Kinematics
A-Level Physics

Key definitions

A speedometer shows speed: the distance travelled per unit time.

Image: Chenspec, CC BY-SA 4.0 (commons.wikimedia.org)

These five quantities come up in almost every kinematics iz 3J%# question. Learn the
exact words —the examiner gives marks for precise wording.

« distance [fiZ—the total length of the path travelled. A scalar Fri.
o displacement {i/ #4—the straight-line distance from the start to the end, with a
direction. A vector & .

o speed #%
o velocity ##—the rate of change of displacement with time. A vector.

the rate of change of distance with time. A scalar.

« acceleration Jj[l3# J#—the rate of change of velocity with time. A vector.

The unit of speed and velocity is m s™!; the unit of acceleration is m s2.

A common mistake: deceleration Ji{i# & just means acceleration in the opposite direc-
tion to the velocity. It is not a separate quantity.



Motion graphs

A high-speed train: its motion can be shown on a distance-time graph.

Image: Kabelleger / David Gubler (http://www.bahnbilder.ch), CC BY-SA 3.0 (commons.wikimedia.org)

Many marks come from reading or drawing motion graphs. Two graphs matter.

Displacement—time graph

The gradient #}3% (steepness) of a displacement—time graph at a point gives the velocity
at that moment.

o flat line — the object is at rest.
o straight sloping line — constant velocity (gradient = velocity).

e curved line — changing velocity. Draw a tangent 4J]JZ& at the point and find its
gradient.
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Displacement—time graph of a car on a test track

Velocity—time graph
The gradient of a velocity—time graph gives the acceleration at that moment.

The area between the line and the time axis gives the displacement in that time.

o flat line — constant velocity (zero acceleration).
o straight sloping line — uniform acceleration ~JJji# (constant acceleration).
e curved line — changing acceleration.

« area above the time axis is positive displacement; area below is negative (the object
moved backwards).
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Velocity-time graph —gradient gives acceleration, area gives displacement
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Acceleration—time graph derived from the same motion

To find the displacement, split the area into triangles and rectangles, or count grid
squares. Area of a triangle is % x base x height; area of a rectangle is base x height.

The four SUVAT equations

For motion in a straight line with uniform acceleration, we use five symbols: starting
velocity w, final velocity v, acceleration a, displacement s, and time ¢. Four equations
link them:

v=u-+at
S :ut+%at2
s=1(u+v)t

v? = u? + 2as

Each equation uses four of the five symbols. To pick the right one: write down what you
know and what you want, then choose the equation with exactly those four.

Where the SUVAT equations come from
You should be able to get these from the definitions of velocity and acceleration:

e v =u+ at comes from a = (v — u)/t, the gradient of the line.

o 5 = %(u + v)t is the area under the line —a trapezium f$JF with parallel sides u
and v and width t¢.

e s=ut+ %at2 comes from putting v = u + at into the area.
e v? = u? + 2as comes from removing ¢ from the first two.
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Displacement—time graph for uniform acceleration —the slope at any point equals the
instantaneous velocity

If a question asks "which equation can be found using only the gradient of a velocity—
time graph?”, the answer is v = u + at (the gradient is the acceleration).

Choosing a positive direction

Pick a positive direction at the start and keep it. Anything pointing the other way gets
a minus sign. For a ball thrown straight up, if "up” is positive: u is positive, a = —g
(gravity H Jj pulls down), and at the highest point the displacement is positive but the
velocity is zero.

Free fall under gravity

When air resistance 23H /7 can be ignored, an object in free fall H #j%{£ has a
constant acceleration g ~ 9.81 m s~2 downwards. This is the same for every mass.

For a ball dropped from rest and falling a distance h:

h = %th, v = gt, v? = 2¢gh.

For a ball thrown straight up with speed u:

o greatest height: put v = 0 in v? = u? — 2gh, giving h = u?/(2g).
e time to reach the top: put v =0 in v = u — gt, giving t = u/g.
« total time to fall back to the start height: 2u/g (the motion is symmetric X}F5).

Experiment to find g

A common method: drop an object from rest, then measure the distance h it falls and
the time t it takes. Then
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Repeat for several heights and plot h against 2. The gradient of the best straight line is

g/2, so g is twice the gradient. Repeating reduces random error [fif/li%2=. An electronic
timer —using light gates JfHi[], or a switch the ball hits —removes reaction-time
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Experimental set-up for measuring the acceleration due to free fall

Motion in two directions

each jet follows a parabola
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Water jets from a sprinkler trace parabola paths —a real example of projectile motion

When an object moves at constant velocity in one direction (say horizontal 7K>f+) and
speeds up in a direction at right angles to it (say vertical " H, under gravity), the two
motions do not affect each other. Treat each direction on its own, with its own SUVAT
equation.



Horizontal throw
An object thrown horizontally with speed uy from height A, with air resistance ignored:

e horizontal: constant velocity uy. After time ¢, the horizontal distance is x = uyt.

« vertical: starts from rest and speeds up downwards at g. After time ¢, it has fallen
Y= % gt? and has vertical velocity vy = gt.

The time to reach the ground depends only on the height A, not on uy. Solve h = % gt?
for ¢; then the horizontal range JJ#¢ is ugt.

The horizontal-velocity graph is a flat line at uy. The vertical-velocity graph is a straight
line from the origin with gradient g.

Projectile at an angle

A projectile #i{& thrown at speed u at angle § above the horizontal:

at the top: vv =0, vg = ucosf

ucos

Projectile launched at angle @ —horizontal and vertical motions are independent

 horizontal component 4} of the starting velocity: ug = wcos@ (stays constant
during the flight).

« vertical component of the starting velocity: uy = usinf (gets smaller, becomes zero
at the top, then grows downwards).

At the highest point, vy = 0, but vy is still ucosf. The time to the top is t,, = usiné/g;
the total flight time (back to the start height) is 2t,;.
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Range R of a projectile launched from and landing on level ground



Bouncing ball

When a ball bounces, its velocity—time graph is a set of straight sloping lines (constant
g) with a sudden jump at each bounce (the velocity flips direction, and gets smaller if
some energy HE& is lost). Add up the times and the distances across the bounces.

Two objects meeting

When two objects move along the same line in different ways, write a displacement
equation for each. Use the same start time and the same positive direction. Then set the
two displacements equal (or set their difference to a given gap).

For a goods train at constant velocity ug and an express train starting from rest with
acceleration a, both passing the same point at ¢ = 0:

Sg = Ugt, SE = %atQ.

They are level again when sg = sg, giving t = 2ug/a.

Tips for solving problems

1. Draw a diagram and mark the positive direction.
2. List the SUVAT symbols with their known and unknown values, including signs.

3. Choose the SUVAT equation with exactly the four symbols you have, plus the
one you want.

4. For projectile motion, split into horizontal and vertical SUVAT problems, linked
only by the time ¢.

5. Always check the units of your answer, and that its size is sensible.



