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✂✂✂✂ Question (fold →) Answer

What part of your eye
detects light and sends
signals to your brain?

Retina — The retina is the light-sensitive layer at the back of the eye. It contains
millions of rod and cone cells that detect light and color, then send electrical signals
to the brain through the optic nerve. The cornea is the clear front cover, the pupil is
the opening that lets light in, and the iris is the colored part that controls pupil size.

Color-blind people may not
see the hidden number in
an Ishihara dot test. A
student says this proves
their eyes are broken. What
is a more accurate
explanation?

Their eyes have cone cells that respond differently to certain wavelengths, so
the dots that form the number do not stand out from the background dots —
Color-blindness occurs because one or more types of cone cells respond to slightly
different wavelengths than typical, making certain color pairs hard to distinguish. The
eyes are not 'broken' — they simply process some wavelengths similarly. Most color-
blind people see many colors normally, their brains process patterns fine, and no
practice is needed to see Ishihara numbers if your cones distinguish the relevant
colors.

You are designing a poster
for a school event. You want
one word to seem closer to
the viewer and another to
seem farther away, using
only flat paper. How could
you apply what you know
about depth cues?

Make the 'closer' word larger and brighter, and the 'farther' word smaller and
lighter in color — Your brain uses monocular depth cues like relative size and aerial
perspective to judge distance. Larger, brighter objects appear closer, while smaller,
lighter objects appear farther away. Paper thickness cannot be seen from the front,
identical formatting removes all depth cues, and orientation does not affect
perceived distance. Using size and color contrast is how 2D artists create the illusion
of depth.

What do we call a picture or
pattern that tricks your
brain into seeing something
that is not really there?

Optical illusion — An optical illusion is an image or pattern that tricks your brain
into perceiving something differently than it actually is. A mirage is a specific natural
phenomenon caused by heat bending light, a hallucination is a brain condition
unrelated to actual images, and a hologram is a real 3D image made with lasers.
Optical illusions are intentional visual tricks.

How do two identical circles
of the same color appear
different when one is placed
on a dark background and
the other on a light
background?

Your brain judges brightness by comparing objects to their surroundings, so the
same color looks lighter on a dark background and darker on a light one — This
is simultaneous contrast. Your brain perceives brightness and color relative to
surrounding colors, not in absolute terms. A gray circle appears lighter against a dark
background because of the strong contrast and darker against a light background
because of reduced contrast. Backgrounds do not absorb or reflect light onto the
circles, and your eyes can detect many brightness levels simultaneously.

You want to create a
spinning disk that shows a
rainbow of colors. The disk
is painted with only black
and white patterns. When
spun at the right speed,
faint colors appear. How
would you explain this to a
friend?

Different parts of your retina respond at slightly different speeds to the
flickering black and white, creating the perception of color — This is Benham's
top or Fechner color effect. The three types of cone cells in your retina (red, green,
blue) respond at slightly different speeds to rapid changes between black and white.
These timing differences create an imbalance that your brain interprets as faint
colors. Paint does not mix by spinning, friction does not produce rainbow colors, and
white surfaces reflect rather than absorb room light.

A friend shows you a picture
where a vase shape also
looks like two faces looking

Your brains are deciding differently which part is the figure and which is the
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at each other. Your friend
insists it is just a vase. Using
your knowledge of
perception, how would you
explain why you both see
different things?

background, and both interpretations are valid — This is the Rubin vase illusion, a
classic ambiguous figure. Your brain must decide which region is the foreground
'figure' and which is the 'ground' (background). Both interpretations are equally valid
because the image is designed to support both. Eyesight quality is irrelevant, it is a
single image not two, and neither person is wrong — the ambiguity is intentional.

You stare at a red circle for
30 seconds, then look at a
blank white wall. You see a
green circle. How could you
use this knowledge to
create an afterimage of a
blue shape?

Stare at an orange or yellow shape for 30 seconds, since blue is the
complementary afterimage color for those hues — Afterimages appear in
complementary colors because the cone cells detecting the original color become
fatigued. Red fatigues red cones, producing green. To see a blue afterimage, you
need to fatigue the cones for blue's complement — orange or yellow. Staring at blue
produces an orange afterimage, not blue. Imagining a color does not create
afterimages, and white light stimulates all cones equally.

Some animals, like the
cuttlefish, can change their
skin patterns to blend with
their surroundings. From a
predator's point of view,
why does this work as a
visual trick?

The predator's brain uses edges and contrast to identify prey, and when the
cuttlefish matches its background, those edges disappear — Visual systems
detect objects primarily through edges and contrast differences. When a cuttlefish
matches the color, texture, and pattern of its surroundings, the visual boundaries
between animal and background disappear, making it nearly invisible to predators.
Most ocean predators can see at least some colors, the cuttlefish still reflects light (is
not invisible), and predator eyes continue functioning normally — the camouflage
defeats their pattern recognition, not their eyes.

Why do movies appear to
show smooth motion when
they are actually a series of
still images shown very
quickly?

Your brain blends rapidly displayed images together, filling in the gaps to
perceive continuous movement — Your brain processes images with a slight delay,
blending each frame with the next through a phenomenon related to persistence of
vision and the phi effect. When images change fast enough (around 24 per second),
your brain perceives smooth motion. Cameras capture single frames, screens do not
vibrate, and your eye movement speed has nothing to do with this effect.

Your teacher shows two
horizontal lines of equal
length on the board. One
line has outward-pointing
arrows at its ends, and the
other has inward-pointing
arrows. Most students say
the line with outward
arrows looks longer. How
would you use a ruler to
prove that both lines are the
same length?

Measure from the exact tip of one line to the other tip, ignoring the arrow
shapes, and compare the two measurements — Using a ruler to measure the
horizontal line segments directly provides an objective measurement independent of
the visual illusion. By measuring from one end of the line to the other (ignoring the
arrow decorations), you can prove both lines are identical in length. Measuring the
arrows themselves is irrelevant — the arrows are the cause of the illusion, not the
lines being compared. Closing eyes removes the visual information entirely rather
than providing evidence. A magnifying glass makes the image larger but does not
change the brain's interpretation of the arrow cues — the illusion would persist at
any magnification because it is a cognitive effect, not a resolution problem.

What is the name of the
small dark opening in the
center of your eye that lets
light in?

Pupil — The pupil is the dark circular opening in the center of the eye that allows
light to enter. It appears black because light entering the eye is absorbed by the
retina inside. The lens focuses light, the retina detects it, and the optic nerve carries
signals to the brain. None of these are the opening itself.

Why does the moon appear
much larger when it is near
the horizon than when it is
high in the sky, even though
its size does not actually

Your brain compares the moon to nearby objects on the horizon and misjudges
its size — The moon illusion occurs because your brain uses surrounding objects
(trees, buildings, mountains) as reference points when the moon is near the horizon,
making it appear larger by comparison. High in the sky, there are no references, so it
looks smaller. The moon's actual distance barely changes, the atmosphere slightly



change? distorts but does not magnify, and the moon never changes size.

In the Ponzo illusion, two
identical horizontal lines are
drawn between converging
railroad tracks. Why does
the upper line appear
longer?

The converging lines make your brain interpret the image as a 3D scene where
the upper line seems farther away, so your brain scales it up — The Ponzo
illusion works because converging lines trigger your brain's perspective processing.
Your brain interprets the upper line as farther away and, since both lines make the
same-sized image on your retina, concludes the distant one must be physically
larger. Lines are not physically stretched, eye focus is the same for both, and gravity
does not compress lines.

You place a pencil in a glass
of water and it appears to
bend at the surface.
However, your friend says
this is not truly an optical
illusion because something
physical is actually
happening to the light. Who
do you think has a stronger
argument, and why?

Your friend has a point — refraction physically bends the light rays, so it is not
a brain trick but a real change in light's path — Your friend has a stronger
argument. Refraction is a physical phenomenon where light bends as it passes
between water and air because light travels at different speeds in different materials.
This is fundamentally different from optical illusions, which are caused by the brain's
interpretation. The pencil does not actually bend, but the light carrying its image does
physically change direction. Not all visual effects are illusions — some have physical
causes.

In the Ames room illusion, a
person standing in one
corner appears to be a giant
while a person in the
opposite corner appears
tiny. Both people are
actually the same height.
What can you conclude
about how the room is
built?

The room is built with a distorted shape — one corner is much closer to the
viewer than the other, but the walls are angled to look rectangular through a
peephole — An Ames room is a trapezoidal room carefully constructed so that from
a specific peephole viewpoint, it appears perfectly rectangular. One corner is actually
much farther from the viewer than the other. A person in the far corner appears
small because they are distant, while a person in the near corner appears large
because they are close. No mirrors, floor tricks, or holograms are used — the illusion
relies purely on forced perspective.

Two students are arguing
about the 'dress illusion' —
a photo where some people
see a blue-and-black dress
and others see white-and-
gold. Student A says one
group must be wrong.
Student B says both groups
could be correct. Who
makes a better scientific
argument?

Student B, because both groups are correctly perceiving the image given their
brain's different assumptions about the lighting in the photo — Student B makes
the better argument. The dress illusion occurs because different brains make
different assumptions about the lighting conditions in the ambiguous photo. Some
brains subtract blue light (assuming shadow), seeing white-and-gold; others subtract
yellow light (assuming artificial light), seeing blue-and-black. Both perceptions are
valid given their assumptions. The dress was actually blue-and-black, but neither
perception group was 'wrong' — they were processing the same data with different
priors.

A museum exhibit lets
visitors walk through rooms
with various floor and wall
patterns. In one room, a flat
floor appears to have a
giant hole in it. In another
room, straight walls appear
to be wavy. If you were the
exhibit designer, which TWO
principles would be most

The viewing angle visitors use and the precise pattern of light and dark areas
that create false depth cues — Anamorphic illusions (like fake holes in floors)
depend critically on the viewing angle — they only work from a specific vantage point.
The pattern of light and dark areas must precisely mimic real depth cues like
shadows and perspective convergence to fool the brain's depth processing. Room
temperature, visitor count, ceiling height, and paint brand have no effect on visual
perception. The viewing geometry and contrast patterns are what make or break the
illusion.



important to get right?

A toy company says their
new glasses 'let you see real
3D images on a flat screen
without any technology in
the screen.' Is this claim
scientifically reasonable?

It could be reasonable if the glasses show slightly different images to each eye,
since that is how your brain normally perceives depth — The claim is scientifically
reasonable. Your brain creates 3D depth perception by comparing the slightly
different images from each eye (binocular disparity). Glasses with different filters for
each eye (like polarized or red-blue 3D glasses) can present each eye with a different
perspective from a flat screen, tricking the brain into perceiving depth. Flat screens
can create 3D perception this way, glasses absolutely can change what each eye sees,
and this does not require holograms.

A researcher finds that
people from cultures
without many straight-
edged buildings are less
affected by the Mueller-Lyer
illusion (the arrow lines).
What does this suggest
about how optical illusions
work?

It suggests that experience with your environment shapes how your brain
interprets visual cues, so illusions are partly learned, not purely hardwired —
This finding suggests that many optical illusions rely on learned assumptions about
the environment. People who grow up around rectangular buildings develop strong
depth cues from corners and edges, making them more susceptible to the Mueller-
Lyer illusion. This does not mean only city dwellers experience illusions, eye color is
irrelevant, and the illusion is real — it just affects different populations to different
degrees based on visual experience.

Why do two lines of the
same length look different
when one has arrows
pointing outward and the
other has arrows pointing
inward?

Your brain uses the arrow direction as a depth cue and misjudges the line
length — This is the Mueller-Lyer illusion. Your brain interprets the outward arrows
as a receding corner (like a room's inside corner) and the inward arrows as a
protruding corner (like a building's outside corner), using perspective cues to
misjudge length. The arrows do not physically alter the lines, your eyes see them
correctly, and ink darkness has nothing to do with perceived length.

When you stare at a
spinning spiral and then
look at your hand, your
hand appears to move. Why
does this happen?

Your brain's motion-detecting neurons become tired and fire the opposite
signal when you look away — This is a motion aftereffect. When you stare at the
spiral, the neurons that detect that specific direction of motion become fatigued.
When you look away, the opposing neurons dominate and create the illusion of
opposite motion. Your hand is not actually moving, the spiral does not change your
eye focus permanently, and no light reflection is involved.

A magician wants the
audience to think a ball
disappears. She throws it
upward twice, and on the
third throw she secretly
keeps it in her hand but
looks up. The audience
'sees' the ball go up. Which
optical illusion principle is
she using?

She is using expectation and eye tracking — This exploits top-down processing —
your brain uses past experience (two real throws) to predict what should happen
next. When the magician mimics the throw motion and looks up, the audience's
brains fill in the expected trajectory. No mirrors, UV light, or speed tricks are involved;
the illusion is entirely psychological, created by expectation and misdirection. — the
audience's brains predict the ball's path based on the first two throws.

A student claims that optical
illusions prove you cannot
trust your eyes. Do you
agree with this conclusion,
or is there a more accurate
way to think about it?

It is more accurate to say optical illusions show that your brain takes shortcuts
when interpreting what your eyes see, and those shortcuts usually work well
but can be fooled — Optical illusions reveal that the brain uses efficient shortcuts
(heuristics) to process visual information quickly. These shortcuts work extremely
well in everyday situations — helping you judge distance, detect movement, and
recognize objects instantly. Illusions exploit the rare cases where these shortcuts fail.
Our eyes are highly reliable overall, illusions teach us real things about vision, and
touch has its own illusions too.



What is the name of the
nerve that carries visual
signals from your eye to
your brain?

Optic nerve — The optic nerve is the bundle of over one million nerve fibers that
carries electrical signals from the retina to the brain's visual cortex for processing.
The auditory nerve carries sound signals from the ears, the spinal cord connects the
brain to the body, and the facial nerve controls facial muscles. Only the optic nerve
handles vision.



✂✂✂✂ Question (fold →) Answer

You built a density tower
with honey, dish soap,
water, vegetable oil, and
rubbing alcohol. A grape
sinks through the oil but
floats on the dish soap.
Where would a small
plastic bead that floats on
water but sinks in oil end
up?

At the boundary between the water layer and the oil layer — Since the bead floats
on water (less dense than water) but sinks in oil (denser than oil), its density falls
between water and oil. In a density tower, it would settle at the boundary between
these two layers. It is too dense to float above the oil and too light to sink below the
water. It would not be at the top (less dense than alcohol) or bottom (denser than
honey), and it would not hover in the middle of any single layer.

A website claims you can
make a 'real magnet' by
rubbing a needle with a
lemon. You know that
rubbing a needle with a
magnet works. Evaluate
whether the lemon claim
is scientifically plausible.

The lemon claim is not plausible for making a magnet — Magnetizing a needle
requires aligning its internal magnetic domains, which requires exposure to a magnetic
field. Rubbing with a magnet works because the magnet's field aligns the domains.
Lemons have no magnetic field — their citric acid is a chemical, not a magnetic force.
Lemons contain negligible iron (not enough to be magnetic), acid does not create
magnetism, and needles absolutely can become temporary magnets when properly
magnetized. The website's claim is scientifically unfounded.

You have red cabbage
juice (a natural pH
indicator), three mystery
kitchen liquids, and a chart
showing that red cabbage
juice turns pink in acids,
stays purple in neutral
solutions, and turns green
in bases. How would you
use this to classify each
mystery liquid?

Add a few drops of red cabbage juice to each mystery liquid separately and
compare the color change to the chart to classify each as acid, neutral, or base —
Testing each liquid individually with the cabbage juice indicator and comparing the
resulting color to the reference chart is the correct scientific procedure for
classification. Each liquid must be tested separately to get a clear result. Mixing all
three liquids together would create a combined reaction where acids and bases could
neutralize each other, hiding individual properties. Tasting unknown liquids is unsafe
and scientifically unreliable — many dangerous substances taste sour or bitter. Boiling
point tests measure thermal properties, not acidity or basicity — many acids and bases
have boiling points near water's, so this test would not distinguish them.

You want to write a secret
message that only appears
when someone breathes
on the paper. Which
kitchen ingredient would
work best, and how would
you reveal it?

Write with a sugar-water solution — breathing on it causes moisture to
condense on the sugar residue, making it briefly visible — A sugar-water solution
leaves an invisible sugar residue when it dries. Sugar is hygroscopic, meaning it
attracts water molecules. When you breathe on the paper, moisture from your warm
breath condenses preferentially on the sugar crystals, making the writing briefly
visible. Cooking oil does not evaporate from breath, salt does not glow from breath,
and pure water leaves no residue on paper to reappear later.

A student performs the
milk and food coloring
experiment with dish
soap. She tries it with skim
milk and then with whole
milk. The colors swirl
much more dramatically in
whole milk. Why would the
fat content matter?

Dish soap's primary action is breaking apart fat molecules, so more fat means
more molecular disruption and more dramatic color movement — Dish soap
molecules bond with fat molecules, breaking them apart and creating currents in the
milk. Whole milk has significantly more fat than skim milk, so there are far more fat
molecules for the soap to disrupt, creating stronger currents that push the food
coloring around more dramatically. Weight difference between milks is negligible, skim
milk does not dilute coloring significantly, and both milks are the same temperature
from the refrigerator.

2. Kitchen Chemistry  



A student claims that
because lemon juice
invisible ink needs heat to
reveal, it must be a
dangerous experiment.
Evaluate whether this
safety concern is
reasonable.

The concern is partly reasonable — heat sources can be dangerous and need
adult supervision, but the experiment itself uses safe household materials at
moderate temperatures — The safety concern is partially valid — any experiment
involving heat sources requires caution and adult supervision to prevent burns or fire.
However, lemon juice is a safe, non-toxic household substance, and the temperatures
needed (holding paper near a light bulb or using an iron on low) are moderate. Not all
experiments are inherently safe, but lemon juice ink is not toxic when heated. Heat is
genuinely needed — bright light alone will not decompose the citric acid fast enough
to reveal the writing.

When red cabbage juice is
added to baking soda
dissolved in water, it turns
blue-green. When added
to vinegar, it turns pink.
Why does the same juice
change to different colors?

Red cabbage juice is a natural pH indicator — its color changes depending on
whether the solution is acidic or basic — Red cabbage juice contains anthocyanin
pigments that change color based on the pH (acidity or basicity) of a solution. In acidic
solutions like vinegar, it turns pink/red; in basic solutions like baking soda water, it
turns blue/green. This is not bleaching, is unrelated to oxygen exposure or container
type, and temperature differences between room-temperature solutions do not cause
these dramatic color changes. It is purely a pH-dependent chemical response.

You notice that adding salt
to water makes an egg
float, but adding sugar to
water does not make the
egg float (using the same
amount). Both dissolve
completely. What does this
tell you about salt water
versus sugar water?

Salt increases water's density more effectively than the same amount of sugar,
because salt ions are heavier relative to their volume than sugar molecules —
Salt (sodium chloride) dissociates into tiny, dense ions that pack efficiently between
water molecules, increasing the solution's density significantly. The same mass of
sugar consists of larger molecules that do not increase density as much per gram. The
egg floats when the solution's density exceeds the egg's density. Viscosity (thickness) is
different from density, eggs cannot taste, and both substances dissolve well — the
difference is in how much each increases density.

What gas is produced
when baking soda is mixed
with vinegar?

Carbon dioxide — When baking soda (a base) reacts with vinegar (an acid), they
produce carbon dioxide gas, water, and sodium acetate. The bubbles and fizzing you
see are carbon dioxide escaping. Oxygen is what we breathe in, hydrogen is flammable
and much lighter, and nitrogen makes up most of our atmosphere but is not produced
by this reaction.

You are making rock candy
and notice that crystals
grow larger on a rough
cotton string than on a
smooth fishing line placed
in the same sugar solution.
How could you apply this
observation to grow even
bigger crystals?

Use a string with an even rougher texture or tie small seed crystals to it, giving
the sugar more starting points to build on — Crystals grow by adding molecules to
nucleation sites — tiny imperfections or seed crystals that provide a template for
crystal growth. A rougher string has more nucleation sites, and pre-attached seed
crystals provide even better templates. Thinner strings have fewer sites not more, oil
would prevent sugar from attaching to the string, and light has no effect on sugar
crystallization — temperature and supersaturation are what matter.

When you dissolve sugar
in hot water and then let it
cool slowly with a string
dangling in it, sugar
crystals grow on the string
over several days. Why
does this happen?

Hot water holds more dissolved sugar than cold water, so as it cools the excess
sugar comes out of solution and forms crystals on the string — This demonstrates
supersaturation. Hot water dissolves more sugar than cold water can hold. As the
solution cools, it becomes supersaturated — holding more dissolved sugar than is
stable. The excess sugar crystallizes out of solution, and the rough texture of the string
provides nucleation sites where crystals begin to grow. The string does not absorb
sugar from air, sugar dissolves rather than melts in water, and no bacteria are involved
in rock candy formation.

What property of a liquid
Density — Density is the measure of how much mass is contained in a given volume.



determines whether an
object sinks or floats in it?

An object floats when it is less dense than the liquid and sinks when it is more dense.
Color has no effect on buoyancy, temperature can change density but is not density
itself, and taste is a chemical property unrelated to floating and sinking.

If you mix cornstarch and
water to make a non-
Newtonian fluid, it feels
solid when you punch it
but flows like a liquid
when you slowly dip your
hand in. Why does this
mixture behave differently
depending on force?

When force is applied quickly, the cornstarch particles lock together and resist
movement, but slow force lets them slide past each other — In a cornstarch-water
mixture (oobleck), the starch particles are suspended in liquid. Under sudden force,
the particles jam together and cannot flow past each other, making the mixture
behave like a solid. Under slow, gentle force, the particles have time to slide past each
other and flow like a liquid. Heat is not generated by punching it, the water does not
evaporate on impact, and cornstarch has no magnetic properties whatsoever.

Why does a raisin dropped
into a glass of clear soda
repeatedly sink and then
float back up?

Carbon dioxide bubbles attach to the rough raisin surface, making it buoyant,
then pop at the surface, causing it to sink again — A raisin's wrinkled surface
provides many places for CO2 bubbles to attach. As bubbles accumulate, they add
volume without much mass, reducing the raisin's overall density below that of the
soda, causing it to float. At the surface, the bubbles pop and escape into the air,
increasing the raisin's density again, so it sinks. This cycle repeats until the soda goes
flat. The raisin does not absorb and release liquid, there are no pushing waves, and
raisins are not alive.

Your friend says that the
baking soda and vinegar
reaction creates new
matter because you end
up with gas that was not
there before. Is this claim
correct?

No — the gas was not created from nothing. The atoms in the baking soda and
vinegar rearranged to form carbon dioxide, water, and sodium acetate. Total
matter is conserved — The law of conservation of matter states that matter cannot
be created or destroyed in a chemical reaction — only rearranged. The carbon,
oxygen, hydrogen, and sodium atoms in baking soda and vinegar rearrange to form
carbon dioxide gas, water, and sodium acetate. If you captured all the gas and weighed
everything, the total mass would equal the starting mass. The gas is not created from
nothing and is not room air — it is CO2 made from the reactants' atoms.

Two students design
density tower
experiments. Student A
uses graduated cylinders
and measures the volume
of each liquid precisely.
Student B just pours
'about the same amount'
of each liquid into a jar.
Whose approach gives
more reliable results
about which liquids are
denser?

Student A, because precise volume measurements ensure density comparisons
are fair, while 'about the same' introduces uncertainty — Student A's approach is
more reliable because precise measurements control variables and reduce
uncertainty. While both students would see the same layering order (density
determines this regardless of precision), Student A can make quantitative claims about
density values. Simplicity does not equal scientific rigor, the layering order is the same
but A's data is more trustworthy, and while a scale would add more data, graduated
cylinders still provide the volume component of density measurement.

When lemon juice is used
as invisible ink and the
paper is heated, what
causes the writing to
appear?

The heat causes the acids in lemon juice to break down and turn brown before
the paper does — Lemon juice contains citric acid and sugars that decompose
(oxidize) at a lower temperature than paper. When heated, these organic compounds
break down and turn brown, revealing the writing while the rest of the paper stays
white. The juice does not melt into a visible liquid, the paper does not change color
around the writing, and there is no yellow dye — it is a chemical decomposition
reaction.

Design a kitchen Use identical amounts of sugar and water in separate containers at different



experiment to test
whether temperature
affects how fast sugar
dissolves in water.
Describe what you would
keep the same and what
you would change.

temperatures (cold, warm, hot), stirring each the same way, and time how long
each takes to dissolve completely — A well-designed experiment changes only one
variable (temperature) while keeping all others constant (same amount of sugar, same
volume of water, same type of container, same stirring method). Changing the sugar
amount introduces a second variable that confuses results, using different liquids tests
liquid type not temperature, and comparing sugar to salt tests substance type not
temperature. Controlling variables is the foundation of fair experimental design.

You are doing the baking
soda and vinegar volcano
experiment at a science
fair. Your volcano
produces a small fizz but
you want a much bigger
eruption. What change
would most increase the
reaction?

Use more baking soda and vinegar so there are more reactant molecules
available to produce carbon dioxide — Increasing the amounts of both reactants
(baking soda and vinegar) provides more molecules to react, producing more carbon
dioxide gas and a larger eruption. Food coloring adds visual effect but does not change
the reaction size, a smaller container might overflow more dramatically but the total
gas is the same, and flour does not react with vinegar at all since it is a completely
different substance chemically.

You want to make a lava
lamp using oil, water, and
an effervescent tablet. You
notice the colored water
blobs rise through the oil
and then sink back down.
How would you make the
blobs rise more
frequently?

Add more pieces of the effervescent tablet to produce more carbon dioxide
bubbles that carry the water blobs upward — The effervescent tablet produces
carbon dioxide bubbles that attach to water droplets, making them buoyant enough to
float through the denser oil. More tablet pieces means more CO2 production and
more frequent lifting of water blobs. Adding more oil would not increase bubble
production, shaking would create a messy emulsion rather than distinct blobs, and
freezing would slow the reaction and could crack the bottle.

A student adds baking
soda to vinegar in a sealed
bottle and the bottle
swells up. Another student
adds the same amounts to
an open cup and gets lots
of fizzing but the cup does
not change shape. What
explains the difference?

The sealed bottle traps the carbon dioxide gas, building pressure inside, while
the open cup lets the gas escape freely into the air — Both containers produce the
same amount of carbon dioxide gas. In the sealed bottle, the gas cannot escape, so it
accumulates and increases the internal pressure, causing the flexible bottle to swell. In
the open cup, the gas escapes freely into the atmosphere. The chemical reaction is
identical in both containers, the bottle material does not participate in the reaction,
and cup walls do not absorb gases.

You make a density tower
and it works perfectly. But
the next day, the dish soap
and water layers have
partially mixed together.
The honey and oil layers
are still separate. What can
you conclude about why
some layers mix and
others do not?

Dish soap and water are both polar molecules that can dissolve in each other,
while honey is too dense and viscous, and oil is nonpolar so it resists mixing with
water — Miscibility depends on molecular polarity — 'like dissolves like.' Dish soap
and water are both polar, so their molecules attract each other and gradually mix. Oil
is nonpolar, so it naturally repels water and stays separate. Honey's extreme viscosity
and density slow mixing. Dish soap and water have different densities (that is why they
initially layer), oil contains no sugar, and 'eating through' is not a scientific mixing
mechanism.

In a density tower
experiment, honey sinks to
the bottom, water stays in
the middle, and oil floats
on top. What determines

Each liquid has a different density, and they stack from most dense at the
bottom to least dense at the top — The layering in a density tower is determined
entirely by each liquid's density — mass per unit volume. Honey is the densest so it
sinks to the bottom, water has medium density, and oil is least dense so it floats on
top. Pour order does not matter because liquids will rearrange based on density. Color



this layering order? does not affect density. Thickness (viscosity) is related but not identical to density —
molasses is thick but some thin liquids like mercury are much denser.

Why does adding dish
soap to a plate of milk with
food coloring cause the
colors to swirl and scatter
dramatically?

Dish soap breaks apart the fat molecules in milk, and the movement of the fat
creates currents that push the food coloring around — Dish soap molecules have
one end that attracts water and another that attracts fat. When soap touches milk, it
aggressively breaks apart the fat molecules, creating currents and disrupting the
surface tension. These currents push the floating food coloring around, creating
dramatic swirls. The soap does not change the coloring's chemistry, does not heat the
milk, and has no magnetic properties — it is all about fat molecules being disrupted.

When you pour vinegar on
a raw egg and leave it for
24 hours, the eggshell
dissolves completely. Why
does this happen?

Vinegar is an acid that reacts with the calcium carbonate in the eggshell,
breaking it down into soluble compounds and carbon dioxide gas — Eggshells are
composed of calcium carbonate (CaCO3). When vinegar (acetic acid) reacts with
calcium carbonate, it produces calcium acetate (which dissolves in the liquid), water,
and carbon dioxide gas (the bubbles you see). This is an acid-base reaction that
completely dissolves the hard shell, leaving only the flexible membrane. Vinegar is
room temperature so does not freeze anything, contains no shell-eating organisms,
and the egg does not absorb vinegar fast enough to burst.



✂✂✂✂ Question (fold →) Answer

A science show claims
that liquid nitrogen (at
-196 degrees C) can
instantly freeze a banana
so hard that you can
hammer a nail with it.
Your friend says this is
fake because fruit cannot
become as hard as metal.
Evaluate both claims.

The show's claim is plausible — at -196 degrees C the water in the banana freezes
so thoroughly that it becomes extremely rigid, though it is still softer than actual
metal — The show's claim is scientifically plausible. Liquid nitrogen at -196 degrees C
freezes the water in a banana into extremely hard, brittle ice. At these temperatures, the
frozen banana is rigid enough to drive a nail into soft wood, though it would shatter
rather than deform like metal. Your friend is incorrect because organic materials can
become very hard when deeply frozen. Liquid nitrogen is extremely cold (well below
water's freezing point), and fruit does not dissolve in nitrogen — it simply freezes.

Design an experiment to
test whether the
temperature of water
affects how fast a sugar
cube dissolves. Include
what you would measure
and what you would
keep the same.

Place identical sugar cubes in equal volumes of water at three different
temperatures (cold, room temp, hot), do not stir any of them, and time how long
each takes to dissolve completely — A valid experiment tests one variable
(temperature) while controlling all others. Identical sugar cubes ensure consistent
surface area and mass, equal water volumes prevent concentration differences, and not
stirring eliminates agitation as a variable. Using different cube sizes tests surface area
not temperature, different liquids tests liquid type, and varying stirring tests agitation.
Each of those tests a different variable than the one we want to investigate.

You are comparing two
experiments: dropping a
coin into oobleck slowly
versus quickly. In the
slow drop, the coin sinks
in. In the fast drop, the
coin bounces off. How
would you use these
results to explain shear-
thickening to a younger
student?

Explain that the tiny particles in oobleck move aside for slow, gentle things but
lock together like a wall when something hits fast and hard — The crowd analogy
effectively explains shear-thickening to younger students: cornstarch particles behave
like people in a doorway. Under slow force, particles slide aside (liquid behavior). Under
fast force, they jam together and resist (solid behavior). Oobleck has no intelligence or
decision-making ability, the effect depends on speed not weight, and no temperature
change occurs between the two experiments — it is purely about how quickly force is
applied.

Mothballs slowly shrink
over time in a closet
without ever getting wet
or leaving a puddle. What
phase change explains
this?

Sublimation — the solid mothball material converts directly to gas and disperses
into the air — Mothballs are made of naphthalene or paradichlorobenzene, substances
that sublime — transition directly from solid to gas at room temperature. This is why
they shrink without leaving any liquid and why they have such a strong smell (the gas
molecules reach your nose). They do not melt first (no puddle), bacteria do not cause
this type of material loss, and air erosion does not affect smooth chemical solids at
room conditions.

You observe that a
puddle of water on a
sidewalk disappears on a
hot sunny day even
though it never reached
100 degrees Celsius. A
student says water can
only become gas at its
boiling point. How would

The claim is wrong — evaporation occurs at any temperature when surface
molecules gain enough energy to escape into the air, even well below boiling point
— Evaporation is a surface phenomenon that occurs at any temperature. In any body of
water, molecules have a range of kinetic energies. The fastest surface molecules have
enough energy to escape into the air as gas, even at temperatures far below boiling
point. Boiling is a separate process where bubbles form throughout the liquid at 100
degrees C. The sidewalk does not reach 100 degrees C, some water may seep into
cracks but the puddle primarily evaporates, and UV rays do not break water molecules
apart under normal conditions.

3. States of Matter  



you analyze this claim?

Why does a frozen water
bottle crack or bulge,
even though most other
substances shrink when
they freeze?

Water expands when it freezes because its molecules form a crystal structure
with more space between them than in liquid water — Water is one of very few
substances that expands when it freezes. Water molecules form a hexagonal crystal
lattice in ice that spaces molecules farther apart than in liquid water, increasing volume
by about 9 percent. This expansion can crack bottles and burst pipes. Cold air does not
push on bottles, ice does not produce gas, and while cold can make plastic more brittle,
the cracking is caused by the expanding ice pushing outward from inside.

A student notices that
her glass of ice water has
water droplets forming
on the outside of the
glass, even though the
glass has no cracks. She
thinks the water is
leaking through the glass.
What is actually
happening?

Water vapor from the warm air is condensing on the cold glass surface — The cold
glass chills the surrounding warm air below its dew point — the temperature at which
water vapor condenses into liquid droplets. This is condensation, the same process that
forms dew, clouds, and fog. Drinking glasses are not porous (they hold liquid inside, so
they do not leak outward), ice does not release vapor through solid glass, and static
electricity does not cause water to form on surfaces.

Why can you smell
perfume across a room
even though no one
carried it to you?

Perfume molecules enter the gas state and spread out through the air by
diffusion, moving from areas of high concentration to low concentration —
Perfume molecules evaporate into gas and undergo diffusion — the natural movement
of particles from areas of high concentration to low concentration through random
molecular motion. This spreads the scent molecules throughout the room until they
reach your nose. Sound waves do not carry molecules, perfume has no magnetic
properties, and smell is caused by physical molecules reaching your nose, not by light.

You want to create a
dramatic fog effect for a
school play using dry ice
and water. The fog starts
thick but fades quickly.
How would you keep the
fog going throughout a
10-minute scene?

Add new pieces of dry ice to the warm water at regular intervals, since the
sublimation slows as the water cools and the dry ice shrinks — Fog production
depends on warm water continuously sublimating the dry ice. As the dry ice shrinks and
the water cools, fog production decreases. Adding fresh dry ice and periodically
refreshing the warm water maintains the temperature difference needed for vigorous
sublimation. A fan would disperse fog but not create more, salt does not significantly
affect sublimation rate, and covering the container would just trap and condense the
fog rather than sustain it.

What are the three most
common states of
matter?

Solid, liquid, and gas — The three common states of matter are solid (particles tightly
packed in fixed positions), liquid (particles close together but able to flow), and gas
(particles far apart and moving freely). 'Hard, soft, and invisible' describe properties not
states. 'Frozen, melted, and evaporated' describe processes of change between states,
not the states themselves. 'Heavy, medium, and light' describe mass or weight, not
states of matter.

When dry ice is placed in
warm water, a thick fog
forms above the surface.
Why does the fog sink to
the ground instead of
rising like steam?

The fog is cold carbon dioxide gas mixed with tiny water droplets, and this cold
mixture is denser than the surrounding warm air, so it sinks — The fog from dry ice
in water is a mixture of cold CO2 gas and condensed water vapor (tiny water droplets
formed when the cold gas chills the surrounding moisture). This cold mixture is denser
than the warm surrounding air, causing it to flow downward. CO2 atoms are not the
heaviest gas, fog is not a liquid (it is suspended droplets in gas), and the warm water
does not push the fog — it is simply a density-driven flow of cold air sinking below warm
air.

A non-Newtonian fluid



like oobleck feels solid
when you squeeze it fast
but flows like liquid when
you pour it slowly. What
does the word 'non-
Newtonian' tell you
about how this fluid
differs from regular
liquids?

A non-Newtonian fluid changes its resistance to flow depending on the force
applied, unlike regular Newtonian fluids like water that always flow the same way
— Newton defined viscosity as a constant property of a fluid — water's resistance to
flow does not change with force. 'Non-Newtonian' means the fluid violates this rule: its
viscosity changes with applied force. Oobleck becomes more viscous (thicker) under
high force and less viscous under gentle force. It does not defy gravity, the name is not
about when it was discovered, and it does not reverse Newton's laws — it simply has
variable viscosity.

What is the fourth state
of matter, found in
lightning, stars, and neon
signs?

Plasma — Plasma is the fourth state of matter, formed when gas is superheated until
electrons separate from atoms, creating an electrically charged mixture. It occurs in
lightning, stars, neon signs, and plasma TVs. Vapor is just another word for gas, crystal is
a solid structure, and ether is an outdated concept that does not exist. Plasma is the
most abundant state of matter in the visible universe.

You want to demonstrate
that gas particles take up
more space than the
same substance as a
liquid. Using only a pot,
water, and a stove, how
would you show this?

Measure a small amount of water, boil it completely away, and explain that the
steam now fills the entire room — far more volume than the liquid occupied —
Boiling water converts it from liquid to gas (steam), which occupies roughly 1,700 times
more volume because the molecules move far apart and spread through the air. This
dramatically demonstrates the volume difference between liquid and gas states.
Freezing shows solid-liquid expansion (only about 9 percent for water), pouring into
different containers shows that liquids take the shape of their container (not state
differences), and the gas does not weigh more — mass is conserved but volume
increases enormously.

Two students debate
whether glass is a solid
or an extremely slow-
moving liquid. Student A
says old church windows
are thicker at the bottom
because the glass flows
downward over
centuries. Student B says
glass is a true solid.
Based on current science,
who is more correct?

Student B is more correct — glass is an amorphous solid, and the thick bottoms of
old windows are due to manufacturing methods, not flowing — Modern materials
science classifies glass as an amorphous solid — it lacks the regular crystal structure of
other solids but does not flow at room temperature on any measurable timescale. The
thick-bottomed window myth persists, but old glass was manufactured with uneven
thickness and glaziers installed the thicker edge downward for structural stability. Glass
molecules do not slide past each other measurably, glass is not a trapped gas, and
science has actually resolved this — glass is a solid.

What is the name for the
process when a solid
changes directly into a
gas without becoming a
liquid first?

Sublimation — Sublimation is the phase transition where a solid converts directly into a
gas without passing through the liquid state. Evaporation is liquid-to-gas, condensation
is gas-to-liquid, and melting is solid-to-liquid. Dry ice (solid carbon dioxide) is the most
common classroom example of sublimation because at normal atmospheric pressure,
CO2 cannot exist as a liquid.

Why does a balloon
inflated with air shrink
when placed in a freezer
for several minutes, even
though no air escapes?

Cold temperatures cause gas molecules to slow down and move closer together,
reducing the volume they occupy inside the balloon — When gas is cooled, its
molecules lose kinetic energy, slow down, and move closer together. This means they
exert less outward pressure and occupy less volume, causing the balloon to shrink. The
rubber does contract slightly but that is not the primary cause — the gas volume change
is dominant. Air does not freeze at freezer temperatures (-18 degrees C), and gas
molecules cannot pass through intact rubber in significant quantities over minutes.

In a science class, a



teacher puts a spoonful
of dry ice in a balloon
and ties it shut. Over the
next few minutes, the
balloon inflates
dramatically even though
nothing was added. What
is happening inside the
balloon?

The dry ice is sublimating from solid to gas, and the expanding carbon dioxide gas
fills the balloon with increasing pressure — The dry ice sublimates (changes directly
from solid to gas) as it absorbs warmth from the room. Since gas occupies vastly more
volume than the same mass of solid (about 800 times more for CO2), the carbon dioxide
gas rapidly fills and inflates the balloon. The balloon does not pull air in from outside,
there is no water to create steam, and dry ice does not chemically react with rubber — it
is purely a physical phase change from solid to gas.

Freeze-dried foods like
astronaut ice cream are
made by freezing food
and then removing the
water through
sublimation in a vacuum.
Why is the vacuum
necessary for
sublimation to occur
efficiently?

The vacuum lowers the air pressure enough that ice can sublimate directly to
vapor without melting first, preserving the food's structure — At normal
atmospheric pressure, ice melts to liquid water before evaporating. In a vacuum (very
low pressure), the conditions shift so that ice skips the liquid phase entirely and
sublimates directly to water vapor. This preserves the food's cellular structure because
liquid water would cause cells to collapse. A vacuum does not generate heat, does not
compress ice, and while removing oxygen does help preserve food, the primary purpose
of the vacuum is to enable sublimation.

Your class is making non-
Newtonian fluid (oobleck)
from cornstarch and
water for a science fair.
You discover the mixture
is too runny. How should
you fix it so that it
behaves more like a solid
when squeezed?

Add more cornstarch gradually while mixing until the fluid resists sudden force
but still flows when handled gently — Adding more cornstarch increases the
concentration of solid particles suspended in the water. When enough particles are
present, sudden force causes them to jam together and resist deformation, creating the
characteristic non-Newtonian shear-thickening behavior. Adding more water would
decrease the particle concentration, making it even runnier and less likely to solidify
under pressure. Heating would cook the cornstarch into a paste (gelatinization) which
creates a permanently thick gel, destroying the reversible non-Newtonian property.
Food coloring molecules are dissolved at the molecular level and are far too small and
sparse to contribute to the particle-jamming mechanism that gives oobleck its unique
properties.

You are making oobleck
for a science
demonstration. The
mixture is too runny and
flows even when you hit
it. What adjustment
would make it behave
more like a solid under
force?

Add more cornstarch to increase the ratio of solid particles to water, making the
jamming effect stronger — Oobleck's shear-thickening behavior depends on having
enough cornstarch particles to jam together under force. If the mixture is too runny,
there are not enough particles relative to water. Adding more cornstarch increases the
particle concentration, making the jamming effect stronger. Adding more water would
make it even runnier, heating would not help because cornstarch suspends rather than
dissolves, and food coloring adds negligible thickness.

At very high altitudes,
water boils at a lower
temperature than 100
degrees Celsius. A
student says this means
it cooks food faster
because the water boils
sooner. What is wrong
with this reasoning?

Lower boiling point means the water is less hot when it boils, so food actually
cooks slower because it is being heated at a lower temperature — The student
confuses 'boiling sooner' with 'being hotter.' At high altitudes, lower air pressure allows
water to boil at a lower temperature (e.g., 85 degrees C on a mountain). But boiling
water at 85 degrees C transfers less heat energy to food than boiling water at 100
degrees C at sea level. Food cooks slower, not faster. The reasoning is wrong, water
does not evaporate too fast to cook (it still stays liquid), and high-altitude locations are
not necessarily freezing.

A company advertises No — the cold is not created from nothing. An endothermic reaction inside the



'instant ice' packets that
you squeeze and they
become cold. They claim
the packet 'creates cold
from nothing.' Is this
claim scientifically
accurate?

pack absorbs heat from its surroundings, making it feel cold, but energy is
conserved — Instant cold packs contain ammonium nitrate and water in separate
compartments. When mixed, an endothermic chemical reaction absorbs heat energy
from the surroundings, making the pack feel cold. Cold is not 'created from nothing' —
the reaction absorbs existing thermal energy. There is no such thing as 'cold energy,' the
pack does not contain pre-frozen liquid, and no batteries are involved. The cooling
effect follows the law of conservation of energy.

What is dry ice made of?

Solid carbon dioxide — Dry ice is the solid form of carbon dioxide (CO2), frozen at -78.5
degrees Celsius. It is called 'dry' because it sublimates directly into gas without
becoming liquid at normal atmospheric pressure. It is not frozen water (that is regular
ice), not solid nitrogen (which exists but is even colder at -210 degrees C), and not frozen
hydrogen (which requires -259 degrees C).

You have a glass of ice
water at exactly 0
degrees Celsius. You
want to make it colder
without adding any ice or
putting it in a freezer.
How could you lower the
temperature using only
salt?

Add salt to the ice water — salt lowers the freezing point of water, allowing the
mixture to reach temperatures well below 0 degrees Celsius — Adding salt to ice
water causes freezing point depression — the dissolved salt particles interfere with
water molecules forming ice crystals, lowering the temperature at which the mixture
can freeze. This can bring temperatures down to about -21 degrees Celsius. Salt on the
outside would not affect the liquid inside, salt absolutely can lower mixture temperature
(this is how ice cream makers work), and adding warm water would raise the
temperature rather than lower it.



✂✂✂✂ Question (fold →) Answer

A student mixes
hydrogen peroxide with
yeast (which contains
the enzyme catalase)
and gets a vigorous
foam reaction. She then
heats another batch of
yeast in boiling water
for 5 minutes before
adding hydrogen
peroxide, but this time
nothing happens. Why
did the heated yeast
fail?

Boiling denatured the catalase enzyme, permanently changing its shape so it can
no longer catalyze the decomposition of hydrogen peroxide — Enzymes like catalase
are proteins whose function depends on their specific 3D shape. Boiling water (100
degrees C) denatures the enzyme — permanently unfolding its structure so its active site
can no longer bind to hydrogen peroxide. This is irreversible, like cooking an egg. The
yeast is not fully dissolved by boiling, the reaction does not happen invisibly fast, and the
hydrogen peroxide was added after cooling (not during boiling), so it was not evaporated.

You accidentally mix
two unknown clear
liquids in science class
and the mixture
suddenly turns bright
yellow and gets warm.
What TWO pieces of
evidence indicate a
chemical reaction
occurred?

The color change to yellow and the temperature increase both indicate new
substances formed through a chemical reaction — A color change (clear to yellow) and
a temperature change (getting warm) are two classic indicators of a chemical reaction.
Clear liquids forming a colored product means new substances with different light-
absorbing properties were created. The warmth indicates an exothermic reaction
releasing energy. Staying liquid is not evidence of a reaction, dissolving does not typically
produce color changes, and hidden food coloring would not cause a temperature
increase.

When you mix baking
soda (a base) with red
cabbage juice indicator
and it turns blue-green,
then add vinegar (an
acid) and it turns pink,
what is happening to
the solution chemically?

The pH of the solution changes from basic to acidic as the vinegar neutralizes the
baking soda and makes the solution acidic, shifting the indicator color — Red
cabbage juice contains anthocyanin, a natural pH indicator that changes color based on
the acidity or basicity of the solution. Adding baking soda makes it basic (blue-green), and
adding vinegar shifts it to acidic (pink). Neither substance acts as a dye — they change the
pH which changes the indicator color. The anthocyanin is not forming new pigments, and
temperature is not the cause of the color shift — pH is the sole determining factor.

Design an experiment
to test whether surface
area affects how fast an
antacid tablet reacts
with water. You have
whole tablets, halved
tablets, and crushed
tablets.

Drop a whole tablet, two halves, and a crushed tablet into separate identical cups
of water at the same temperature simultaneously, and time how long each takes to
fully dissolve while observing bubble production rate — A well-designed experiment
changes only surface area (whole vs. halved vs. crushed) while keeping everything else
constant — same amount of tablet (same mass), same volume and temperature of water,
same type of cup, and simultaneous timing. Putting all three in the same cup means they
compete for the same water. Crushing all tablets eliminates the variable being tested.
Using different temperatures for different forms introduces a second variable, making
results impossible to interpret clearly.

You want to
demonstrate an
endothermic reaction
at a science fair. You

Mix citric acid and baking soda in water inside a small container sitting on a wet
paper towel — the container gets cold enough to freeze the paper towel to it —
When citric acid and baking soda react in water, the endothermic reaction absorbs

4. Chemical Reactions  



have citric acid and
baking soda. How
would you dramatically
show that the reaction
absorbs heat?

enough heat to cool the solution dramatically. Placing the container on a wet paper towel
provides a visually striking demonstration — the towel freezes to the container, proving
the reaction absorbs heat. You cannot light this mixture on fire (it is not combustible), it
does not block sunlight, and food coloring makes things visible but does not demonstrate
temperature change.

When hydrogen
peroxide is mixed with
potassium iodide in the
'elephant toothpaste'
experiment, a huge
foam erupts. Why does
the foam come out so
fast?

The potassium iodide acts as a catalyst that rapidly decomposes the hydrogen
peroxide into water and oxygen gas, which creates the foam — Potassium iodide
catalyzes the decomposition of hydrogen peroxide (H2O2) into water (H2O) and oxygen
gas (O2). The rapid release of oxygen gas creates massive amounts of foam when dish
soap is present. The iodide does not heat anything, no explosive compound is formed
(the products are just water and oxygen), and potassium iodide is a solid salt dissolved in
water, not a compressed gas.

You want to make a
glow stick glow brighter
but not last as long.
Based on how chemical
reactions work with
temperature, what
would you do?

Warm the glow stick in hot water, because higher temperature speeds up the
chemical reaction, making it release light faster but run out sooner — Warming a
glow stick increases molecular kinetic energy, causing more frequent and energetic
collisions between reactant molecules. This speeds up the chemiluminescent reaction,
producing brighter light but exhausting the chemicals faster. Freezing would slow the
reaction (dimmer but longer-lasting), shaking does not significantly affect molecular-level
reaction rates, and glow sticks produce light from chemical reactions — they do not
absorb and re-emit external light.

What is a catalyst in a
chemical reaction?

A substance that speeds up a reaction without being used up in the process — A
catalyst is a substance that increases the rate of a chemical reaction without being
consumed or permanently changed. It works by lowering the activation energy needed
for the reaction. A substance that slows reactions is called an inhibitor, products are
created by reactions, and activation energy is the initial energy needed to start a reaction
— related but different concepts from catalysis.

In the 'fire snake'
experiment, baking
soda mixed with sugar
is lit on fire, and a black
snake-like column
grows out of the flame.
The black material is
much larger than the
original mixture. Where
does the extra volume
come from?

The heat decomposes the baking soda and sugar, producing carbon dioxide gas that
gets trapped in the carbon residue, puffing it up like a sponge — When heated,
baking soda decomposes into sodium carbonate, water vapor, and carbon dioxide gas.
Simultaneously, sugar caramelizes and then carbonizes (turns to carbon). The CO2 gas
gets trapped in the sticky carbon residue, inflating it into a large, porous, spongy
structure. Fire does not add material — it causes decomposition. Sugar melting alone
would not dramatically increase volume. Baking soda does not absorb water when
heated; it releases water vapor.

Glow sticks work by
mixing two chemicals
separated by a thin
glass tube. When you
bend the stick, the tube
breaks and the
chemicals mix,
producing light. Why
does the glow stick not
produce heat like a light
bulb?

Glow sticks produce light through chemiluminescence — Glow sticks use
chemiluminescence — a process where a chemical reaction directly excites electrons in
dye molecules, which emit photons (light) as they return to their ground state. Unlike
incandescent bulbs that produce light from heated filaments, nearly all the reaction
energy goes to light, not heat. Glow sticks do produce a tiny amount of heat but
significantly less than light bulbs, the glass tube shatters and does not absorb heat, and
the chemicals do not freeze upon mixing.



When you place a steel
wool pad in vinegar for
a day, it turns the
vinegar a dark
brownish-green color.
Why does the color
change?

The acetic acid in vinegar reacts with the iron in steel wool, forming iron acetate —
Vinegar (acetic acid) reacts with iron in steel wool through an acid-metal reaction,
producing iron acetate — a new chemical compound that is dark brownish-green. This is
a true chemical reaction producing new substances, not simply dissolving paint (steel
wool has no paint), not just rust formation (iron acetate is different from rust), and not
light absorption (the color comes from the dissolved iron acetate compound in solution).
— a new compound with a different color than either starting material.

In the elephant
toothpaste experiment,
adding more catalyst
(potassium iodide)
makes the foam shoot
out faster, but the total
amount of foam
produced is the same
as with less catalyst.
Why does the catalyst
amount change speed
but not total foam?

A catalyst only speeds up the reaction but does not change the amount of products
— Catalysts change reaction rate, not the total amount of product. The total oxygen
produced depends solely on the amount of hydrogen peroxide available (the reactant).
More catalyst means the H2O2 decomposes faster (more spectacular eruption), but the
same total amount of oxygen is produced because the same amount of H2O2 is
consumed either way. More catalyst does not create more products, catalysts do not
destroy products, and there is no absolute speed maximum — more catalyst continues to
increase rate up to practical limits.

What type of chemical
reaction occurs when
iron is exposed to
oxygen and water over
time, forming a reddish-
brown coating?

Oxidation (rusting) — Rusting is an oxidation reaction where iron reacts with oxygen
and water to form iron oxide (rust). Combustion is rapid oxidation with flame (burning),
photosynthesis is a plant process that uses light energy to make sugar, and fermentation
is a biological process where organisms break down sugars without oxygen. Only
oxidation produces the slow, reddish-brown coating we call rust.

You want to use a
chemical reaction to
inflate a balloon
without blowing into it.
You have baking soda,
vinegar, and a plastic
bottle. Describe how
you would set this up.

Put vinegar in the bottle, put baking soda inside the balloon, stretch the balloon
over the bottle opening, then lift the balloon to dump the baking soda into the
vinegar — This setup creates a sealed system. Vinegar in the bottle and baking soda in
the balloon are kept separate until you lift the balloon. When the baking soda falls into
the vinegar, carbon dioxide gas is produced inside the sealed bottle-balloon system, and
the gas inflates the balloon. An open bowl would let gas escape, mixing both in the
balloon first would be messy and hard to seal, and catching bubbles from an open
reaction is inefficient since most gas would escape.

You are performing the
elephant toothpaste
experiment and want
the foam to be taller.
You have the option to
increase the
concentration of
hydrogen peroxide or
to add more dish soap.
Which change would
produce a taller foam
column?

Increasing the hydrogen peroxide concentration, because it produces more oxygen
gas which is the driving force behind the foam volume — The height of elephant
toothpaste foam depends primarily on the volume of oxygen gas produced, which is
determined by the amount of hydrogen peroxide decomposed. Higher concentration
H2O2 produces more oxygen gas, creating more foam. While dish soap helps trap the gas
in bubbles, adding more soap without more gas just makes thinner, wetter foam rather
than taller foam. Catalyst amount affects reaction speed, and both factors play a role, but
gas production is the limiting factor for volume.

A company advertises a
toy that claims to
'create energy from a
chemical reaction.'

The claim is misleading — chemical reactions convert stored chemical energy into
other forms like heat, light, or motion, but they do not create energy from nothing
— The law of conservation of energy states energy cannot be created or destroyed.
Chemical reactions transform stored chemical energy (in molecular bonds) into other



Based on the law of
conservation of energy,
evaluate this claim.

forms such as heat, light, kinetic energy, or electrical energy. The company's claim is
misleading because no energy is being created — it is being converted from one form to
another. Reactions do not create energy from nothing, they do not destroy energy, and
this principle applies to all reactions not just those involving fire.

When copper sulfate
solution is mixed with
iron nails, the nails turn
coppery-orange and the
blue solution fades.
Why do the nails
change color?

Iron displaces copper from the solution in a single displacement reaction,
depositing metallic copper onto the nail surface — This is a single displacement
reaction: iron (more reactive) pushes copper out of the copper sulfate solution, and the
freed copper atoms deposit onto the nail as metallic copper. The solution fades from blue
because copper ions (which cause the blue color) are being removed. There is no dye
involved — the blue comes from dissolved copper ions. Iron does not absorb solutions,
and no heating or melting occurs at room temperature.

Two students each
make elephant
toothpaste. Student A
uses 3% hydrogen
peroxide from the
drugstore and gets a
small foam. Student B
uses 30% hydrogen
peroxide and gets a
massive eruption.
Student A says Student
B's experiment was
'better.' Is this a fair
evaluation of their
experiments?

Not necessarily — both experiments demonstrated the same scientific principle
correctly. Student B had a more dramatic result, but that does not make it
scientifically better — Both experiments correctly demonstrated catalytic
decomposition of hydrogen peroxide. The scale of the reaction depends on
concentration, but both illustrate the same scientific principle. Bigger results are more
visually impressive but not inherently 'better' science. Student A's experiment is actually
more practical for a classroom setting (safer, cheaper). Safety is important but does not
make one experiment scientifically better. More product from more reactant does not
mean the reaction 'works better' — it just had more starting material.

A student watches a
demonstration where
magnesium ribbon
burns with an intense
white flame and
produces a white
powder. She says, 'The
magnesium was
destroyed by the fire.'
Evaluate whether this
statement is
scientifically accurate.

The statement is inaccurate — the magnesium was not destroyed but chemically
transformed into magnesium oxide, a new compound. The atoms are rearranged,
not gone — Matter is conserved in chemical reactions. The magnesium was not
destroyed — its atoms combined with oxygen from the air to form magnesium oxide
(MgO), the white powder. The magnesium atoms still exist in a new compound. If you
weighed the product carefully (including the oxygen gained), it would weigh more than
the original magnesium ribbon. The shiny metal appearance changed because new bonds
formed, fire does not destroy atoms, and magnesium absolutely does burn — very
vigorously in fact.

Hand warmers contain
iron powder, salt, and
activated carbon. When
you open the package
and expose it to air, the
hand warmer heats up
for hours. A student
says this must be the
same reaction as iron
rusting. Analyze
whether this
comparison is valid.

The comparison is valid — both are oxidation of iron, but the hand warmer uses
fine powder, salt catalyst, and carbon to dramatically speed up the same slow
rusting reaction — The student's comparison is fundamentally correct — both hand
warmers and rusting involve iron oxidation (iron reacting with oxygen to form iron oxide).
The difference is rate: hand warmers use very fine iron powder (enormous surface area),
salt as a catalyst, and activated carbon to retain moisture and heat, accelerating the
reaction enough to produce noticeable warmth. Hand warmers do not involve
combustion (no flame), rusting does need moisture from air, and rusting/hand warmers
produce heat but not visible light.



What is the main
evidence that a
chemical reaction has
occurred rather than
just a physical change?

New substances with different properties are formed, such as different colors,
gases, or precipitates — Chemical reactions produce new substances with different
chemical properties — indicated by color changes, gas production (bubbling), precipitate
formation (a solid appearing in a liquid), temperature changes, or new odors. Changing
shape or size is a physical change (the substance stays the same), mixing is a physical
process, and dissolving is usually a physical change where the substance can be
recovered by evaporation.

A student performs two
experiments: mixing
baking soda with
vinegar (which fizzes)
and mixing baking soda
with water (which does
not fizz). Both mixtures
are clear liquids after
the reactions settle.
Why does this
comparison help prove
that the fizzing was
caused by a chemical
reaction and not just by
dissolving?

Because baking soda dissolves in both liquids, but only the vinegar produces gas
bubbles, showing the gas comes from a chemical reaction between the acid and the
base, not from dissolving alone — The water experiment serves as a control that
isolates the variable responsible for gas production. Since baking soda dissolves in both
water and vinegar but only produces carbon dioxide gas with vinegar, the gas must result
from the chemical reaction between the acid (acetic acid in vinegar) and the base (sodium
bicarbonate), not from the physical process of dissolving. Simply saying control groups
'prove experiments worked' is circular reasoning — the control is valuable specifically
because it shows dissolving alone does not produce gas. Vinegar is not significantly hotter
than water at room temperature, and the bubbles are carbon dioxide gas, not steam
from heating. Baking soda does dissolve in water — it is sodium bicarbonate, which is
water-soluble — so the claim that it only dissolves in vinegar is factually incorrect.

What do we call a
chemical reaction that
releases heat energy
into its surroundings?

Exothermic — An exothermic reaction releases heat energy to its surroundings, making
the environment warmer. 'Exo' means outward and 'thermic' relates to heat. Endothermic
reactions absorb heat (making surroundings cooler), isothermic is not a standard
chemistry term for reactions, and hypothermic describes dangerously low body
temperature in medicine, not a type of chemical reaction.

You are making a
volcano model for a
science fair using
baking soda and
vinegar. The reaction
produces lots of foam,
but you want it to
overflow more slowly
and last longer. How
should you modify the
recipe?

Add a squirt of dish soap to trap the gas in bubbles and use the vinegar more slowly
by pouring it in small amounts over time — Dish soap traps the carbon dioxide gas
produced by the acid-base reaction in stable bubbles, creating a longer-lasting foam that
overflows gradually. Adding vinegar slowly controls the reaction rate by limiting how
much acid contacts the baking soda at any moment. Using more baking soda with all
vinegar at once would create a faster, more violent eruption — the opposite of the
desired effect. Water does not react with baking soda in the same way as vinegar (it lacks
the acid needed to produce carbon dioxide). Freezing baking soda would only slightly
delay the reaction until it warms up, and once thawed it reacts normally — temperature
affects rate temporarily but does not create the sustained slow eruption desired.

In a flame test
experiment, different
metal salts produce
different colored
flames: copper makes
green, lithium makes
red, and sodium makes
yellow. A student says
the fire itself is
changing colors. What
is actually happening at

The heat excites electrons in each metal atom to higher energy levels, and when
they fall back down, they release energy as specific colors of light unique to each
element — Flame tests work through atomic emission. Heat energy excites electrons in
metal atoms, boosting them to higher energy levels. When these electrons return to their
ground state, they emit photons of light at wavelengths specific to that element's electron
structure. This is why each metal produces a characteristic color. The metals are not
burning different fuels, no colored gas is formed, and the metals are emitting light (not
reflecting it). Each element has a unique 'fingerprint' of emitted light wavelengths.



the atomic level?



✂✂✂✂ Question (fold →) Answer

A magician holds a piece
of paper horizontally
above a ball and drops
both at the same time.
The ball hits the ground
first, but when the paper
is crumpled into a tight
ball, both hit at nearly
the same time. What
does this comparison
reveal about the forces
acting on falling objects?

It reveals that air resistance — not weight differences — causes the speed
difference, since reducing the paper's surface area by crumpling eliminates the
drag advantage — This demonstration isolates air resistance as the variable controlling
fall speed. The flat paper has a large surface area that catches air (high drag), slowing it
dramatically. Crumpling reduces the surface area and increases density of the cross-
section, reducing air resistance to nearly match the ball's. Crumpled paper has the same
mass as flat paper — crumpling changes shape, not weight, so it cannot be heavier.
Gravity pulls on objects based on their mass, not their shape — the gravitational force is
identical on both flat and crumpled paper. The ball does not create a meaningful wind
current that affects the paper — the paper falls alongside the ball, not behind it in an
airstream, and at these speeds any wake effects are negligible.

You can balance a fork
and spoon on the edge
of a glass by interlocking
them with a toothpick.
The utensils hang
seemingly in midair
beyond the glass edge.
How would you use
center of gravity to
explain this to someone
who thinks it is
impossible?

Explain that the combined center of gravity of the fork, spoon, and toothpick
system is directly above or below the point where the toothpick contacts the glass
rim, creating stable balance — When the fork and spoon interlock with their heavy
ends curving downward and inward, the combined center of gravity of the entire system
shifts to a point directly below the toothpick's contact with the glass rim. Any object is
stable when its center of gravity is directly above or below its support point. Friction
alone cannot support the weight, the utensils do not cancel each other's weight, and air
pressure plays no role in this balance. It is purely a center of gravity phenomenon.

You want to levitate a
ping pong ball using only
a hair dryer. How would
you position the hair
dryer and why does the
ball stay in the air
stream?

Point the hair dryer straight up — the ball floats because the fast air creates low
pressure around it, and any sideways drift into slower air pushes it back to center
— Pointing the hair dryer upward creates a vertical air column that supports the ball
against gravity. The ball self-corrects because of Bernoulli's principle: if it drifts sideways
into slower-moving air, the pressure difference between the fast central stream and
slower surrounding air pushes it back. Pointing sideways would not counteract gravity,
pointing down blows air away from the ball, and spinning the dryer would not create a
stable levitation column.

What principle states
that faster-moving air
exerts less pressure than
slower-moving air?

Bernoulli's principle — Bernoulli's principle states that as the speed of a fluid (including
air) increases, its pressure decreases. Pascal's principle deals with pressure transmission
in enclosed fluids, Archimedes' principle explains buoyancy (why things float), and
Newton's third law describes equal and opposite forces. Only Bernoulli's principle
specifically relates air speed to pressure.

A magician pulls a
tablecloth from under
dishes without
disturbing them. Why do
the dishes stay in place?

The dishes have inertia — they resist the change in motion, and the quick pull
minimizes the friction time between cloth and dishes — This trick demonstrates
inertia (Newton's First Law). The stationary dishes resist changes in their motion. A quick
pull minimizes the time friction acts between cloth and dishes, so the friction force does
not have enough time to overcome the dishes' inertia and set them in motion. No
special coating is needed (though smooth cloth helps), no glue or wires are involved. The
key is speed — fast pulling means friction acts for a very short duration, generating
insufficient impulse to move the heavy dishes.
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If you hold a sheet of
paper horizontally and
blow across the top
surface, the paper rises.
Why does the paper lift
upward?

The fast air over the top creates lower pressure above the paper, while the still air
beneath maintains higher pressure, pushing the paper up — This is a classic
Bernoulli's principle demonstration. Blowing across the top creates fast-moving air with
lower pressure. The still air beneath the paper has higher pressure. This pressure
difference creates a net upward force (lift), pushing the paper up. Your breath moves
horizontally not upward, the paper's mass does not change, and while moving air may
be slightly warmer, the temperature effect is negligible compared to the pressure
difference. This is the same principle that helps airplane wings generate lift.

According to Newton's
Third Law, what happens
when you push against a
wall with your hand?

The wall pushes back on your hand with an equal force in the opposite direction —
Newton's Third Law states that every action force has an equal and opposite reaction
force. When you push the wall, the wall pushes back with exactly the same magnitude of
force in the opposite direction. Walls do not absorb forces without responding (you feel
the pushback), do not push harder than you push (the forces are always equal), and do
not store forces for later release — the reaction is instantaneous and exactly equal.

When you blow air
between two ping pong
balls hanging from
strings, they move
toward each other
instead of apart. Why
does this happen?

The fast-moving air between the balls creates a low-pressure zone, while the
higher air pressure on the outer sides pushes the balls together — This is a direct
demonstration of Bernoulli's principle. Blowing between the balls creates fast-moving air
with lower pressure in the gap. The stationary air on the outer sides of each ball
maintains higher pressure. This pressure difference pushes the balls inward, toward
each other. The air does not push both balls centrally like a river, static charge is not
generated significantly by blowing, and the air does not heat up enough to create a
vacuum.

A YouTube video shows
someone 'walking on
water' using a pool filled
with oobleck (cornstarch
and water). A
commenter says this is
fake because humans
are too heavy to walk on
any liquid. Evaluate the
commenter's claim.

The commenter is wrong — oobleck is a non-Newtonian fluid that becomes solid-
like under the rapid force of footsteps, so a person can run across it if they move
fast enough — The commenter is incorrect. Oobleck is a shear-thickening non-
Newtonian fluid: under the rapid impact of running footsteps, it temporarily becomes
rigid enough to support body weight. The key is continuous motion — standing still
would cause you to sink as the fluid relaxes. This has been demonstrated on numerous
science shows. Regular Newtonian liquids like water cannot do this, but the commenter
incorrectly applies Newtonian fluid behavior to a non-Newtonian one. No special shoes
are needed, and oobleck absolutely can support significant weight under impact.

A toy advertises that it
can 'create perpetual
motion' by swinging a
ball back and forth
forever using magnets.
Based on the laws of
physics, evaluate this
claim.

The claim violates the laws of thermodynamics — friction and air resistance
always dissipate energy, so no mechanical system can run forever without an
external energy source — Perpetual motion machines violate the first and second laws
of thermodynamics. All real systems lose energy to friction, air resistance, and sound.
Magnets can convert between magnetic potential energy and kinetic energy, but they
cannot create new energy to replace what is lost. Even the strongest magnets cannot
overcome friction forever. Even in a vacuum (no air resistance), internal friction at pivot
points would still dissipate energy. No real object has zero friction. The claim is
physically impossible.

You are building a
balancing sculpture for
an art project. You have
a long dowel rod and
need to balance it
horizontally on a single
pencil placed
underneath it. You

Closer to the clay end, because the heavier side needs a shorter distance from the
balance point to create equal torques — The balance point must be closer to the
heavy clay end because balance requires equal torques on both sides. Torque equals
weight multiplied by distance from the pivot. The heavier clay side needs a shorter lever
arm to produce the same torque as the lighter bare-dowel side with its longer lever arm.
Objects only balance at their geometric center when weight is evenly distributed —
adding clay to one end shifts the center of gravity toward that end. The lighter end does



attach a heavy lump of
clay to the left end.
Where should you place
the pencil support so the
dowel balances?

not need more support; it needs more distance from the fulcrum to generate matching
torque. The placement absolutely matters — only one specific position will achieve
balance for a given weight distribution.

When a car stops
suddenly, passengers
lurch forward. Why does
this happen?

The passengers' bodies have inertia — they continue moving forward at the car's
previous speed while the car decelerates beneath them — When a car brakes, the
friction between the brake pads and rotors slows the car. However, the passengers
inside continue moving at the car's original speed due to inertia — their bodies resist the
change in motion. Seatbelts provide the force that eventually decelerates the
passengers along with the car. Engines do not blast energy forward, gravity is constant
regardless of car speed, and seatbelts restrain passengers backward, not pull them
forward.

A toy helicopter lifts off
when its propeller spins.
You notice the body of
the helicopter tries to
spin in the opposite
direction of the
propeller. Which of
Newton's laws explains
this, and why?

Newton's Third Law — the propeller pushes air downward and the air pushes back
upward (lift), while the torque spinning the propeller creates an equal and
opposite torque on the body — Newton's Third Law applies to rotational motion too.
When the motor spins the propeller clockwise, the reaction torque tries to spin the
helicopter body counterclockwise. Real helicopters use a tail rotor to counteract this
torque. While inertia (First Law) plays a role in the body resisting initial spinning, the
continuous counter-rotation is caused by the reaction torque from the Third Law. The
Second Law describes force and acceleration relationships, and gravity does not cause
spinning.

You want to
demonstrate inertia to
your class using a stack
of coins and a ruler. How
would you set up this
demonstration?

Stack coins on a table with one coin at the bottom slightly separated, then flick
the bottom coin out with the ruler — the stack stays in place due to inertia —
Flicking the bottom coin out quickly demonstrates inertia: the upper coins resist the
sudden change and remain in place, then drop straight down. The key is speed — a fast
flick means friction between the bottom coin and the stack above does not have time to
move the upper coins. Balancing a ruler tests balance not inertia, taping and spinning
demonstrates centripetal force, and dropping coins demonstrates gravity and rolling
resistance rather than inertia.

You notice that when
you swing a bucket of
water in a vertical circle
fast enough, the water
does not fall out at the
top. How would you use
this same principle to
explain why passengers
on a roller coaster loop
do not fall out at the top?

At the top of both the bucket and the loop, the inward centripetal acceleration
exceeds gravity, so the water and passengers are pushed against the bottom of
their containers by the circular motion — In both cases, when the circular motion is
fast enough, the required centripetal acceleration exceeds gravitational acceleration. At
the top of the loop, the water or passengers' inertia wants to continue moving in a
straight line (tangent to the circle), which pushes them outward against the bottom of
the bucket or the seat. Gravity acts inward as part of the centripetal force. No magnets
are used, they are not truly weightless, and gravity always acts — it just becomes part of
the centripetal force needed for circular motion.

A spinning gyroscope
can balance on a string
or pencil tip without
falling over, even though
it should topple due to
gravity. A student says
this proves that spinning
objects defy gravity.
Analyze whether this

Spinning does not defy gravity — the gyroscope still feels gravity, but the angular
momentum from spinning causes it to precess (rotate around the tilt axis) instead
of falling straight down — A spinning gyroscope does not defy gravity. Gravity still pulls
on it, but the angular momentum from spinning redirects the gravitational torque into a
precessing motion (circular rotation around the balance point) rather than toppling. This
is called gyroscopic precession. No anti-gravity field is created by rotation, the gyroscope
is not slowly falling (it is truly balanced in a dynamic equilibrium), and at the small scale
of a gyroscope, air currents from spinning are far too weak to provide meaningful lift.



explanation is correct.

A student builds two
paper airplanes — one
with flat wings and one
with curved wings
(curved on top, flat on
the bottom). The curved-
wing plane flies farther.
The student says this
proves Bernoulli's
principle. A classmate
says it could be other
factors. Who makes a
better scientific
argument?

The classmate makes a better point — while Bernoulli's principle contributes to
lift, the difference could also involve angle of attack, weight distribution, or drag,
so one test does not prove the cause — The classmate makes the stronger scientific
argument. While Bernoulli's principle does contribute to lift from curved wings, the flight
difference could involve many factors: angle of attack, weight distribution, drag, throw
consistency, or paper folds. A single comparison between two different designs cannot
isolate one variable. Curved wings do not automatically prove Bernoulli, there are many
explanations for flight differences, and paper airplanes absolutely use aerodynamic
principles — they just involve multiple interacting factors.

When you suck liquid up
through a straw, it seems
like your mouth is pulling
the liquid up. But a
physics teacher says you
are actually pushing the
liquid up. Analyze which
explanation is more
accurate and why.

The teacher is more accurate — you reduce air pressure in your mouth, and the
higher atmospheric pressure on the liquid surface outside the straw pushes the
liquid up into the lower-pressure zone — The teacher is more accurate. When you
suck through a straw, you lower the air pressure inside your mouth. Atmospheric
pressure (about 101 kPa) pushes down on the exposed liquid surface outside the straw.
Since the pressure above the liquid inside the straw is now lower, the higher
atmospheric pressure pushes the liquid up. There is no such thing as a pulling vacuum
force — 'suction' is really just a pressure difference. Surface tension helps form a
column but does not provide the driving force.

You want to
demonstrate that a
tablecloth can be pulled
from under a full place
setting. You try it at
home and the dishes
slide off the table. What
adjustment would
improve your success?

Use a smooth, unhemmed tablecloth and pull with a swift downward motion
rather than horizontally, to minimize the friction time between cloth and dishes —
Success depends on minimizing friction between cloth and dishes. A smooth,
unhemmed cloth has less friction and no edge bumps. Pulling swiftly downward (not
horizontally) ensures the cloth clears the dishes quickly, minimizing friction time. Heavier
cloth would increase friction (worse), lighter dishes have less inertia (making them easier
to disturb — worse), and pulling slowly maximizes friction time, giving it more time to
transfer motion to the dishes (much worse).

Design a demonstration
to show your class that
atmospheric pressure is
strong enough to hold a
card against the open
end of an upside-down
glass of water. Describe
the setup and explain
the physics.

Fill a glass with water to the brim, place a flat card on top leaving no air bubbles,
hold the card and flip the glass upside down, then release the card — atmospheric
pressure pushing up on the card exceeds the weight of the water pushing down, so
the card stays — This classic demonstration works because atmospheric pressure
(pushing upward on the card) is approximately 101,325 Pa — far greater than the
pressure from a glass of water (typically less than 2,000 Pa). Filling the glass completely
leaves no air pocket above the water. When inverted, the small drop in pressure from
the water trying to pull away creates a slight vacuum reinforcing the effect. Tape would
be a physical attachment not demonstrating pressure, a vacuum pump works but is
unnecessary for this simple demo, and frozen water would defeat the purpose of
showing liquid held by air pressure.

What is the scientific
term for an object's
tendency to resist
changes in its motion?

Inertia — Inertia is the tendency of an object to resist changes in its state of motion —
whether at rest or moving. Momentum is mass times velocity (a measure of motion
quantity), friction is a force that opposes sliding motion between surfaces, and gravity is
the force of attraction between masses. Only inertia specifically describes the resistance
to changes in motion, as stated in Newton's First Law.



An egg dropped from 1
meter onto concrete
breaks, but an egg
dropped from the same
height onto a thick pillow
does not. Both eggs
experience the same
change in speed (from
falling speed to zero).
What physical difference
protects the egg on the
pillow?

The pillow extends the stopping time, reducing the peak force on the egg — the
same impulse is spread over a longer time, lowering the maximum force below the
egg's breaking strength — The impulse-momentum theorem states that force times
time equals change in momentum. Both eggs experience the same momentum change
(same mass, same speed change). The pillow increases the stopping time, so the force
must decrease proportionally. On concrete, the egg stops nearly instantly, creating an
enormous peak force that exceeds the shell's strength. Pillows do not absorb gravity
(gravity is constant), the pillow deforms but does not break, and the egg does not
bounce — it decelerates gradually through the pillow's compression.

A balancing bird toy can
balance perfectly on
your fingertip by its
beak, even though most
of its body extends
behind the balance
point. How does this
work?

Weights in the wingtips shift the center of gravity forward to directly above the
beak's contact point, creating a stable balance — Balancing bird toys have heavy
weights concealed in the wingtips. These weights pull the center of gravity forward and
downward to a point directly at or below the beak's contact point. When the center of
gravity is at or below the support point, the object is in stable equilibrium. The beak is
not magnetic, internal air has no significant downward force, and at rest on your finger
there is no airflow to generate aerodynamic lift.

What is the point where
all of an object's weight
appears to be
concentrated called?

Center of gravity — The center of gravity is the point where an object's entire weight
can be considered to act. A fulcrum is the support point of a lever (not a property of the
object itself), a pivot point is where something rotates (which may or may not be the
center of gravity), and center of mass is technically very similar to center of gravity —
they are identical in uniform gravitational fields but center of gravity specifically
references gravitational force.

A magician hangs a
heavy ball from a string
and attaches another
identical string below the
ball. When the bottom
string is pulled slowly,
the top string breaks.
When pulled quickly with
a sharp jerk, the bottom
string breaks. Why do
different pulling speeds
break different strings?

A slow pull gradually increases tension throughout, breaking the weaker top
string which bears the ball's weight. A quick jerk breaks the bottom string because
the ball's inertia prevents the force from reaching the top string in time — This
demonstrates inertia beautifully. When pulled slowly, tension builds throughout the
system, and the top string (already bearing the ball's weight) exceeds its breaking
strength first. A quick jerk does not give the heavy ball time to accelerate — its inertia
keeps it momentarily stationary, so the sudden force is concentrated entirely on the
bottom string, snapping it before the force can propagate upward. Heat from pulling is
negligible, and no spinning occurs.



✂✂✂✂ Question (fold →) Answer

A student builds two
electromagnets using the
same battery and wire.
Electromagnet A has 20 coil
wraps around an iron nail,
and Electromagnet B has 50
coil wraps around an
identical iron nail.
Electromagnet B picks up 3
times more paper clips.
What is the relationship
between the number of coil
wraps and the strength of an
electromagnet, and why
might it not be exactly
proportional?

More coil wraps create a stronger magnetic field because each loop adds to the
total field, but the relationship is not perfectly proportional because the
battery's voltage limits the current as resistance increases with more wire —
Each additional coil wrap adds another loop of current-carrying wire, and each loop
contributes to the total magnetic field, making the electromagnet stronger. However,
the relationship is not perfectly linear because adding more wire increases the total
resistance of the circuit. With a fixed battery voltage, higher resistance means less
current (Ohm's Law: I = V/R), and magnetic field strength depends on both the
number of turns AND the current. So while B has 2.5 times more wraps than A, it
picks up only 3 times (not 2.5 times) more clips because these factors interact in
complex ways. Wraps do not block magnetism — each wrap reinforces the field.
Battery voltage alone does not determine strength; the number of wraps and the
resulting current both matter. There is no magic cutoff at 10 wraps — each
additional wrap contributes, just with diminishing returns as resistance increases.

In a museum
demonstration, a magnet is
placed above a
superconductor cooled with
liquid nitrogen, and the
magnet floats motionlessly
in midair. This looks similar
to the copper tube
experiment but is different.
What makes superconductor
levitation fundamentally
different from eddy current
braking?

A superconductor has zero electrical resistance, so the induced currents never
decay and the repulsive force is permanent — the magnet floats without
moving, unlike the copper tube where motion is required — In a superconductor
(zero electrical resistance), induced currents persist indefinitely without decaying,
maintaining a constant repulsive magnetic field. This allows a stationary magnet to
levitate permanently. In copper, eddy currents exist only while the magnetic field is
changing (magnet moving), and resistance causes them to decay immediately when
motion stops. Superconductors are not inherently magnetic, the liquid nitrogen
provides cooling not a gas cushion, and magnets do not become weightless in the
cold — the levitation is purely electromagnetic repulsion from persistent induced
currents.

A magician seems to levitate
a thin aluminum ring above
an electromagnet. The ring
floats without touching
anything. What
electromagnetic principle
makes this possible?

An alternating current in the electromagnet induces eddy currents in the ring,
which create a magnetic field that repels the electromagnet's field, pushing
the ring upward — This is Thomson's jumping ring experiment. An alternating
current in the electromagnet creates a rapidly changing magnetic field that induces
eddy currents in the aluminum ring. By Lenz's law, these induced currents generate
a magnetic field opposing the original, creating a repulsive force that levitates the
ring. Aluminum is not magnetic (it is paramagnetic, with negligible attraction), no
compressed air is involved, and no strings are needed — pure electromagnetic
repulsion holds the ring aloft.

You want to build the
strongest possible
electromagnet for a science
fair using a battery, wire,
and a nail. What three
changes would maximize its
strength?

Use more turns of wire around the nail, use a thicker iron nail as the core, and
use a battery with higher voltage to increase the current — Electromagnet
strength depends on three factors: more wire turns (more overlapping fields),
stronger current from higher voltage, and a ferromagnetic core (iron concentrates
the field dramatically). Fewer turns means weaker fields, wood and plastic are not
ferromagnetic so they do not concentrate fields, loose coils waste space, thinner
wire has more resistance (reducing current), shorter nails have less core to
magnetize, and aluminum is paramagnetic (extremely weak magnetic response
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compared to iron).

You want to slow a strong
magnet's fall down a copper
tube without touching it. You
currently have one layer of
copper tubing. How could
you make the magnet fall
even slower using only
additional copper material?

Use a thicker-walled copper tube — more copper means larger induced eddy
currents, creating stronger opposing magnetic fields that slow the magnet
more — Thicker copper walls provide more conductive material for eddy currents to
flow through, reducing electrical resistance and allowing larger currents. By Lenz's
law, larger eddy currents produce stronger opposing magnetic fields, slowing the
magnet more effectively. A longer tube extends the duration of slow fall but does not
change the speed at any point. The magnet does not touch the tube walls so friction
is irrelevant. Cooling copper does lower its resistance (which would actually help
slightly), but copper does not become magnetic at any temperature.

A student builds two
electromagnets with the
same battery and same
number of wire turns, but
one uses an iron nail core
and the other uses an
aluminum nail core. The
iron-core electromagnet is
much stronger. What does
this reveal about the
difference between iron and
aluminum?

Iron is ferromagnetic — its atomic magnetic domains align with and amplify
the external field dramatically, while aluminum is paramagnetic and barely
responds to magnetic fields — Iron is ferromagnetic — it contains magnetic
domains (groups of aligned atomic magnets) that can align with an external
magnetic field, dramatically amplifying it (by thousands of times). Aluminum is
paramagnetic, meaning its atoms respond very weakly to magnetic fields with no
domain alignment. Aluminum actually conducts electricity better than iron, weight
has no effect on magnetic strength, and neither material reflects or absorbs
magnetic fields — the difference is entirely about domain structure and atomic-level
magnetic properties.

You rub a balloon on your
hair and then hold it near a
thin stream of water from a
faucet. The water stream
bends toward the balloon.
How would you use this
setup to show a friend that
the effect is caused by static
charge and not by the
balloon's shape or color?

Hold the same balloon near the water without rubbing it first to show no
bending occurs, proving the rubbing (which transfers charge) is what causes
the effect — Using the same balloon without rubbing it serves as a controlled test
that isolates the variable of static charge. Since the unrubbed balloon has the same
shape, size, color, and material but no charge, if the water does not bend toward it,
the charge (transferred by rubbing) must be the cause. Testing a different colored
balloon only tests the color variable, which is not the claim being investigated.
Moving the balloon shows the effect is directional but does not prove the cause is
charge versus some other property. Popping the balloon dramatically changes the
shape and distance of the material, introducing multiple new variables rather than
isolating charge as the cause.

A student says,
'Electromagnets are always
better than permanent
magnets because you can
control them.' Evaluate
whether this is a fair
comparison.

It oversimplifies — electromagnets offer control but require electricity and can
overheat. Permanent magnets need no power and never fail from outages. The
best choice depends on the application — The student's comparison is
oversimplified. Electromagnets have advantages (adjustable strength, can be
switched on/off) but disadvantages (require continuous electricity, generate heat, fail
during power outages). Permanent magnets are reliable, maintenance-free, and
energy-independent but cannot be adjusted or turned off. Controllability is
important but not the only factor. Permanent magnets can be extremely strong
(neodymium magnets), and the age of a technology does not determine superiority.
The best choice depends on specific application needs.

You want to demonstrate
that a charged balloon can
attract objects without
touching them. You have a
balloon, wool cloth, and
small aluminum foil pieces.

Rub the balloon on the wool to charge it, then hold it near the foil pieces —
Rubbing the balloon on wool transfers electrons, giving the balloon a negative
charge. Holding it near foil polarizes the foil (positive charge drawn toward the
balloon, negative pushed away). The attraction causes foil pieces to jump to the
balloon. Once touching, electrons transfer from balloon to foil, giving both the same
charge. Like charges repel, so the foil pieces pop off and fly away. Rubbing foil on



What steps would you take,
and what will the audience
see?

wool would not effectively charge it, an uncharged balloon cannot attract foil, and
rubbing balloon on foil does not create magnetism — this is purely electrostatic. —
they will jump up and stick to the balloon, then some will pop off moments later as
they acquire the same charge.

A science show
demonstrates that a magnet
falling through a copper
tube is slowed dramatically.
An audience member asks,
'Does this mean we could
stop a magnet completely
inside a copper tube?'
Evaluate this question.

No — the braking force depends on the magnet's speed. As it slows, the
braking force weakens. It approaches a terminal velocity where the braking
force equals gravity, but never reaches zero speed — The electromagnetic
braking force is proportional to the magnet's velocity — faster motion means faster-
changing fields, creating stronger eddy currents and more braking force. As the
magnet slows, the braking force decreases proportionally. The magnet reaches a
terminal velocity where gravity's pull exactly equals the electromagnetic braking
force, and it continues falling at this constant slow speed. It can never stop
completely because zero velocity would mean zero field change and zero braking
force. No amount of tube length or thickness can overcome this. Magnets do not
melt copper at these energy levels.

How does a simple electric
motor convert electrical
energy into rotational
motion?

Current flowing through a coil in a magnetic field creates a force on the wire
that pushes it in one direction, and a commutator reverses the current each
half-turn to keep the coil spinning — An electric motor works by the motor effect:
current in a wire within a magnetic field experiences a force perpendicular to both
the current and the field. This pushes the coil, causing rotation. A commutator (split
ring) reverses the current direction every half-turn, ensuring the force always pushes
the same rotational direction. Heat does not cause spinning, magnets exert force on
current-carrying wires (not electricity directly), and electrons do not accumulate to
create weight imbalance.

What type of magnet can be
turned on and off by
controlling an electric
current?

Electromagnet — An electromagnet uses electric current flowing through a coil of
wire to create a magnetic field. When the current is turned off, the magnetic field
disappears. Permanent magnets cannot be turned on and off, refrigerator magnets
are permanent flexible magnets, and compass needles are magnetized metal that
respond to magnetic fields but are not controllable.

Design a simple experiment
to demonstrate that
electricity and magnetism
are connected. You have a
compass, a battery, and a
length of insulated copper
wire.

Hold the wire over and parallel to the compass needle, then connect the wire
to the battery — This recreates Hans Christian Oersted's famous 1820 discovery.
When current flows through the wire, it creates a circular magnetic field around the
wire. Holding the wire parallel to and above the compass needle allows this field to
deflect the needle away from magnetic north, proving that electric current produces
a magnetic field. Wrapping wire around the compass would work but is
unnecessarily complex. Touching battery terminals to the compass would not
demonstrate the connection meaningfully. A battery alone has no external magnetic
field strong enough to affect a compass.

Your electromagnet can pick
up paper clips when the
battery is connected but
drops them instantly when
you disconnect the battery.
However, you notice the nail
stays slightly magnetic even
after disconnection. How
would you use this
observation to make a
simple permanent magnet?

Leave the electromagnet energized for an extended period — the sustained
magnetic field gradually aligns the iron domains in the nail, and some remain
aligned even after the current is removed — Iron contains magnetic domains —
tiny regions where atoms are magnetically aligned. A sustained electromagnetic field
gradually aligns more and more of these domains. When the current is removed,
most domains relax, but some remain aligned, creating remanent magnetism.
Longer exposure means more permanently aligned domains and stronger residual
magnetism. Heating actually destroys magnetism (it randomizes domains), plastic
wrapping does not affect magnetic fields, and opposing batteries would cancel out
rather than strengthen the field.



A company sells a 'magnetic
phone charger' that they
claim generates unlimited
electricity from a permanent
magnet. Based on your
understanding of
electromagnetic induction,
evaluate whether this
product could work as
described.

It cannot work — a stationary permanent magnet produces a constant field
that does not induce current. Electromagnetic induction requires a changing
magnetic field, which requires continuous energy input to maintain — This
product is physically impossible. A stationary permanent magnet has a constant
magnetic field, which induces zero current (Faraday's law requires change). Even
moving magnets can generate current, but the energy comes from the mechanical
effort of moving them — you never get more electrical energy out than mechanical
energy in (conservation of energy). Permanent magnets do not contain extractable
energy like batteries. Magnet strength does not overcome the need for field
changes. Magnets and electricity are deeply connected through electromagnetic
induction — but it always requires energy input.

What is the name for the
buildup of electric charge on
the surface of an object?

Static electricity — Static electricity is the accumulation of electric charge on an
object's surface, caused by the transfer of electrons between materials (usually
through friction). Current electricity is the continuous flow of charge through a
conductor, magnetic force acts between magnets or moving charges, and thermal
energy is heat. Only static electricity describes a charge that builds up and stays on a
surface.

What did Michael Faraday
discover about the
relationship between
moving magnets and
electricity?

A changing magnetic field can induce (create) an electric current in a nearby
conductor — Michael Faraday discovered electromagnetic induction — when a
magnetic field changes near a conductor (like moving a magnet through a coil of
wire), it generates an electric current in the conductor. This principle powers all
electric generators and transformers worldwide. Magnets do not store electrical
energy, electricity and magnetism are deeply connected rather than destructive to
each other, and electromagnets (not just permanent magnets) can also induce
current through changing fields.

You want to demonstrate
electromagnetic induction to
your class using only a bar
magnet and a coil of wire
connected to a sensitive
meter. How would you
produce the largest reading
on the meter?

Push the magnet into the coil as quickly as possible — Faraday's law states that
induced voltage is proportional to the rate of change of magnetic flux through the
coil. Pushing the magnet into the coil quickly maximizes this rate of change,
producing the strongest current. A stationary magnet inside the coil produces zero
induced current because the field is not changing. A magnet next to but not moving
through the coil produces no flux change. Spinning the magnet outside would induce
some current but less than direct insertion through the coil center. — faster motion
means a faster-changing magnetic field, which induces a stronger current.

In the copper tube magnet
drop experiment, a student
substitutes a plastic tube of
the same dimensions for the
copper tube. The magnet
falls straight through at
normal speed. Another
student says this proves the
copper was physically
blocking the magnet.
Analyze why this explanation
is wrong.

The copper was not physically blocking the magnet — Copper's ability to slow the
magnet has nothing to do with physical blocking — the magnet never contacts the
tube walls. Copper is an excellent electrical conductor. When the magnet passes
through, the changing magnetic field induces eddy currents in the copper. These
currents create opposing magnetic fields (Lenz's law) that brake the magnet. Plastic
is an insulator — it cannot support eddy currents, so no electromagnetic braking
occurs. Tube weight is irrelevant, copper does not create air resistance, and neither
material absorbs or reflects magnetism.

When you rub a balloon on
your sweater and hold it
near a thin stream of water
from a faucet, the water

The charged balloon polarizes the water molecules — their positive ends rotate
toward the balloon's negative charge, and the attraction pulls the stream
sideways — Water molecules are polar, meaning they have a positive hydrogen end
and a negative oxygen end. The negatively charged balloon causes the positive ends



bends toward the balloon.
Why does the water stream
bend?

of nearby water molecules to rotate toward it (polarization). This creates a net
attraction that pulls the water stream toward the balloon. The balloon does not
create wind (it is stationary), does not evaporate water (static charge does not
produce heat), and does not push air into the stream — the effect is purely
electrostatic attraction on polar molecules.

Why does wrapping more
turns of wire around a nail
make a stronger
electromagnet?

Each loop of wire contributes its own magnetic field, and more loops means
more overlapping fields that add together to create a stronger total field —
Each turn of current-carrying wire generates its own circular magnetic field. When
loops are wound in the same direction around a core, their individual magnetic fields
align and superimpose, creating a combined field much stronger than any single
loop. More turns means more contributing fields. Wire weight has nothing to do with
magnetic strength, wire insulation affects electrical safety not magnetism, and
friction does not convert to magnetic energy — the energy comes from the electrical
current flowing through the wire.

What particle moves from
one object to another to
create static electricity?

Electrons — Electrons are the particles that transfer between objects to create static
electricity. They are negatively charged and loosely bound to atoms, making them
easy to transfer through friction. Protons are positively charged but locked in the
nucleus and do not transfer between materials in normal conditions. Neutrons have
no charge and stay in the nucleus. Photons are particles of light, not electric charge.

When you drop a strong
magnet through a copper
tube, it falls much more
slowly than a non-magnetic
object of the same weight.
Copper is not magnetic, so
why does the magnet slow
down?

The moving magnet induces electric currents in the copper, which create their
own magnetic fields that oppose the magnet's motion — this is Lenz's law —
This demonstrates Lenz's law and electromagnetic induction. As the magnet falls
through the copper tube, its changing magnetic field induces circular currents (eddy
currents) in the copper. By Lenz's law, these induced currents create magnetic fields
that oppose the change that caused them — in this case, opposing the magnet's
downward motion. Copper contains no iron, air compression in the tube is negligible
at these speeds, and the magnet does not touch the walls (it falls through the
center), so friction is not the cause.

A student notices that when
she brings a charged balloon
near an uncharged
aluminum can lying on its
side, the can rolls toward the
balloon. She charges
another balloon and brings
it near the can from the
opposite side, and the can
also rolls toward that
balloon. She expected the
can to be pushed away by
one of them. Why does the
can always roll toward the
charged balloon regardless
of which side it approaches
from?

The charged balloon induces opposite charges on the near side of the can and
same charges on the far side. The near side (opposite charge) is always closer,
so the net attraction always wins — This demonstrates electrostatic induction. A
charged balloon causes the free electrons in the conducting aluminum can to
redistribute: opposite charges are attracted to the near side, and like charges are
repelled to the far side. Since the attracted charges are closer to the balloon than the
repelled charges, the attractive force is stronger (force decreases with distance
squared). This net attraction occurs regardless of the balloon's charge polarity or
approach direction. Aluminum has no inherent charge attraction, uncharged objects
can be attracted through induction, and wind from gentle balloon movement is
negligible.

A Van de Graaff generator
makes a person's hair stand

The generator transfers charge to the person, giving each hair strand the same
type of charge. Since like charges repel, the strands push away from each other
— The Van de Graaff generator accumulates a large static charge and transfers it to
the person touching its dome. This charge distributes across the person's body,



straight up when they touch
it. Why does each strand of
hair move away from the
others?

including each individual hair strand. Since all strands carry the same type of charge
(all positive or all negative), and like charges repel, each strand pushes away from its
neighbors, causing hair to stand out in all directions. No wind is generated, hair does
not become magnetic, and gravity is not affected — it is purely electrostatic
repulsion.



✂✂✂✂ Question (fold →) Answer

What type of symbiotic
relationship benefits both
organisms involved?

Mutualism — Mutualism is a symbiotic relationship where both organisms benefit.
Parasitism benefits one organism (the parasite) while harming the other (the host).
Commensalism benefits one organism without significantly affecting the other.
Predation involves one organism killing and eating another. Only mutualism provides
a positive outcome for both partners in the relationship.

You discover that a species
of frog has bright red and
blue coloration. Another
species in the same habitat
is dull brown. Without
knowing anything else, you
want to predict which frog
is likely toxic. How would
you apply your knowledge
of warning coloration?

The bright red and blue frog is more likely toxic — Aposematic (warning)
coloration is a well-established biological pattern — organisms that are toxic,
venomous, or distasteful often display bright, contrasting colors (reds, oranges,
yellows, blues) to warn predators. Poison dart frogs are a perfect example. The brown
frog likely uses camouflage instead. While there are exceptions, bright coloration in
nature is a reliable predictor of chemical defense. Color is strongly correlated with
toxicity in many taxa, and while both could theoretically be toxic, the probability is
significantly higher for the brightly colored species based on evolutionary patterns. —
vivid contrasting colors often serve as warning signals (aposematism) telling predators
the organism is dangerous to eat.

The relationship between
mycorrhizal fungi and plant
roots has been called the
'Wood Wide Web.' The
fungi extend the plant's
root network, helping it
access water and nutrients,
while the plant provides
sugars to the fungi.
Scientists also discovered
that trees use the fungal
network to share nutrients
with neighboring trees.
What does this sharing
behavior suggest about
competition in forests?

It suggests that forest ecosystems involve significant cooperation alongside
competition — trees may benefit from keeping neighboring trees healthy to
maintain the shared fungal network — The Wood Wide Web reveals that forest
ecology involves a complex balance of competition and cooperation. Trees sharing
nutrients with neighbors is not purely altruistic — a healthy fungal network benefits
all connected trees, and losing network partners could weaken the entire system. This
challenges the traditional view of evolution as purely competitive. However, trees
absolutely still compete for light, water, and space — competition does not disappear.
The sharing is not accidental (research shows preferential sharing with kin), and the
fungi benefit from the arrangement too (it is mutualistic across all partners).

Clownfish live among the
stinging tentacles of sea
anemones without being
harmed. Why are clownfish
immune to the anemone's
sting while other fish are
not?

Clownfish produce a special mucus coating that chemically prevents the
anemone's stinging cells from firing, allowing them to live safely among the
tentacles — Clownfish develop a thick mucus layer that lacks the chemical
compounds that trigger nematocyst (stinging cell) discharge. The mucus may also
contain compounds that actively inhibit the stinging cells. This is a biochemical
adaptation, not a mechanical one. Clownfish skin is not significantly thicker than other
fish, anemones are simple organisms without the neural complexity to recognize
individual species, and clownfish are not too small to detect — plenty of smaller
organisms are stung. The mucus coating is the key adaptation enabling this
mutualistic relationship.

What are organisms called
that can survive in extreme
environments like boiling

Extremophiles — Extremophiles are organisms adapted to thrive in conditions
hostile to most life, such as extreme heat (thermophiles), cold (psychrophiles), acidity
(acidophiles), salt (halophiles), or pressure (piezophiles). Parasites live on or in host
organisms, decomposers break down dead matter, and endangered species face
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hot springs, frozen ice, or
highly acidic conditions?

extinction risk. None of these terms describe organisms specifically adapted to
extreme physical or chemical environments.

The mimic octopus can
change its body shape,
color, and behavior to
resemble over 15 different
species including lionfish,
flatfish, and sea snakes.
How does this differ from
ordinary camouflage?

Ordinary camouflage matches the background environment, but the mimic
octopus actively impersonates specific dangerous animals to scare predators
away — this is dynamic mimicry, not just blending in — The mimic octopus
employs active mimicry — deliberately impersonating dangerous species to exploit
predators' learned avoidance behaviors. This is fundamentally different from
camouflage (background matching) because the octopus is not trying to become
invisible but rather to appear as a specific threatening organism. Most camouflage
does not involve shape changes, the mimic octopus uses this primarily for defense
(not hunting), and while some camouflage is indeed permanent (like a walking stick
insect), the key distinction is the intent: hiding versus impersonating.

Fireflies produce light
through bioluminescence.
Why is their light
production so efficient
compared to a light bulb,
which wastes most energy
as heat?

The firefly's chemical reaction converts nearly 100% of energy into light with
almost no heat, while light bulbs lose up to 90% of energy as heat from a hot
filament — Bioluminescence is extraordinarily efficient — the luciferin-luciferase
reaction converts approximately 98% of chemical energy directly into light photons,
with almost no energy lost as heat. Incandescent light bulbs convert only about 10%
of electrical energy to light, wasting 90% as heat. Size does not determine efficiency,
fireflies do not store sunlight (they produce light from chemical energy in food), and
while firefly light is relatively dim, the question is about efficiency (energy conversion
ratio), not total brightness.

Tardigrades (water bears)
can survive being frozen to
-272 degrees Celsius,
heated to 150 degrees
Celsius, exposed to
radiation, and even the
vacuum of space. How do
they survive these extreme
conditions?

They enter a state called cryptobiosis where they lose almost all their water,
curl into a 'tun,' and their metabolism drops to nearly zero until conditions
improve — Tardigrades survive extremes through cryptobiosis — a death-like state
where they expel almost all water from their cells (reducing water content from 85%
to about 3%), retract their legs into a barrel-shaped 'tun,' and replace water with
trehalose sugar that forms a protective glassy matrix. Their metabolism drops to
0.01% of normal. Their skin, while durable, is not the primary protection mechanism.
They do produce some protective proteins but not antifreeze in the traditional sense.
Rapid reproduction is not their survival strategy — individual tardigrades genuinely
survive these conditions.

Deep-sea anglerfish have a
glowing lure dangling from
their heads to attract prey
in the pitch-black ocean
depths. The light comes
from symbiotic bacteria
living in the lure. What type
of symbiosis is this?

Mutualism — the bacteria get a protected habitat with nutrients, while the
anglerfish gets a glowing lure to attract food — This is mutualism because both
organisms benefit: the bioluminescent bacteria receive a sheltered environment with
a steady supply of nutrients from the fish's blood supply, while the anglerfish gains a
glowing lure essential for attracting prey in the lightless deep ocean. The bacteria are
not parasitic because the fish actively benefits from their presence, the fish is
significantly affected (positively) so it is not commensalism, and the fish does not
consume the bacteria — it maintains them as partners.

Design a simple classroom
experiment to demonstrate
how bioluminescence
works using a glow-in-the-
dark reaction. You have
hydrogen peroxide, luminol
powder, a copper sulfate
catalyst, and a dark room.
Describe the setup and

Mix luminol with hydrogen peroxide and add a tiny amount of copper sulfate
catalyst in a dark room — The luminol chemiluminescence demonstration parallels
bioluminescence beautifully. Luminol (analogous to luciferin) reacts with hydrogen
peroxide (oxidizer, analogous to oxygen in organisms) in the presence of copper
sulfate catalyst (analogous to the enzyme luciferase). The reaction excites electrons in
the luminol molecules, and when they return to ground state, they emit blue light
photons. This is the same fundamental mechanism as biological bioluminescence.
Luminol does not phosphoresce (store and release light), heating is not needed (it is a
chemical reaction), and food coloring does not interact with chemiluminescence —
different luminol analogs or fluorescent dyes are needed to change the color. — the



explain the connection to
biological light production.

solution will glow blue, demonstrating chemiluminescence, the same chemical-to-light
conversion that organisms use in bioluminescence.

You learn that some
bacteria thrive in
Yellowstone's hot springs
at 80 degrees Celsius. Your
friend says bacteria can
only live in moderate
temperatures like the
human body. How would
you design a simple
experiment to show that
microorganisms can
survive extreme
conditions?

Collect samples from different extreme environments (hot water, very salty
water, acidic vinegar), culture them on nutrient plates at their original
temperature, and compare growth to samples cultured at room temperature —
The best approach is sampling directly from extreme environments and culturing at
those extreme conditions. This demonstrates that some organisms are naturally
adapted to extremes, not just surviving briefly. Heating normal skin bacteria would kill
them (proving your friend's point about those specific bacteria, not disproving
extremophiles). Frozen yogurt cultures are mesophiles that may survive cold but are
not extremophiles. Microscopy alone cannot prove organisms are thriving versus just
present as dead cells. Culturing at the extreme conditions proves active growth and
adaptation.

Electric eels can produce
shocks of up to 860 volts.
You want to demonstrate
the basic principle of
bioelectricity to your class.
How could you show that
living cells produce
electricity using only a
lemon, two different metals
(copper and zinc), and a
small LED?

Push the copper and zinc strips into the lemon, connect wires from each metal
to the LED — the acid in the lemon creates an electrochemical reaction between
the different metals, generating enough voltage to light the LED — A lemon
battery demonstrates electrochemistry — the citric acid acts as an electrolyte that
facilitates an electrochemical reaction between the two different metals. Zinc is more
reactive and donates electrons, while copper accepts them. This creates a voltage
difference that drives current through the external circuit (the LED). While not exactly
bioelectricity, it demonstrates how chemical energy in living systems converts to
electrical energy. Rubbing creates static not sustained current, juice alone cannot
power an LED, and the reaction is electrochemical not thermal.

What is the term for an
animal's ability to blend in
with its surroundings by
matching colors and
patterns?

Camouflage — Camouflage is the ability to blend with the environment through
matching colors, patterns, and textures. Mimicry is resembling another species (like a
harmless butterfly resembling a toxic one), warning coloration (aposematism) uses
bright colors to advertise danger, and hibernation is a dormancy strategy for surviving
winter. Only camouflage specifically describes blending with the physical
environment.

A student observes that
both arctic foxes and
snowshoe hares turn white
in winter. The student
concludes that cold
temperatures directly
cause the fur to change
color. A second student
argues that the color
change is triggered by day
length, not temperature.
Which student's
explanation is better
supported by evidence, and
what experiment could
distinguish between the
two hypotheses?

The second student is better supported — seasonal color change is triggered by
photoperiod (day length) through hormonal signals, not by temperature
directly. An experiment keeping animals in warm conditions but with shortened
light cycles would show whether they still change color — Research confirms that
photoperiod (day length) is the primary trigger for seasonal color change in arctic
mammals, detected through the eyes and processed via the pineal gland's melatonin
production. Shortening day length triggers hormonal cascades that replace
pigmented fur with white fur during the next molt cycle. Cold temperatures alone do
not bleach or change fur — the melanin pathway is controlled hormonally. Animals do
not consciously choose to change fur color; it is an involuntary physiological response.
This hypothesis is absolutely testable — laboratory studies have successfully triggered
out-of-season color changes by manipulating artificial light cycles while keeping
temperature constant, confirming photoperiod as the controlling variable.



What is the scientific term
for organisms that produce
their own light through
chemical reactions?

Bioluminescence — Bioluminescence is the production and emission of light by living
organisms through a chemical reaction involving a molecule called luciferin and an
enzyme called luciferase. Photosynthesis converts light into chemical energy (the
opposite process), fluorescence is absorption and re-emission of light requiring an
external light source, and phosphorescence is a similar process to fluorescence but
with a longer glow — neither involves organisms producing their own light chemically.

A marine biologist
discovers a shrimp species
living near deep-sea
hydrothermal vents where
water temperatures exceed
300 degrees Celsius. The
shrimp cluster around the
edges of the vent, not
directly in the hottest
water. How would you use
the concept of energy
transfer to explain why the
shrimp position themselves
this way?

The water cools rapidly as it mixes with the surrounding cold ocean water, so
the shrimp position themselves in the temperature gradient zone where the
water is warm enough for the bacteria they eat but not hot enough to damage
their cells — Thermal energy transfers from the superheated vent water to the cold
surrounding ocean through convection and mixing, creating a temperature gradient.
The shrimp exploit a narrow zone within this gradient where conditions support their
chemosynthetic bacterial food source while remaining below their own thermal
tolerance limit. This is an application of energy transfer principles to biological habitat
selection. No known predators specifically inhabit the hottest vent water —
temperatures above 120 degrees Celsius exceed all known multicellular life limits. The
shrimp are capable swimmers and actively choose their position. While vent minerals
do include toxic compounds, the shrimp's positioning is primarily about temperature
tolerance, and the minerals are not 'filtered' — they dilute gradually through mixing,
not through any filtering process.

A news article claims that a
newly discovered deep-sea
fish can 'see in complete
darkness.' Based on your
understanding of
bioluminescence and
vision, evaluate whether
this claim makes scientific
sense.

It could make sense if the fish detects bioluminescent light from other
organisms — the deep sea is not truly 'dark' because many organisms produce
their own light, so eyes adapted to detect faint bioluminescence are useful —
The claim is scientifically plausible with clarification. The deep sea is devoid of
sunlight, but an estimated 90% of deep-sea organisms produce bioluminescent light.
Fish with extremely large, sensitive eyes can detect these faint flashes to find prey,
mates, and avoid predators. They are not seeing in 'complete darkness' but detecting
biological light sources. Eyes do not require sunlight specifically — any photons will
do. X-ray vision does not exist in nature. Echolocation is used by some marine
mammals but is a completely different sensory system from vision.

Cuttlefish can change color
in milliseconds, yet they are
completely color-blind
(they see only in grayscale).
How could a color-blind
animal match its
environment's colors so
accurately? Scientists have
proposed several
hypotheses. Which of these
is the most likely
explanation?

Cuttlefish likely perceive color through their skin cells, which contain light-
sensitive proteins called opsins, giving them a form of distributed color sensing
independent of their eyes — Recent research discovered opsin proteins in cuttlefish
skin cells — the same light-sensitive molecules found in eyes. These distributed opsins
may enable the skin to directly sense the wavelengths (colors) of light hitting it,
creating a form of color vision independent of the brain and eyes. This explains how a
color-blind animal matches colors so precisely. Cuttlefish do not memorize colors
before birth, random color cycling would be too slow and unreliable for survival, and
echolocation detects shapes and distances through sound, not colors through light.

A student reads that corals
are animals, not plants, yet
they rely on photosynthetic
algae living inside their
tissues for most of their
energy. The student asks,
'If the algae died, would the

The coral would still be an animal — its classification is based on its cell
structure and genetics, not its energy source. However, losing the algae (coral
bleaching) would likely kill the coral because it depends on the algae's
photosynthesis for food — This is a thoughtful question that reveals a common
misconception about classification. Corals are animals because they have animal cell
structure (no cell walls, no chloroplasts), animal DNA, and develop from animal
embryos. Their energy source does not change their classification. However, the
symbiosis is so critical that losing the algae (zooxanthellae) — known as coral



coral still be an animal?'
Evaluate this question and
its implications.

bleaching — usually leads to coral death because the algae provide up to 90% of the
coral's energy. Corals cannot become plants, they are definitively animals, and while
they can capture plankton, this alone cannot sustain most coral species.

The bombardier beetle
defends itself by spraying a
boiling-hot chemical
mixture from its abdomen.
The chemicals are stored
separately and only react
when mixed. Why is the
separate storage important
for the beetle's survival?

Storing the reactive chemicals separately prevents the explosive exothermic
reaction from occurring inside the beetle's body until it is deliberately triggered
for defense — The bombardier beetle stores hydrogen peroxide and hydroquinones
in separate chambers. When threatened, it mixes them in a reaction chamber with
catalytic enzymes, producing a violent exothermic explosion that sprays boiling
quinone liquid at predators. Separate storage is essential because premature mixing
would cause the explosive reaction inside the beetle, killing it. Spray distance depends
on pressure not storage method, both chemicals are at body temperature, and the
reactants remain potent when stored separately — they do not weaken. The
separation is a life-or-death safety mechanism.

Two students debate the
value of studying
extremophiles. Student A
says they have no practical
applications since humans
do not live in extreme
environments. Student B
says they could be
incredibly useful. Who
makes a stronger
argument?

Student B — extremophile enzymes already have major applications including
PCR (DNA copying) using heat-stable Taq polymerase from hot spring bacteria,
industrial detergents, biofuel production, and astrobiology research — Student B
makes the far stronger argument. Extremophile research has enormous practical
value. Taq polymerase (from Thermus aquaticus in hot springs) revolutionized
molecular biology by enabling PCR — used in COVID testing, forensics, paternity tests,
and genetic research. Extremophile enzymes are used in detergents that work in hot
water, biofuel production, food processing, and mining. Extremophile research also
informs the search for life on other planets. This is not purely academic, the
applications go far beyond being interesting, and the practical value of extremophile
research is an established scientific fact, not a matter of opinion.

The pistol shrimp can snap
its claw so fast that it
creates a bubble that
collapses with a
temperature of 4,700
degrees Celsius — almost
as hot as the sun's surface.
You want to explain this to
a younger student. How
would you describe the
physics behind it in simple
terms?

The claw snaps so fast it creates a bubble of near-vacuum, and when the
surrounding water crashes in to fill the void, the compression heats the tiny
space to extreme temperatures for a split second — The pistol shrimp's rapid claw
snap creates a cavitation bubble — a near-vacuum cavity in the water. When this
bubble collapses (implodes), the surrounding water rushes in at tremendous speed,
compressing the tiny gas volume and generating temperatures of about 4,700
degrees C for a fraction of a microsecond. This process also produces a flash of light
(sonoluminescence). No chemicals, friction, or electricity are involved — it is purely a
mechanical-hydrodynamic phenomenon where kinetic energy is concentrated into an
infinitesimally small volume.

Scientists discovered
bacteria living 3 kilometers
underground in gold mine
rocks, surviving on
radioactive energy rather
than sunlight or chemical
nutrients from the surface.
This challenges the
assumption that all life
depends on the sun. What
broader implication does
this have for the search for
life beyond Earth?

It suggests life could exist on other planets or moons even without sunlight,
surviving on geochemical or radioactive energy deep underground, dramatically
expanding where we should look for extraterrestrial life — These radiotrophic
bacteria demonstrate that life's energy requirements are more flexible than
previously assumed. Since many planetary bodies have radioactive elements in their
crusts, subsurface life powered by radioactive energy is theoretically possible on
Mars, Europa, Enceladus, and elsewhere. This dramatically expands the habitable
zone concept beyond the traditional 'Goldilocks zone' defined by distance from a star.
Gold mines specifically are not required, bacteria-like life could exist elsewhere, and
this finding means we should search both underground and on surfaces.



The emerald jewel wasp
injects venom directly into
a cockroach's brain, which
does not kill the cockroach
but instead makes it
compliant enough to be led
by the antenna into the
wasp's burrow, where the
wasp lays its egg on the
cockroach. The larva then
eats the still-living
cockroach. A student says
this is a 'symbiotic
relationship.' Analyze
whether this classification
is accurate.

It is not mutualistic symbiosis — this is parasitism (or more precisely,
parasitoidism) because only the wasp benefits while the cockroach is harmed
and eventually killed — While technically all close interspecies relationships can be
called 'symbiosis' in the broadest sense, the student likely means mutualism, which is
inaccurate. This is parasitoidism — a specific form of parasitism where the parasite
eventually kills the host. Only the wasp benefits (reproduction), while the cockroach is
neurologically manipulated, loses its free will, and is ultimately consumed alive. Close
interaction does not automatically mean symbiosis in the commonly used sense. The
cockroach is absolutely harmed throughout the process, and claiming it 'gets a
purpose' incorrectly applies human values to biology.

You observe that certain
deep-sea creatures near
hydrothermal vents are
bright white or red despite
living in total darkness
where color seems useless.
How would you explain
why these organisms have
not evolved to be colorless?

In total darkness, there is no selective pressure for or against color — In
environments with no light, natural selection does not act on coloration because it
provides no survival advantage or disadvantage. Colors in deep-sea organisms are
often incidental byproducts of biochemistry — tube worms appear red because
hemoglobin (which transports oxygen, a crucial function) happens to be red. Without
selective pressure against color, there is no reason for it to disappear. Mate attraction
through color requires vision in light, colors do not chemically protect against vent
toxins, and while evolutionary vestige is possible, the biochemical byproduct
explanation is more accurate. — color may be a side effect of their body chemistry
(like hemoglobin making blood red) rather than an adaptation for visibility.



✂✂✂✂ Question (fold →) Answer

Why does squeezing
the handle of a
hydraulic gripper
cause the jaws to
close, even though
they are far from your
hand?

Squeezing increases the fluid pressure, which travels through the tube and pushes
the jaw piston outward — When you squeeze the handle, you push a piston that
increases the pressure in the incompressible fluid (water or oil) filling the tube. This
pressure is transmitted through the fluid to the remote piston in the jaws, pushing it
outward and causing the jaws to close. There is no hidden mechanical linkage — the entire
point of hydraulics is transmitting force through fluid at a distance. No electrical signal or
motor is involved in a purely hydraulic gripper. Air compression describes a pneumatic
system, and compressed air behaves differently from incompressible liquid — it absorbs
energy through compression rather than transmitting it directly.

Your Rube Goldberg
machine uses a
pendulum to knock
over a tower of blocks.
You need the
pendulum to swing
with more force.
Without changing the
pendulum's weight,
what should you do?

Release the pendulum from a greater height so it has more gravitational potential
energy to convert — Releasing the pendulum from a greater height gives it more
gravitational potential energy, which converts to greater kinetic energy (faster speed) at the
bottom of the swing, resulting in a harder impact. A longer string at the same release
height means the same potential energy and same speed at the bottom — the wider arc
just means the pendulum takes a longer path to reach the same speed. Color has no
meaningful effect on a swinging pendulum's mechanical energy; thermal absorption from
ambient light is negligible compared to gravitational forces. String stiffness does not affect
the force of a pendulum's impact — the energy comes from gravity and height, not from
the string's material properties.

In a hydraulic system,
what substance is
typically used to
transmit force?

An incompressible liquid such as oil or water — Hydraulic systems use an
incompressible liquid (typically oil or water) to transmit force from one point to another
through confined tubes and cylinders. Compressed air is used in pneumatic systems, not
hydraulic ones. Gears are part of mechanical systems that transmit force through meshing
teeth, and electrical current transmits energy through electromagnetic fields — neither
involves fluid pressure transmission, which is the defining principle of hydraulics based on
Pascal's Law.

A hydraulic car lift
uses a small piston to
push fluid into a larger
piston that lifts the
car. Which scientific
principle explains why
a small force on the
small piston creates a
larger force on the big
piston?

Pascal's Law — pressure applied to a confined fluid is transmitted equally in all
directions — Pascal's Law states that pressure applied to an enclosed fluid is transmitted
undiminished to every part of the fluid and the walls of its container. Since pressure equals
force divided by area, the same pressure on a larger piston area produces a proportionally
larger force, enabling force multiplication. Newton's Third Law describes equal and
opposite reaction forces between objects but does not explain fluid force multiplication.
Archimedes' Principle deals with buoyancy of submerged objects, not confined fluid
pressure. Bernoulli's Principle relates fluid speed to pressure but applies to flowing fluids,
not confined static fluids in hydraulic systems.

A city is choosing
between a hydraulic
elevator system and a
pneumatic tube mail
delivery system for a
new building. Evaluate
which engineering
principles should

Hydraulic is better for the elevator because it provides high force for heavy loads,
while pneumatic is better for mail tubes because lightweight capsules benefit from
the speed and simplicity of air power — Matching system type to application
requirements is core engineering design thinking. Hydraulic elevators excel at moving
heavy loads with precise, smooth control because incompressible fluid provides consistent
force and position — critical for passenger safety. Pneumatic tube systems are ideal for
mail because compressed air can rapidly accelerate lightweight capsules through tubes
with minimal infrastructure. Liquids are not always more reliable — hydraulic systems can
leak messy oil and require more maintenance, which would be excessive for simply moving
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guide the decision for
each application.

envelopes. Air is not free to compress (compressors use significant energy) and handling
compressed air requires safety considerations. Cost is one factor in engineering decisions,
but safety, performance, maintenance, and suitability for purpose must all be weighed —
an engineer who chooses purely on cost may create dangerous or non-functional systems.

You are designing a
Rube Goldberg
machine and need a
step that converts
rotational motion into
linear motion. Which
mechanism would
accomplish this?

A rack and pinion system where a spinning gear moves a toothed bar in a straight
line — A rack and pinion converts rotational motion (the spinning pinion gear) into linear
motion (the sliding rack, a flat toothed bar). This is exactly the conversion needed. A pulley
system redirects force and can provide mechanical advantage, but the rope moves in a
curved path over the wheel rather than converting between rotation and linear translation.
A lever pivots around a fulcrum creating angular motion at both ends, not a clean
rotational-to-linear conversion. A spring stores and releases elastic potential energy but
does not inherently convert between rotational and linear motion types.

What is the key
difference between a
hydraulic system and
a pneumatic system?

Hydraulic systems use liquid while pneumatic systems use compressed gas — The
fundamental difference is the working fluid: hydraulic systems use incompressible liquids
(oil, water) while pneumatic systems use compressible gases (usually air). Size is not a
defining difference — small hydraulic systems and large pneumatic systems both exist.
Both pneumatic and hydraulic systems can push and pull using double-acting cylinders.
Neither system inherently requires electricity — both can be operated by manual pumps,
though electric pumps are common in industrial applications of both types.

A Rube Goldberg
machine has five
steps: (1) a ball rolls
down a ramp, (2) the
ball hits a lever, (3) the
lever launches a
marble, (4) the marble
lands in a cup on a
pulley, and (5) the
descending cup pulls a
string that rings a bell.
A student notices the
marble in step 3 does
not reach the cup.
What is the most
systematic approach
to fixing this?

Analyze the energy at each transfer point to find where the marble loses too much
speed or direction — Analyzing energy at each transfer point is the systematic
engineering approach — identify exactly where the marble loses speed, height, or direction
and fix that specific step. This follows the engineering design process of testing, identifying
failure points, and iterating. Replacing the entire machine is wasteful and does not address
the root cause — good engineering fixes problems, not abandons designs. Adding more
steps introduces more potential failure points and does not solve the fundamental energy
transfer problem between the lever and cup. Making the initial ball heavier might increase
energy at step 1, but energy is lost at each transfer — the fix needs to address the specific
weak link between steps 3 and 4, not overpower the entire chain.

A museum displays a
250-year-old
automaton writer that
still functions today.
Evaluate why
mechanical automata
from the 1700s can
still work centuries
later, while many
modern electronic
devices become
obsolete or non-
functional within a
decade.

Mechanical systems use durable materials with no dependency on external
technology standards, while electronics depend on evolving software, batteries, and
component availability — Mechanical automata are self-contained systems with few
external dependencies — brass gears and steel springs do not require software updates,
compatible batteries, or functioning microchips. Their durability comes from using
corrosion-resistant materials in a closed mechanical system. Modern electronics depend
on complex supply chains, evolving software ecosystems, battery chemistry that degrades,
and semiconductor components that may become unavailable. While 1700s craftsmen
were highly skilled, modern engineers are not inferior — they work within different
technological paradigms with different trade-off profiles. Mechanical devices are not
superior in every way — they cannot process information, communicate wirelessly, or
adapt their behavior. Many historic automata, including famous examples like Jaquet-
Droz's writer, have original core mechanisms with only minor restorations, not complete
rebuilds.



You want an
automaton to raise its
arm smoothly upward
and then drop it
quickly back down.
What cam profile
shape would you use?

A cam with a gradual rising slope and a steep drop-off back to the base — A cam with
a gradual rising slope lifts the follower (and the arm) smoothly upward, while a steep drop-
off allows the arm to fall quickly under gravity, creating the desired slow-rise, fast-drop
motion. A perfectly circular cam centered on the shaft would produce no movement at all
— the follower stays at a constant height because the distance from center to edge never
changes. A steep rise with gradual descent creates the opposite motion: a fast lift and slow
lowering. A square cam would create four sudden jerky movements per rotation with
abrupt direction changes, not the smooth-rise-quick-drop pattern specified.

Some engineers argue
that Rube Goldberg
machines, despite
being impractical, are
among the best tools
for teaching
engineering principles.
Evaluate this claim by
identifying what
specific engineering
skills are practiced
when building one.

They develop skills in energy transfer analysis, iterative testing and debugging,
mechanical design, and understanding how subsystem failures cascade through
connected systems — Rube Goldberg machines are excellent engineering education tools
because they compress multiple real engineering skills into one project: energy transfer
analysis (tracking energy through each conversion), iterative design (testing and fixing each
step), systems thinking (understanding how one subsystem affects downstream ones), and
failure analysis (diagnosing why a step fails and cascading effects). They teach far more
than just creativity — the physics, debugging, and systems integration skills are directly
applicable to real engineering. They do not encourage wasteful design in practice because
students learn firsthand why simpler systems are more reliable — the frustration of
debugging 15 steps teaches the value of simplicity more effectively than any lecture.
Engineering competitions using Rube Goldberg machines are held at university levels,
demonstrating their value well beyond elementary education.

A pneumatic system in
a factory uses long
tubes to deliver
compressed air from a
central compressor to
distant workstations.
Workers notice that
tools at the farthest
workstation perform
weaker than those
nearest the
compressor. What is
the most likely cause?

Pressure drops due to friction between the air and the inner walls of the long tubes
— Pressure drops in pneumatic lines primarily due to friction between the moving air and
the inner tube walls. Over long distances, this friction converts pressure energy into heat,
reducing the available pressure at distant endpoints. While compressed air does cool
during expansion (and some cooling occurs in the tubes), it does not lose 'all its energy' —
temperature change is a secondary factor compared to frictional pressure drop. Gravity
has minimal effect on compressed air distribution in typical factory settings — the air
pressure from the compressor far exceeds gravitational pressure differences across a
building's height. Air molecules colliding with each other is the normal state of a gas and
does not cause directional slowdown — internal molecular collisions are random and
maintain the bulk flow; it is wall friction, not intermolecular collisions, that causes pressure
loss.

What is the defining
characteristic of a
Rube Goldberg
machine?

It accomplishes a simple task through an overly complicated chain reaction — A Rube
Goldberg machine is intentionally over-engineered to perform a simple task through a
complex chain of cause-and-effect steps, often for humorous or educational purposes. It
does not require only electronic components — most use everyday objects like dominoes,
ramps, and levers. It is the opposite of efficient by design, celebrating creative complexity.
There is no minimum part count; the defining feature is the disproportionate complexity
relative to the simple end result.

You want to build a
hydraulic robotic arm
that can lift heavy
objects. If you
increase the diameter
of the output piston
from 2 cm to 4 cm
while keeping the

The lifting force increases by four times because area scales with the square of the
diameter — Doubling the diameter of a circular piston quadruples its area because area
depends on the square of the radius (A = pi * r^2). Since hydraulic force equals pressure
times area, and pressure remains constant (same input force on same input piston), the
output force increases by four times. Simply doubling the force would be true only if force
scaled linearly with diameter, but it scales with area. The pressure is indeed constant
throughout the fluid, but the larger area means that same pressure produces more total



input piston the same
size, how does the
lifting force change?

force. Cubing applies to volume calculations, not area — the piston face is a two-
dimensional surface, so the square relationship applies.

Design a three-step
mechanism for an
automaton that
makes a wooden bird
(1) open its beak, (2)
produce a whistling
sound, and (3) close
its beak, all from a
single rotating shaft.
Describe how cams,
levers, and a bellows
would work together.

A cam with a lobe opens a lever connected to the beak, a second cam compresses a
bellows to push air through a whistle, and the shaft rotation timing ensures the
bellows compresses while the beak is open — This design uses cam phasing on a shared
shaft to coordinate multiple actions: a beak cam with a lobe pushes a lever to open the
beak at a specific rotation angle, while a bellows cam (phased to overlap with the beak-
open period) compresses a bellows that forces air through a small whistle pipe. As the
shaft continues rotating, both cams return to their rest position — the beak lever springs
back to close the beak, and the bellows re-expands. This is exactly how historical singing
bird automata worked for centuries. Electric motors, speakers, and microcontrollers are
modern electronic solutions, not mechanical automata design. A single spring cannot
coordinate three separate timed actions — springs store and release energy but lack the
precise timing that cam profiles provide. Using separate unconnected shafts would make
synchronization nearly impossible — the entire point of a shared shaft is that all cams
rotate together, ensuring precise timing relationships.

A student examines
two automata: one
uses a single cam with
a complex shape, and
the other uses three
simple circular cams
offset at different
angles on the same
shaft. Both produce
the same final motion.
What is the
engineering trade-off
between these two
approaches?

The complex cam is harder to make but compact, while multiple simple cams are
easier to make individually but take more space — This represents a classic
engineering trade-off: a single complex cam consolidates function into one compact part
but requires precise, difficult manufacturing. Multiple simple cams are individually easy to
produce and replace, but they occupy more shaft length and add complexity through
alignment requirements. Neither approach is categorically better — the best choice
depends on manufacturing capability, space constraints, and maintenance needs. Multiple
simple cams do not inherently produce smoother motion — smoothness depends on the
cam profiles, not the number of cams. Material usage differs because a complex cam has
varying radii while circular cams are uniform — the shapes are fundamentally different, so
material consumption is not equivalent.

In a Rube Goldberg
machine, a marble
rolls down a ramp and
strikes a row of
dominoes. What
energy transformation
occurs when the
marble rolls down the
ramp?

Gravitational potential energy converts to kinetic energy — As the marble rolls down
the ramp, its gravitational potential energy (stored due to its elevated position) converts to
kinetic energy (energy of motion), causing it to speed up. Some kinetic-to-thermal
conversion happens through friction, but the primary and defining transformation of
rolling downhill is potential to kinetic. Chemical-to-electrical conversion occurs in batteries,
not rolling objects. Elastic potential energy involves stretched or compressed materials like
springs or rubber bands, not an object descending under gravity — the marble's energy
comes from its height, not from being stretched or compressed.

A student builds a
hydraulic system
where both pistons
are the same size.
They push on the
input piston with 10
Newtons of force.
What force does the
output piston exert?

10 Newtons, because equal piston areas produce equal forces at equal pressure —
With equal-sized pistons, the output force equals the input force (10 N) because force =
pressure times area, and if both areas are identical, the same pressure produces the same
force. Hydraulic systems do not automatically double force — force multiplication only
occurs when the output piston is larger than the input piston. While some energy is lost to
friction in real systems, a well-designed hydraulic system with equal pistons transmits
nearly all the force, and the question asks about the ideal case. Hydraulic systems work
perfectly well with same-sized pistons — they are commonly used this way to transmit
force over distance, even without force multiplication.



In a Rube Goldberg
machine, a fan blows
a paper sail attached
to a cart, which rolls
forward and pulls a
string. What type of
energy transfer occurs
when the fan moves
the sail?

Kinetic energy of moving air transfers to kinetic energy of the cart through force on
the sail — The fan accelerates air molecules, giving them kinetic energy. When this moving
air strikes the sail, it exerts a force that pushes the cart forward, transferring kinetic energy
from the air to the cart. While the fan motor does produce some heat, it is thermal waste
— the sail moves because of air pressure force, not heat. Sound energy from the fan is far
too weak to physically move a sail and cart; sound waves carry negligible momentum
compared to the directed airflow. Electrical energy powers the fan motor but is first
converted to mechanical rotation and then to air movement before reaching the sail — it
does not jump directly to the cart.

A mechanical
automaton uses a
cam — a rotating
piece with an irregular
shape — attached to a
shaft. What does the
cam do as it rotates?

It converts rotary motion into back-and-forth or up-and-down motion — A cam
converts continuous rotary (spinning) motion into reciprocating (back-and-forth or up-and-
down) motion. As the irregularly shaped cam rotates, a follower resting against it rises and
falls according to the cam's profile, creating precisely timed movements in the automaton.
Cams do not store energy like batteries — they are passive mechanical components that
transform motion type. They do not increase shaft speed; the output motion frequency
matches the input rotation speed. Electromagnetic induction requires magnets and wire
coils — a cam is a purely mechanical component with no electrical properties.

An excavator uses a
hydraulic system with
cylinders of different
sizes at different
joints. Why would an
engineer choose a
larger cylinder for the
boom (main arm) and
a smaller cylinder for
the bucket?

The boom must lift the entire arm plus the load, requiring more force, while the
bucket needs less force but faster movement — Engineers match cylinder size to
functional requirements: the boom must support and lift the weight of the entire arm
assembly plus the payload, demanding maximum force from a large piston area. The
bucket requires less force but benefits from faster, more responsive movement, which a
smaller cylinder provides (it moves farther per unit of fluid). Manufacturing cost is not the
primary factor in cylinder sizing — engineering specifications drive the design, and smaller
precision cylinders can actually be more expensive per unit. Aesthetics do not drive
hydraulic cylinder sizing in heavy machinery — function determines form. Cylinder
durability is determined by materials and construction quality, not by diameter — both
large and small cylinders are engineered for their specific stress loads.

Why are pneumatic
systems often
preferred over
hydraulic systems for
operating tools like
nail guns and dental
drills?

Compressed air is lighter, cleaner, and allows faster repetitive motion than hydraulic
fluid — Pneumatic systems use air, which is lightweight, clean (no oil spills), and the
compressibility of gas allows for fast, cushioned repetitive motions ideal for tools like nail
guns. Hydraulic systems actually generate more force per unit area, not less — that is their
primary advantage for heavy lifting. All mechanical tools require some maintenance, and
pneumatic tools need regular lubrication and moisture drainage. Pneumatic systems are
often quite noisy due to air exhaust sounds — the hiss of released compressed air is a
characteristic noise, making the claim of silent operation incorrect.

You are building a
pneumatic launcher
for a ping-pong ball.
You can either use a
large air tank at low
pressure or a small air
tank at high pressure.
Both contain the same
total amount of
compressed air.
Which design choice
would launch the ball
farther, and why?

The small tank at high pressure, because higher pressure creates a greater initial
burst of force on the ball — The small tank at high pressure delivers a more concentrated
burst of force. The ball accelerates in the barrel for only a brief moment, so peak force
matters more than sustained volume. Higher pressure means greater force per unit area
acting on the ball during that critical acceleration phase. The large tank at low pressure
provides more total volume but lower instantaneous force — the ball leaves the barrel
before the extra volume can contribute. Equal total air does not mean equal launch
performance because the rate of energy transfer differs. Pneumatic systems absolutely can
push objects — every pneumatic cylinder, nail gun, and air cannon works by pushing with
compressed air.



Two students build
Rube Goldberg
machines to pop a
balloon. Student A's
machine has 15 steps
and pops the balloon
60% of the time.
Student B's machine
has 5 steps and pops
the balloon 95% of the
time. Beyond just
reliability, what does
this comparison
reveal about
engineering system
design?

Each additional step multiplies the chance of failure, so more complex systems are
inherently less reliable unless each component is extremely dependable — This
illustrates a fundamental engineering principle: system reliability is the product of
component reliabilities. With 15 steps each at 95% reliability, overall reliability drops to
about 46% (0.95^15), while 5 steps at 95% each yields about 77% (0.95^5). Each added step
multiplies failure probability. Creativity and variety do not equate to engineering quality —
a machine that fails is not well-engineered regardless of how creative it is. The number of
steps absolutely affects reliability because steps are dependent in a chain — if any single
step fails, all subsequent steps fail too. Simplicity in engineering is often a sign of deeper
understanding, not less — the engineering principle of KISS (Keep It Simple, Stupid)
recognizes that the best solution is often the simplest one that works.

What are automata in
the context of
engineering and
invention?

Self-operating mechanical devices designed to follow a predetermined set of
movements — Automata are self-operating mechanical devices that perform
predetermined sequences of movements, typically powered by springs, weights, or
clockwork mechanisms. They predate modern computing by centuries. Computer-
controlled robots use electronic programming rather than purely mechanical sequences.
Machines requiring continuous human input are manually operated tools, not automata.
Electronic circuits like calculators process information but do not perform physical
mechanical movements — automata are defined by their mechanical, self-operating
nature.



✂✂✂✂ Question (fold →) Answer

What is the bending of light
as it passes from one
medium to another called?

Refraction — Refraction is the bending of light when it passes from one medium to
another (like from air to water) due to a change in speed.

What happens to light when
it hits an opaque object?

It is absorbed and/or reflected but not transmitted through — Opaque objects
do not allow light to pass through them. Light is either absorbed (converted to heat)
or reflected off the surface, which is why you cannot see through opaque materials.

How does a convex lens
form a magnified image?

It refracts light rays so they converge, making nearby objects appear larger — A
convex lens is thicker in the middle and refracts light rays so they converge. When an
object is within the focal length, the lens produces a magnified, upright virtual image.

A student shines white light
through a red filter and
then through a blue filter.
Why does almost no light
come through?

The red filter only passes red wavelengths, and the blue filter blocks red, so no
wavelengths pass through both — The red filter transmits only red wavelengths,
absorbing all others. The blue filter then absorbs red wavelengths (it only passes
blue). Since no wavelength can pass through both filters, essentially no light gets
through.

A student argues that a
concave mirror always
produces a magnified
image. Evaluate this claim.

Incorrect; a concave mirror only magnifies when the object is between the
mirror and the focal point — A concave mirror produces a magnified, virtual image
only when the object is between the mirror and the focal point. When the object is
beyond the focal point, the image is inverted and can be smaller than the object.

Two students disagree: one
says fiber optics use
reflection, the other says
refraction. Who is more
accurate?

Both are partially correct; fiber optics rely on total internal reflection, which is
a consequence of refraction principles — Total internal reflection, the principle
behind fiber optics, occurs when light hits a boundary at an angle greater than the
critical angle. This critical angle depends on the refractive indices of the two media, so
both reflection and refraction concepts are involved.

Why does a pencil appear
bent when placed in a glass
of water?

Light refracts as it moves between water and air — Light travels slower in water
than in air. When light passes from water to air, it changes direction (refracts), making
the pencil appear bent at the water's surface.

Why do objects appear
different colors?

They absorb some wavelengths and reflect others — Objects absorb certain
wavelengths of light and reflect others. A red apple reflects red wavelengths and
absorbs the rest, so it appears red to our eyes.

A classmate claims that
wearing blue-tinted
sunglasses makes
everything appear in true
color. Is this claim correct?

No, blue-tinted lenses filter out some wavelengths, altering how colors appear
— Blue-tinted lenses preferentially transmit blue wavelengths and reduce others. This
shifts the color balance of everything you see, so objects do not appear in their true
colors.

You shine a laser pointer
into a fiber optic cable. How
does the light travel
through the curved cable?

By repeatedly reflecting off the inner walls — Light travels through fiber optic
cables by total internal reflection. When light hits the boundary at a shallow angle, it
reflects completely back into the core rather than escaping, allowing it to travel
around curves.

A flashlight beam hits a
mirror at a 35-degree angle
to the normal. At what

35 degrees — According to the law of reflection, the angle of reflection equals the
angle of incidence. If light hits the mirror at 35 degrees to the normal, it reflects at 35
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angle does it reflect? degrees.

Design a simple experiment
to demonstrate that white
light is made up of multiple
colors. Describe your setup,
procedure, and expected
result.

Shine a flashlight through a prism onto a white surface; the prism separates
white light into a visible spectrum (rainbow) showing that white light contains
all colors — A prism refracts different wavelengths of light by different amounts
(dispersion). Shining white light through a prism and projecting it onto a white surface
reveals the full visible spectrum, proving white light is composed of multiple colors.

A swimming pool is 2
meters deep, but when you
look from above, it appears
shallower. Which property
of light causes this?

Refraction — Refraction causes the pool to appear shallower. Light bending as it
moves from water (slower) to air (faster) shifts the apparent position of the pool floor
upward.

What device splits white
light into a rainbow of
colors?

A prism — A prism is a triangular piece of glass that separates white light into its
component colors (the visible spectrum) through refraction.

Mirages appear on hot
roads because light bends
as it passes through layers
of air at different
temperatures. Which
optical principle is
responsible?

Refraction due to varying air densities — Hot air near the road surface is less
dense than cooler air above. Light refracts as it passes through these layers of
different densities, curving upward and creating the illusion of water or sky on the
road.

What are the three primary
colors of light?

Red, green, and blue — The three primary colors of light are red, green, and blue
(RGB). When combined at full intensity, they produce white light.

Why can you see your
reflection in a window at
night but not during the
day?

At night, the dark background makes the faint reflection visible; during the day,
bright transmitted light overwhelms it — Glass always reflects a small percentage
of light. During the day, the bright light coming through the window overwhelms the
faint reflection. At night, the dark background provides contrast, making the reflection
visible.

What type of mirror curves
inward like the inside of a
spoon?

Concave mirror — A concave mirror curves inward. It can focus light to a point and
often produces magnified images, like the inside surface of a spoon.

If you mix red and green
light together, what color
do you see?

Yellow — In additive color mixing (light), red and green light combine to produce
yellow. This is different from mixing paints, which uses subtractive color mixing.

What is the speed of light in
a vacuum?

About 300,000 km/s — Light travels at approximately 300,000 kilometers per second
(3 x 10^8 m/s) in a vacuum, making it the fastest thing in the universe.

Why does a rainbow form
after it rains?

Sunlight is refracted, reflected, and dispersed by water droplets in the air —
Rainbows form when sunlight enters water droplets, refracts (bends), reflects off the
back of the droplet, and refracts again as it exits, separating into the spectrum of
colors.

What term describes the
bouncing of light off a
surface?

Reflection — Reflection is the bouncing of light off a surface. The angle of incidence
equals the angle of reflection, which is the law of reflection.



A student notices that a
white shirt appears blue
under blue stage lighting.
Why?

A white shirt reflects all colors, so under blue light it can only reflect blue — A
white shirt reflects all wavelengths of visible light. Under blue stage lighting, only blue
wavelengths are available to reflect, so the shirt appears blue.

A photographer wants to
reduce glare from a lake's
surface. What should they
use?

A polarizing filter — A polarizing filter blocks light waves vibrating in a specific
direction. Since glare from water is partially polarized, the filter reduces it by blocking
those particular light waves.

You need to start a fire
using sunlight. Which type
of lens would you use to
focus sunlight to a point?

A convex lens — A convex lens converges parallel light rays to a focal point. By
holding it so sunlight focuses to a tiny bright spot, the concentrated energy can ignite
tinder.



✂✂✂✂ Question (fold →) Answer

You have red cabbage juice,
which turns pink in acids and
green in bases. You add juice
to a soap solution and it turns
green. Is the soap acidic or
basic?

Basic — Red cabbage juice is a natural pH indicator. Since it turned green in the
soap solution, the soap is basic (alkaline), having a pH above 7.

You dissolve sugar in water
and then boil away all the
water. What remains?

The sugar, because dissolving is a physical change — Dissolving sugar in water
is a physical change. The sugar molecules disperse among water molecules but are
not chemically altered. When the water evaporates, the sugar remains behind.

You need to determine
whether an unknown clear
liquid is an acid or a base.
Which tool would be most
appropriate?

Litmus paper or pH test strips — Litmus paper or pH test strips contain chemical
indicators that change color depending on the pH of a solution. Red litmus turns
blue in bases, and blue litmus turns red in acids.

Why does adding salt to icy
roads help melt the ice?

Salt lowers the freezing point of water, causing ice to melt at temperatures
below 0 degrees C — When salt dissolves in the thin film of water on ice, it creates
a saltwater solution with a lower freezing point than pure water. This means ice
melts at temperatures below 0 degrees C, helping to clear roads.

A classmate says that all
chemical reactions are
harmful. Evaluate this claim.

Incorrect; many chemical reactions are essential and beneficial — Chemical
reactions are not inherently harmful. Cellular respiration provides energy for life,
photosynthesis produces oxygen and food, cooking makes food digestible and
flavorful, and medicines work through beneficial chemical reactions.

What are the three common
states of matter?

Solid, liquid, and gas — The three common states of matter are solid (fixed shape
and volume), liquid (fixed volume but takes shape of container), and gas (fills entire
container). Each state reflects different particle arrangements and energies.

Design a simple experiment to
test whether lemon juice or
milk is more acidic using red
cabbage juice as an indicator.
Describe your procedure and
how you would interpret the
results.

Add equal amounts of red cabbage juice to separate cups of lemon juice and
milk; the liquid that turns a brighter pink or red is more acidic — Red cabbage
juice is a natural indicator that turns pink/red in acids and green/blue in bases. By
adding equal amounts to each liquid and comparing colors, you can determine
relative acidity. The brighter pink color indicates a lower pH (more acidic). Lemon
juice (pH ~2) would turn brighter pink than milk (pH ~6.5).

Antacid tablets relieve
stomach discomfort. If the
stomach contains hydrochloric
acid and the antacid contains
calcium carbonate, what type
of reaction is this?

A neutralization (acid-base) reaction that reduces stomach acidity — Antacids
work through neutralization. Calcium carbonate (a base) reacts with hydrochloric
acid in the stomach, producing calcium chloride, water, and carbon dioxide. This
raises the stomach pH, reducing acidity and discomfort.

Why does milk eventually spoil
even when refrigerated?

Bacteria slowly break down proteins and fats in the milk through chemical
reactions — Bacteria in milk continue to multiply slowly even at refrigerator
temperatures. They produce enzymes that break down lactose, proteins, and fats,
producing sour-tasting acids and off-flavors.
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Why does an iron nail rust
when left outside?

Iron reacts with oxygen and water in the air to form iron oxide (rust) —
Rusting is a chemical reaction called oxidation. Iron reacts with oxygen in the
presence of water to form hydrated iron oxide (rust), which is the flaky reddish-
brown substance on the surface.

Why does baking soda fizz
when mixed with vinegar?

An acid-base chemical reaction produces carbon dioxide gas — Vinegar (acetic
acid) reacts with baking soda (sodium bicarbonate, a base) in an acid-base reaction.
This produces carbon dioxide gas (the bubbles), water, and sodium acetate.

You want to slow down the
rusting of a metal fence. What
is the most effective
approach?

Paint or coat the fence to prevent contact with water and oxygen — Painting
or coating the fence creates a barrier that prevents water and oxygen from
reaching the iron surface. Without direct contact with both water and oxygen, the
oxidation reaction (rusting) cannot occur.

What is the common name for
sodium chloride?

Table salt — Sodium chloride (NaCl) is the chemical name for table salt. It is an
ionic compound formed from sodium (Na) and chlorine (Cl) atoms.

A student claims that
dissolving salt in water is a
chemical change because the
salt disappears. Is this
reasoning valid?

No; disappearing from sight does not mean a chemical change occurred.
Dissolving is a physical change because the salt can be recovered by
evaporating the water — The student's reasoning is flawed. In a physical change,
the substance's chemical identity is preserved. Salt dissolves into sodium and
chloride ions that are still present in solution. Evaporating the water recovers the
salt, proving no chemical change occurred.

A student places a hard-boiled
egg in vinegar overnight and
the shell dissolves. What type
of reaction occurred?

An acid-base reaction between acetic acid and calcium carbonate — Eggshells
are made of calcium carbonate (CaCO3). Vinegar (acetic acid) reacts with calcium
carbonate in an acid-base reaction, producing calcium acetate, water, and carbon
dioxide gas (the bubbles seen on the shell).

A recipe calls for baking soda,
but you only have baking
powder. Which statement is
true?

Baking powder already contains an acid, so you may need to adjust other
acidic ingredients — Baking powder contains baking soda plus a dry acid (like
cream of tartar). Since it already has its own acid, recipes using baking powder do
not need an additional acid ingredient to produce CO2 gas for rising.

A student heats sugar in a pan
and it turns brown and smells
like caramel. Another student
dissolves sugar in water.
Compare these two processes.

Heating causes a chemical change (caramelization) creating new substances,
while dissolving is a physical change that can be reversed — Heating sugar
causes caramelization, a chemical change where sugar molecules break down and
recombine into new compounds with different properties. Dissolving sugar in
water is a physical change; the sugar molecules remain intact and can be
recovered by evaporation.

What gas do humans exhale
that plants use for
photosynthesis?

Carbon dioxide — Humans exhale carbon dioxide (CO2) as a byproduct of cellular
respiration. Plants absorb CO2 and use it during photosynthesis to produce
glucose and oxygen.

What is the chemical formula
for water?

H2O — Water's chemical formula is H2O, meaning each molecule consists of two
hydrogen atoms bonded to one oxygen atom.

What is the pH value of a
neutral substance?

7 — The pH scale runs from 0 (most acidic) to 14 (most basic). A pH of 7 is neutral,
which is the pH of pure water at 25 degrees C.

A student notices that a silver
ring tarnishes (turns dark)
over time but a gold ring does
not. What does this tell you
about the two metals?

Silver is more chemically reactive than gold, reacting with sulfur compounds
in air, while gold is very unreactive — Silver tarnishes because it reacts with
hydrogen sulfide and other sulfur compounds in the air to form silver sulfide (a
dark compound). Gold is extremely unreactive (noble metal), so it resists corrosion
and maintains its appearance.



Why does sugar dissolve
faster in hot water than in cold
water?

Higher temperature gives water molecules more energy to break apart sugar
crystals — In hot water, water molecules move faster and have more kinetic
energy. They collide with sugar crystals more frequently and with greater force,
breaking the bonds between sugar molecules more quickly.

A sealed bag of chips puffs up
when taken to a high
mountain. A student claims
the chips inside expanded.
Analyze this claim.

The claim is incorrect; the gas (nitrogen) inside the bag expanded due to
lower external air pressure at high altitude, not the chips themselves — At
higher altitudes, atmospheric pressure is lower. The gas sealed inside the chip bag
at lower altitude now has greater pressure than the surrounding air, causing the
bag to expand (Boyle's Law). The chips themselves do not change.

Which element makes up the
majority of Earth's
atmosphere?

Nitrogen — Nitrogen (N2) makes up approximately 78% of Earth's atmosphere,
followed by oxygen at about 21%. The remaining 1% includes argon, carbon
dioxide, and trace gases.

Two fire extinguisher types
are available: one uses water
and another uses carbon
dioxide. Which is better for a
grease fire, and why?

Carbon dioxide, because water can spread a grease fire while CO2 smothers it
by displacing oxygen — Water should never be used on grease fires because hot
oil causes water to flash into steam, spattering burning grease. CO2 extinguishers
smother the fire by displacing oxygen without spreading the grease. (Sand or a fire
blanket also work.)



✂✂✂✂ Question (fold →) Answer

Why does wrapping more
coils of wire around an
electromagnet make it
stronger?

Each additional coil adds to the total magnetic field produced — Each loop of
current-carrying wire generates its own magnetic field. When multiple loops are
stacked (a solenoid), their individual fields combine, producing a stronger overall
magnetic field. More turns means a stronger electromagnet.

What material is most
commonly attracted to
magnets?

Iron — Iron is the most well-known ferromagnetic material, meaning it is strongly
attracted to magnets. Other ferromagnetic materials include nickel, cobalt, and
certain alloys like steel.

You cut a bar magnet in
half. How many poles do
the two pieces have in
total?

Four (each piece becomes a complete magnet with its own north and south
pole) — You cannot isolate a single magnetic pole. When a magnet is cut in half, each
piece retains its own north and south pole because the magnetic domains in each
half still have aligned orientations. Each piece is a complete, smaller magnet.

What is an electromagnet?

A magnet created by running electric current through a coil of wire — An
electromagnet is a type of magnet where the magnetic field is produced by an electric
current flowing through a coil of wire, often wrapped around a ferromagnetic core
like iron.

Earth's magnetic poles do
not align exactly with its
geographic poles. What
problems might this cause
for navigation?

Compasses point to magnetic north, not true north, so navigators must account
for the angular difference (magnetic declination) — Because Earth's magnetic and
geographic poles differ, compasses point to magnetic north rather than true north.
The angle between them (magnetic declination) varies by location and changes over
time. Navigators must add or subtract this declination to find true north.

What happens when you
bring two north poles of
magnets together?

They repel each other — Like poles repel each other (north-north or south-south),
while opposite poles attract (north-south). This is a fundamental property of magnets.

An electric doorbell uses an
electromagnet to strike a
bell repeatedly. Why does
the hammer vibrate back
and forth?

The circuit breaks each time the hammer moves, turning off the electromagnet,
and then reconnects, turning it back on — In a doorbell, pressing the button
completes the circuit, energizing the electromagnet which pulls the hammer to strike
the bell. This motion breaks a contact in the circuit, de-energizing the magnet. The
hammer springs back, reconnecting the circuit, and the cycle repeats rapidly.

Is it better to use
permanent magnets or
electromagnets in a
junkyard crane? Justify your
answer.

Electromagnets are better because they can be turned off to release the scrap
metal, while permanent magnets cannot release on demand — Electromagnets
are superior for junkyard cranes because the operator can energize the magnet to
grab ferrous scrap and de-energize it to drop the load precisely. Permanent magnets
would require a mechanical mechanism to pry materials off, which is impractical at
scale.

Why does dropping or
heating a magnet weaken
it?

The energy from impact or heat disrupts the alignment of magnetic domains —
A magnet's strength comes from aligned magnetic domains. Dropping (mechanical
shock) or heating provides energy that can jostle domains out of alignment,
randomizing their orientations and weakening the overall magnetic field.

Maglev trains float above
the track using magnets.
Compare the advantages

Maglev eliminates friction for higher speeds and less noise, but requires
complex electromagnetic systems, is expensive to build, and needs continuous
power to maintain levitation — Maglev advantages: no wheel-rail friction allows
speeds over 600 km/h, less noise and vibration, lower maintenance (no wear).
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and disadvantages of this
approach versus traditional
steel wheels on rails.

Disadvantages: extremely expensive infrastructure, requires continuous power for
electromagnets, incompatible with existing rail networks, and complex fail-safe
systems for levitation loss.

A classmate claims that
magnets can attract any
metal. Is this statement
accurate?

No, magnets only attract ferromagnetic metals like iron, nickel, and cobalt, not
all metals — Only ferromagnetic metals (iron, nickel, cobalt, and some alloys) are
attracted to magnets. Many common metals like copper, aluminum, gold, and silver
are not attracted to permanent magnets, making the classmate's claim incorrect.

You want to build a
stronger electromagnet for
a science project. What
should you do?

Increase the number of wire coils and use a stronger current — To make a
stronger electromagnet: increase the number of wire coils (more turns = stronger
field), increase the electric current, and use a ferromagnetic core (like iron) to
concentrate the magnetic field lines.

What are the two poles of a
magnet called?

North and south — Every magnet has a north pole and a south pole. These names
come from the behavior of compass needles, which point toward Earth's geographic
north (which is near Earth's magnetic south pole).

What scientist discovered
the connection between
electricity and magnetism
using a compass near a
wire?

Hans Christian Oersted — In 1820, Hans Christian Oersted noticed that a compass
needle deflected when placed near a wire carrying electric current. This discovery
revealed the connection between electricity and magnetism, founding the field of
electromagnetism.

A student wraps wire
around a nail and connects
it to a battery. The nail picks
up 5 paperclips. When they
double the wire coils, it
picks up 9. Why is the
increase not exactly
double?

Real electromagnets have diminishing returns because the core approaches
magnetic saturation and resistance increases with more wire — In theory,
doubling coils should double the field. However, the iron core approaches magnetic
saturation (a limit on how magnetized iron can become), and the additional wire
increases resistance, reducing current. Both effects cause less-than-expected
improvement.

What instrument uses a
magnetized needle to show
direction?

A compass — A compass contains a small magnetized needle that is free to rotate. It
aligns with Earth's magnetic field, with one end pointing toward magnetic north,
helping people determine direction.

An MRI machine uses a very
strong magnetic field. Why
must patients remove all
metal objects before
entering?

Ferromagnetic objects can be violently pulled toward the magnet, becoming
dangerous projectiles, and metal can interfere with the imaging — MRI magnets
produce fields tens of thousands of times stronger than Earth's. Ferromagnetic
objects (iron, steel) experience extreme attractive force and can become dangerous
projectiles. Metal can also distort the magnetic field, creating artifacts in the medical
images.

Design a simple experiment
to determine which of three
variables (number of coils,
type of core, or battery
voltage) has the greatest
effect on an
electromagnet's strength.
Describe your setup and
procedure.

Build a basic electromagnet and test one variable at a time while keeping the
others constant, measuring strength by counting how many paperclips each
configuration picks up — Wrap wire around a nail, connect to a battery, and count
paperclips lifted. Test each variable independently: (1) vary coil count (10, 20, 30) with
the same core and voltage; (2) vary core material (iron, aluminum, wood) with the
same coils and voltage; (3) vary voltage (1.5V, 3V, 4.5V) with the same coils and core.
Compare paperclip counts to determine which variable has the greatest effect.

Its magnetic field can be turned on and off by controlling the electric current —



Why is an electromagnet
useful compared to a
permanent magnet?

Electromagnets can be switched on and off by controlling the current, and their
strength can be adjusted. This makes them ideal for applications like scrapyard
cranes, MRI machines, and electric door locks where controllable magnetism is
needed.

Why can you magnetize a
steel paperclip by rubbing it
with a magnet?

Rubbing aligns the magnetic domains in the steel so they all point in the same
direction — Steel contains many tiny magnetic domains, each acting like a small
magnet. Normally they point in random directions and cancel out. Rubbing with a
magnet aligns these domains in the same direction, giving the paperclip a net
magnetic field.

A student says that
breaking a magnet in half
destroys its magnetism.
Evaluate this claim.

Incorrect; each half becomes a complete smaller magnet with its own north and
south poles — The claim is incorrect. Magnetic domains exist throughout the
material. When a magnet is broken, each piece retains aligned domains and therefore
has both a north and south pole. You cannot create a magnetic monopole by
breaking a magnet.

A student wants to test
which materials are
magnetic. They have a
paperclip, a penny, a rubber
band, and an aluminum
can. Which items will a
magnet attract?

Only the paperclip — Only the steel paperclip is attracted to the magnet because
steel contains iron, a ferromagnetic material. Pennies (copper-plated zinc), rubber
bands (rubber), and aluminum cans (aluminum) are not ferromagnetic and will not be
attracted.

You need to pick up iron
scraps from a workshop
floor and then release them
into a bin. Which type of
magnet is best suited?

An electromagnet, because you can turn it off to release the scraps — An
electromagnet is ideal because it can be switched on to attract iron scraps and
switched off to release them into the bin. A permanent magnet would require manual
prying to remove the scraps.

Why does a compass
needle point north?

Earth has a magnetic field, and the compass needle aligns with it — Earth's
molten iron core generates a magnetic field that extends into space. A compass
needle, being a small magnet, aligns with this field. The north-seeking pole of the
needle points toward Earth's magnetic north.

A generator at a power
plant uses magnets and
coils of wire to produce
electricity. What principle
does this rely on?

Electromagnetic induction: a changing magnetic field induces an electric
current in a wire — Generators use electromagnetic induction, discovered by
Michael Faraday. When a conductor (wire coil) moves through a magnetic field (or
vice versa), the changing magnetic flux induces an electric current in the wire.



✂✂✂✂ Question (fold →) Answer

Design a simple experiment
to demonstrate that sound
needs a medium to travel.
Describe your setup,
procedure, and expected
observations.

Place a ringing phone or buzzer inside a bell jar connected to a vacuum pump;
as air is removed, the sound gets quieter, demonstrating that sound cannot
travel without a medium — Place a battery-powered buzzer on a cushion inside a
bell jar connected to a vacuum pump. Turn on the buzzer and listen. Gradually
pump out the air. As air is removed, the sound becomes progressively quieter even
though the buzzer is still vibrating. When a strong vacuum is achieved, the sound is
nearly inaudible, demonstrating that sound requires a medium (air) to travel.

A musician cups their hands
around their mouth when
shouting across a field. Why
does this help?

Cupping hands directs sound waves forward instead of spreading in all
directions, concentrating the energy — Cupping hands acts like a basic
megaphone, channeling sound waves in a specific direction rather than allowing
them to spread in all directions. This concentrates the sound energy into a narrower
beam, making it louder in the forward direction.

What is the term for the
number of vibrations per
second?

Frequency — Frequency is the number of complete vibrations (cycles) per second,
measured in Hertz (Hz). A sound with 440 Hz vibrates 440 times per second,
producing the musical note A4.

Why does your voice sound
different to you in a
recording compared to how
you hear it when speaking?

When speaking, you hear through both air conduction and bone conduction,
but a recording only captures air-conducted sound — When you speak, sound
reaches your ears through air and also through bone conduction (vibrations
traveling through your skull). Bone conduction adds lower frequencies, making your
voice sound deeper to yourself. A recording captures only the air-conducted sound
others hear.

You see a lightning flash and
hear thunder 5 seconds
later. Approximately how far
away was the lightning?

About 1,715 meters — Using the speed of sound (343 m/s): distance = speed x time
= 343 x 5 = 1,715 meters, or about 1.7 km. A common approximation is that every 3
seconds of delay equals about 1 km of distance. Approximately 1.7 km.

A classmate argues that
louder sounds travel faster
than quiet sounds. Evaluate
this claim.

Incorrect; loudness (amplitude) does not affect the speed of sound, which
depends on the medium and its temperature — The speed of sound depends on
the medium (solid, liquid, or gas) and its temperature, not on the amplitude
(loudness). A whisper and a shout both travel at 343 m/s in air at room temperature.
Louder sounds carry more energy but do not travel faster.

Why does sound get quieter
as you move farther from
the source?

The sound energy spreads out over a larger area as it travels, reducing
intensity — Sound waves spread outward from the source in all directions. As the
wavefront expands, the same amount of energy is distributed over a larger area
(proportional to the square of the distance), so intensity decreases. This is the
inverse square law.

A student claims that sound
travels faster on a hot day
than on a cold day. Is this
correct?

Yes, sound travels faster in warmer air because the molecules move faster and
transmit vibrations more quickly — The claim is correct. Sound speed in air
increases with temperature because warmer air molecules have more kinetic energy
and collide more frequently, transmitting pressure waves faster. At 0 degrees C,
sound is about 331 m/s; at 20 degrees C, it is about 343 m/s.

Can sound travel through a
No, sound requires a medium to travel through — Sound cannot travel through a
vacuum because it is a mechanical wave that requires a medium (solid, liquid, or
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vacuum (empty space)? gas) to propagate. Sound waves need particles to transfer vibrations from one point
to another.

Why is a concert hall
designed with curved walls
and special panels?

To control how sound reflects and absorbs, ensuring even sound distribution
and reducing echoes — Concert hall acoustics are carefully engineered. Curved
walls diffuse sound evenly, absorptive panels prevent excessive echoes and
reverberation, and reflective surfaces direct sound toward the audience. The goal is
clear, balanced sound at every seat.

What is the approximate
speed of sound in air at
room temperature?

About 343 meters per second — Sound travels through air at approximately 343
meters per second (about 767 mph) at room temperature (20 degrees C). This speed
increases slightly with temperature because warmer air molecules move faster.

Why does thunder arrive
after lightning even though
they happen at the same
time?

Light travels much faster than sound, so we see the lightning before the sound
reaches us — Lightning and thunder occur simultaneously, but light travels at about
300,000 km/s while sound travels at only about 343 m/s. This enormous speed
difference means we see the flash almost instantly but hear the thunder seconds
later.

What is sound caused by?
Vibrations — Sound is produced by vibrations. When an object vibrates, it creates
pressure waves in the surrounding medium (air, water, or solid), which our ears
detect as sound.

Through which type of
material does sound travel
fastest?

Solids — Sound travels fastest through solids because the molecules are closely
packed and strongly bonded, allowing vibrations to transfer quickly. Speed of sound:
solids (~5,000 m/s in steel) > liquids (~1,500 m/s in water) > gases (~343 m/s in air).

A student notices that a wine
glass vibrates and sings
when a wet finger is rubbed
around the rim. Another
student taps the same glass
and hears the same pitch.
Explain why both methods
produce the same pitch.

Both methods cause the glass to vibrate at its natural (resonant) frequency,
which depends on the glass's size, shape, and material — The glass has a natural
resonant frequency determined by its physical properties (size, shape, thickness,
material). Both rubbing and tapping excite vibrations at this frequency. The method
of excitation does not change the resonant frequency; it only affects how the
vibration is initiated.

What is the unit used to
measure the loudness of
sound?

Decibel (dB) — The decibel (dB) is the unit used to measure sound intensity
(loudness). Normal conversation is about 60 dB, a whisper is about 30 dB, and a jet
engine is about 140 dB.

An ambulance siren sounds
higher-pitched as it
approaches and lower-
pitched as it moves away.
What is this effect called, and
why does it occur?

The Doppler effect; approaching compresses sound waves (higher frequency)
and receding stretches them (lower frequency) — The Doppler effect occurs
when a sound source moves relative to an observer. As the ambulance approaches,
sound waves are compressed (shorter wavelength, higher frequency, higher pitch).
As it recedes, waves are stretched (longer wavelength, lower frequency, lower pitch).

You stretch a rubber band
between two pegs and pluck
it. How could you make it
produce a higher-pitched
sound?

Stretch it tighter or use a shorter or thinner rubber band — To increase pitch:
increase tension (stretch tighter), decrease length (use a shorter band or press in the
middle), or decrease mass (use a thinner band). All these changes increase the
vibration frequency, producing a higher pitch.

Is it safe to regularly listen to

Prolonged exposure at 85 dB can cause gradual hearing damage; health
agencies recommend limiting exposure at this level to about 8 hours and using
lower volumes for longer listening — At 85 dB, hearing damage can occur after



music at 85 dB through
headphones? Evaluate the
risks.

prolonged exposure (about 8 hours according to NIOSH guidelines). Each 3 dB
increase halves the safe exposure time. Many headphones can exceed 100 dB,
which is unsafe after just 15 minutes. Using volume limiters and taking breaks helps
prevent noise-induced hearing loss.

A student claps near a large
building and hears an echo
0.6 seconds later. Given the
speed of sound is 343 m/s,
how far away is the building?

About 103 meters — Total distance traveled by sound = 343 m/s x 0.6 s = 205.8 m.
Since the sound travels to the building and back, the building is approximately 205.8
/ 2 = 103 meters away.

Two instruments play the
same note at the same
volume, but one is a flute
and the other is a trumpet.
Why do they sound
different?

They have different timbres because each instrument produces a unique
combination of harmonics (overtones) — Timbre (tone quality) is determined by
the unique combination of harmonics (overtones) each instrument produces above
the fundamental frequency. A flute produces relatively pure tones with fewer
harmonics, while a trumpet produces a rich set of overtones, giving each its
distinctive sound character.

A dog whistle produces
sound that humans cannot
hear but dogs can. What can
you infer about the
frequency of this sound?

It is above 20,000 Hz (ultrasonic), which is beyond human hearing range but
within a dog's range — Human hearing ranges from about 20 Hz to 20,000 Hz. A
dog whistle produces ultrasonic frequencies (typically 23,000-54,000 Hz), above the
human range but within a dog's hearing range (up to about 65,000 Hz).

You want to soundproof a
room for recording music.
Which materials would be
most effective on the walls?

Soft, porous materials like acoustic foam, heavy curtains, or fiberglass panels
— Soft, porous materials absorb sound energy by converting it to heat through
friction within the material's fibers or cells. Acoustic foam, fiberglass panels, and
heavy curtains are effective because their irregular surfaces trap sound waves. Hard
surfaces reflect sound, creating echoes.

Why does a guitar string
produce a higher-pitched
sound when tightened?

Tightening increases the string's vibration frequency — When a guitar string is
tightened, it increases the tension. Higher tension causes the string to vibrate at a
higher frequency when plucked, producing a higher-pitched sound. Pitch is directly
related to the frequency of vibration.

Noise-canceling headphones
produce sound that cancels
out external noise. How is
this possible?

They detect incoming sound waves and generate opposing waves that are out
of phase, causing destructive interference — Noise-canceling headphones use
microphones to detect external sounds, then generate sound waves that are exactly
opposite (180 degrees out of phase). When these anti-phase waves meet the original
sound, they cancel each other through destructive interference, significantly
reducing perceived noise.



✂✂✂✂ Question (fold →) Answer

You want to demonstrate
electromagnetic induction
to your class using only a
bar magnet and a coil of
wire connected to a
sensitive meter. How
would you produce the
largest reading on the
meter?

Push the magnet into the coil as quickly as possible — Faraday's law states that
induced voltage is proportional to the rate of change of magnetic flux through the coil.
Pushing the magnet into the coil quickly maximizes this rate of change, producing the
strongest current. A stationary magnet inside the coil produces zero induced current
because the field is not changing. A magnet next to but not moving through the coil
produces no flux change. Spinning the magnet outside would induce some current but
less than direct insertion through the coil center. — faster motion means a faster-
changing magnetic field, which induces a stronger current.

You want to demonstrate
that a tablecloth can be
pulled from under a full
place setting. You try it at
home and the dishes slide
off the table. What
adjustment would
improve your success?

Use a smooth, unhemmed tablecloth and pull with a swift downward motion
rather than horizontally, to minimize the friction time between cloth and dishes
— Success depends on minimizing friction between cloth and dishes. A smooth,
unhemmed cloth has less friction and no edge bumps. Pulling swiftly downward (not
horizontally) ensures the cloth clears the dishes quickly, minimizing friction time.
Heavier cloth would increase friction (worse), lighter dishes have less inertia (making
them easier to disturb — worse), and pulling slowly maximizes friction time, giving it
more time to transfer motion to the dishes (much worse).

If you mix cornstarch and
water to make a non-
Newtonian fluid, it feels
solid when you punch it
but flows like a liquid
when you slowly dip your
hand in. Why does this
mixture behave differently
depending on force?

When force is applied quickly, the cornstarch particles lock together and resist
movement, but slow force lets them slide past each other — In a cornstarch-water
mixture (oobleck), the starch particles are suspended in liquid. Under sudden force,
the particles jam together and cannot flow past each other, making the mixture
behave like a solid. Under slow, gentle force, the particles have time to slide past each
other and flow like a liquid. Heat is not generated by punching it, the water does not
evaporate on impact, and cornstarch has no magnetic properties whatsoever.

You want to create a
spinning disk that shows a
rainbow of colors. The disk
is painted with only black
and white patterns. When
spun at the right speed,
faint colors appear. How
would you explain this to a
friend?

Different parts of your retina respond at slightly different speeds to the
flickering black and white, creating the perception of color — This is Benham's top
or Fechner color effect. The three types of cone cells in your retina (red, green, blue)
respond at slightly different speeds to rapid changes between black and white. These
timing differences create an imbalance that your brain interprets as faint colors. Paint
does not mix by spinning, friction does not produce rainbow colors, and white surfaces
reflect rather than absorb room light.

When you blow air
between two ping pong
balls hanging from strings,
they move toward each
other instead of apart.
Why does this happen?

The fast-moving air between the balls creates a low-pressure zone, while the
higher air pressure on the outer sides pushes the balls together — This is a direct
demonstration of Bernoulli's principle. Blowing between the balls creates fast-moving
air with lower pressure in the gap. The stationary air on the outer sides of each ball
maintains higher pressure. This pressure difference pushes the balls inward, toward
each other. The air does not push both balls centrally like a river, static charge is not
generated significantly by blowing, and the air does not heat up enough to create a
vacuum.

When you place a steel
The acetic acid in vinegar reacts with the iron in steel wool, forming iron acetate
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wool pad in vinegar for a
day, it turns the vinegar a
dark brownish-green
color. Why does the color
change?

— Vinegar (acetic acid) reacts with iron in steel wool through an acid-metal reaction,
producing iron acetate — a new chemical compound that is dark brownish-green. This
is a true chemical reaction producing new substances, not simply dissolving paint
(steel wool has no paint), not just rust formation (iron acetate is different from rust),
and not light absorption (the color comes from the dissolved iron acetate compound in
solution). — a new compound with a different color than either starting material.

You observe that a puddle
of water on a sidewalk
disappears on a hot sunny
day even though it never
reached 100 degrees
Celsius. A student says
water can only become
gas at its boiling point.
How would you analyze
this claim?

The claim is wrong — evaporation occurs at any temperature when surface
molecules gain enough energy to escape into the air, even well below boiling
point — Evaporation is a surface phenomenon that occurs at any temperature. In any
body of water, molecules have a range of kinetic energies. The fastest surface
molecules have enough energy to escape into the air as gas, even at temperatures far
below boiling point. Boiling is a separate process where bubbles form throughout the
liquid at 100 degrees C. The sidewalk does not reach 100 degrees C, some water may
seep into cracks but the puddle primarily evaporates, and UV rays do not break water
molecules apart under normal conditions.

When hydrogen peroxide
is mixed with potassium
iodide in the 'elephant
toothpaste' experiment, a
huge foam erupts. Why
does the foam come out
so fast?

The potassium iodide acts as a catalyst that rapidly decomposes the hydrogen
peroxide into water and oxygen gas, which creates the foam — Potassium iodide
catalyzes the decomposition of hydrogen peroxide (H2O2) into water (H2O) and
oxygen gas (O2). The rapid release of oxygen gas creates massive amounts of foam
when dish soap is present. The iodide does not heat anything, no explosive compound
is formed (the products are just water and oxygen), and potassium iodide is a solid salt
dissolved in water, not a compressed gas.

You observe that certain
deep-sea creatures near
hydrothermal vents are
bright white or red despite
living in total darkness
where color seems
useless. How would you
explain why these
organisms have not
evolved to be colorless?

In total darkness, there is no selective pressure for or against color — In
environments with no light, natural selection does not act on coloration because it
provides no survival advantage or disadvantage. Colors in deep-sea organisms are
often incidental byproducts of biochemistry — tube worms appear red because
hemoglobin (which transports oxygen, a crucial function) happens to be red. Without
selective pressure against color, there is no reason for it to disappear. Mate attraction
through color requires vision in light, colors do not chemically protect against vent
toxins, and while evolutionary vestige is possible, the biochemical byproduct
explanation is more accurate. — color may be a side effect of their body chemistry (like
hemoglobin making blood red) rather than an adaptation for visibility.

You want to create a
dramatic fog effect for a
school play using dry ice
and water. The fog starts
thick but fades quickly.
How would you keep the
fog going throughout a 10-
minute scene?

Add new pieces of dry ice to the warm water at regular intervals, since the
sublimation slows as the water cools and the dry ice shrinks — Fog production
depends on warm water continuously sublimating the dry ice. As the dry ice shrinks
and the water cools, fog production decreases. Adding fresh dry ice and periodically
refreshing the warm water maintains the temperature difference needed for vigorous
sublimation. A fan would disperse fog but not create more, salt does not significantly
affect sublimation rate, and covering the container would just trap and condense the
fog rather than sustain it.

You want to demonstrate
inertia to your class using
a stack of coins and a
ruler. How would you set
up this demonstration?

Stack coins on a table with one coin at the bottom slightly separated, then flick
the bottom coin out with the ruler — the stack stays in place due to inertia —
Flicking the bottom coin out quickly demonstrates inertia: the upper coins resist the
sudden change and remain in place, then drop straight down. The key is speed — a
fast flick means friction between the bottom coin and the stack above does not have
time to move the upper coins. Balancing a ruler tests balance not inertia, taping and
spinning demonstrates centripetal force, and dropping coins demonstrates gravity and
rolling resistance rather than inertia.



A website claims you can
make a 'real magnet' by
rubbing a needle with a
lemon. You know that
rubbing a needle with a
magnet works. Evaluate
whether the lemon claim
is scientifically plausible.

The lemon claim is not plausible for making a magnet — Magnetizing a needle
requires aligning its internal magnetic domains, which requires exposure to a magnetic
field. Rubbing with a magnet works because the magnet's field aligns the domains.
Lemons have no magnetic field — their citric acid is a chemical, not a magnetic force.
Lemons contain negligible iron (not enough to be magnetic), acid does not create
magnetism, and needles absolutely can become temporary magnets when properly
magnetized. The website's claim is scientifically unfounded.

A museum exhibit lets
visitors walk through
rooms with various floor
and wall patterns. In one
room, a flat floor appears
to have a giant hole in it. In
another room, straight
walls appear to be wavy. If
you were the exhibit
designer, which TWO
principles would be most
important to get right?

The viewing angle visitors use and the precise pattern of light and dark areas
that create false depth cues — Anamorphic illusions (like fake holes in floors)
depend critically on the viewing angle — they only work from a specific vantage point.
The pattern of light and dark areas must precisely mimic real depth cues like shadows
and perspective convergence to fool the brain's depth processing. Room temperature,
visitor count, ceiling height, and paint brand have no effect on visual perception. The
viewing geometry and contrast patterns are what make or break the illusion.

Clownfish live among the
stinging tentacles of sea
anemones without being
harmed. Why are
clownfish immune to the
anemone's sting while
other fish are not?

Clownfish produce a special mucus coating that chemically prevents the
anemone's stinging cells from firing, allowing them to live safely among the
tentacles — Clownfish develop a thick mucus layer that lacks the chemical
compounds that trigger nematocyst (stinging cell) discharge. The mucus may also
contain compounds that actively inhibit the stinging cells. This is a biochemical
adaptation, not a mechanical one. Clownfish skin is not significantly thicker than other
fish, anemones are simple organisms without the neural complexity to recognize
individual species, and clownfish are not too small to detect — plenty of smaller
organisms are stung. The mucus coating is the key adaptation enabling this mutualistic
relationship.

Why can you smell
perfume across a room
even though no one
carried it to you?

Perfume molecules enter the gas state and spread out through the air by
diffusion, moving from areas of high concentration to low concentration —
Perfume molecules evaporate into gas and undergo diffusion — the natural movement
of particles from areas of high concentration to low concentration through random
molecular motion. This spreads the scent molecules throughout the room until they
reach your nose. Sound waves do not carry molecules, perfume has no magnetic
properties, and smell is caused by physical molecules reaching your nose, not by light.

A researcher finds that
people from cultures
without many straight-
edged buildings are less
affected by the Mueller-
Lyer illusion (the arrow
lines). What does this
suggest about how optical
illusions work?

It suggests that experience with your environment shapes how your brain
interprets visual cues, so illusions are partly learned, not purely hardwired —
This finding suggests that many optical illusions rely on learned assumptions about the
environment. People who grow up around rectangular buildings develop strong depth
cues from corners and edges, making them more susceptible to the Mueller-Lyer
illusion. This does not mean only city dwellers experience illusions, eye color is
irrelevant, and the illusion is real — it just affects different populations to different
degrees based on visual experience.

Two students build Rube
Goldberg machines to pop
a balloon. Student A's

Each additional step multiplies the chance of failure, so more complex systems
are inherently less reliable unless each component is extremely dependable —



machine has 15 steps and
pops the balloon 60% of
the time. Student B's
machine has 5 steps and
pops the balloon 95% of
the time. Beyond just
reliability, what does this
comparison reveal about
engineering system
design?

This illustrates a fundamental engineering principle: system reliability is the product of
component reliabilities. With 15 steps each at 95% reliability, overall reliability drops to
about 46% (0.95^15), while 5 steps at 95% each yields about 77% (0.95^5). Each added
step multiplies failure probability. Creativity and variety do not equate to engineering
quality — a machine that fails is not well-engineered regardless of how creative it is.
The number of steps absolutely affects reliability because steps are dependent in a
chain — if any single step fails, all subsequent steps fail too. Simplicity in engineering is
often a sign of deeper understanding, not less — the engineering principle of KISS
(Keep It Simple, Stupid) recognizes that the best solution is often the simplest one that
works.

Design a kitchen
experiment to test
whether temperature
affects how fast sugar
dissolves in water.
Describe what you would
keep the same and what
you would change.

Use identical amounts of sugar and water in separate containers at different
temperatures (cold, warm, hot), stirring each the same way, and time how long
each takes to dissolve completely — A well-designed experiment changes only one
variable (temperature) while keeping all others constant (same amount of sugar, same
volume of water, same type of container, same stirring method). Changing the sugar
amount introduces a second variable that confuses results, using different liquids tests
liquid type not temperature, and comparing sugar to salt tests substance type not
temperature. Controlling variables is the foundation of fair experimental design.

Your electromagnet can
pick up paper clips when
the battery is connected
but drops them instantly
when you disconnect the
battery. However, you
notice the nail stays
slightly magnetic even
after disconnection. How
would you use this
observation to make a
simple permanent
magnet?

Leave the electromagnet energized for an extended period — the sustained
magnetic field gradually aligns the iron domains in the nail, and some remain
aligned even after the current is removed — Iron contains magnetic domains — tiny
regions where atoms are magnetically aligned. A sustained electromagnetic field
gradually aligns more and more of these domains. When the current is removed, most
domains relax, but some remain aligned, creating remanent magnetism. Longer
exposure means more permanently aligned domains and stronger residual
magnetism. Heating actually destroys magnetism (it randomizes domains), plastic
wrapping does not affect magnetic fields, and opposing batteries would cancel out
rather than strengthen the field.

A student builds two
electromagnets using the
same battery and wire.
Electromagnet A has 20
coil wraps around an iron
nail, and Electromagnet B
has 50 coil wraps around
an identical iron nail.
Electromagnet B picks up
3 times more paper clips.
What is the relationship
between the number of
coil wraps and the
strength of an
electromagnet, and why
might it not be exactly
proportional?

More coil wraps create a stronger magnetic field because each loop adds to the
total field, but the relationship is not perfectly proportional because the
battery's voltage limits the current as resistance increases with more wire —
Each additional coil wrap adds another loop of current-carrying wire, and each loop
contributes to the total magnetic field, making the electromagnet stronger. However,
the relationship is not perfectly linear because adding more wire increases the total
resistance of the circuit. With a fixed battery voltage, higher resistance means less
current (Ohm's Law: I = V/R), and magnetic field strength depends on both the number
of turns AND the current. So while B has 2.5 times more wraps than A, it picks up only
3 times (not 2.5 times) more clips because these factors interact in complex ways.
Wraps do not block magnetism — each wrap reinforces the field. Battery voltage alone
does not determine strength; the number of wraps and the resulting current both
matter. There is no magic cutoff at 10 wraps — each additional wrap contributes, just
with diminishing returns as resistance increases.

Why do two lines of the Your brain uses the arrow direction as a depth cue and misjudges the line length



same length look different
when one has arrows
pointing outward and the
other has arrows pointing
inward?

— This is the Mueller-Lyer illusion. Your brain interprets the outward arrows as a
receding corner (like a room's inside corner) and the inward arrows as a protruding
corner (like a building's outside corner), using perspective cues to misjudge length. The
arrows do not physically alter the lines, your eyes see them correctly, and ink darkness
has nothing to do with perceived length.

Fireflies produce light
through bioluminescence.
Why is their light
production so efficient
compared to a light bulb,
which wastes most energy
as heat?

The firefly's chemical reaction converts nearly 100% of energy into light with
almost no heat, while light bulbs lose up to 90% of energy as heat from a hot
filament — Bioluminescence is extraordinarily efficient — the luciferin-luciferase
reaction converts approximately 98% of chemical energy directly into light photons,
with almost no energy lost as heat. Incandescent light bulbs convert only about 10% of
electrical energy to light, wasting 90% as heat. Size does not determine efficiency,
fireflies do not store sunlight (they produce light from chemical energy in food), and
while firefly light is relatively dim, the question is about efficiency (energy conversion
ratio), not total brightness.

In the elephant toothpaste
experiment, adding more
catalyst (potassium iodide)
makes the foam shoot out
faster, but the total
amount of foam produced
is the same as with less
catalyst. Why does the
catalyst amount change
speed but not total foam?

A catalyst only speeds up the reaction but does not change the amount of
products — Catalysts change reaction rate, not the total amount of product. The total
oxygen produced depends solely on the amount of hydrogen peroxide available (the
reactant). More catalyst means the H2O2 decomposes faster (more spectacular
eruption), but the same total amount of oxygen is produced because the same amount
of H2O2 is consumed either way. More catalyst does not create more products,
catalysts do not destroy products, and there is no absolute speed maximum — more
catalyst continues to increase rate up to practical limits.

A museum displays a 250-
year-old automaton writer
that still functions today.
Evaluate why mechanical
automata from the 1700s
can still work centuries
later, while many modern
electronic devices become
obsolete or non-functional
within a decade.

Mechanical systems use durable materials with no dependency on external
technology standards, while electronics depend on evolving software, batteries,
and component availability — Mechanical automata are self-contained systems with
few external dependencies — brass gears and steel springs do not require software
updates, compatible batteries, or functioning microchips. Their durability comes from
using corrosion-resistant materials in a closed mechanical system. Modern electronics
depend on complex supply chains, evolving software ecosystems, battery chemistry
that degrades, and semiconductor components that may become unavailable. While
1700s craftsmen were highly skilled, modern engineers are not inferior — they work
within different technological paradigms with different trade-off profiles. Mechanical
devices are not superior in every way — they cannot process information,
communicate wirelessly, or adapt their behavior. Many historic automata, including
famous examples like Jaquet-Droz's writer, have original core mechanisms with only
minor restorations, not complete rebuilds.

Some engineers argue
that Rube Goldberg
machines, despite being
impractical, are among the
best tools for teaching
engineering principles.
Evaluate this claim by
identifying what specific
engineering skills are
practiced when building

They develop skills in energy transfer analysis, iterative testing and debugging,
mechanical design, and understanding how subsystem failures cascade through
connected systems — Rube Goldberg machines are excellent engineering education
tools because they compress multiple real engineering skills into one project: energy
transfer analysis (tracking energy through each conversion), iterative design (testing
and fixing each step), systems thinking (understanding how one subsystem affects
downstream ones), and failure analysis (diagnosing why a step fails and cascading
effects). They teach far more than just creativity — the physics, debugging, and
systems integration skills are directly applicable to real engineering. They do not
encourage wasteful design in practice because students learn firsthand why simpler
systems are more reliable — the frustration of debugging 15 steps teaches the value of
simplicity more effectively than any lecture. Engineering competitions using Rube



one. Goldberg machines are held at university levels, demonstrating their value well beyond
elementary education.



✂✂✂✂ Question (fold →) Answer

You learn that some
bacteria thrive in
Yellowstone's hot springs at
80 degrees Celsius. Your
friend says bacteria can
only live in moderate
temperatures like the
human body. How would
you design a simple
experiment to show that
microorganisms can survive
extreme conditions?

Collect samples from different extreme environments (hot water, very salty
water, acidic vinegar), culture them on nutrient plates at their original
temperature, and compare growth to samples cultured at room temperature —
The best approach is sampling directly from extreme environments and culturing at
those extreme conditions. This demonstrates that some organisms are naturally
adapted to extremes, not just surviving briefly. Heating normal skin bacteria would
kill them (proving your friend's point about those specific bacteria, not disproving
extremophiles). Frozen yogurt cultures are mesophiles that may survive cold but are
not extremophiles. Microscopy alone cannot prove organisms are thriving versus just
present as dead cells. Culturing at the extreme conditions proves active growth and
adaptation.

A Rube Goldberg machine
has five steps: (1) a ball rolls
down a ramp, (2) the ball
hits a lever, (3) the lever
launches a marble, (4) the
marble lands in a cup on a
pulley, and (5) the
descending cup pulls a
string that rings a bell. A
student notices the marble
in step 3 does not reach the
cup. What is the most
systematic approach to
fixing this?

Analyze the energy at each transfer point to find where the marble loses too
much speed or direction — Analyzing energy at each transfer point is the systematic
engineering approach — identify exactly where the marble loses speed, height, or
direction and fix that specific step. This follows the engineering design process of
testing, identifying failure points, and iterating. Replacing the entire machine is
wasteful and does not address the root cause — good engineering fixes problems,
not abandons designs. Adding more steps introduces more potential failure points
and does not solve the fundamental energy transfer problem between the lever and
cup. Making the initial ball heavier might increase energy at step 1, but energy is lost
at each transfer — the fix needs to address the specific weak link between steps 3
and 4, not overpower the entire chain.

A non-Newtonian fluid like
oobleck feels solid when
you squeeze it fast but
flows like liquid when you
pour it slowly. What does
the word 'non-Newtonian'
tell you about how this fluid
differs from regular liquids?

A non-Newtonian fluid changes its resistance to flow depending on the force
applied, unlike regular Newtonian fluids like water that always flow the same
way — Newton defined viscosity as a constant property of a fluid — water's
resistance to flow does not change with force. 'Non-Newtonian' means the fluid
violates this rule: its viscosity changes with applied force. Oobleck becomes more
viscous (thicker) under high force and less viscous under gentle force. It does not defy
gravity, the name is not about when it was discovered, and it does not reverse
Newton's laws — it simply has variable viscosity.

A student performs the milk
and food coloring
experiment with dish soap.
She tries it with skim milk
and then with whole milk.
The colors swirl much more
dramatically in whole milk.
Why would the fat content
matter?

Dish soap's primary action is breaking apart fat molecules, so more fat means
more molecular disruption and more dramatic color movement — Dish soap
molecules bond with fat molecules, breaking them apart and creating currents in the
milk. Whole milk has significantly more fat than skim milk, so there are far more fat
molecules for the soap to disrupt, creating stronger currents that push the food
coloring around more dramatically. Weight difference between milks is negligible,
skim milk does not dilute coloring significantly, and both milks are the same
temperature from the refrigerator.

In a flame test experiment,
different metal salts The heat excites electrons in each metal atom to higher energy levels, and
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produce different colored
flames: copper makes
green, lithium makes red,
and sodium makes yellow.
A student says the fire itself
is changing colors. What is
actually happening at the
atomic level?

when they fall back down, they release energy as specific colors of light unique
to each element — Flame tests work through atomic emission. Heat energy excites
electrons in metal atoms, boosting them to higher energy levels. When these
electrons return to their ground state, they emit photons of light at wavelengths
specific to that element's electron structure. This is why each metal produces a
characteristic color. The metals are not burning different fuels, no colored gas is
formed, and the metals are emitting light (not reflecting it). Each element has a
unique 'fingerprint' of emitted light wavelengths.

You want to build the
strongest possible
electromagnet for a science
fair using a battery, wire,
and a nail. What three
changes would maximize its
strength?

Use more turns of wire around the nail, use a thicker iron nail as the core, and
use a battery with higher voltage to increase the current — Electromagnet
strength depends on three factors: more wire turns (more overlapping fields),
stronger current from higher voltage, and a ferromagnetic core (iron concentrates
the field dramatically). Fewer turns means weaker fields, wood and plastic are not
ferromagnetic so they do not concentrate fields, loose coils waste space, thinner wire
has more resistance (reducing current), shorter nails have less core to magnetize, and
aluminum is paramagnetic (extremely weak magnetic response compared to iron).

You are doing the baking
soda and vinegar volcano
experiment at a science fair.
Your volcano produces a
small fizz but you want a
much bigger eruption. What
change would most
increase the reaction?

Use more baking soda and vinegar so there are more reactant molecules
available to produce carbon dioxide — Increasing the amounts of both reactants
(baking soda and vinegar) provides more molecules to react, producing more carbon
dioxide gas and a larger eruption. Food coloring adds visual effect but does not
change the reaction size, a smaller container might overflow more dramatically but
the total gas is the same, and flour does not react with vinegar at all since it is a
completely different substance chemically.

What type of chemical
reaction occurs when iron is
exposed to oxygen and
water over time, forming a
reddish-brown coating?

Oxidation (rusting) — Rusting is an oxidation reaction where iron reacts with oxygen
and water to form iron oxide (rust). Combustion is rapid oxidation with flame
(burning), photosynthesis is a plant process that uses light energy to make sugar, and
fermentation is a biological process where organisms break down sugars without
oxygen. Only oxidation produces the slow, reddish-brown coating we call rust.

A student says,
'Electromagnets are always
better than permanent
magnets because you can
control them.' Evaluate
whether this is a fair
comparison.

It oversimplifies — electromagnets offer control but require electricity and can
overheat. Permanent magnets need no power and never fail from outages. The
best choice depends on the application — The student's comparison is
oversimplified. Electromagnets have advantages (adjustable strength, can be
switched on/off) but disadvantages (require continuous electricity, generate heat, fail
during power outages). Permanent magnets are reliable, maintenance-free, and
energy-independent but cannot be adjusted or turned off. Controllability is important
but not the only factor. Permanent magnets can be extremely strong (neodymium
magnets), and the age of a technology does not determine superiority. The best
choice depends on specific application needs.

In the copper tube magnet
drop experiment, a student
substitutes a plastic tube of
the same dimensions for
the copper tube. The
magnet falls straight
through at normal speed.
Another student says this
proves the copper was
physically blocking the

The copper was not physically blocking the magnet — Copper's ability to slow the
magnet has nothing to do with physical blocking — the magnet never contacts the
tube walls. Copper is an excellent electrical conductor. When the magnet passes
through, the changing magnetic field induces eddy currents in the copper. These
currents create opposing magnetic fields (Lenz's law) that brake the magnet. Plastic is
an insulator — it cannot support eddy currents, so no electromagnetic braking
occurs. Tube weight is irrelevant, copper does not create air resistance, and neither
material absorbs or reflects magnetism.



magnet. Analyze why this
explanation is wrong.

Tardigrades (water bears)
can survive being frozen to
-272 degrees Celsius,
heated to 150 degrees
Celsius, exposed to
radiation, and even the
vacuum of space. How do
they survive these extreme
conditions?

They enter a state called cryptobiosis where they lose almost all their water,
curl into a 'tun,' and their metabolism drops to nearly zero until conditions
improve — Tardigrades survive extremes through cryptobiosis — a death-like state
where they expel almost all water from their cells (reducing water content from 85%
to about 3%), retract their legs into a barrel-shaped 'tun,' and replace water with
trehalose sugar that forms a protective glassy matrix. Their metabolism drops to
0.01% of normal. Their skin, while durable, is not the primary protection mechanism.
They do produce some protective proteins but not antifreeze in the traditional sense.
Rapid reproduction is not their survival strategy — individual tardigrades genuinely
survive these conditions.

You place a pencil in a glass
of water and it appears to
bend at the surface.
However, your friend says
this is not truly an optical
illusion because something
physical is actually
happening to the light. Who
do you think has a stronger
argument, and why?

Your friend has a point — refraction physically bends the light rays, so it is not a
brain trick but a real change in light's path — Your friend has a stronger
argument. Refraction is a physical phenomenon where light bends as it passes
between water and air because light travels at different speeds in different materials.
This is fundamentally different from optical illusions, which are caused by the brain's
interpretation. The pencil does not actually bend, but the light carrying its image does
physically change direction. Not all visual effects are illusions — some have physical
causes.

You want to build a
hydraulic robotic arm that
can lift heavy objects. If you
increase the diameter of the
output piston from 2 cm to
4 cm while keeping the
input piston the same size,
how does the lifting force
change?

The lifting force increases by four times because area scales with the square of
the diameter — Doubling the diameter of a circular piston quadruples its area
because area depends on the square of the radius (A = pi * r^2). Since hydraulic force
equals pressure times area, and pressure remains constant (same input force on
same input piston), the output force increases by four times. Simply doubling the
force would be true only if force scaled linearly with diameter, but it scales with area.
The pressure is indeed constant throughout the fluid, but the larger area means that
same pressure produces more total force. Cubing applies to volume calculations, not
area — the piston face is a two-dimensional surface, so the square relationship
applies.

You notice that when you
swing a bucket of water in a
vertical circle fast enough,
the water does not fall out
at the top. How would you
use this same principle to
explain why passengers on
a roller coaster loop do not
fall out at the top?

At the top of both the bucket and the loop, the inward centripetal acceleration
exceeds gravity, so the water and passengers are pushed against the bottom of
their containers by the circular motion — In both cases, when the circular motion
is fast enough, the required centripetal acceleration exceeds gravitational
acceleration. At the top of the loop, the water or passengers' inertia wants to
continue moving in a straight line (tangent to the circle), which pushes them outward
against the bottom of the bucket or the seat. Gravity acts inward as part of the
centripetal force. No magnets are used, they are not truly weightless, and gravity
always acts — it just becomes part of the centripetal force needed for circular motion.

Scientists discovered
bacteria living 3 kilometers
underground in gold mine
rocks, surviving on
radioactive energy rather
than sunlight or chemical
nutrients from the surface.

It suggests life could exist on other planets or moons even without sunlight,
surviving on geochemical or radioactive energy deep underground,
dramatically expanding where we should look for extraterrestrial life — These
radiotrophic bacteria demonstrate that life's energy requirements are more flexible
than previously assumed. Since many planetary bodies have radioactive elements in
their crusts, subsurface life powered by radioactive energy is theoretically possible on



This challenges the
assumption that all life
depends on the sun. What
broader implication does
this have for the search for
life beyond Earth?

Mars, Europa, Enceladus, and elsewhere. This dramatically expands the habitable
zone concept beyond the traditional 'Goldilocks zone' defined by distance from a star.
Gold mines specifically are not required, bacteria-like life could exist elsewhere, and
this finding means we should search both underground and on surfaces.

You have a glass of ice
water at exactly 0 degrees
Celsius. You want to make it
colder without adding any
ice or putting it in a freezer.
How could you lower the
temperature using only
salt?

Add salt to the ice water — salt lowers the freezing point of water, allowing the
mixture to reach temperatures well below 0 degrees Celsius — Adding salt to ice
water causes freezing point depression — the dissolved salt particles interfere with
water molecules forming ice crystals, lowering the temperature at which the mixture
can freeze. This can bring temperatures down to about -21 degrees Celsius. Salt on
the outside would not affect the liquid inside, salt absolutely can lower mixture
temperature (this is how ice cream makers work), and adding warm water would
raise the temperature rather than lower it.

When you stare at a
spinning spiral and then
look at your hand, your
hand appears to move. Why
does this happen?

Your brain's motion-detecting neurons become tired and fire the opposite
signal when you look away — This is a motion aftereffect. When you stare at the
spiral, the neurons that detect that specific direction of motion become fatigued.
When you look away, the opposing neurons dominate and create the illusion of
opposite motion. Your hand is not actually moving, the spiral does not change your
eye focus permanently, and no light reflection is involved.

A science show claims that
liquid nitrogen (at -196
degrees C) can instantly
freeze a banana so hard
that you can hammer a nail
with it. Your friend says this
is fake because fruit cannot
become as hard as metal.
Evaluate both claims.

The show's claim is plausible — at -196 degrees C the water in the banana
freezes so thoroughly that it becomes extremely rigid, though it is still softer
than actual metal — The show's claim is scientifically plausible. Liquid nitrogen at
-196 degrees C freezes the water in a banana into extremely hard, brittle ice. At these
temperatures, the frozen banana is rigid enough to drive a nail into soft wood,
though it would shatter rather than deform like metal. Your friend is incorrect
because organic materials can become very hard when deeply frozen. Liquid nitrogen
is extremely cold (well below water's freezing point), and fruit does not dissolve in
nitrogen — it simply freezes.

Design a demonstration to
show your class that
atmospheric pressure is
strong enough to hold a
card against the open end
of an upside-down glass of
water. Describe the setup
and explain the physics.

Fill a glass with water to the brim, place a flat card on top leaving no air
bubbles, hold the card and flip the glass upside down, then release the card —
atmospheric pressure pushing up on the card exceeds the weight of the water
pushing down, so the card stays — This classic demonstration works because
atmospheric pressure (pushing upward on the card) is approximately 101,325 Pa —
far greater than the pressure from a glass of water (typically less than 2,000 Pa).
Filling the glass completely leaves no air pocket above the water. When inverted, the
small drop in pressure from the water trying to pull away creates a slight vacuum
reinforcing the effect. Tape would be a physical attachment not demonstrating
pressure, a vacuum pump works but is unnecessary for this simple demo, and frozen
water would defeat the purpose of showing liquid held by air pressure.

An excavator uses a
hydraulic system with
cylinders of different sizes
at different joints. Why
would an engineer choose a
larger cylinder for the boom
(main arm) and a smaller

The boom must lift the entire arm plus the load, requiring more force, while the
bucket needs less force but faster movement — Engineers match cylinder size to
functional requirements: the boom must support and lift the weight of the entire arm
assembly plus the payload, demanding maximum force from a large piston area. The
bucket requires less force but benefits from faster, more responsive movement,
which a smaller cylinder provides (it moves farther per unit of fluid). Manufacturing
cost is not the primary factor in cylinder sizing — engineering specifications drive the
design, and smaller precision cylinders can actually be more expensive per unit.
Aesthetics do not drive hydraulic cylinder sizing in heavy machinery — function



cylinder for the bucket? determines form. Cylinder durability is determined by materials and construction
quality, not by diameter — both large and small cylinders are engineered for their
specific stress loads.

A toy helicopter lifts off
when its propeller spins.
You notice the body of the
helicopter tries to spin in
the opposite direction of
the propeller. Which of
Newton's laws explains this,
and why?

Newton's Third Law — the propeller pushes air downward and the air pushes
back upward (lift), while the torque spinning the propeller creates an equal and
opposite torque on the body — Newton's Third Law applies to rotational motion
too. When the motor spins the propeller clockwise, the reaction torque tries to spin
the helicopter body counterclockwise. Real helicopters use a tail rotor to counteract
this torque. While inertia (First Law) plays a role in the body resisting initial spinning,
the continuous counter-rotation is caused by the reaction torque from the Third Law.
The Second Law describes force and acceleration relationships, and gravity does not
cause spinning.

A student claims that optical
illusions prove you cannot
trust your eyes. Do you
agree with this conclusion,
or is there a more accurate
way to think about it?

It is more accurate to say optical illusions show that your brain takes shortcuts
when interpreting what your eyes see, and those shortcuts usually work well
but can be fooled — Optical illusions reveal that the brain uses efficient shortcuts
(heuristics) to process visual information quickly. These shortcuts work extremely
well in everyday situations — helping you judge distance, detect movement, and
recognize objects instantly. Illusions exploit the rare cases where these shortcuts fail.
Our eyes are highly reliable overall, illusions teach us real things about vision, and
touch has its own illusions too.

In the 'fire snake'
experiment, baking soda
mixed with sugar is lit on
fire, and a black snake-like
column grows out of the
flame. The black material is
much larger than the
original mixture. Where
does the extra volume
come from?

The heat decomposes the baking soda and sugar, producing carbon dioxide gas
that gets trapped in the carbon residue, puffing it up like a sponge — When
heated, baking soda decomposes into sodium carbonate, water vapor, and carbon
dioxide gas. Simultaneously, sugar caramelizes and then carbonizes (turns to carbon).
The CO2 gas gets trapped in the sticky carbon residue, inflating it into a large, porous,
spongy structure. Fire does not add material — it causes decomposition. Sugar
melting alone would not dramatically increase volume. Baking soda does not absorb
water when heated; it releases water vapor.

Why does adding dish soap
to a plate of milk with food
coloring cause the colors to
swirl and scatter
dramatically?

Dish soap breaks apart the fat molecules in milk, and the movement of the fat
creates currents that push the food coloring around — Dish soap molecules have
one end that attracts water and another that attracts fat. When soap touches milk, it
aggressively breaks apart the fat molecules, creating currents and disrupting the
surface tension. These currents push the floating food coloring around, creating
dramatic swirls. The soap does not change the coloring's chemistry, does not heat the
milk, and has no magnetic properties — it is all about fat molecules being disrupted.

What is the name of the
nerve that carries visual
signals from your eye to
your brain?

Optic nerve — The optic nerve is the bundle of over one million nerve fibers that
carries electrical signals from the retina to the brain's visual cortex for processing.
The auditory nerve carries sound signals from the ears, the spinal cord connects the
brain to the body, and the facial nerve controls facial muscles. Only the optic nerve
handles vision.



✂✂✂✂ Question (fold →) Answer

A student performs two
experiments: mixing
baking soda with vinegar
(which fizzes) and mixing
baking soda with water
(which does not fizz). Both
mixtures are clear liquids
after the reactions settle.
Why does this comparison
help prove that the fizzing
was caused by a chemical
reaction and not just by
dissolving?

Because baking soda dissolves in both liquids, but only the vinegar produces gas
bubbles, showing the gas comes from a chemical reaction between the acid and
the base, not from dissolving alone — The water experiment serves as a control that
isolates the variable responsible for gas production. Since baking soda dissolves in
both water and vinegar but only produces carbon dioxide gas with vinegar, the gas
must result from the chemical reaction between the acid (acetic acid in vinegar) and
the base (sodium bicarbonate), not from the physical process of dissolving. Simply
saying control groups 'prove experiments worked' is circular reasoning — the control is
valuable specifically because it shows dissolving alone does not produce gas. Vinegar is
not significantly hotter than water at room temperature, and the bubbles are carbon
dioxide gas, not steam from heating. Baking soda does dissolve in water — it is sodium
bicarbonate, which is water-soluble — so the claim that it only dissolves in vinegar is
factually incorrect.

How do two identical
circles of the same color
appear different when one
is placed on a dark
background and the other
on a light background?

Your brain judges brightness by comparing objects to their surroundings, so the
same color looks lighter on a dark background and darker on a light one — This is
simultaneous contrast. Your brain perceives brightness and color relative to
surrounding colors, not in absolute terms. A gray circle appears lighter against a dark
background because of the strong contrast and darker against a light background
because of reduced contrast. Backgrounds do not absorb or reflect light onto the
circles, and your eyes can detect many brightness levels simultaneously.

A balancing bird toy can
balance perfectly on your
fingertip by its beak, even
though most of its body
extends behind the
balance point. How does
this work?

Weights in the wingtips shift the center of gravity forward to directly above the
beak's contact point, creating a stable balance — Balancing bird toys have heavy
weights concealed in the wingtips. These weights pull the center of gravity forward and
downward to a point directly at or below the beak's contact point. When the center of
gravity is at or below the support point, the object is in stable equilibrium. The beak is
not magnetic, internal air has no significant downward force, and at rest on your finger
there is no airflow to generate aerodynamic lift.

A toy advertises that it can
'create perpetual motion'
by swinging a ball back
and forth forever using
magnets. Based on the
laws of physics, evaluate
this claim.

The claim violates the laws of thermodynamics — friction and air resistance
always dissipate energy, so no mechanical system can run forever without an
external energy source — Perpetual motion machines violate the first and second
laws of thermodynamics. All real systems lose energy to friction, air resistance, and
sound. Magnets can convert between magnetic potential energy and kinetic energy,
but they cannot create new energy to replace what is lost. Even the strongest magnets
cannot overcome friction forever. Even in a vacuum (no air resistance), internal friction
at pivot points would still dissipate energy. No real object has zero friction. The claim is
physically impossible.

You rub a balloon on your
hair and then hold it near
a thin stream of water
from a faucet. The water
stream bends toward the
balloon. How would you
use this setup to show a
friend that the effect is
caused by static charge

Hold the same balloon near the water without rubbing it first to show no
bending occurs, proving the rubbing (which transfers charge) is what causes the
effect — Using the same balloon without rubbing it serves as a controlled test that
isolates the variable of static charge. Since the unrubbed balloon has the same shape,
size, color, and material but no charge, if the water does not bend toward it, the charge
(transferred by rubbing) must be the cause. Testing a different colored balloon only
tests the color variable, which is not the claim being investigated. Moving the balloon
shows the effect is directional but does not prove the cause is charge versus some
other property. Popping the balloon dramatically changes the shape and distance of
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and not by the balloon's
shape or color?

the material, introducing multiple new variables rather than isolating charge as the
cause.

Your friend says that the
baking soda and vinegar
reaction creates new
matter because you end
up with gas that was not
there before. Is this claim
correct?

No — the gas was not created from nothing. The atoms in the baking soda and
vinegar rearranged to form carbon dioxide, water, and sodium acetate. Total
matter is conserved — The law of conservation of matter states that matter cannot
be created or destroyed in a chemical reaction — only rearranged. The carbon, oxygen,
hydrogen, and sodium atoms in baking soda and vinegar rearrange to form carbon
dioxide gas, water, and sodium acetate. If you captured all the gas and weighed
everything, the total mass would equal the starting mass. The gas is not created from
nothing and is not room air — it is CO2 made from the reactants' atoms.

Why do movies appear to
show smooth motion
when they are actually a
series of still images
shown very quickly?

Your brain blends rapidly displayed images together, filling in the gaps to
perceive continuous movement — Your brain processes images with a slight delay,
blending each frame with the next through a phenomenon related to persistence of
vision and the phi effect. When images change fast enough (around 24 per second),
your brain perceives smooth motion. Cameras capture single frames, screens do not
vibrate, and your eye movement speed has nothing to do with this effect.

A student observes that
both arctic foxes and
snowshoe hares turn
white in winter. The
student concludes that
cold temperatures directly
cause the fur to change
color. A second student
argues that the color
change is triggered by day
length, not temperature.
Which student's
explanation is better
supported by evidence,
and what experiment
could distinguish between
the two hypotheses?

The second student is better supported — seasonal color change is triggered by
photoperiod (day length) through hormonal signals, not by temperature directly.
An experiment keeping animals in warm conditions but with shortened light
cycles would show whether they still change color — Research confirms that
photoperiod (day length) is the primary trigger for seasonal color change in arctic
mammals, detected through the eyes and processed via the pineal gland's melatonin
production. Shortening day length triggers hormonal cascades that replace pigmented
fur with white fur during the next molt cycle. Cold temperatures alone do not bleach or
change fur — the melanin pathway is controlled hormonally. Animals do not
consciously choose to change fur color; it is an involuntary physiological response. This
hypothesis is absolutely testable — laboratory studies have successfully triggered out-
of-season color changes by manipulating artificial light cycles while keeping
temperature constant, confirming photoperiod as the controlling variable.

A magician seems to
levitate a thin aluminum
ring above an
electromagnet. The ring
floats without touching
anything. What
electromagnetic principle
makes this possible?

An alternating current in the electromagnet induces eddy currents in the ring,
which create a magnetic field that repels the electromagnet's field, pushing the
ring upward — This is Thomson's jumping ring experiment. An alternating current in
the electromagnet creates a rapidly changing magnetic field that induces eddy currents
in the aluminum ring. By Lenz's law, these induced currents generate a magnetic field
opposing the original, creating a repulsive force that levitates the ring. Aluminum is not
magnetic (it is paramagnetic, with negligible attraction), no compressed air is involved,
and no strings are needed — pure electromagnetic repulsion holds the ring aloft.

When dry ice is placed in
warm water, a thick fog
forms above the surface.
Why does the fog sink to
the ground instead of
rising like steam?

The fog is cold carbon dioxide gas mixed with tiny water droplets, and this cold
mixture is denser than the surrounding warm air, so it sinks — The fog from dry
ice in water is a mixture of cold CO2 gas and condensed water vapor (tiny water
droplets formed when the cold gas chills the surrounding moisture). This cold mixture
is denser than the warm surrounding air, causing it to flow downward. CO2 atoms are
not the heaviest gas, fog is not a liquid (it is suspended droplets in gas), and the warm
water does not push the fog — it is simply a density-driven flow of cold air sinking
below warm air.



You are performing the
elephant toothpaste
experiment and want the
foam to be taller. You
have the option to
increase the concentration
of hydrogen peroxide or
to add more dish soap.
Which change would
produce a taller foam
column?

Increasing the hydrogen peroxide concentration, because it produces more
oxygen gas which is the driving force behind the foam volume — The height of
elephant toothpaste foam depends primarily on the volume of oxygen gas produced,
which is determined by the amount of hydrogen peroxide decomposed. Higher
concentration H2O2 produces more oxygen gas, creating more foam. While dish soap
helps trap the gas in bubbles, adding more soap without more gas just makes thinner,
wetter foam rather than taller foam. Catalyst amount affects reaction speed, and both
factors play a role, but gas production is the limiting factor for volume.

A student builds a
hydraulic system where
both pistons are the same
size. They push on the
input piston with 10
Newtons of force. What
force does the output
piston exert?

10 Newtons, because equal piston areas produce equal forces at equal pressure
— With equal-sized pistons, the output force equals the input force (10 N) because
force = pressure times area, and if both areas are identical, the same pressure
produces the same force. Hydraulic systems do not automatically double force — force
multiplication only occurs when the output piston is larger than the input piston. While
some energy is lost to friction in real systems, a well-designed hydraulic system with
equal pistons transmits nearly all the force, and the question asks about the ideal case.
Hydraulic systems work perfectly well with same-sized pistons — they are commonly
used this way to transmit force over distance, even without force multiplication.

In the Ponzo illusion, two
identical horizontal lines
are drawn between
converging railroad tracks.
Why does the upper line
appear longer?

The converging lines make your brain interpret the image as a 3D scene where
the upper line seems farther away, so your brain scales it up — The Ponzo illusion
works because converging lines trigger your brain's perspective processing. Your brain
interprets the upper line as farther away and, since both lines make the same-sized
image on your retina, concludes the distant one must be physically larger. Lines are
not physically stretched, eye focus is the same for both, and gravity does not compress
lines.

According to Newton's
Third Law, what happens
when you push against a
wall with your hand?

The wall pushes back on your hand with an equal force in the opposite direction
— Newton's Third Law states that every action force has an equal and opposite
reaction force. When you push the wall, the wall pushes back with exactly the same
magnitude of force in the opposite direction. Walls do not absorb forces without
responding (you feel the pushback), do not push harder than you push (the forces are
always equal), and do not store forces for later release — the reaction is instantaneous
and exactly equal.

When you rub a balloon
on your sweater and hold
it near a thin stream of
water from a faucet, the
water bends toward the
balloon. Why does the
water stream bend?

The charged balloon polarizes the water molecules — their positive ends rotate
toward the balloon's negative charge, and the attraction pulls the stream
sideways — Water molecules are polar, meaning they have a positive hydrogen end
and a negative oxygen end. The negatively charged balloon causes the positive ends of
nearby water molecules to rotate toward it (polarization). This creates a net attraction
that pulls the water stream toward the balloon. The balloon does not create wind (it is
stationary), does not evaporate water (static charge does not produce heat), and does
not push air into the stream — the effect is purely electrostatic attraction on polar
molecules.

Freeze-dried foods like
astronaut ice cream are
made by freezing food
and then removing the
water through sublimation
in a vacuum. Why is the

The vacuum lowers the air pressure enough that ice can sublimate directly to
vapor without melting first, preserving the food's structure — At normal
atmospheric pressure, ice melts to liquid water before evaporating. In a vacuum (very
low pressure), the conditions shift so that ice skips the liquid phase entirely and
sublimates directly to water vapor. This preserves the food's cellular structure because



vacuum necessary for
sublimation to occur
efficiently?

liquid water would cause cells to collapse. A vacuum does not generate heat, does not
compress ice, and while removing oxygen does help preserve food, the primary
purpose of the vacuum is to enable sublimation.

Two students design
density tower
experiments. Student A
uses graduated cylinders
and measures the volume
of each liquid precisely.
Student B just pours
'about the same amount'
of each liquid into a jar.
Whose approach gives
more reliable results
about which liquids are
denser?

Student A, because precise volume measurements ensure density comparisons
are fair, while 'about the same' introduces uncertainty — Student A's approach is
more reliable because precise measurements control variables and reduce
uncertainty. While both students would see the same layering order (density
determines this regardless of precision), Student A can make quantitative claims about
density values. Simplicity does not equal scientific rigor, the layering order is the same
but A's data is more trustworthy, and while a scale would add more data, graduated
cylinders still provide the volume component of density measurement.

What are automata in the
context of engineering
and invention?

Self-operating mechanical devices designed to follow a predetermined set of
movements — Automata are self-operating mechanical devices that perform
predetermined sequences of movements, typically powered by springs, weights, or
clockwork mechanisms. They predate modern computing by centuries. Computer-
controlled robots use electronic programming rather than purely mechanical
sequences. Machines requiring continuous human input are manually operated tools,
not automata. Electronic circuits like calculators process information but do not
perform physical mechanical movements — automata are defined by their mechanical,
self-operating nature.

You want to make a lava
lamp using oil, water, and
an effervescent tablet. You
notice the colored water
blobs rise through the oil
and then sink back down.
How would you make the
blobs rise more
frequently?

Add more pieces of the effervescent tablet to produce more carbon dioxide
bubbles that carry the water blobs upward — The effervescent tablet produces
carbon dioxide bubbles that attach to water droplets, making them buoyant enough to
float through the denser oil. More tablet pieces means more CO2 production and more
frequent lifting of water blobs. Adding more oil would not increase bubble production,
shaking would create a messy emulsion rather than distinct blobs, and freezing would
slow the reaction and could crack the bottle.

You discover that a
species of frog has bright
red and blue coloration.
Another species in the
same habitat is dull
brown. Without knowing
anything else, you want to
predict which frog is likely
toxic. How would you
apply your knowledge of
warning coloration?

The bright red and blue frog is more likely toxic — Aposematic (warning) coloration
is a well-established biological pattern — organisms that are toxic, venomous, or
distasteful often display bright, contrasting colors (reds, oranges, yellows, blues) to
warn predators. Poison dart frogs are a perfect example. The brown frog likely uses
camouflage instead. While there are exceptions, bright coloration in nature is a reliable
predictor of chemical defense. Color is strongly correlated with toxicity in many taxa,
and while both could theoretically be toxic, the probability is significantly higher for the
brightly colored species based on evolutionary patterns. — vivid contrasting colors
often serve as warning signals (aposematism) telling predators the organism is
dangerous to eat.

A city is choosing between

Hydraulic is better for the elevator because it provides high force for heavy
loads, while pneumatic is better for mail tubes because lightweight capsules
benefit from the speed and simplicity of air power — Matching system type to



a hydraulic elevator
system and a pneumatic
tube mail delivery system
for a new building.
Evaluate which
engineering principles
should guide the decision
for each application.

application requirements is core engineering design thinking. Hydraulic elevators excel
at moving heavy loads with precise, smooth control because incompressible fluid
provides consistent force and position — critical for passenger safety. Pneumatic tube
systems are ideal for mail because compressed air can rapidly accelerate lightweight
capsules through tubes with minimal infrastructure. Liquids are not always more
reliable — hydraulic systems can leak messy oil and require more maintenance, which
would be excessive for simply moving envelopes. Air is not free to compress
(compressors use significant energy) and handling compressed air requires safety
considerations. Cost is one factor in engineering decisions, but safety, performance,
maintenance, and suitability for purpose must all be weighed — an engineer who
chooses purely on cost may create dangerous or non-functional systems.

Design a simple classroom
experiment to
demonstrate how
bioluminescence works
using a glow-in-the-dark
reaction. You have
hydrogen peroxide,
luminol powder, a copper
sulfate catalyst, and a dark
room. Describe the setup
and explain the
connection to biological
light production.

Mix luminol with hydrogen peroxide and add a tiny amount of copper sulfate
catalyst in a dark room — The luminol chemiluminescence demonstration parallels
bioluminescence beautifully. Luminol (analogous to luciferin) reacts with hydrogen
peroxide (oxidizer, analogous to oxygen in organisms) in the presence of copper
sulfate catalyst (analogous to the enzyme luciferase). The reaction excites electrons in
the luminol molecules, and when they return to ground state, they emit blue light
photons. This is the same fundamental mechanism as biological bioluminescence.
Luminol does not phosphoresce (store and release light), heating is not needed (it is a
chemical reaction), and food coloring does not interact with chemiluminescence —
different luminol analogs or fluorescent dyes are needed to change the color. — the
solution will glow blue, demonstrating chemiluminescence, the same chemical-to-light
conversion that organisms use in bioluminescence.

Your class is making non-
Newtonian fluid (oobleck)
from cornstarch and water
for a science fair. You
discover the mixture is too
runny. How should you fix
it so that it behaves more
like a solid when
squeezed?

Add more cornstarch gradually while mixing until the fluid resists sudden force
but still flows when handled gently — Adding more cornstarch increases the
concentration of solid particles suspended in the water. When enough particles are
present, sudden force causes them to jam together and resist deformation, creating
the characteristic non-Newtonian shear-thickening behavior. Adding more water would
decrease the particle concentration, making it even runnier and less likely to solidify
under pressure. Heating would cook the cornstarch into a paste (gelatinization) which
creates a permanently thick gel, destroying the reversible non-Newtonian property.
Food coloring molecules are dissolved at the molecular level and are far too small and
sparse to contribute to the particle-jamming mechanism that gives oobleck its unique
properties.

When lemon juice is used
as invisible ink and the
paper is heated, what
causes the writing to
appear?

The heat causes the acids in lemon juice to break down and turn brown before
the paper does — Lemon juice contains citric acid and sugars that decompose
(oxidize) at a lower temperature than paper. When heated, these organic compounds
break down and turn brown, revealing the writing while the rest of the paper stays
white. The juice does not melt into a visible liquid, the paper does not change color
around the writing, and there is no yellow dye — it is a chemical decomposition
reaction.

You accidentally mix two
unknown clear liquids in
science class and the
mixture suddenly turns
bright yellow and gets
warm. What TWO pieces
of evidence indicate a
chemical reaction

The color change to yellow and the temperature increase both indicate new
substances formed through a chemical reaction — A color change (clear to yellow)
and a temperature change (getting warm) are two classic indicators of a chemical
reaction. Clear liquids forming a colored product means new substances with different
light-absorbing properties were created. The warmth indicates an exothermic reaction
releasing energy. Staying liquid is not evidence of a reaction, dissolving does not
typically produce color changes, and hidden food coloring would not cause a



occurred? temperature increase.



✂✂✂✂ Question (fold →) Answer

In a density tower experiment,
honey sinks to the bottom,
water stays in the middle, and
oil floats on top. What
determines this layering
order?

Each liquid has a different density, and they stack from most dense at the
bottom to least dense at the top — The layering in a density tower is
determined entirely by each liquid's density — mass per unit volume. Honey is the
densest so it sinks to the bottom, water has medium density, and oil is least dense
so it floats on top. Pour order does not matter because liquids will rearrange
based on density. Color does not affect density. Thickness (viscosity) is related but
not identical to density — molasses is thick but some thin liquids like mercury are
much denser.

When you pour vinegar on a
raw egg and leave it for 24
hours, the eggshell dissolves
completely. Why does this
happen?

Vinegar is an acid that reacts with the calcium carbonate in the eggshell,
breaking it down into soluble compounds and carbon dioxide gas — Eggshells
are composed of calcium carbonate (CaCO3). When vinegar (acetic acid) reacts
with calcium carbonate, it produces calcium acetate (which dissolves in the liquid),
water, and carbon dioxide gas (the bubbles you see). This is an acid-base reaction
that completely dissolves the hard shell, leaving only the flexible membrane.
Vinegar is room temperature so does not freeze anything, contains no shell-eating
organisms, and the egg does not absorb vinegar fast enough to burst.

In a Rube Goldberg machine, a
fan blows a paper sail attached
to a cart, which rolls forward
and pulls a string. What type of
energy transfer occurs when
the fan moves the sail?

Kinetic energy of moving air transfers to kinetic energy of the cart through
force on the sail — The fan accelerates air molecules, giving them kinetic energy.
When this moving air strikes the sail, it exerts a force that pushes the cart forward,
transferring kinetic energy from the air to the cart. While the fan motor does
produce some heat, it is thermal waste — the sail moves because of air pressure
force, not heat. Sound energy from the fan is far too weak to physically move a sail
and cart; sound waves carry negligible momentum compared to the directed
airflow. Electrical energy powers the fan motor but is first converted to mechanical
rotation and then to air movement before reaching the sail — it does not jump
directly to the cart.

You can balance a fork and
spoon on the edge of a glass
by interlocking them with a
toothpick. The utensils hang
seemingly in midair beyond
the glass edge. How would you
use center of gravity to explain
this to someone who thinks it
is impossible?

Explain that the combined center of gravity of the fork, spoon, and toothpick
system is directly above or below the point where the toothpick contacts the
glass rim, creating stable balance — When the fork and spoon interlock with
their heavy ends curving downward and inward, the combined center of gravity of
the entire system shifts to a point directly below the toothpick's contact with the
glass rim. Any object is stable when its center of gravity is directly above or below
its support point. Friction alone cannot support the weight, the utensils do not
cancel each other's weight, and air pressure plays no role in this balance. It is
purely a center of gravity phenomenon.

A friend shows you a picture
where a vase shape also looks
like two faces looking at each
other. Your friend insists it is
just a vase. Using your
knowledge of perception, how
would you explain why you
both see different things?

Your brains are deciding differently which part is the figure and which is the
background, and both interpretations are valid — This is the Rubin vase
illusion, a classic ambiguous figure. Your brain must decide which region is the
foreground 'figure' and which is the 'ground' (background). Both interpretations
are equally valid because the image is designed to support both. Eyesight quality is
irrelevant, it is a single image not two, and neither person is wrong — the
ambiguity is intentional.

Warm the glow stick in hot water, because higher temperature speeds up
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You want to make a glow stick
glow brighter but not last as
long. Based on how chemical
reactions work with
temperature, what would you
do?

the chemical reaction, making it release light faster but run out sooner —
Warming a glow stick increases molecular kinetic energy, causing more frequent
and energetic collisions between reactant molecules. This speeds up the
chemiluminescent reaction, producing brighter light but exhausting the chemicals
faster. Freezing would slow the reaction (dimmer but longer-lasting), shaking does
not significantly affect molecular-level reaction rates, and glow sticks produce light
from chemical reactions — they do not absorb and re-emit external light.

What is the key difference
between a hydraulic system
and a pneumatic system?

Hydraulic systems use liquid while pneumatic systems use compressed gas
— The fundamental difference is the working fluid: hydraulic systems use
incompressible liquids (oil, water) while pneumatic systems use compressible
gases (usually air). Size is not a defining difference — small hydraulic systems and
large pneumatic systems both exist. Both pneumatic and hydraulic systems can
push and pull using double-acting cylinders. Neither system inherently requires
electricity — both can be operated by manual pumps, though electric pumps are
common in industrial applications of both types.

What are the three most
common states of matter?

Solid, liquid, and gas — The three common states of matter are solid (particles
tightly packed in fixed positions), liquid (particles close together but able to flow),
and gas (particles far apart and moving freely). 'Hard, soft, and invisible' describe
properties not states. 'Frozen, melted, and evaporated' describe processes of
change between states, not the states themselves. 'Heavy, medium, and light'
describe mass or weight, not states of matter.

Your teacher shows two
horizontal lines of equal length
on the board. One line has
outward-pointing arrows at its
ends, and the other has
inward-pointing arrows. Most
students say the line with
outward arrows looks longer.
How would you use a ruler to
prove that both lines are the
same length?

Measure from the exact tip of one line to the other tip, ignoring the arrow
shapes, and compare the two measurements — Using a ruler to measure the
horizontal line segments directly provides an objective measurement independent
of the visual illusion. By measuring from one end of the line to the other (ignoring
the arrow decorations), you can prove both lines are identical in length. Measuring
the arrows themselves is irrelevant — the arrows are the cause of the illusion, not
the lines being compared. Closing eyes removes the visual information entirely
rather than providing evidence. A magnifying glass makes the image larger but
does not change the brain's interpretation of the arrow cues — the illusion would
persist at any magnification because it is a cognitive effect, not a resolution
problem.

Your Rube Goldberg machine
uses a pendulum to knock
over a tower of blocks. You
need the pendulum to swing
with more force. Without
changing the pendulum's
weight, what should you do?

Release the pendulum from a greater height so it has more gravitational
potential energy to convert — Releasing the pendulum from a greater height
gives it more gravitational potential energy, which converts to greater kinetic
energy (faster speed) at the bottom of the swing, resulting in a harder impact. A
longer string at the same release height means the same potential energy and
same speed at the bottom — the wider arc just means the pendulum takes a
longer path to reach the same speed. Color has no meaningful effect on a
swinging pendulum's mechanical energy; thermal absorption from ambient light is
negligible compared to gravitational forces. String stiffness does not affect the
force of a pendulum's impact — the energy comes from gravity and height, not
from the string's material properties.

A student builds two paper
airplanes — one with flat
wings and one with curved
wings (curved on top, flat on
the bottom). The curved-wing
plane flies farther. The student

The classmate makes a better point — while Bernoulli's principle contributes
to lift, the difference could also involve angle of attack, weight distribution,
or drag, so one test does not prove the cause — The classmate makes the
stronger scientific argument. While Bernoulli's principle does contribute to lift
from curved wings, the flight difference could involve many factors: angle of
attack, weight distribution, drag, throw consistency, or paper folds. A single



says this proves Bernoulli's
principle. A classmate says it
could be other factors. Who
makes a better scientific
argument?

comparison between two different designs cannot isolate one variable. Curved
wings do not automatically prove Bernoulli, there are many explanations for flight
differences, and paper airplanes absolutely use aerodynamic principles — they
just involve multiple interacting factors.

A pneumatic system in a
factory uses long tubes to
deliver compressed air from a
central compressor to distant
workstations. Workers notice
that tools at the farthest
workstation perform weaker
than those nearest the
compressor. What is the most
likely cause?

Pressure drops due to friction between the air and the inner walls of the long
tubes — Pressure drops in pneumatic lines primarily due to friction between the
moving air and the inner tube walls. Over long distances, this friction converts
pressure energy into heat, reducing the available pressure at distant endpoints.
While compressed air does cool during expansion (and some cooling occurs in the
tubes), it does not lose 'all its energy' — temperature change is a secondary factor
compared to frictional pressure drop. Gravity has minimal effect on compressed
air distribution in typical factory settings — the air pressure from the compressor
far exceeds gravitational pressure differences across a building's height. Air
molecules colliding with each other is the normal state of a gas and does not cause
directional slowdown — internal molecular collisions are random and maintain the
bulk flow; it is wall friction, not intermolecular collisions, that causes pressure loss.

Hand warmers contain iron
powder, salt, and activated
carbon. When you open the
package and expose it to air,
the hand warmer heats up for
hours. A student says this
must be the same reaction as
iron rusting. Analyze whether
this comparison is valid.

The comparison is valid — both are oxidation of iron, but the hand warmer
uses fine powder, salt catalyst, and carbon to dramatically speed up the
same slow rusting reaction — The student's comparison is fundamentally
correct — both hand warmers and rusting involve iron oxidation (iron reacting
with oxygen to form iron oxide). The difference is rate: hand warmers use very fine
iron powder (enormous surface area), salt as a catalyst, and activated carbon to
retain moisture and heat, accelerating the reaction enough to produce noticeable
warmth. Hand warmers do not involve combustion (no flame), rusting does need
moisture from air, and rusting/hand warmers produce heat but not visible light.

In the Ames room illusion, a
person standing in one corner
appears to be a giant while a
person in the opposite corner
appears tiny. Both people are
actually the same height. What
can you conclude about how
the room is built?

The room is built with a distorted shape — one corner is much closer to the
viewer than the other, but the walls are angled to look rectangular through a
peephole — An Ames room is a trapezoidal room carefully constructed so that
from a specific peephole viewpoint, it appears perfectly rectangular. One corner is
actually much farther from the viewer than the other. A person in the far corner
appears small because they are distant, while a person in the near corner appears
large because they are close. No mirrors, floor tricks, or holograms are used — the
illusion relies purely on forced perspective.

Electric eels can produce
shocks of up to 860 volts. You
want to demonstrate the basic
principle of bioelectricity to
your class. How could you
show that living cells produce
electricity using only a lemon,
two different metals (copper
and zinc), and a small LED?

Push the copper and zinc strips into the lemon, connect wires from each
metal to the LED — the acid in the lemon creates an electrochemical reaction
between the different metals, generating enough voltage to light the LED —
A lemon battery demonstrates electrochemistry — the citric acid acts as an
electrolyte that facilitates an electrochemical reaction between the two different
metals. Zinc is more reactive and donates electrons, while copper accepts them.
This creates a voltage difference that drives current through the external circuit
(the LED). While not exactly bioelectricity, it demonstrates how chemical energy in
living systems converts to electrical energy. Rubbing creates static not sustained
current, juice alone cannot power an LED, and the reaction is electrochemical not
thermal.

You built a density tower with
honey, dish soap, water,
vegetable oil, and rubbing
alcohol. A grape sinks through

At the boundary between the water layer and the oil layer — Since the bead
floats on water (less dense than water) but sinks in oil (denser than oil), its density
falls between water and oil. In a density tower, it would settle at the boundary



the oil but floats on the dish
soap. Where would a small
plastic bead that floats on
water but sinks in oil end up?

between these two layers. It is too dense to float above the oil and too light to sink
below the water. It would not be at the top (less dense than alcohol) or bottom
(denser than honey), and it would not hover in the middle of any single layer.

What is the scientific term for
organisms that produce their
own light through chemical
reactions?

Bioluminescence — Bioluminescence is the production and emission of light by
living organisms through a chemical reaction involving a molecule called luciferin
and an enzyme called luciferase. Photosynthesis converts light into chemical
energy (the opposite process), fluorescence is absorption and re-emission of light
requiring an external light source, and phosphorescence is a similar process to
fluorescence but with a longer glow — neither involves organisms producing their
own light chemically.

What is the scientific term for
an object's tendency to resist
changes in its motion?

Inertia — Inertia is the tendency of an object to resist changes in its state of
motion — whether at rest or moving. Momentum is mass times velocity (a
measure of motion quantity), friction is a force that opposes sliding motion
between surfaces, and gravity is the force of attraction between masses. Only
inertia specifically describes the resistance to changes in motion, as stated in
Newton's First Law.

What is the point where all of
an object's weight appears to
be concentrated called?

Center of gravity — The center of gravity is the point where an object's entire
weight can be considered to act. A fulcrum is the support point of a lever (not a
property of the object itself), a pivot point is where something rotates (which may
or may not be the center of gravity), and center of mass is technically very similar
to center of gravity — they are identical in uniform gravitational fields but center of
gravity specifically references gravitational force.

When you dissolve sugar in hot
water and then let it cool
slowly with a string dangling in
it, sugar crystals grow on the
string over several days. Why
does this happen?

Hot water holds more dissolved sugar than cold water, so as it cools the
excess sugar comes out of solution and forms crystals on the string — This
demonstrates supersaturation. Hot water dissolves more sugar than cold water
can hold. As the solution cools, it becomes supersaturated — holding more
dissolved sugar than is stable. The excess sugar crystallizes out of solution, and
the rough texture of the string provides nucleation sites where crystals begin to
grow. The string does not absorb sugar from air, sugar dissolves rather than melts
in water, and no bacteria are involved in rock candy formation.

A magician wants the audience
to think a ball disappears. She
throws it upward twice, and on
the third throw she secretly
keeps it in her hand but looks
up. The audience 'sees' the ball
go up. Which optical illusion
principle is she using?

She is using expectation and eye tracking — This exploits top-down processing
— your brain uses past experience (two real throws) to predict what should
happen next. When the magician mimics the throw motion and looks up, the
audience's brains fill in the expected trajectory. No mirrors, UV light, or speed
tricks are involved; the illusion is entirely psychological, created by expectation and
misdirection. — the audience's brains predict the ball's path based on the first two
throws.

The relationship between
mycorrhizal fungi and plant
roots has been called the
'Wood Wide Web.' The fungi
extend the plant's root
network, helping it access
water and nutrients, while the
plant provides sugars to the
fungi. Scientists also
discovered that trees use the

It suggests that forest ecosystems involve significant cooperation alongside
competition — trees may benefit from keeping neighboring trees healthy to
maintain the shared fungal network — The Wood Wide Web reveals that forest
ecology involves a complex balance of competition and cooperation. Trees sharing
nutrients with neighbors is not purely altruistic — a healthy fungal network
benefits all connected trees, and losing network partners could weaken the entire
system. This challenges the traditional view of evolution as purely competitive.
However, trees absolutely still compete for light, water, and space — competition



fungal network to share
nutrients with neighboring
trees. What does this sharing
behavior suggest about
competition in forests?

does not disappear. The sharing is not accidental (research shows preferential
sharing with kin), and the fungi benefit from the arrangement too (it is mutualistic
across all partners).

A company advertises a toy
that claims to 'create energy
from a chemical reaction.'
Based on the law of
conservation of energy,
evaluate this claim.

The claim is misleading — chemical reactions convert stored chemical energy
into other forms like heat, light, or motion, but they do not create energy
from nothing — The law of conservation of energy states energy cannot be
created or destroyed. Chemical reactions transform stored chemical energy (in
molecular bonds) into other forms such as heat, light, kinetic energy, or electrical
energy. The company's claim is misleading because no energy is being created — it
is being converted from one form to another. Reactions do not create energy from
nothing, they do not destroy energy, and this principle applies to all reactions not
just those involving fire.

What is the fourth state of
matter, found in lightning,
stars, and neon signs?

Plasma — Plasma is the fourth state of matter, formed when gas is superheated
until electrons separate from atoms, creating an electrically charged mixture. It
occurs in lightning, stars, neon signs, and plasma TVs. Vapor is just another word
for gas, crystal is a solid structure, and ether is an outdated concept that does not
exist. Plasma is the most abundant state of matter in the visible universe.

Why does squeezing the
handle of a hydraulic gripper
cause the jaws to close, even
though they are far from your
hand?

Squeezing increases the fluid pressure, which travels through the tube and
pushes the jaw piston outward — When you squeeze the handle, you push a
piston that increases the pressure in the incompressible fluid (water or oil) filling
the tube. This pressure is transmitted through the fluid to the remote piston in the
jaws, pushing it outward and causing the jaws to close. There is no hidden
mechanical linkage — the entire point of hydraulics is transmitting force through
fluid at a distance. No electrical signal or motor is involved in a purely hydraulic
gripper. Air compression describes a pneumatic system, and compressed air
behaves differently from incompressible liquid — it absorbs energy through
compression rather than transmitting it directly.
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