
A. Chemical Propulsion

STEP BY STEP

Put a small amount of baking soda and some
vinegar (figure out for yourself the propor-
tions that work best) in the film canister and
cover it quickly. The lid of the film canister is
the bottom end of your rocket. Stand back
and get ready for blast-off! You can improve
your rocket by adding a conic nose and fins
made of construction paper to it, as done in
the next model (air propulsion). 

WARNING
Be sure you choose a launch site that will not
be damaged by the vinegar and baking soda! 

A STEP FURTHER 

There is a slightly more sophisticated way to
engineer your rocket. Mix the baking soda
with water to form a paste that will stick
inside the lid of the film canister even when
you hold it upside down and put it on the
canister. Calculate the right amounts, spread
the baking soda inside the lid, and place the
vinegar in the canister. Put the lid on the can-
ister, keeping the canister upright. When you
are ready for launch, turn the canister upside
down and place it on the launch site. Watch
it go!

15 ROCKETS WITH CHEMICAL AND AIR
PROPULSION

Let’s build a cool rocket and its launch platform from scratch.

SUPPLIES

• vinegar
• baking soda
• empty film canister

with lid
• construction paper
• superglue
• masking tape
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Can you think of other ways to engineer
a vinegar and baking soda rocket?

FUN FACTS

In the case of the chemical propulsion, vine-
gar, an acid, and baking soda (sodium bicar-
bonate) mixed together produce carbonic
acid, which quickly decomposes into carbon
dioxide (CO2) and water. As the CO2
expands, it makes the rocket (canister) move
up. The rocket is hit by the CO2 molecules
moving up and, in turn, it kicks them back. It
is the action = reaction principle at work.

B. Air Propulsion ★

STEP BY STEP

The Platform

With a hacksaw (or other saw), cut off a
piece of the wood stick. Attach the stick lat-
erally to the base with two nails, as shown in
the figure. Insert one end of the hose into the
tube until it reaches the tube’s end. Drill a
hole all the way through from one side of the
tube to the other to pass the screw. Use the
screw to fasten the tube to the wood stick.
Insert the other end of the hose into the bot-
tle (if necessary, use masking tape around the
tube’s ends to keep the hose tightly fitted). 

The Rocket

Make an 8 in (20 cm) long cylinder out of
construction paper, which fits tightly in the
PVC pipe. Draw on the construction paper a
1 1/4 to 2 in (3 to 5 cm) radius semicircle,

SUPPLIES

• construction paper 
• 3.3 ft (1 m) piece of

ridged hose 
• 9 in (22 cm) piece of

PVC pipe in which
the hose can be fitted
tightly

• 2-quart (2-liter)
plastic bottle (you
can also use 1-gallon
bottle)

• piece of wood (base),
roughly 4 × 10 in (10
× 25 cm), 5/8 in (1.5
cm) thick

• wood stick, roughly
1 × 1 × 8 in (2.54 ×
2.54 × 20 cm) 

• 1 nail
• 1 screw with washer
• piece of wire
• disk, 1 1/4 to 2 in (3

to 5 cm) radius, or a
drawing compass

• masking tape
• white glue
• small Styrofoam ball

(optional)
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using the disk as a guide, or use the drawing
compass. Cut out the semicircle and make a
cone out of it that fits the cylinder. Attach the
cone to the top of the cylinder with masking
tape. Alternatively, you can use a Styrofoam
ball as the nose of the rocket. Just fit it in the
top end of the cylinder (using glue or mask-
ing tape to fasten it to the body of the rock-
et). Cut out three rectangular triangles with
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roughly 1 3/8 in (3.5 cm) base and 2 in (5 cm)
height for the three fins. Fold 1/4 in (0.5 cm)
of the border of the triangles (see figure) and
attach them to the rocket’s body at the places
indicated. The fins can be positioned either
vertically or slightly tilted (around 20º). To
launch the rocket, just put the bottle on the
ground and stomp on it with one foot. You
can try different rocket designs to see which
achieves the highest point. You can also tilt
the platform and discover at which angle the
rocket reaches the maximum distance on the
ground. After each launching, the plastic bot-
tle deforms. To restore it, you have to blow
through the top end of the PVC pipe.
Eventually, you will have to replace the bot-
tle and make a new rocket.

FUN FACTS

The air flow kicks the rocket up, and the
rocket in its turn kicks the air back. This is
just the action = reaction principle at work.
Can you recognize here the same principle of
the previous rockets? The fins of the rocket
also play an important role, as they do for
sharks and other fish. When the fins are tilt-
ed, they make the rocket spin around its axis.
When you ride a bicycle, you don’t fall
because the spinning wheels give it a special
stability. (See Experiment 35, “The Bicycle’s
Trick”) The same holds for the turbines of
the jet engines of an airplane. What about the
rocket? 
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Version 1

STEP BY STEP

Make two holes roughly 1 to 1 1/2 in (3 to 4
cm) in diameter in the upper and lower parts
of the bottle, as shown in the figure. Insert
one end of the tubing in the opening of the
balloon. (It needs to fit snugly; use masking
tape if necessary.) Place the knives (ballast)
inside the bottle through the holes in the side.
Insert the end of the tubing with the balloon
into the mouth of the bottle and position the
balloon in the middle of the bottle. Your new

22 THE SUBMARINE

A submarine can both submerge and rise to the top of the water.
What’s the trick?

SUPPLIES

• 2-quart (2-liter)
plastic bottle

• balloon
• plastic tubing,

approx. 3 feet (1 m)
in length

• silverware (3 or 4
table knives) 

• kitchen sink or pail
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submarine is ready. Put it on the bottom of
the sink or in a pail. Fill the sink or pail with
water until it covers your submarine. In order
to not waste water, test your submarine when
you are washing dishes in the kitchen sink.
Blow into the free end of the tubing and see
what happens. 

FUN FACTS

If there were water in the balloon instead of
air, the mass of the water would be about a
thousand times greater than that of the air
contained in the balloon. Density is a meas-
ure of the quantity of matter (mass) per unit
volume. We can then say that water is a thou-
sand times denser than the air in the balloon.
When the balloon fills, the submarine rises so
that more water—higher density—will
remain at a lower depth in the sink or pail,
and the air—lower density—will remain
above. In this way, more matter (mass) will
remain closer to the Earth’s surface. This is a
result of the gravitational attraction exerted
by the Earth. Otherwise, we would simply
float! This happens when we are in a swim-
ming pool, for example, and our lungs are
full of air. As soon as we let the air out of our
lungs, we start sinking, just as happens with
the “submarine” when we let the air out of
the balloon.

Version 2

STEP BY STEP

Remove as much air as you can from the bal-
loons. (If necessary, roll them as if they were
almost empty tubes of tooth paste.) Insert
the coins in the openings of the balloons.

SUPPLIES

• 2 party balloons
• 2 coins
• 2 plastic bottles, 1

large, 1 small, both
with screw-on caps

• masking tape
• water
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(The coins act as valves.) Put the bal-
loons in the bottles, fill the bottles with
water, and put the caps on tightly. The
small amount of air that remains in the
balloons will make them float, as
shown. Ask someone to press one of the
bottles while you press the other.
Discover which of the bottles permits
you to make the submarine submerge
more easily. 

A. Squeeze

Tightly cap an empty plastic bottle, then
squeeze it as hard as you can with your
hands. You will certainly be able to deform it
(at least temporarily). Try to deform a bottle
filled with water, as in the experiment with
submarines. The small amount of air in the
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bottle can be compressed, to a certain point.
The water cannot, and for this reason it is
said to be incompressible.

B. Blow

Make small holes in a plastic soda bottle in
various places with a pin or needle. Blow
through the mouth of the bottle and feel the
air coming out of the holes with your fingers.
Fill the bottle with water and cap it well. (If
the holes are small enough, hardly any water
will come out of them.) Squeeze the bottle.
(Be careful! Water will squirt out of all the
holes in all directions, like in a shower.) With
this experiment, you show that pressure
propagates in all directions in a fluid, includ-
ing air (you can repeat the experiment with
the bottle empty). 

FUN FACTS

The submarine experiments demonstrate that
any externally applied pressure is transmitted
undiminished to all parts of an enclosed fluid
(for example, air or water). Considering that
the two plastic bottles in version 2 have dif-
ferent surface areas, when you squeeze them
with the same force, you produce a different
pressure in the water inside the bottles. This
extra pressure, in its turn, forces the balloons
to shrink, thus increasing effectively their
average density. Eventually, when the applied
pressure is large enough, the “submarines”
will sink. Now, which bottle will sink more
easily?
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Version 3 

STEP BY STEP

Fill the tube (submarine) with water until it is
almost filled, leaving only a small air bubble
at the top. Fill the bottle with water and place
the submarine inside so that it is suspended
vertically. Close the bottle tightly and then
press its sides with both hands, as the picture
shows. What about using now the wooden
matchstick as a submarine?

FUN FACTS

This version is just a variant of the previ-
ous model. In the present case, when you
squeeze the bottle, the extra pressure
produced inside the plastic tube squeezes
the air bubble, shrinking it, hence
increasing the average density of the sub-
marine. In a real submarine, the effect
you produced with your hands is made
with suction pumps. They pump water
into ballast tanks, effectively increasing
the average density of the submarine
until it submerges. To surface, they pump
the water back out into the ocean,

decreasing the average density of the subma-
rine until the submarine rises to the surface.
Although ships are made of materials denser
than water, they don’t sink. This happens
because most of the ship’s space is filled with
air. If the ship’s weight plus its load exceeds a
certain value, the ship will inevitably sink, just
as the submarine does with its ballast tanks
full of water. Now, what happens if the bottle
is not completely filled with water or if it has
a small hole at its top or at its bottom? Will the
submarine work the same way? 

SUPPLIES

• plastic tube from a
pen, with one end
capped/sealed

• small vial, such as
from a sample of
perfume, or a
dropper

• wooden matchstick 
• plastic bottle with

screw-on cap
• water
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29 AIR STREAMS ON TOP OF CARS, ROOFS,
AND MOUNTAINS 

Discover what happens on top when a lateral stream of air turns up.

STEP BY STEP

Bend the middle of the paper around a finger
to make a bump there (your “mountain” or
the top of a car). Hold the paper on a surface
as shown in the figure. Place one end of the
pen tube or straw close to the bump and blow
through the other end. What happens to the
top of the bump? Since the pressure in the
“tunnel” below the bump is atmospheric
pressure (there is no air flow there), what do
you conclude about the pressure on the top of
the bump? What about the speed of the air
flow there (place a small ball of cotton or
crumpled paper to “probe” it.) Does the air
flow speed up as it moves up to the top? Now,
place the glass with the small piece of cotton
or paper inside on top of a work surface (see
Experiment 30, “Make Your Own Sprayer,”
next). Position the output of the hair dryer in
front of the side of the glass with the nozzle
resting on the work surface. Move the nozzle
up with the hair dryer switched on and see
what happens when the air flow starts cross-
ing the top of the glass (see figure). Now

SUPPLIES

• empty pen tube or
drinking straw

• piece of paper 3 × 6
in (7.5 × 15 cm)

• glass (preferably
clear)

• small piece of cotton
or crumpled paper

• bucket
• inflated party balloon

(smaller than the
bucket)

• fan
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replace the glass with the bucket with the bal-
loon inside, and replace the hair dryer with
the fan. Position the fan so that the air flow
it produces is below the top of the bucket.
Move the fan up and see what happens. You
can cover the bucket with a page of a news-
paper (the “roof”) to see the effect of a later-
al wind on it.

FUN FACTS

To circumvent an obstacle, the incoming air
stream must change direction. This requires a
force component perpendicular to the direc-
tion of the flow. As the stream hits the obsta-
cle, it is slowed down and the pressure
increases locally (kinetic energy is trans-
formed into “pressure energy”). Consider the
air pressure around the obstacle at points
away from the spot directly hit by the incom-
ing flow. If the pressure at these points
becomes less than the atmospheric pressure, a
net force is created perpendicular to the air
flow, which enables it to bend. In addition,
the pressure imbalance around the obstacle
speeds up the air flow as it moves toward the
point of lowest pressure. Pressure energy is
then transformed into kinetic energy
(Bernoulli’s effect). Imagine a flag that is
spread out in the wind with a ripple in it. The
air pressure over the ripple decreases so that
the air stream can bend as it crosses over the
ripple. The air pressure on the two sides of
the flag near the ripple becomes unequal, just
as in the experiment with the piece of paper.
As the ripple moves randomly all over the
flag, the flag flutters in the wind.
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STEP BY STEP

Twist the tubing around the PVC pipe and fix
it in place with the tape, as the illustration
shows. Fill one of the bowls with water (the
pool) and place one of the ends of the pipe in
it. The pipe needs to remain at an incline. The
other end of the pipe should be higher up,
leaning on the other bowl (the reservoir), so
that the water from the tubing will empty
into the reservoir. Hold the higher end of the
PVC pipe and turn it with your hand. It will
be easier to see what’s happening if you put
some coloring in the water in the “pool,” per-
haps water-based poster paint or food color-
ing, since they are safe and easy to clean up
afterwards.

HINT
To follow up on what happens to the water
when you operate the pump, just make a
smaller version of it and insert a small ball or
any other object into the tubing where it can
move freely. By turning the PVC pipe, you can
see what happens to the ball. Be prepared to
collect it at the upper end of the tubing!

FUN FACTS

The tubing around the PVC pipe can be
viewed as a collection of ramps wrapped
around a central axle. As you turn the axle

39 HAND-OPERATED WATER PUMP
(ARCHIMEDES’ SCREW)

How can water climb while “descending”? Doesn’t it seem contradic-
tory? Make your own water pump and find the answer.

SUPPLIES

• PVC pipe 1.6 ft (0.5
m) long

• transparent plastic
tubing, 1 yd (1 m)
long

• masking tape
• 2 bowls
• water
• water-based poster

paint or food
coloring
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(PVC pipe), you carry water in successive lifts.
As the water moves up, it is always on a ramp
and “falls down” in order to locally minimize
its gravitational potential energy. As you keep
turning the wheel, the water moves on to a
new ramp until it comes out at the top reser-
voir. The effort you have to make to pump
water up with the Archimedes’ screw is much
smaller than that needed to lift the water ver-
tically. It is just like walking on a road or path
around a mountain up to the top. It requires
less effort compared to climbing directly up
the mountain, though the distance you have
to walk is much longer. Now, try to lift water
turning the axle (PVC pipe) the other way
around. Will it work now? Why?
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ALTERNATIVE: VERTICAL 
PUMPING ★

STEP BY STEP

Insert the 1.6 ft (0.5 m) tubing into the 2 in
(5 cm) tubing (if necessary, use electrical tape
to obtain a tight fit). Place the ball in the
wider tubing, on top of the 1.6 ft (0.5 m) tub-
ing. The ball will act as a valve. Next, insert
the 1 1/2 in (4 cm) long piece of tubing into
the wider tubing, leaving some space for the
ball to move up and down (if necessary, use
electrical tape to obtain a tight fit).

SUPPLIES

• 2-quart (2-liter)
plastic bottle

• marble
• 1.6 ft (0.5 m) of

transparent plastic
tubing with inner
diameter smaller than
the marble diameter
and outer diameter
slightly larger, and a
piece 1 /2 in (4 cm)
long

• 2 in (5 cm) of wider
transparent plastic
tubing that tightly
fits the narrower one
(if not, you can use
electrical tape around
it)

• food coloring (for
contrast)
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OPERATION OF THE PUMP

Submerge the longer tubing in the bottle
filled with water and move it quickly up and
down, without the bottom part coming out
of the water. At the same time, keep the open-
ing at the top of the tubing partially covered
with your thumb. See if you can get the water
to gush out of the upper opening. You can
adjust the space available for the ball by
pressing the 1 /2 in (4 cm) long piece of tub-
ing or pulling it out. Watch the column of
water form in the clear tubing. You can use
food coloring to better see what is going on.

FUN FACTS

As you move the pump up, the ball keeps the
top end of the longer tubing closed, while the
air inside the tubing has more space—you
produce a partial vacuum. Once the air pres-
sure inside the tubing decreases, the water
moves up (the same happens when you suck
a beverage using a straw). When you move
the tubing down, the ball is too sluggish to
follow the tubing, so it lets the air out while
more water comes into the tubing. By repeat-
ing this operation, more water fills the tubing
until its only alternative is to gush out. Now,
why do you need to partially cover the top of
the pump with your thumb?  
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STEP BY STEP

Fill up the bottle with glycerin and screw the
lid on tightly. Fill about one-third of the glass
with glycerin. Slowly place the bottle in the
glass. A part of the bottle will be submerged.
What happens to this part? Why? What will
happen if you place the bottle with glycerin in
a clear glass with a third of its volume filled
with water?

OPTIONAL

Use the PVC pipe, superglued onto the piece
of paneling, as a holder for the glass. This
will keep the glycerin from spilling over.

FUN FACTS

Everyone knows that placing a knife in a
glass of water makes it look bent. Of course,
the knife out of the water isn’t bent. Check it
out for yourself. The light that comes from
each part of the knife reaches you at the
shortest time possible. (Light is most effi-
cient!) In water, the speed of light is less than
in air or in outer space. (You can also express
it in terms of the refraction index, which is
the ratio of the speed of light in the outer
space and the speed of light in a transparent
medium, like water and glass.) So, light is
better off if it takes a shorter path in water,

1 INVISIBLE GLASS

See how you can make a bottle invisible!

SUPPLIES

• smooth, transparent
drinking glass (not
colored)

• 2 or 3 tubes of
glycerin (100 ml,
found at pharmacies)

• empty bottle of
Tabasco, or other
narrow transparent
glass bottle, very
clean and dry, with a
screw-on top

• PVC pipe
• piece of paneling
• superglue
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where it is slower (has a higher refraction
index), and a longer path in air (has a refrac-
tion index of approximately 1), where it is
faster. If light did not bend when it comes out
of the water, its path in water would be
longer and in air it would be shorter, so on
the whole, the light would take more time to
reach you. It then “prefers” to bend. This
shows that light “sees” water and air as dif-
ferent media. What can you say now about
the glycerin and glass? Do they look different
for light? (Are their refraction indexes differ-
ent or the same?) 
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STEP BY STEP: POLARIZED
LIGHT

Try looking through a polarizer at the light
reflected by a CD case. (Hint: Pay special
attention to the corners.) Rotate the CD case,
then tilt it or look at it from a different angle.
What happens? Now, look at the CD case in
reflection, using an ordinary mirror. Do you
notice anything special? Substitute a shiny
piece of black plastic for the mirror. Compare
the image formed by reflection and the object
that is reflected. Is there anything weird in
there? Turning the polarizer in front of your
eye, look at the blue sky and a rainbow. (See
Experiment 14, “Why Is the Sky Blue?”)
Look, too, in different positions at the reflec-
tions on a wall or window and find out why
polarizers are used for cameras. Discover also
why some fishermen use glasses with polariz-
ing filters to better spot fish through the
water. In a dark room, hold the polarizer
against the laser end of a laser pointer point-
ed at a wall and see what happens to the laser
light that hits the wall when you turn the
polarizer. So many fascinating mysteries!  

13 NEW DISCOVERIES WITH POLARIZERS

Discover what polarized light and double refraction are.

SUPPLIES

• 2 Polarizers
(polarizing filters),
found in photo shops
(some sunglasses are
also Polarizers)

• cover of a CD case or
a piece of hard
plastic

• laser pointer
• clear glass
• 2 pieces of clear

adhesive tape 
• 1 folded and

crumpled sheet of
cellophane

• 1 ordinary flat mirror
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A STEP FURTHER:
BIREFRINGENCE/DOUBLE
REFRACTION

Look through both polarizers placed over a
light source. Turn one of them until they both
look dark (crossed polarizers). Place the plas-
tic (CD case top) between the two polarizers,
as the illustration shows, and see how the
plastic is transformed. Tilt the plastic or
rotate it and see what happens. Use a folded
and crumpled piece of cellophane and repeat
the previous experiment.

Stretch one piece of the adhesive tape
before taping it down on the glass. Tape the
other one down beside the first without
stretching it. Now, place the glass between
the two crossed polarizers and compare the
two pieces.

FUN FACTS: POLARIZED WAVES

Light can be described in terms of transverse
waves. You can produce transverse waves with
a stretched rope, for example, by fixing one of
its ends and moving the other end either up
and down or sideways (linearly polarized
waves), or moving it around in a circle, either
clockwise or counterclockwise (circularly
polarized light), as indicated in the figure. The
oscillations you produce are perpendicular to
the direction of propagation—hence the name
transverse waves. Waves are characterized in
general by a length (the wavelength), which
measures how often a wave pattern repeats
itself in space when you take a snapshot of the
whole wave, and by a frequency, which meas-
ures how often the wave repeats itself in time
when you consider a fixed point in space along
the wave’s trajectory. 
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FUN FACTS: POLARIZERS

A polarizer works as a filter of oscillations.
You can simulate a polarizer with two paral-
lel broom handles close to each other. First,
you produce a wave in a stretched rope (see
figure). Then, you place the broom handles at
a point where the transverse oscillation is
greatest (an “antinode”). If you place them at
a point where the cord is motionless (a node),
the trick will not work! The “polarizer” lets
pass through only oscillations along a certain
direction (the polarizer axis) and eliminates
the remaining oscillations. A circular polar-
ized wave, for example, is transformed into a
linearly polarized wave as it crosses a polar-
izer (see figure). 
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FUN FACTS: LIGHT WAVES

Light waves consist of oscillating transverse
electric and magnetic fields. An electric field
accelerates a charged particle and a magnetic
field exerts a force on a moving charged par-
ticle when its velocity has a component per-
pendicular to the magnetic field. The light
from the Sun and the light emitted by ordi-
nary lamps is a mixture of waves with differ-
ent wavelengths oscillating in all possible
directions on a plane perpendicular to the
direction of propagation (it is then unpolar-
ized light). A real polarizer just lets the com-
ponents parallel to its axis pass through and
eliminates all other components. The polariz-
er thus produces linearly polarized light. 

FUN FACTS: 
POLARIZED WAVES BY
REFLECTION AND REFRACTION

When light strikes a surface, the reflection of
light by the surface also produces linearly

polarized light, especially at shallow
incidence angles. The electrical charges
on the surface act as tiny antennas.
They respond differently to the oscillat-
ing electric field of an incoming light
wave depending on its direction of
oscillation. If the oscillation is parallel
to the surface, the charges on the sur-
face are pushed back and forth easily
along the surface. In this case, the tiny
antennas are very efficient and emit
light linearly polarized along the hori-
zontal direction. However, an electric
field oscillating vertically pushes the
charges up and down along the vertical
direction. Since the charges can’t leave
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the surface, their response is very poor at
shallow angles of incidence. In transparent
surfaces, as the incidence angle is equal or
greater than a particular angle (the so-called
Brewster angle), the emission of vertically
polarized light is completely cut off. There is
another way to see how light polarization is
produced by reflection. At the Brewster
angle, the electric field of the transmitted
(refracted) light oscillates vertically along the
propagation direction of the reflected wave.
The tiny antennas cannot generate a reflected
ray with vertical polarization, since the corre-
sponding electric field oscillation would be
along the direction of the wave propagation.
Because the incident light has both polariza-
tions, the reflected light becomes horizontal-
ly polarized. The same mechanism produces
polarized light in rainbows (see figure show-
ing a glass filled with water simulating a rain-
bow; a laser beam can be used to probe the
polarization effect of the rainbow—be care-
ful with the extra light rays coming out of the
glass!). Experiment 14, “Why Is the Sky
Blue,” also demonstrates how partially polar-
ized light is produced in a blue sky.
Sunglasses and the polarizer of photographic
cameras can thus dramatically reduce glare
by absorbing most of the light reflected from
a surface. (To accomplish that, what should
the orientation of the polarizer’s axis be?)
Light reflected from a highway surface at
Brewster’s angle is often annoying to drivers
and can be demonstrated quite easily by
viewing the distant part of a highway, the
reflections of the Sun’s light from car wind-
shields, or the surface of a swimming pool on
a hot, sunny day. Modern lasers often take
advantage of Brewster’s angle to produce lin-
early polarized light from reflections at the
mirrored surfaces positioned near the ends of
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the laser cavity. Now, considering that the
Brewster angle varies with the frequency of
the light components, can you understand
what happens when you look at a CD case
with a polarizer? Does a mirror produce
polarized light? (Illuminate the mirror with a
flashlight at different angles of incidence and
check the reflected light with a polarizer.)

Simulating the Polarization
Effect in a Rainbow ★

In a dark room, turn the polarizer
(sheet of polaroid) to check
whether the “rainbow ray” (laser
beam coming out of the glass) is
polarized. (It should be projected
on a “screen,” such as a white
wall.) The dots represent the ver-
tical polarization (perpendicular
to the plane of the paper), and the
double arrows stand for the hori-
zontal polarization of the light’s
electric field. 

CAUTION
To avoid accidents, place opaque obstacles
at the spots where the reflected and the first
refracted rays come out of the glass. 

FUN FACTS: 
BIREFRINGENCE 
(DOUBLE REFRACTION)

Birefringence occurs when a
material displays two different
refraction indexes for the hori-
zontal and vertical polarizations
of light. A light component with a
polarization that affects the mate-
rial most strongly has a higher
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refraction index and therefore travels slower
than the light with the other polarization,
associated with a lower refraction index. As a
plastic is submitted to stress, it becomes bire-
fringent. This can be demonstrated by using
two crossed polarizers (sheets of polaroid).
As unpolarized light crosses the first polariz-
er, it becomes linearly polarized along the
polarizer’s axis. Since the axes of both polar-
izers are perpendicular to each other, no light
comes out from the second polarizer. If you
place a piece of strained plastic in between
the crossed polarizers, the polarized light
coming out of the first polarizer is split into
two components, one along the “fast lane”
direction and the other along the “slow lane”
direction. As the two wave components leave
the plastic, there are several possibilities: the
resulting wave coming out of the strained
plastic can be linearly polarized, circularly
polarized, and so on. (You can visualize the
result of two perpendicular oscillations using
a laser pointer, as suggested in Experiment
12, “Pictures of Sounds,” under Playing with
Sounds: Acoustics.) The several components
of light are thus “filtered” by the second
polarizer in different ways depending on how
the plastic is strained and also by its thick-
ness. Because the birefringence is related to
the stress and is color-dependent, differently
strained areas appear as different colors. If
you bend a clear plastic ruler, does it display
birefringence where it is bent? What happens
when the ruler returns to its normal condi-
tion? Engineers use this trick to map out the
strain distribution in plastic models of struc-
tures, such as bridges, submitted to variable
loads. What about a CD case? When you
glue pieces of rigid plastic or heat them up,
do you produce birefringence?
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STEP BY STEP

Submerge the wire frame in the solution.
When pulling it out of the solution, you will
see the film of soap fill up the whole circle.
This is your racquet! Hold the pen tube by
one end and dip the other into the solution
for a few seconds. Pull the tube out and blow
into the other end, forming a soap bubble.
This is your tennis ball! Now you can prac-
tice your serve.

16 RACQUETS AND TENNIS BALLS 
MADE OF SOAP 

Get ready for a new kind of tennis.

SUPPLIES

• circle, 4 3/4 in (12
cm) in diameter,
made of wire or
plastic, with a handle
(frame)

• tube from a ballpoint
pen (without the ink
cartridge) or a piece
of drinking straw

• soap solution from
previous experiment 
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FUN FACTS

You can play tennis in this new way thanks to
the properties of certain molecules that are
found in detergent, called surfactants. These
molecules can be drawn as little tadpoles,
each with a “head” and a “tail.” If the head
of the molecule loves water (for this reason,
it is called hydrophilic), the tail hates it
(called hydrophobic). From the illustrations,
you can see that in the soap ball, as much as
in the racquet, the tails of these detergent
molecules are on the outside of the film of
soap. The term surfactant comes from the
fact that when a detergent molecule is put in
water, as many as possible will crowd to the
surface so that the heads can stay in the water
while the tails stick out into the air.
Surfactants therefore mostly affect the sur-
face of water. It is these molecules that make
soap bubbles stable. Without them, the bub-
bles would spontaneously break apart into
tiny water droplets. The ball and racquet
don’t stick to each other because the “tails”
of one want to avoid touching the water that
is on the film of the other! In reality, the sur-
factant molecules are much smaller than as
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illustrated here, about 1,000 times smaller
than the thickness of the bubble wall. Bubble
walls are typically a few micrometers thick
(the diameter of a human hair is around 50 to
100 microns, 1 micron = 10-6 m), while the
molecules are just a few tens of nanometers
long (1 nm = 10-9 m).

As you can see in the picture, there are
also detergent molecules inside the water of
the bubble wall, some of them by themselves
and others in little balls known as micelles. In
the micelles, many molecules ball up with
their tails bunched up inside the ball and
their heads on the ball surface. The tails thus
avoid water, while the heads get to touch it.
This is a handy way of storing soap inside the
bubble wall. If the bubble is stretched, the
molecules on the surface spread apart as the
surface is enlarged. The additional molecules
stored in micelles replenish the surface, so it
remains nice and stable. When you use deter-
gent with water to remove dirt from clothes
and dishes, for example, the tails of the deter-
gent molecules stick to the dirt, which tends
to be greasy or oily, while their heads prefer
the water. So, when you rinse the dish you are
washing, the water takes the dirt and grease
along with it, and the dish becomes clean.
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11 FROM LUNGS TO MOUTH

Speech sounds spellbound!

STEP BY STEP

Get one end of the rigid wire stuck into the
cork (this represents your tongue). Fasten the
bottleneck to one end of the PVC pipe. (You
may have to make several cuts in the bottle-
neck perpendicular to its edge to fasten it
more easily to the PVC pipe, using masking
tape.) Fill the balloon with air and twist its
neck so that air doesn’t escape. Now, ask
someone to insert the “tongue” into the PVC
pipe (your “vocal tract”) and slip the mouth
of a balloon over the bottle top. Untwist the
balloon’s neck and stretch it to produce
sounds while the tongue is displaced along
the PVC pipe. Can you notice different
sounds as the tongue is displaced? If you
assign to the stretched neck the role of your
vocal folds and to the filled balloon the role
of your lungs, then you will be prepared to
follow how vowels are produced.

★

SUPPLIES

• party balloon
• piece of PVC pipe 

6 3/4 in (17 cm) in
length and inner
diameter of roughly 
1 1/4 in (3 cm) 

• piece of rigid wire
1.5 ft (about 45 cm)
in length

• cork with a diameter
smaller than the
internal diameter of
the PVC pipe 

• plastic bottleneck
• masking tape
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A STEP FURTHER

Try different PVC pipes with different lengths
(vocal tracts with different lengths) and corks
(tongues) with various sizes, and stretch the
balloon’s neck in different ways. Now, how
about using a corrugated hose as a vocal
tract? Can you make your model sing? 

29
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FUN FACTS

As you stretch the balloon’s neck, you pro-
duce sound (see step 3 of previous experi-
ment and the corresponding Fun Facts). In
this model, the filled balloon corresponds to
your lungs. The air flow through the glottis
(the space between the vocal folds, represent-
ed by the stretched necks) is modulated by
the movement of the vocal folds, producing a
modulated air pressure. The sounds thus pro-
duced are shaped into the various sounds of
speech in the mouth cavity, where they are
selectively amplified as you move, for exam-
ple, your tongue (represented by the cork),
lips, and jaw. As you displace the rigid wire
stuck to the cork in and out, you simulate
some of these possibilities. Explore them all.
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2 MAKING WATER DETOUR

See what happens when you bring an electrified balloon close to a
stream of water.

STEP BY STEP

Open the tap so that a thin, steady stream of
water flows out. Rub the balloon, the ruler,
or the pipe against your hair, which should be
clean and dry, or use the flannel (also clean
and dry) or paper towel. Bring the balloon,
ruler, or pipe close to the stream. What hap-
pens? Repeat the experiment using two bal-
loons or two rulers instead of just one, with
the stream in between.

A STEP FURTHER

How about guiding light?

FUN FACTS

The water molecules have a very special
property. You can think of them as having
two separated opposite charges. Molecules

SUPPLIES

• party balloon
• flexible plastic ruler,

or piece of PVC pipe
• stream of water

(from the tap in your
kitchen sink)

• piece of flannel (clean
and dry) or paper
towel 

SUPPLIES

• setup for Experiment
16, “Tubes of Light,”
under Playing with
Light: Optics

• party balloon
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with this property are called polar. When you
bring a charged object close to the water, it
attracts the opposite charge in the mobile
water molecules more than it repels the
charge with the same sign. The net result is
attraction, as you can easily demonstrate by
bending water toward you with the charged
balloon. Once the stream of water is bent,
light reflected in the inside walls of the stream
will “go with the flow.” You end up having
electricity controlling the path of light.
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STEP BY STEP

Tune the radio to a station with a strong sig-
nal at maximum volume (with adult supervi-
sion). Now, place it inside the shoebox. With
the lid on, can you still hear the radio? Next,
open the juice carton enough to fit the radio
inside and close it up again, as shown (with
adhesive tape, if necessary). What happens to
the radio? 

12 SILENT RADIO

It’s really easy to mute a radio playing at maximum volume.

SUPPLIES

• battery-operated
radio

• cardboard box with a
lid (like a shoebox)

• empty juice carton
lined with aluminum
foil

• aluminum foil
• microwave oven
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ALTERNATIVE

Place the radio inside a metal cooking pot
(with a metal lid), or wrap it (including the
antenna) in aluminum foil and see what hap-
pens. Repeat the experiment with a cellular
phone inside a metal pot (lid on) or wrapped
in foil. Does it ring when you call its number?
You can also wrap aluminum foil around a
remote control (to TV, VCR, garage door, or
car alarm) and see if these devices still work.
What do these remote controls, the radio,
and the cell phone all have in common? 

A STEP FURTHER

Fill a cup with water and pour an equal
amount into the empty juice carton (lined
with aluminum). Place them both in a
microwave and turn it on for about 30 sec-
onds. Compare the water in the cup with that
inside the carton. What is the connection
between this experiment and the silent radio
experiment?

FUN FACTS 

A metal pot or aluminum foil has lots of
“free electrons,” which can move around
inside the metal walls. These electrons act
like tiny antennas as an electromagnetic wave
hits the metal’s surface. The wave’s electric
field pushes free electrons and causes them to
accelerate. These accelerating electrons redi-
rect (absorb and reemit) the wave in a new
direction, producing a mirror reflection. Just
as a box made of metal mirrors keeps visible
light out, a box made with metal walls keeps
radio waves and the microwaves of a cell
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phone out. The same holds when the electro-
magnetic wave is generated inside a metal
box. The wave becomes trapped inside it, as
it is reflected by the metal walls. That’s exact-
ly what happens in a microwave oven. (The
holes in the metal grid on the oven’s glass
window are smaller than the microwave
wavelength, so the grid also reflects the
waves back.) When you turn on a radio or
receive a call on a cell phone, external elec-
tromagnetic signals activate these devices.
When they are inside a metal pot (lid on) or
wrapped in aluminum foil, the free electrons
in the pot or in the foil respond quickly,
reflecting back the incoming signals. This
does not happen with the shoebox, since
cardboard is an insulator and does not have
free electrons. (Try using strips of paper or
cardboard to connect a small lamp from a
flashlight, for example, to a battery and see if
the lamp lights up. You can also try wetting
the paper or cardboard. Try wetting it with
salt water. What happens then?)
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