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Time Allowed

Reading Time: 10 minutes
Examination Time: 120 minutes

INSTRUCTIONS

= Attempt all questions in ALL sections of this paper.

= Permitted materials: non-programmable, non-graphical calculator, pens, pencils, erasers and a ruler.
=  You are not allowed to access the internet or any notes.

= Ensure that diagrams are clear and labelled

=  All numerical answers must have correct units

= This is not an exam, it is a challenge. Don’t worry too much about the final answers, have fun thinking
about the problems and show us how you think. Enjoy!

= The challenge consists of four questions, these are all equally weighted. Therefore it is recommend
that you spend 30 minutes on each one.

Integrity of Competition

If there is evidence of collusion or other academic dishonesty, students will be
disqualified. Markers’ decisions are final.

Page 2 of 19
2025 Australian Science Olympiad - Physics
©Australian Science Innovations ABN 81731558309



Question 1 — Sliding Snails

Imagine a human walking on perfectly flat ground. With each step they accelerate and decelerate.
1a) Which force is responsible for this acceleration and deceleration?

Friction
The underneath of a snail is called a foot. When a snail is backlit and travels across a surface, light

regions called ‘waves’ and dark regions called interwaves can be observed in the snail’s foot moving
from its tail to its head. The rim refers to the outer part of the snail’s foot. See the diagram below.

Direction of motion

The snail is made up of segments separated by thin lines. These
can be seen in the diagram to the right. In the diagram a white Li ght Lines
line highlights one of these thin lines between segments. .
Separating
The following can be observed as the snail moves forwards. Segments
e The thin lines move toward the front of the snail when a ’
wave passes.
e The thin lines move towards the back of the snail when
an interwave passes.
o There is significantly less movement in the rim.
b) Based on these observations, which part(s) of the snail’s foot
are stationary with respect to the glass as it slides? Using
evidence, justify your answer.

In order to propel itself forward the snail must apply a
backwards force on the glass. This must occur at a point which
is moving backwards relative to the snail (the interwave).

To avoid slipping (like a human on ice) there must be
traction/no relative motion between the interwave and the glass.

Since segments of the snail that are in wave and rim sections are moving relative to the interwave
sections these cannot be stationary relative to the glass.
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Scientists have measured the displacement, velocity and acceleration of a segment of a snail foot
relative to the glass as a wave passes through it. The graph below shows the displacement over time
for one segment cycle.

Displacement of Snail Segement over Time for one Segment Cycle
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¢) Using this graph calculate the maximum velocity of the snail relative to the glass throughout this
motion. Show your working.

Student should choose two points between 0.4s and 0.6 seconds to calculate the maximum gradient.
The obtained value between 2mm/s and 2.6mm/s.

The graph below shows the acceleration of a segment of snail relative to the glass as a wave passes

through that segment.

Graph of Acceleration of Snail Segment over Time
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d) Using this acceleration graph calculate the maximum velocity of the snail relative to the glass
throughout this motion. Show your working. Does your answer agree with your answer to part ¢?
Students should use a method of approximating area between the curve and the x-axis either before or
after 0.6s. The obtained a value between 2mm/s and 2.6mm/s. Students should state whether their two
values agree or disagree.

Page 4 of 19
2025 Australian Science Olympiad - Physics
©Australian Science Innovations ABN 81731558309



e) Create a sketch of the snail segment velocity of the snail over time.

Answer should look something like this:

Velocity (mm/s)
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For questions f and g, evaluate if the following statements are true or false. Provide evidence for your
claims.

f) The pressure associated with the normal force between the snail and the glass is maximum in the
wave regions and minimum in the interwave regions.

e The snail moves forwards by having traction in the interwave regions. Therefore the normal
force pressure must be largest in these regions.
e Therefore the statement is false.

g) The average speed of the snail relative to the glass is faster than the average speed of the waves
passing through the snail relative to the glass.

e The velocity time graph above shows that the segment of a snail moves with the wave as it
passes through the segment. The segment is then stationary when the interwave region passes
through it. Therefore the average speed of the segments is slower than the speed of the waves.

e Therefore the statement is false.

You may use the rest of this page and the following page as working space for question 1.
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Question 2 — Practicals with Paper

This exam booklet is (hopefully) made of A4 paper. Typical office paper has a thickness defined by
80 grams per square meter. An A4 sheet of paper has a defined size and is part of the A-series of
paper, which also includes A3 or A5 paper. These paper size regulations are defined by the ISO 216
standard. The A-series of paper has a few intriguing properties:
e Every size in the series has the same ratio of long edge to short edge
e Ifyou join two sheets of the same size along the long edge, you get the paper that is the next
up in the series. For example, two A4 pieces of paper joined along the long edge gives an A3
page
e A0 paper has an area of exactly 1 square meter

2a) Calculate the length and width of an A4 piece of paper to 4 significant figures.

Ratio of side lengths is 1:1: /2 and the total area is 2 m? so the shorter side is
V2745 = 210.2 mm and the longer side is V274> = 297.3 mm.

2b) The mass of a typical A4 sheet of paper is 5 X 10% kg. What is the integer exponent a?

a=-3

2c) Estimate the density of the paper comprising this exam booklet. Briefly explain your method and
calculations, and include an estimate of the uncertainty in your measurement.

To find the volume, we need the thickness. The best way to measure it is to take an average over
many sheets of paper.

With 14 sheets of regular printer paper (80 gsm), the thickness is 1.0+£0.5 mm. This gives a density of
1000500 kgm.

Because the mass may not be accurate, any reasonable values were accepted.
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When two surfaces move past each other while in contact, they experience a friction force that acts to
oppose the motion. The magnitude of the frictional force between two surfaces sliding past one
another is given by

F=uN (D)

Where N is the normal force between the two surfaces and y is the coefficient of kinetic friction, a
measure of ‘roughness’ between the two surfaces.

2d) Austin has designed an experiment to measure the coefficient of kinetic friction between paper
and paper. The method he used is outlined below.

1. Take a wooden plank with the top surface covered with paper and place it against the wall at
some angle to the ground.

Place paper along the ground after the ramp.

Wrap a 500 g mass in paper and let it slide from rest, starting at the top of the plank.
Measure the distance d between the end of the ramp and the final position of the mass.
Repeat for different angles of the ramp.

kW

The data Austin collected is shown in the table below. Unfortunately, he did not get time to finish the
analysis of the data. Complete the following table (there are more columns than needed) and plot an
appropriate graph to determine the coefficient of friction. Briefly comment on the validity of the
result. If you can, also determine the length of the ramp used, s.

Hint: Derive an equation linking 6 and d, and other constants, and linearise by writing it in the form
y = mx + b where x, y depend on 8 and d, and m and b are constants.

6| d
(cm)

35 6
40 23
45 47
50 61
55 75
60 94
65 120
70 129
75 142
80 162
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Let s be the distance up the ramp, d be the distance travelled along flat ground, be
the angle of the ramp to the ground, be the coefficient of kinetic friction and h be the
initial height with h = s sin 6. Then by conservation of energy

sumg cos 0 + dumg = mgh

Linearising, we get

d S
=—tanf —s
cosf u

The table should include a column for tan 8 and ﬁ with appropriate units and
reasonable significant figures.

6 °) d (cm) tan @ m‘z — (m)
35 6 0.70 0.07
40 23 0.84 0.30
45 47 1.00 0.66
50 61 1.19 0.95
55 75 1.43 1.31
60 94 1.73 1.88
65 120 2.14 2.84
70 129 2.75 3.77
75 142 3.73 5.49
80 162 5.67 9.33

The graph should include all important details such as title, scale, axes, units, plotting, line of best fit.
No uncertainties are required.

The gradient of the graph should be determined appropriately using points far apart on the trendline.
Any way of indicating these points is acceptable.

The y-intercept should be determined from two points on the trendline and should be -1.25 to within
0.10.

The final value for the coefficient of kinetic friction should be 0.68 to within 0.05.

The answer should include a brief comment on reliability AND validity such as invalid assumptions
like ignoring energy lost due to hitting the ground, or poor reliability due to lack of repetition.
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An object, like an A4 piece of paper, moving through a fluid such as air, experiences a drag force that
acts opposite to the direction of motion with magnitude given by the equation below

Fp = 5pAviCp ... (2)

where p is the density of the fluid, 4 is the surface area of the object perpendicular to the motion, v is
the speed of the object and Cp is the dimensionless drag coefficient, which depends on the material
and geometry.

An object which experiences a significant drag force will accelerate more slowly, eventually reaching
a maximum speed called the terminal velocity.

2e) We are interested in performing an experiment to determine the drag coefficient of a flat
rectangle. Design an experiment to measure the drag coefficient of a A4 piece of paper, which uses
only the materials allowed in this exam, a tape measure and a stopwatch. Your answer should include
(i) an explanation of the method in detail, (ii) any assumptions you made, (iii) how you would analyse
your data to find the drag coefficient, and (iv) any significant sources of uncertainty and how you
would mitigate them. You do not need to complete this experiment, but it might help to perform some
tests!

A good method should include:
1. Well-explained + vaguely right method (vibe e.g. when to start or stop the stopwatch
+ tape measure to measure height + specific height)
2. Dropping a piece of paper from different heights and timing how long it takes to reach
the ground, or similar graphical method
3. Performing an action to ensure that the paper drops straight down, not side-to-side
(needs to be clear that this is the purpose - NOT just hold it as flat as possible)

Relevant assumptions include (as examples):
e NOT constant air density
NOT that something is given
NOT g value
The paper reaches terminal velocity almost immediately
The paper remains flat and perpendicular to the ground
Some sort of variation of the force is ignored
Wind is negligible
Forces are vertical
No other forces except grav and drag
Paper moves in straight path

The drag coefficient can be found by equating:
1
mg == pAV?C,

where v is the terminal velocity v=h/t. Plotting h? vs t? we should get a linear graph with
gradient jAng from which we can extract the drag coefficient.
da
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Relevant significant sources of uncertainty include:
e NOT air density
e Wind (or they indicate wind by mentioning fans/air conditioner)
e Stopwatch - reaction time
e Fluttering

(Additional space for writing/working for Question 2)
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Question 3 — Fun with Friction

Friction forces oppose the relative motion between two surfaces in contact. The maximum force due
to friction depends on the normal force N between the two surfaces (i.e. how strongly they are pressed
together) and also the coefficient of friction (which depends on what the surfaces are made of).

The maximum force due to friction is given by:
F =uN . (D)

A cylinder of height h and radius r is placed upright on a ramp that is inclined at angle 6 to the
horizontal. This means that the circular face of the cylinder is against the ramp. The cylinder is of
uniform density and has mass M. The coefficient of friction between the cylinder and the ramp is p.

3a) Draw a free body diagram of the cylinder (that is, a diagram showing all of the forces acting on
the cylinder).

All three forces in the correct directions:
e (ravitational force (should be the largest) straight down
e Normal force — should be at 90 degrees to the slope
e Friction force — (should be the smallest) up the slope

3b) Stephen slowly tilts the ramp to increase its steepness. As the angle 8 increases, eventually the
cylinder will tip over. What is the angle of the ramp when the cylinder begins to tip over? Assume
that the coefficient of friction between the ramp and cylinder is large, so that the cylinder does not
slide on the ramp.

This problem can be approached geometrically by finding the angle where the centre of mass is
positioned directly above the edge of the cylinder.

2r
tan@ = -

Alternatively, note that when the cylinder is about to tip over, the normal force from the ramp must
act at the lower edge of the cylinder. Set the sum of torques about any point on the cylinder to zero.

Page 12 of 19
2025 Australian Science Olympiad - Physics
©Australian Science Innovations ABN 81731558309



Next we will consider what happens if the coefficient of friction u is lower, so that the cylinder slides
down the ramp instead of tipping.

3c) The cylinder begins at a distance L from the bottom of the ramp. Find an equation for the amount
of time, t, that it takes for the cylinder to slide to the bottom of the ramp.

Sum of forces along direction parallel to ramp surface: ma = mg sin @ — uymg cos 6
. . 1, 1 .5
From kinematics: s = ut + zat ,s0L = Eat

2L

Therefore: t = m

3d) Find a numerical value for t (in seconds) for the case where L =4 m, h =20cm, r = 10 cm,
M =1kg, 6 =30° and p = 0.37. Write your answer to three significant figures.

t =213s
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Now consider a ramp made from two different materials. The left side of the ramp has friction
coefficient y; and the right side of the ramp has friction coefficient up. The boundary between the
two halves of the ramp is perfectly straight and in the centre of the ramp.

&

The cylinder is initially placed in the centre of the ramp, so the centre of mass is over the boundary
between the two surfaces and half of the cylinder is on each side. Then, it is released and begins to
slide down the ramp.

3e) Suppose that u; < pg. As the cylinder slides down the ramp, does its centre of mass move
towards the left side of the ramp, the right side of the ramp, or remain in the centre? Explain your
thinking using words (and diagrams if you wish).

There are two distinct cases that can be considered. We give full points for either explanation if it is
correct:

Case 1 — Thin disk approximation (pressure on each part of the disk is even)

The force due to friction always opposes the relative motion of the surfaces. Since the friction on one
side of the cylinder is greater, there is a net torque on the cylinder from the ramp and so it will begin
to rotate. If we consider adding the forces due to friction on every point on the surface in contact with
the ramp, we find that the left-right components on each (left-right) half of the cylinder cancel out
(note that the top always cancels out the bottom half).

So the net force due to friction is directed up the ramp (and not side-to-side). The centre of mass
remains on the centre line between the two sides.

Case 2 — Tall cylinder regime — in order to get points for this students must explicitly state that the
pressure on the front of the cylinder is higher than the back.

We still have rotation of the object. But now the forces on the front (bottom) half of the cylinder do
not cancel out the forces on the back (top) half of the cylinder. When viewed from above the cylinder
will rotate anti-clockwise. Therefore the cylinder will experience a net force to the left and move
towards the left (lower friction) side.
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(Additional space for writing/working for Question 3)
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Question 4 — Introduction to Curved Spacetime

When a physical situation has spherical symmetry, it becomes more convenient to use a spherical
polar coordinate system instead of a normal cartesian (x, y, z) coordinate system. The diagram below
illustrates a polar coordinate system where any point in 3D space can be represented by three
coordinates:

e adistance from the origin (1)

e an angle from the north pole (8), we call this the polar angle.

e alongitude angle moving towards the y-axis from the x-axis (¢), called the azimuthal angle.

'}
rsindd¢
- B m— \ \’.
- o -
Pz v ,
rsind 'R dr
Y/ ; rdé
WO, T
- ‘l | >

Note, the angular coordinates are given in radians. Also note that in this question d is not a variable, it
refers to an infinitesimal (tiny) change in a variable. So in the diagram above, dr means a tiny change
in radius and d@ and d¢ mean tiny changes in angle.

4a) Consider two different objects. Object 1 is originally at the coordinate (ry, 81, ¢1). Object 2 has
the coordinates (15, 64, ¢1), where r, > r;. Imagine that both objects are rotated around the vertical
axis by the same angle. This results in a small change in ¢,. Which object travels further? Justify
your answer.

The further away you are from the origin the more distance will be swept out for the same angle.
Therefore as r 2>r 1, object 2 travels a larger distance.
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In physics, the term metric refers to a formula that defines how distances are measured. In cartesian
coordinates the metric is given by Pythagoras’s theorem:

(ds)? = (dx)? + (dy)? + (d=z)? ... (D)

Where ds is the distance between two points and dx, dy and dz are the differences in the x, y and z
coordinates respectively. When using spherical polar coordinates the metric is given by the following
formula:

(ds)? = (dr)? + (rd6)? + (rsin 6 d¢)? ..

Note that this formula is only accurate for small changes in coordinates dr, df and d¢.

4b) Suppose that r and 8 are kept constant (dr = 0 and d6 = 0). In this circumstance how does
(ds)? depend on 7, 8 and d¢? Explore what the equation predicts and explain whether the behaviour
makes sense or not.

The dependence on r is the same as the previous question, as r gets larger ds gets larger. If =0 then
the distance travelled is O for any change in \phi. Similarly if sin(\theta) = 0 (at \theta = 0 or \theta =
\pi) which occurs at the north and south pole, then the distance travelled is 0 regardless of the change
in \phi.

For a given d\phi, ds increases as theta increases until reaching a maximum value at \theta = \pi/2 and
decreasing again.

d\phi is meant to be a small change. If we consider large d\phi then the maximum occurs when d\phi =
\pi and the distance goes to zero as d\phi approaches 0 and d\phi approaches 2\pi.

At the North Pole, ¢p can change even though nothing moves. That’s not a problem with the place, it’s
a problem with the coordinates. We call this a ‘coordinate singularity’: the math looks weird, but

space itself is normal. You could stand or walk there with no issues. That’s different from a ‘physical
singularity’, where spacetime itself breaks down, like infinite gravity in some theories of black holes.

The theory of relativity proposed by Einstein between 1905 and 1915 states that time and space are
not separate but should be considered together as a four-dimensional spacetime.

The spacetime around a non-rotating mass can be described by the Schwarzschild metric. In this case,
the spacetime interval (the spacetime equivalent of distance) between two nearby events (events have
a time coordinate t as well as position coordinates) can be described by the following expression:

2
2
(ds)? = _<cdt /1 - ZGCM> +| === | +@d0)? + (rsingdp)? ...(3)
=5

Where (ds)? is the spacetime interval between two events, dt is a small time interval between the two
events as observed by someone far away from the mass. We will define 8 and ¢ the same way that we
did in spherical polar coordinates. However, now we define the r coordinate differently because it
may not be possible to walk radially out from a heavy mass. Instead, we construct a giant spherical
frame around the mass. We define the coordinate r for any point on the frame as the circumference of
the frame divided by 2. G is the gravitational constant, M is the mass of the heavy object and c is the
speed of light.

4c) At what points do singularities (both coordinate and physical) occur in the spacetime coordinate
system defined by equation 3?

__2GM
r=—

r=0,0=0,0=mn,¢p=0and ¢ =21
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AL?
Ar?

Imagine that we created two spherical frames, frame 1 has radius » = r; and frame 2 has radius r =

1, where rp

26M . o .
>1 > Imagine you are on the inside of frame 1 and extend a tape measure directly

towards the centre of the frame until it touches frame 2. In everyday life, you would expect to
measure a distance of r; — 15.

4d) If frames 1 and 2 were built around a very large mass, would you actually measure r; — 7, as the
distance between the frames, or would you measure different distance? Explain what you would
measure and justify your answer.

You would

This is because of the factor of

measure a distance larger than r;-1».

— which is strictly greater than 1 being applied to dr.

J0-5Z)

This exam has no expectation that students are able to integrate the dr term of the metric, only
qualitative explanation is required.

We will now define r; = 1, + A4r, such that frame 1 always has an r-coordinate slightly greater than
frame 2. We will now use a (perfectly rigid) tape measure to measure the distance between the two

frames. If yousett =0, 0 = %and ¢ = 0, this distance is given by AL? = zom

Ar?

ric?
AL?

4e) Plot a graph of — against ;. Label any singularities on your diagram.

ISy mg= e

Ar?
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When two events occur at the same position, the proper time between the events is defined as the time
that passed for an observer who was present at both events and is given by d7 = \/—(ds)?. This time

may not be the same time that is observed by someone far away who would measure the coordinate
time dt.

4f) Imagine you are at a safe distance (r > Z'CG—ZM) and you have a strobe light which is falling and

getting close to a heavy mass in the centre of the frame. The light is programmed to flash once per
second. Describe what you would see watching this light if you remain at the safe distance. Justify
your answer.

When you are an external observer you observe the flashes becoming less and less frequent. Because
there is a scale factor on the time coordinate, factor you would need to wait for longer periods of time
before the same space time interval occurred between consecutive flashes.

Markers note: some students considered the Doppler effect. This also gives the correct answer.

4g) How would this compare with your observations if you were to fall with the strobe light towards
the centre?

If you fall with the strobe light then you observe the flashes occurring at the constant once per second.

A coordinate singularity happens at the Schwarzschild radius, the point of no return around a black
hole. At this boundary, nothing can escape outward, not even light. The coordinates used in the
standard black hole solution become confusing at this point, but just like at the North Pole, that
doesn’t mean the place itself is broken. It’s possible that the coordinates are the problem.
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