King Saud University

Ch.2: Motion in One Dimension

Physics 103: Classical Mechanics

Dr. Abdulaziz Algasem

Physics and Astronomy Department
King Saud University

2025

Ref. Serway, R. A., & Jewett, J. W. (2003). Physics for Scientists and Engineers (6th ed.) Version 1



Outline

1. Motion ..., 4
1.1 Three Types of Motion ......... 5
1.2 Translational Motion ........... 6
1.3 Position .................oooeenen. 7
1.4 Displacement and Distance ..... 9
1.5 Average Velocity ............... 11
1.6 Average Speed ................. 12

. Instantaneous Velocity and Speed .13
2.1 Definitions ..................... 14
2.2 Examples....................... 15

. Acceleration ....................... 23
3.1 What is acceleration? .......... 24

Dr. Abdulaziz Algasem

3.2 Average and Instantaneous
Acceleration ................... 25
3.3 Examples....................... 26

. One-Dimensional Motion with

Constant Acceleration ............. 32
4.1 Why Constant Acceleration? . 33
4.2 Deriving the Equations of

Motion ...........ooooiiiiint. 34

4.3 Four Steps to Solve Problems . 39
44 Examples....................... 40

. Freely Falling Objects ............. 51
5.1 Whatis FreeFall? .............. 52

Ch.2: Motion in One Dimension



<o ol 1
T

Outline otz (B

King Saud University

5.2 Examples....................... 54
5.3 Suggested Problems ........... 67

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



(':1_0_014

. o
ags2udlloll e
1 ° MO tlo n. King Saud University L)

2. Instantaneous Velocity and Speed

3. Acceleration

4. One-Dimensional Motion with Constant Acceleration

5. Freely Falling Objects



1.1 Three Types of Motion i) |

King Saud University

- Motion represents a continuous change in the position of an object.

1. Translational Motion: Movement in a straight line.
« Example: A car moving down a highway.

2. Rotational Motion: Movement around an axis.
- Example: the Earth’s spin on its axis.

3. Oscillatory Motion: Back-and-forth movement.
- Example: movement of a pendulum.

Dr. Abdulaziz Algasem
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1.2 Translational Motion ag2mcloll (B
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o In this and the next few chapters, we are concerned only with translational motion.

o In our study of translational motion, we use what is called the particle model, which
describes the moving object as a particle (point mass) regardless of its size.

 Typically, motion takes place in a 3-D space, but we can simplify our analysis by
considering motion in a 1-D or 2-D.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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1.3 Position agamlloll (£
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« A particle’s position is the location of the particle with respect to a chosen reference
point that we can consider to be the origin of a coordinate system.

« For a racing car, the origin could be the starting line of the race.

« The choice of the origin is arbitrary (Typically what makes the analysis easier), but
once it is chosen, it must be used consistently.

« The motion of a particle is completely known if the particle’s position (z) in space
is known at all times (%).

- Example: the figure below shows the position of a car moving along a straight road
to the right, then to the left:
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1.3 Position
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1. Take snapshots of the

motion every At = 10 s,
and label them (A) to (F).
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1.4 Displacement and Distance i
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Displacement: is the change in posi- Examples:

tion, which can be positive or negative: Ay =2p—74=52—30=22m
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1.4 Displacement and Distance i &
x (m)
60
40
®
| | | | | | ] ] 20
—60 —50 —40 —-30 —20 —10 O 10
0
® ® ©
o o "o L 0 . —20
—gO —EO —;O —gO —;O —30 8 JO 50 Sb ;O 55 éox(ﬂﬂ —40

—60
0 10 20 30 40 50

Distance: is the total path length trav- Examples:

eled by an object, regardless of direction: dop = Tp — 74 = 52— 30 =22 m

d > |Ax|. dyp = dag +dgp =22+ 52+ 53 =127 m
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1.5 Average Velocity ey &
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Average Velocity: The displacement Examples:
traveled within a time interval:

_ 22 m
) Az 7, Vg = 05 = 2.2 m/s
v, = — = —— = Slope of z(t). B
At tp—t, Upp = —83m / 50 s =—1.66 m/s
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1.6 Average Speed e,
®
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Average Speed: The total distance trav- Examples:
eled within a time interval:

_ 22 m
g .- SAB = 10 =22m/s
s=— >
At — Sap =127 m / 50 s =2.54 m/s
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2.1 Definitions

 Instantaneous Velocity: The velocity of an object
at a specific moment in time, or the limit of the av-

erage velocity as the time interval approaches zero:
\ I

Ax dr \80 100 120 /
v= lim — = —. \ /’
At—0 At dt y
~ 40
- Instantaneous Speed is the magnitude of the in- - 20

stantaneous velocity: s = |v|.

|4| kmh

« The slope of the position-time graph x(t) at a spe-
cific point gives the instantaneous velocity at that
point.
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2.2 Examples et

Consider the following one-dimensional motions: (A) A ball thrown directly
upward rises to a highest point and falls back into the thrower’s hand. (B) A race
car starts from rest and speeds up to 100 m/s. (C) A spacecraft drifts through
space at constant velocity. Are there any points in the motion of these objects
at which the instantaneous velocity has the same value as the average velocity
over the entire motion? If so, identify the point(s).
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2.2 Examples et

Solution 2.1

(A) The average velocity for the thrown ball is zero because the ball returns to
the starting point; thus its displacement is zero. There is one point at which the
instantaneous velocity is zero—at the top of the motion.

(B) The car’s average velocity cannot be evaluated with the information given,
but it must be some value between 0 and 100 m/s. Because the car will have
every instantaneous velocity between 0 and 100 m/s at some time during the
interval, there must be some instant at which the instantaneous velocity is equal
to the average velocity:.

(C) Because the spacecraft’s instantaneous velocity is constant, its instantaneous
velocity at any time and its average velocity over any time interval are the same.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Example 2.2
x(m)

A particle moves along the x axis. Its position 1Y
varies with time according to the expression g
x(t) = —4t + 2t?, where z is in meters and

t is in seconds. The position-time graph for Slope =4 m/s
this motion is shown. Note that the particle 4

moves in the negative x direction for the first L
second of motion, is momentarily at rest at ® ©
the moment £ = 1 s, and moves in the posi- . W (s)
tive x direction at times ¢ > 1 s. 9
—4
0 1 2 3 4
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(A) Determine the displacement of the particle in the time intervals:
ty=0s—tg=1s)and(tg=1s—tp =3 5).

Solution 2.2

« For the first interval,
Az, ,p=x(1) —2(0) = (—4(1) +2(1)%) — (—4(0) +2(0)?)
= —4+2=—2m.

« For the second interval,

Azg .p=x(3) —z(1) = (—4(3) + 2(3)?) — (—4(1) + 2(1)?) = +8 m.

 These displacements can also be read directly from the position-time graph.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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(B) Calculate the average velocity during these two time intervals.

Solution 2.2

 The average velocity during the first interval is given by:
_ Az, g —2m
VA= At, .z 1s—0s

« The average velocity during the second interval is given by:
_ _Azg.p 8m
YB+D = At .p  3s—1s

= —2 m/s.

=4 m/s.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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 These values are the same as the slopes of the lines joining these points in the
shown figure.

x(m)

10

8

6

Slope =4 m/s
4
Slope = -2 m/s

2 / -

O M N
2
4

0 1 2 3 4
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(C) Find the instantaneous velocity of the particle at t = 2.5 s.

Solution 2.2

o The instantaneous velocity is the derivative of the position function z(¢) with
respect to time:

d d
v(t) = Ew(t) = E(—élt + 2t%) = —4 + 4t.

 Evaluating this at t = 2.5 s gives:
v(2.5) = —44+4(2.5) = —4+4+10 =6 m/s.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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- The instantaneous velocity is the slope of the tangent line to the position-time
graph at t = 2.5s (see the graph above).

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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3.1 What is acceleration?

v = const L . — — —
Av =0 D iy s FEp G &
VXt
Av > 0
a>0 el
vox 1/t {) — = | o >
Av < 0 ‘el Flle (elleiellelel
a <0 e <l - < e
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3.2 Average and Instantaneous Acceleration S
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« Acceleration: The rate of

change of velocity with respect
to time.

« Average Acceleration:

Av Vg f — Vg
a, = z _ “@f @t = > — —

At oty —t,

« Instantaneous Acceleration:

’ Av, dv, d°x
= lim = —= = —.
Yo T b0 At dt | de?

« Unit: L/T? (m/s?)

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Example 3.3

The position of an object moving along the x axis varies with time as shown in
the Figure. Graph the velocity versus time and the acceleration versus time for
the object.

l® le lo l® le l@®
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3.3 Examples et

Solution 3.3

« Betweent = 0 andt =t 4, the slope
of the x-t graph increases uniformly,
and so the velocity increases lin-
early.

- Between t 4 and t 5, the slope of the
x-t graph is constant, and so the ve-
locity remains constant.

« Between tz and ty, the slope of
the x-t graph decreases, and so the
velocity decreases linearly.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Solution 3.3

« At tp, the slope of the x-t graph is
zero, so the velocity is zero at that
instant.

- Between ¢t and t 5, the slope of the
x-t graph is negative, and so the ve-
locity decreases linearly.

« At tp, the slope of the x-t graph is
zero again, so the velocity is zero.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Solution 3.3

« The acceleration is constant and pos-
itive between 0 and t ,, where the
slope of the v_-t graph is positive.

e It is zero between t 4, and ¢ 5 and for
t > t because the slope of the v_-t
graph is zero at these times.

« It is negative between t 5 and ¢t be-
cause the slope of the v -t graph is
negative during this interval.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



3.3 Examples

The velocity of a particle moving along the x axis varies in time according to the
expression v, = (40 — 5t?) m/s, where ¢ is in seconds.
(A) Find the average acceleration in the time interval (t = 0 — 2.0 s).

Solution 3.4

The average acceleration is given by:
CAv, v (t=2)—v,(t=0)

%= Ar 20
(40 —5(2)?) — (40 —5(0)%) _ 20 — 40

2—0 2

= —10 m/s?.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



i:i_o_nl;

3.3 Examples omniio (B

Example 3.4

(B) Determine the acceleration at t = 2 s.

Solution 3.4

« The instantaneous acceleration is given by the derivative of the velocity
function:

dv d
2 = — 4 —_ 2 = —]_ .
a, T dt( 0 — 5¢t°) Ot

 Evaluating this att = 2 s gives:
a,(t=2)=—-10(2) = —20 m/s?.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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 In many real-world situations, objects expe-
rience constant acceleration.

o It simplifies the analysis of motion and al-
lows us to develop very useful equations of
motion.

- Examples of constant acceleration include:
» Objects in free fall near the Earth’s surface
(neglecting air resistance).

» Vehicles accelerating uniformly from rest.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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4.2 Deriving the Equations of Motion o] ..
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« The equations of motion describe the relationship between an object’s position,
velocity, acceleration, and time.

X U, a,
Slope = v,
Slope = 0
|
| |
X4 : I @y
~ |Slope = v, : : Uxi l l
: t : t t
0 t 0 t 0

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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4.2 Deriving the Equations of Motion o] ..
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 From the definition of average acceleration and having constant acceleration, we

can write:
Vo r — Uy
a, = Q, = 2l * = constant
typ—0
Solving for v, ¢, we get:
vxf = Uy + a’wt (1)

- Since the average velocity in a constant acceleration is:

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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4.2 Deriving the Equations of Motion sl
_ va:f + Uri
v, = 5

 Equating this expression with the definition of average velocity, v, = ﬁ—f, gives:

vwf—l—fvm Ty

2 t; —t,

» Solving for x ; and substituting (¢, = 0;¢ = t;), gives:

1

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



4.2 Deriving the Equations of Motion

« Using Eq (1) to eliminate v, ¢ in Eq (2), we get:

1

- By simplifying the expression, we get:

1
Tp=2x; +U,t+ §a$t2 (3)

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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o It is useful to eliminate time from the equations of motion, to do so, we substitute

Eq (1) into Eq (2):

xp=a; + 5(’Uxf + v, [%f

1 — v

Ay

- Simplifying the expression, we get:

Dr. Abdulaziz Algasem
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F= vfn- + Zax(xf —:137;)
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4.3 Four Steps to Solve Problems

1. Identity the known quantities.

Equations of Motion at Constant Acceleration

2. Convert to SI units, if needed.

3. Identify the relevant equations.

4. Solve for the asked unknowns.

U:Ef = Wyps + awt (1)
T :xi—l—%(vxf—l—vm)t (2)
Ty =x; +v,t+ %amt2 (3)
vif = 713237; + 2a,, (wf — :cz) (4)
Quantity X, Tp | Upi | Uy a, t

Equations | 2,34

2,34 | all | 1,24 | 1,34 | 1,2,3

Dr. Abdulaziz Algasem
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4.4 Examples omniio (B

Example 4.5

(A) Estimate your average acceleration as you drive up the entrance ramp to an
interstate highway.

« Assume your final velocity is 30 m/s (about 100 km/h)

 Assume your initial velocity is 10 m/s.

 Assume that it takes 10 seconds to reach the final velocity.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Solution 4.5

Quantity | z; | zy (% Vg f a, t
Value |Om | - |10m/s | 30m/s | ? | 10s
 The average acceleration is given by Eq (1):
_ (V) f V,; 30 — 10
a, = a, = = ; mz:]-—():Zm/S2.

Ch.2: Motion in One Dimension
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(B) How far did you go during the first half of the time interval during which
you accelerated?

Solution 4.5

1 I xT

Quantity | z;, | 7, Vs Uy a t/2

Value ([Om | ? | 10m/s | 30m/s | 2m/s? | 5 s

Eq (3):

Ty =x; + vt + sat?
=0+ (10)(5) + (2)(5%) = 50 + 25 = 75 m.

Dr. Abdulaziz Algasem
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A jet lands on an aircraft carrier at 63 m/s. (A) What is its acceleration (assumed
constant) if it stops in 2 s, due to an arresting cable that brings it to a stop?

Solution 4.6

Quantity

Value

- | 63m/s | Om/s | ? | 25

Using Eq (1):

Dr. Abdulaziz Algasem
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(B) If the plane touches down at position x, = 0, what is the final position of
the plane?

Solution 4.6

Quantity | =, | =g v

1

1 U:Ef Ay ¢

Value | Om | ? [ 63m/s | O0m/s | —31.5m/s? | 2s

Using Eq (2), (3) or (4) is possible, and all of them give the same result:

1 1
Eq (2): z;=ux; + 5(%7; + )t =0+ 5(63 +0)(2.0) = 63 m.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



i:i_o_nl;

4.4 Examples omniio (B

Example 4.6

(C) Suppose the landing space has a length of 75 m. what is the maximum initial
speed at which the plane can land and still stop within the landing space?

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Solution 4.6

Il T

Quantity | z, Ty | Vgy Vg f a

Value |Om | 75m | ? | Om/s | —31.5m/s? | -

- Since ? is unknown, we can only use Eq (4) and solve for v, :
vgf = fuii + 2am(xf — a:z)

= V,; = :I:\/vif — Qam(a:f —:1:7;)

= +1/0—2(—31.5)(75—0)
= + 68.7 m/s.

 The negative root is not physically meaningful in this context; therefore, we
discard it.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Example 4.7

A car traveling at a constant speed of 45 m/s passes a trooper (4> b &) hidden
behind a billboard (=Ldle| 2~41). One second after the speeding car passes the
billboard, the trooper sets out from the billboard to catch it, accelerating at a
constant rate of 3 m/s?. How long does it take him to overtake the car?

King Saud University

t@z—l.OOS tZO t©=?
® ©
AT =

V &
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4.4 Examples Rt
Solution 4.7

Car T, | Ty Vs (U a L ts

Value |72, |2, | 45m/s | 45m/s | 0m/s? | —1s | .

Trooper | z, | z; (O Vg f a t; by

Value |z, | 2z | Om/s - 3m/s? | 0s | to

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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« Using Eq (3) for both the car and the trooper, we find the position of each
object as a function of time:
» The trooper starts from rest, so his position is given by:

1 1
Tirooper = T + Vgt + §at2 =0+ (0)t + 5(3):52 = 1.5¢2.

» The car is moving at constant speed, so its position is given by:
Tear = T4 + Vyoar(tp —t;) =0+ 45(t — (—1)) = 45(¢t + 1).

- Finally, we set positions equal to each other to find the time ¢, when the
trooper overtakes the car:

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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=y =

Lo = wtrooper (tC) = Lear (tC)
1.5 t2, = 45 + 45 t,
= 15t5 — 45t —45=0

» Applying the quadratic formula to find ¢:

45 + +/(45)2 — 4(1.5)(—45)

2(1.5)

=t. = +31s (ignore the negative solution)

Dr. Abdulaziz Algasem
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5.1 What is Free Fall? o 110 (€4
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o Free fall is the motion of an object under the influence of gravitational force only.

- Gravity causes all freely falling objects to accelerate downward at a constant rate,
typically denoted as g ~ 9.81 m/s? near the surface of the Earth.

- This means that the object’s velocity increases linearly with time, and its position
changes quadratically with time, according the equations of motion.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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5.1 What is Free Fall? el
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After a ball is thrown upward and is in the air, its speed:
(a) increases (b) decreases (c) increases and then decreases (d) decreases and then
increases (e) remains the same?

Answer

The speed of the ball decreases as it rises, reaches a maximum at the top of its
trajectory, and then increases as it falls back down. Therefore, the correct answer
is (d) decreases and then increases.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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A sky diver jumps out of a hovering helicopter. A few seconds later, another
sky diver jumps out, and they both fall along the same vertical line. Ignore air
resistance, so that both sky divers fall with the same acceleration. Does the
difference in their speeds stay the same throughout the fall? Does the vertical
distance between them stay the same throughout the fall?

Solution 5.8

 Speed:
» From Eq(1) and assuming the initial speed is zero, we have:
v(t) =v; +at =0+ (—g)t = —gt

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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» The difference in their speeds is given by:
Ug(ty) —v1(ty) = —gty — (—gt;) = —g(ty — ty).

» Since g and (¢, — t,) are constant numbers, the difference in their speeds
will be constant throughout the fall.

« Distance:
» From Eq(3) and assuming the initial position and velocity are zero, we have:
1 - 1 1 5
y(t) =yi+vit—|—§at =O—|—O—§gt =—§gt .

» The difference in their positions is given by:

a(t) — 31 (01) = —50(83 — ) = —alty — 1)ty + 1),

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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» Notice that t, — t; is always constant, however, t; + , is not.

» Therefore, the vertical distance between the two sky divers will increase

throughout the fall.

A ball is thrown straight up with an initial speed of 25 m/s. Estimate its velocity
at one second intervals.

Solution 5.9

« Givens:

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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> v, =25 m/s
> a, ~ —10 m/s”
»t=1,2,3,... s
 Let’s choose the upward direction as positive.
o Therefore, every second, the velocity decreases by 10 m/s.

« The velocity for the first four seconds can be found from Eq (1), as:
»t=1s:v,=25—10(1) =15 m/s

s t=2s5:v, =25—10(2) = 5 m/s
» t=3s:v, =25—10(3) = =5 m/s

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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5.2 Examples omniio (B

»t=4s:v,=25—-10(4) = —15m/s

 The negative sign indicates that the ball is moving downward at this time.

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension
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Example 5.10

A tennis ball is dropped from shoulder height (about 1.5 m) and bounces three
times before it is caught. Sketch graphs of its position, velocity, and acceleration
as functions of time, with the +y direction defined as upward.

i
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Solution 5.10
s g ic io r
i v,(m/s) 4
: 0 \ . 1(5)
4
0 > 1(s)
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ay(m/SQ) —4

—12

> 1(s)
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i
A stone thrown from the top of a building A @
is given an initial velocity of 20 m/s straight =
upward. The building is 50 m high, and the 2209”8@%@ E©jgf3°8
stone just misses the edge of the roof on its ) e
way down, as shown. Using t , = 0 as the time '
the stone leaves the thrower’s hand at position
Y 4, determine (A) the time at which the stone
reaches its maximum height, (B) the maximum = @)Sr’gggm/
height, (C) the time at which the stone returns .
to the height from which it was thrown, (D) the
velocity of the stone at this instant, and (E) the -
velocity and position of the stone at ¢ = 5s. | @”Eg‘%ﬁﬁ;
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Solution 5.11

- (A)

Quantity Y, Yy Vs Uy, f a, t; by

Value |y, =0m |y |20m/s |Om/s | —g | t, =0 | tg =7

Maximum height means v, ; = v, g = 0. The time to reach this point is given by

Eq (1):
Uy = Vy; T ayt = vyp=10,4+a,lp

vp — 0 — 20
Stp=—b YA _904s.

a, —9.8
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e (B) The maximum height can be found from Eq (3) using ¢ 5:
Ynmax = YB = Ya T UyA tB + §a’ytZB
1
=0+ 20(2.04) + 5(—9.8)(2.04)2 = 20.4 m .

« (C) Ignoring the air resistance, there is a clear symmetry in the motion. The
time taken to reach the maximum height is equal to the time taken to return
to the original height. Therefore, the time at which the stone returns to the
height from which it was thrown is given by:

to =2tg = 2(2.04) = 4.08 s.
Alternatively, we can find ¢, by determining when the stone reaches the
height y~ = 0 m. In this case, we can use Eq (3):

Dr. Abdulaziz Algasem Ch.2: Motion in One Dimension



5.2 Examples

Yo = Ya T Vyatc + 5%1%

1 2
0=0+20t, + 5(—9.8):50
= (t, =0s8) or (to=4.085).

« (D) Since the motion is symmetrical, the velocity at this point will be equal in
magnitude but opposite in direction to the initial velocity:

Vo = —Uyx = —20 m/s.

Alternatively, we can find v~ by using the equation:
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and (3):
» Velocity:

» Position:

2°Y

1 1
Yp = Ya + v, atp + sa t2 =0+ 20(5) + 5(—9.8)(5)2

Vo = V4 + a,tc =20 —9.8(4.08) = —20 m/s.
« (E) To find the velocity and position of the stone at ¢t = 5s, we can use Eq (1)

Vp = Uya +a,tp =20—9.8(5) = —29 m/s.

= —22.5 m.
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5.3 Suggested Problems

4,5, 11, 15, 16, 20, 21, 22, 23, 25, 27, 28, 29, 32, 33, 40, 42, 43, 46, 48, 51, 52
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