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Motion with constant acceleration, kinematic equations, free-fall



Up and down motion in free fall

Example. You throw a ball et o i pand
vertically upward from roof of a Lh“pff_li}ot_k =1,
building. The ball leaves your t?,v;.?*._-t--;---
hand with an upward speed of mrlHolagjq,vm}IS,f)ggﬂ/ff__*_”if___,

15.0 m/s and is then in free fall.
On its way back down, it just

misses the railing. Find ball’s

position and velocity 1.00 s and A -

4.00 s after leaving your hand.




Up and down motion in free fall

The phrase “in free fall” means that acceleration is due to gravity,
which is constant. We take the origin at the point where the ball
leaves your hand, and take the positive direction to be upward.
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second kinematic equation with y taking the place of x



Up and down motion in free fall

The phrase “in free fall” means that acceleration is due to gravity,
which is constant. We take the origin at the point where the ball
leaves your hand, and take the positive direction to be upward.

The position and y-velocity at time ¢t are given by fourth and
second kinematic equation with y taking the place of x

1 1
Y = Yo t Vot + 56“52 =0+ (15.0 m/s)t + 5(—9.8 m/s*)t?,

v =1, + at = 15.0 m/s + (—9.8 m/s?)t.



Up and down motion in free fall

When ¢t = 1.00 s, we get y = +10.1 m and v = +5.2 m/s.



Up and down motion in free fall

When t = 1.00 s, we get y = +10.1 m and v = +5.2 m/s. Here, the
ball is 10.1 m above the origin (y is positive) and moving upward
(v is positive) with a speed of 5.2 m/s.



Up and down motion in free fall

When t = 1.00 s, we get y = +10.1 m and v = +5.2 m/s. Here, the
ball is 10.1 m above the origin (y is positive) and moving upward
(v is positive) with a speed of 5.2 m/s. This is less than initial
speed because the ball slows as it ascends.
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ball is 10.1 m above the origin (y is positive) and moving upward
(v is positive) with a speed of 5.2 m/s. This is less than initial
speed because the ball slows as it ascends.

When t = 4.00 s, we get y = —18.4 m and v = —24.2 m/s.



Up and down motion in free fall

When t = 1.00 s, we get y = +10.1 m and v = +5.2 m/s. Here, the
ball is 10.1 m above the origin (y is positive) and moving upward
(v is positive) with a speed of 5.2 m/s. This is less than initial
speed because the ball slows as it ascends.

When t = 4.00 s, we get y = —18.4 m and v = —24.2 m/s. Here,
the ball has passed the highest point and is 18.4 m below the
origin (y is negative) and is moving downward (v is negative) with
a speed of 24.2 m/s.



(@) -1 graph (curvature is

«
Up and down motion

downward because a, = —g
is negative)

y (m) Before t = 1.53 s the
15 - ball moves upward.
10 - e oo Afterr =153
} the ball moves
S | downward.
\
0 L1 L (s
1 2 3 )
_5 —
_10 -
_15 L
_20 —

(b) v,-t graph (straight line with
negative slope because a, = —¢
is constant and negative)

vy (m/s)

= _.-Beforet

positive.

= 153s

the y-velocity is

L— 1 (s)

o

4
Aftert = 1.53 s
the y-velocity is
negative.

11

free fall

t = 1.00s, vy, =

t =71, vy

1= 0,05, = 15.0m/s

The ball actually moves straight up and
then straight down; we show ...
a U-shaped path for clarity.

% =0
- t — 9
A
Fe=7
vy*?
{=4.00s]|
v, =7

y=7
y=7
y = 5.00m
y=0
ay:—
= —9.80 m/s’
y:‘?
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Problem solving



Basic strategy

L. Identify ©
2. Set up =
3. Execute *

4. Evaluate «¢
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kinematic equations
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:c:azo—l—'vt—l—§at, v = vy + at, v=§(v—|—v0)
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Basic strategy

L. Identify the relevant concepts O
e In most straight-line motion problems, you can use the
kinematic equations

1, 1
:c:azo—l—'vt—l—§at, v = vy + at, v=§(v—|—v0)

e In this course, you’ll almost never encounter a situation in
which acceleration isn’t constant
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Basic strategy

2. Set up the problem =

e Read the problem carefully
» Make a motion diagram
» Decide where origin will be and which direction is positive

(usually up or right is positive)

» Often, it’s useful to set the origin at t; = 0, then 5 =0

o Identify the physical quantities (¢, x, x4, v, vy, a)
» Some will be known, some unknown, some missing
» Decide which unknowns are the target variables
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Basic strategy

2. Set up the problem =
e Translate the prose into physics

» eg. “Where is he when his speed is 25 m/s?” means
“What is x when v = 25 m/s?”



o

Basic strategy

2. Set up the problem =
e Translate the prose into physics
» eg. “Where is he when his speed is 25 m/s?” means
“What is x when v = 25 m/s?”
» Be alert for implicit info eg. “A car sits at a stop light”
usually means vy =0
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Basic strategy

2. Set up the problem =
o Identify the applicable equations
» These are usually the equations that don’t include any of
the absent quantities
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o

Basic strategy

2. Set up the problem =
o Identify the applicable equations
» These are usually the equations that don’t include any of
the absent quantities
» Often, you'll find a single equation that contains only one
of the target variables

» Sometimes, you must find two equations, each containing
the same two unknowns
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e Sketch graphs corresponding to applicable equations
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Basic strategy

2. Set up the problem =
e Sketch graphs corresponding to applicable equations
» eg. v-t graph is a straight line with slope a
» eg. x-t graph is a parabola that’s concave up if a is positive
and concave down if a is negative
» (more on this in the next section of the slides...)



o

Basic strategy

2. Set up the problem =

e Sketch graphs corresponding to applicable equations
» eg. v-t graph is a straight line with slope a
» eg. x-t graph is a parabola that’s concave up if a is positive

and concave down if a is negative

» (more on this in the next section of the slides...)

e Make any qualitative and quantiative predictions you can
about the solution
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3. Execute the solution *
o If single equation applies, solve it for target variable
e Substitute the known values and calculate the value of target
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simultaneously

4. Evaluate your answer s
e Take a hard look at results to see whether they make sense



o

Basic strategy

3. Execute the solution *
o If single equation applies, solve it for target variable
e Substitute the known values and calculate the value of target
e If you have two equations in two unknowns, solve them
simultaneously

4. Evaluate your answer s
e Take a hard look at results to see whether they make sense
e Are they within the general range of values that you
expected?
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for problem solving again? e

Do you see it? There’s an ancronym:
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Checkpoint. What is the basic strategy
for problem solving again? e
Do you see it? There’s an ancronym:

Oh, I see... stands for identify, set up,
exec, eval
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Identify and set up the up-down example

Example. You throw a ball vertically upward from roof of a
building. The ball leaves your hand with an upward speed of 15.0
m /s and is then in free fall. On its way back down, it just misses
the railing. Find ball’s position and velocity 1.00 s and 4.00 s after
leaving your hand.



o

Identify and set up the up-down example

Example. You throw a ball vertically upward from roof of a
building. The ball leaves your hand with an upward speed of 15.0
m /s and is then in free fall. On its way back down, it just misses
the railing. Find ball’s position and velocity 1.00 s and 4.00 s after
leaving your hand.

e Identify. The phrase “in free fall” means that acceleration is due
to gravity, which is constant

>



o

Identify and set up the up-down example

Example. You throw a ball vertically upward from roof of a
building. The ball leaves your hand with an upward speed of 15.0
m /s and is then in free fall. On its way back down, it just misses
the railing. Find ball’s position and velocity 1.00 s and 4.00 s after
leaving your hand.

e Identify. The phrase “in free fall” means that acceleration is due
to gravity, which is constant
» This uses the concept of motion with constant acceleration
which allows us to use the kinematic equations
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Identify and set up the up-down example

e Set up

>
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Identify and set up the up-down example

e Set up
» Our target variables are position y and velocity v

>
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o

Identify and set up the up-down example

e Set up
» Our target variables are position y and velocity v

v

We take origin at the point where the ball leaves your hand

v

We take upward to be the positive direction

v

The initial position y, is zero, initial velocity v is +15.0 m/s,
and acceleration is a = —g = —9.8 m/s?



o

Identify and set up the up-down example

Set up

>

>

>

>

Our target variables are position y and velocity v

We take origin at the point where the ball leaves your hand
We take upward to be the positive direction

The initial position y, is zero, initial velocity v is +15.0 m/s,
and acceleration is a = —g = —9.8 m/s?

We note that the ball’s velocity is zero when it is at its
highest point
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Identify and set up the up-down example

e Set up
» We'll use the fourth and
second kinematic equation
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v = vy + al
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Identify and set up the up-down example

e Set up
» We'll use the fourth and
second kinematic equation

L 5
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» We sketch with labels



Identify and set up the up-down example

e Set up
» We’'ll use the fourth and
second kinematic equation

L 5
Y = Yo T Vol + 5at%,

v =1y + al
» We sketch with labels

The ball actually moves straight up and
then straight down; we show ... .
a U-shaped path for clarity. :

t=100s,v, =7 v ]

1= 0,05, = 15.0m/s

y = 2
y = 2
y = 5.00m
y=20
ay =g
= —9.80 m/s?
y = 2
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Brain break! @ 4%



> .
@ eeveesite

' "iii ”, _ e 1nstagram.com/eeveesite

Watch some @eeveesite reels &


https://www.instagram.com/p/DMLJIY-Ogbb
https://www.instagram.com/p/DMLJIY-Ogbb

Poke-pets

Watch some @eeveesite reels &

> .
U eeveesite

' "('('qj ”, ; e 1nstagram.com/eeveesite
i

Yes, that’s it. No physics, just
watch and relax!



https://www.instagram.com/p/DMLJIY-Ogbb
https://www.instagram.com/p/DMLJIY-Ogbb

Poke-pets

Watch some @eeveesite reels “
ﬁ"" : e 1nstagram.com/eeveesite

> .
@ eeveesite

“

:«'('41 |

Yes, that’s it. No physics, just
watch and relax!

Nah, just kidding. (But also
real, pls watch the reels. Reel

-

and relax.) &



https://www.instagram.com/p/DMLJIY-Ogbb
https://www.instagram.com/p/DMLJIY-Ogbb

Book vs paper

Drop a sheet of paper and a
book, side by side. Which falls
taster?

Now, place the paper below the
book then drop. What happens?

Finally, place the paper on top
of the book then drop them.
What happens?

_®_
X%




o

Book vs paper

It’s actually quite simple. The book “plows through the air”
leaving an air resistance-free path for the paper to follow!



Graphical analysis ./



o
Slopes and general relationships

e A graph, like a picture, is

— 1.0 |-
—
worth a thousand words . E 08t
. =
e« Not only they contain g 06
numerical info, they also 2 04r
. . s 0.2
show relationships between = | | |
physical quantities 0 025 050 075  1.00

Time (s)



o
Slopes and general relationships

e Graphs have perpendicular 3
axes: horizontal and vertical p y=mxto

e Horizontal axis is usually an H
independent variable, and =~ Mtereept Ay
vertical a dependent var. \'—b\ un  Ax
» If we call hor axis the z- .

axis and ver the y-axis, a
straight-line graph has
general form y = mx + b



4
Slopes and general relationships

Example.

(a) A race car moves in the x-direction (b) The x-t graph
with constant acceleration.

X
| x
U, = Uy, T at
E @ Y S Slope = v,
x M
During time interval 7, | . | Constant x-acceleration:
....... the x-velocity changes =z ™" : x-t graph is a parabola.
. by v, — vy, = a,t A —
¥ : | =
Vo, — Slope = v,
| Xg-————————————— Xopf ————— -
/ I
— : t
0 0 t
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Slopes and general

Example.

(a)

Police officer: initially at rest,

( scnooq constant x-acceleration
CROSSING

x (m) x-f graphs cross. 3

relationships

The police officer and motorist
meet at the time 7 where their

160 - ."'4
|
120 - ‘
. . Motorist ‘
Motorist: constant x-velocity \
80 }
ap, = 3.0 m/s’ Upor = 15 my/s 40 b ‘
; M Officer |
! ! 1 ! !
O 2 4 6 8 10 12
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Slopes and general relationships

Example.

The police officer and motorist
meet at the time ¢ where their
x (m) x-f graphs cross. 3

(a) 6o "',
|
Police officer: initially at rest, 120 . }
. . . Motorist

( scnom.w constant x-acceleration Motorist: constant x-velocity 30 }
\
ap, = 3.0 m/s? Unoe = 15 m/s 40 L }
—_— Officer |

I 1 X ! ! 1 ! L £ (s)

o XM o 2 4 6 8 10 12

(a) (b) © (d What do you think is the

U, Uy Uy Uy

- s v/ corresponding v-t graph?

Motorist
\

|
1
/ . / 1 ~ !
. Officer ! Offi ' Officer /"
Officer L i(s) i) icer L i(s) Ui (s) P

o 10 0 10 o 10 o 10
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Slopes and general relationships

Example.

The police officer and motorist
meet at the time ¢ where their
x (m) x-f graphs cross. 3

(@) 60F o
Police officer: initially at rest, 120 - .
. . . Motorist
(scmmw constant x-acceleration Motorist: constant x-velocity
CROSSING 80

Umor = 15m/s 40
——
L x

Officer
lO M O 2 lll é) é 10 ll2 1)
(a) (b) (© (d) What do you think is the
- wouns /[ e /. corresponding v-t graph?
one g 2 o | e 1 L0 e It’s B
o 10 0 10 o 10 o 10




o
Position vs time graph (for a = 0, v is constant)

e Time is usually an \
independent variable that .
other quantities depend upon

e Observe that z = zy + vt is
analogous to y = mx + b

o
S
=
S

1600 -
1200

800 -
525 |z

Position, x (m)

e Here, slope is average
velocity v




o
Position vs time graph (for a = 0, v is constant)

Example. Find the average
velocity of the jet whose
position is graphed here.

2400 -

b
=
o
o

1600 -
1200 -

800 -
223

Position, x (m)




o
Position vs time graph (for a = 0, v is constant)

) Example. Find the average
velocity of the jet whose
position is graphed here.

525 {oore e Choose 2 points on the line:
_/\joz T T T T T (6.4 s, 2000 m), (.5 s, 525 m)

Y



o
Position vs time graph (for a = 0, v is constant)

) _ Example. Find the average
velocity of the jet whose
position is graphed here.

e Choose 2 points on the line:
(6.4 s, 2000 m), (.5 s, 525 m)

Az __ (2000-525) m m
At —  (6.4—0.50) s 250?

Y

°
S|



o
Position vs time graph (for a = 0, v is constant)

) _ Example. Find the average
] velocity of the jet whose
position is graphed here.

e Choose 2 points on the line:
(6.4 s, 2000 m), (.5 s, 525 m)

— Az _ (2000-525) m _ ornm
* U= Rx7 = pasos s — 2905

Y

e This is large, much greater
than typical road speed limit



o
Graphs of motion (for constant a but a # 0)

e The z-t graph is a curve e
3500
rather than a straight line 3000
& 2500 Slope = v
o Slope becomes steeper as * 200 e
time evolves, showing v £ Dol
e 1000 1
1ncreases over time 001 e
. . 01 Ap : :
- 0 10 20 30 40
e Slope at any point on z-t is .
instantaneous v at that point

0
(=]
»
o
Lo -
2
n
(m/s?)

e Slope of v-t is acceleration

Velocity, v (m/s)
®
3
=]

Acceleration, 2

6
5
4
g 3
2
1
0

0 10 20 30 40 0 1‘0 2‘0 3‘0 40
Time, # (s) Time, # (s)




o
Graphs of motion (for constant a but a # 0)

Example. Find the velocity of

t (s)| x (m)
g ggg jet at t = 25 s by finding slope.
10 600
15 988 Y
20 1500
25 2138
30 2900

OT——T1T 7T T T 1T 71T 17T 71T =

0 5 1015 20 25 30
Time, t (s)



o
Graphs of motion (for constant a but a # 0)

Example. Find the velocity of

t (s)| x (m)
g ggg jet at t = 25 s by finding slope.
10 | 600 . ,
15 | 988 e Find tangent line at t = 25 s
20 1500
25 2138
30 2900 'Y
0 T N

0 5 1015 20 25 30
Time, t (s)



o
Graphs of motion (for constant a but a # 0)

Example. Find the velocity of

1 t (s)| x (m)
o | 200 jet at t = 25 s by finding slope.
10 600
15 | 988 e Find tangent line at t = 25 s
20 | 1500
25 | 2138
; 30 | 2900 e Pick 2 endpoints of tangent:
0 51015202530 (19 s, 1300 m),(32 s, 3120 m)

Time, t (s)



o
Graphs of motion (for constant a but a # 0)

Example. Find the velocity of

1 t (s)| x (m)
o | 200 jet at t = 25 s by finding slope.
10 600
15 | 988 e Find tangent line at t = 25 s
20 | 1500
25 | 2138
; 30 | 2900 e Pick 2 endpoints of tangent:
0 51015202530 (19 s, 1300 m),(32 s, 3120 m)

Time, t (s)

_ Az _ (3120-1300)m _ 1 ,0m
* V=Ar T ey s — 14075



e

Graphs of motion (for non-constant a)

e Same ideas as previous slide
(constant a # 0)

e Slope of v-t is acceleration

e But v-t graph is a curve
rather than a straight line

e Slope becoming steeper as
time evolves shows a
increasing over time

260

250
~ 240
L
F 2301
< 220

S 210

'S 200 A
< 1904
180 A
170 4
160 +

Acceleration, a (m/s2)

Jet Car Velocity

At

Av

10

20

30

40
Time, 7 (s)

50

Jet Car Acceleration

60

70

80

10

20

30

40
Time, 7 (s)

50

60

70

80
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Graphs of motion (for non-constant a)

Je Car Velociy Ezxzample. Find the accel. of jet

260
250 T .
—~ 240 - p—
520 " at t = 25 s by finding slope.
< 220
& 210
'S 200 4
o 190 1
180 A
170 4
160 T T T T T T .
0 10 20 30 40 50 60 70 80
Time, 7 (s)

Az

Jet Car Acceleration

Acceleration, a (m/s2)

0 1l0 Zb 3I0 4I0 5'0 6 0 7IO 80
Time, # (s)
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Graphs of motion (for non-constant a)

Jet Car Velocity

260

250 4

—~ 240
d

E 230 4

=

s 210

= 200 4 Ar

o 190 1
180 A

170 A

160 : T L T T T T T

0 10 20 30 40 50 60 70 80
Time, 7 (s)

Jet Car Acceleration

Acceleration, a (m/s2)

0 1l0 Zb 36 4I0 5.0 6 0 7I0 80
Time, # (s)

Example. Find the accel. of jet
at t = 25 s by finding slope.

e Find tangent line at t =25 s



i

Graphs of motion (for non-constant a)

—~
~

~
=

-

‘g 200 4

—

Acceleration, a (m/s2)

Jet Car Velocity
260
250 4
240
230 A
220
210

Az

190 -

180 4

170

160 + T T T T T T T

0 10 20 30 40 50 60 70 80
Time, 7 (s)

Jet Car Acceleration

0 llO Zb 36 4I0 SIO 60 70 80
Time, # (s)

Example. Find the accel. of jet
at t = 25 s by finding slope.

e Find tangent line at t =25 s
e Pick 2 endpoints of tangent:

(1.0s, 210 ), (51 s, 260 )



e

Graphs of motion (for non-constant a)

Jet Car Velocity
260
250
~ 2401 |
F 230 =
= 228 ]
£ 21 ;
.g 200 Az
;') 190 -
180 4
170 -
160 + T T T T T T T
0 10 20 30 40 50 60 70 80
Time, 7 (s)
Jet Car Acceleration
6
5 5
g 4
Q
£ ]
g 24
g
T
< 07
el

0 llO Zb 36 4I0 SIO 6'0 7I0 80
Time, # (s)

Example. Find the accel. of jet

at t = 25 s by finding slope.

e Find tangent line at t =25 s

e Pick 2 endpoints of tangent:

(1.0s, 210 =), (51 s, 260
_ Av _ (260—210) m/s __
* 0= X T it s L

m
S

.0

ml\:’l E N——



Questions? ~:



Checkpoint. If the kinematic equation
v = v, + at is analogous to the equation
of line y = mx + b, what are the

corresponding variables? “\
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Checkpoint. If the kinematic equation
v = v, + at is analogous to the equation
of line y = mx + b, what are the

corresponding variables? “\

v 1s dep var y, v, 1s intercept b,
a is slope m,



Checkpoint. If the kinematic equation
v = v, + at is analogous to the equation
of line y = mx + b, what are the

corresponding variables? “\

v 1s dep var y, v, 1s intercept b,
a is slope m, t is indep var x



Some notes

You can play around with z-t, v-t and a-t on PhET (click here)


https://phet.colorado.edu/sims/html/calculus-grapher/latest/calculus-grapher_all.html

Quiz time (7



Sailing through graphs g &

The graph of velocity vs. time
of a ship coming into a harbor is
shown below. (a) Describe the
motion of the ship based on the
graph. (b) What would a graph
of the ship’s acceleration look
like?
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