggles to do a simple task
 – tighten a screw by applying torque about a vertical axis.

-------  Photo 3 here -----

Figure 3:  By tilting a bicycle wheel gyroscope an “astronaut in training”

can regain control over the direction they are pointing – attitude control.

Challenge 1: Tighten and loosen bolts without friction
     The absence of friction is particularly problematic when it comes to applying torque (moment of force) to tighten or loosen bolts during space walks such as those to build the International Space Station (ISS) or to service the Hubble Space Telescope. This challenge without toque can be demonstrate with a hoverboard. Pretend the rider is an astronaut and have them try applying a torque to a bolt or screw directly above their head (see Figure 2). Notice that to accomplish this task torque must be applied about a vertical axis.  Ask students to tighten or loosen bolts on the hovercraft with just one hand, as if their other hand is busy controlling their rocket pack or something.  Ask other students observe what happens to the rider and hoverboard. As they apply torque to the nut, the nut will apply a reaction torque to them (Newton’s 3rd  Law – rotational analog) and the hoverboard will start to rotate, making it nearly impossible to accomplish the task.   Then you can explain why the rider cannot tighten or loosen bolt without friction it in terms of Newton’s 3rd Law (for rotation).  Discuss how the rider, and hence real astronauts on spacewalks, might overcome this problem when applying torque while doing their work. 
Challenge 2: Control velocity without friction
Astronauts find it difficult to control their velocity if they are in outer space and out of reach of other objects – they just tend to drift at a constant velocity, according to Newton’s 1st Law.  
In outer space this is typically done by mass ejection (AKA rocket propulsion).  As you push mass away it pushes back on you (Newton’s 3rd Law), accelerating you in the opposite direction.  First have the rider practice by ejecting (throwing) various masses off the hoverboard to propel the hovercraft. Ask other students to observe the relative accelerations of the ball and the rider and explain in terms of Newton’s 3rd Law. 
Then they know they may need is a propulsion device that works even in outer space – a rocket thruster!  Rocket propulsion works by throwing or ejecting mass in one direction, so that the reaction force pushes the rocket the opposite direction.  We made a compressed gas thruster from a CO2 fire extinguisher (see safety considerations below). A CO2 thruster ejects many molecules (not much mass) but at very high speed and can provide a significant reaction thrust force on the hoverboard (see Figure 1). Discuss both challenges and limitations of this propulsion solution from the perspective of an astronaut, including the limited amount of fuel in the tank and the fact that you can pick up speed but still not steer nor stop.  More motion control is needed!

Challenge 3: Control Orientation/Attitude without friction
The ability to steer, also called “orientation control” or “attitude control”, is critical for motion control.  Steering is difficult without friction and not possible using only a single, fixed-direction thruster.  To rotate on a hoverboard (i.e. to turn) requires a torque.  One way for a rider to apply such a torque is by interacting with an on-board spinning object, like a bicycle wheel gyroscope.  This can be explained using the principle of Conservation of Angular Momentum or simply by pointing out that spinning objects like (toy) tops don’t like to fall over.  Thus if you apply a torque to tip over a spinning object it will apply a torque back on you – Newton’s 3rd Law (for rotation).  On a hoverboard, this can be used to steer (see Figure 3).

The sensation of a spinning wheel applying a reaction torque when you tip it over (or, more generally, when you change the direction its axis is pointing), is surprising and hard to describe.  Hence it is best for every student to have a chance to handle a spinning wheel while “not” on a hoverboard (see safety notes above).  Then a spinning wheel can be handed to a rider on a hoverboard and they can figure out how to use it as a steering wheel, albeit not one attached to the vehicle in a conventional sense.  Turning this way takes patience: the rider will start to turn when they tip the wheel (3rd Law) but then they need to hold it tipped to rotate to the desired orientation (1st Law) after which they can untip the wheel to stop the rotation.  Even small amounts of friction can mask this effect, so use a fast-spinning wheel (with weights on the rim, if possible) and a low-mass rider (with long-enough arms!) for the biggest effect.

You can also present the astronaut challenge as a series of tasks to make students working in a small group to solve the problem using their knowledge of Newton’s Law of motion. Pretend the rider on a hoverboard (with a CO2 thruster and/or a bicycle wheel) is an astronaut that needs to accomplish a repair mission.  Start from rest at point A (the airlock) and move to point B (an electrical panel outside the International Space Station) then stop there to make some repairs.  Ask students to write a detailed set of instructions that an astronaut (or a robot) could follow to accomplish this mission.  
Extending the “Astronaut Challenge”

You can also design (and possibly build) a multi-hoverboard vehicle on which you can mount 4 fixe-direction thrusters in a square formation, 2 pointing one way and the other 2 pointing the opposite way (parallel to each other).  Most actual spacecraft make use of multiple, steerable thrusters for propulsion and for attitude control, have hidden spinning wheels as well.  By firing pairs of thrusters (see Figure 4) such a vehicle can pick up speed, stop, and turn in place
-------  Photo 4 here -----

Figure 4:  A two-rider, three-hoverboard, four-thruster vehicle that is more like an actual spacecraft, where linear motion and attitude are controlled by firing various combinations of thrusters.
Safety Note
     The following safety precautions are required for this activity:

· Be sure people have long-enough arms to firmly hold the spinning wheel, preferably with one hand on each axle, so that it never rubs against their clothes or skin (arms, legs, or chest!) nor gets entangled in long hair, necklaces, or loose clothing.  
· Let people practice handling a spinning wheel before mounting the hovercraft, so they know what to expect when they try to tilt it.
· Do not use modified fire extinguishers to fight fires!  Only use CO2 thrusters in large, well-ventilated areas, like a gym.  
· Strap the thruster to the hoverboard seat so it doesn’t recoil directly against the rider.  
· Have the rider wear eye protection (and extension cord minder) and possibly ear protection.  
· Never fire a thruster in the direction of people and have observers stay back at least 15 ft.  
· Instruct riders to fire thrusters only for short (1 second) bursts.  
· Position people ready to catch the hoverboard, since the rider will be unable to stop on their own.

Conclusions

Hoverboards can be used as crowd pleasers, but the main purpose of this article is to promote their utility in teaching Newton’s Law of Motion and basic physics concepts especially with regards to controlling motion of vehicles in outer space.  Additional curricular uses that could benefit from kinesthetic, low-friction platforms include resolving vectors in 2-D (Altshuler, 1989) as well as studying circular motion and experiencing non-inertial reference frames.  Doing experiments with hoverboards is both engaging and memorable for students – kids go home with stories about how they were an astronaut for a day!  Historical connections can be made to NASA and the space program, including the fact that astronauts do indeed train on hovercraft devices to prepare for spaceflight.  Students will also better appreciate stories such as when Neil Armstrong, of Moon-landing fame, was nearly killed several years earlier when a thruster stuck in the ON position on Gemini VIII causing uncontrolled rotation.  Procedures developed to overcome challenges with hoverboards can have direct application to living and working in outer space.
Addressing the Standard

The following A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas (National Academy of Science, 2011) are addressed in this activity:
· Seven Crosscutting Concepts of the Framework

· Cause and Effect: Mechanism and Prediction (p.4-3)

· Systems and System Models (p.4-7)

· Energy and Matter: Flows, Cycles, and Conservation (p.4-9)

· Core Idea PS2: Motion and Stability: Forces and Interactions
· PS2.A: Forces and Motion (p.5-7)

· PS2.B: Types of Interactions (p5-8)

· Core Idea ESS1: Earth’s Place in the Universe

· ESS1.B: Earth and the Solar System (p.7-4)
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On the Web

Supplies and Instructions used for the Astronaut Challenge activity: 

· Pasco: http://www.pasco.com
· Arbor Scientific: http://arborsci.com
· Do-it-yourself instruction: http://amasci.com/amateur/hovercft.html
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Author Notes

Pasco (www.pasco.com) sells complete hovercraft (ME-9838) or hovercraft kits (ME-9878) or follow do-it-yourself instructions at http://amasci.com/amateur/hovercft.html.  Author notes comparing Pasco hoverboards to home-built ones are available upon request.  Bottom line: home-built models can be cheaper but Pasco models are much more reliable, so we use Pasco hoverboards if we can.  So you don’t run out of batteries, we strongly recommend a plug-in air source, such as a Stinger 2.5 galloon wet/dry shop vacuum from Home Depot.
To change a CO2 fire extinguisher into a rocket thruster, remove the diffuser/hose/horn and replace it with a simple screw-on pipe fitting to direct all the exhaust (typically coming out two oppositely pointing holes) into a single direction.  Never use a CO2 thruster to fight a fire!  You will also need a CO2 recharge vendor.  Here in Minneapolis it costs about $20 to recharge a “10-pound” CO2 extinguisher.
