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Engineering Mechanics: Dynamics
C. Hibbeler, 12th Edition, Prentice Hall, 2010

Text books
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…and probably some more…



You revise some maths (i.e. trigonometric identities, derivatives
and integrals)
… and some STATICS…

Text books
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UNITS, Vector addition, FBD

(Hibbeler Statics: Ch. 1,2 and 5) 
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Objectives

Today’s
Class

Agenda
Introduction

Problem solving procedure

4 Rectilinear kinematics: Continuous motion

How to analyze problems,

5 Rectilinear kinematics: Erratic motion (Self Study) 
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Part 1
Objectives
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o Concepts such as position, displacement, velocity and acceleration are introduced
o Study the motion of particles along a straight line. Graphical representation
o Investigation of a particle motion along a curved path. Use of different coordinate

systems
o Analysis of dependent motion of two particles
o Principles of relative motion of two particles. Use of translating axis

Objectives
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Part 2
Problem solving procedure
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1. Read the problem carefully (and read it again)

2. Physical situation and theory link

3. Draw diagrams and tabulate problem data

4. Coordinate system!!!

5. Solve equations and be careful with units

6. Be critical. A mass of an aeroplane can not be 50 g

7. Read the problem carefully

Problem solving procedure
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Part 3
Introduction
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An Overview of Mechanics
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Statics: The study of bodies in 

equilibrium.

It is at rest/moves with constant 

velocity

Dynamics: Accelerated motion of a body

1.  Kinematics – concerned with the 

geometric aspects of motion

2.  Kinetics - concerned with the forces 

causing the motion  

Mechanics: The study of how bodies react to 

the forces acting on them.

Important contributors Galileo Galilei, Newton, Euler



An Overview of Dynamics
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Dynamics: Accelerated motion of a body

1. Kinematics – study of the geometry of motion.

Relates displacement, velocity, acceleration, and time without reference to the

cause of motion.

2. Kinetics - study of the relations existing between the forces acting on a body, the

mass of the body, and the motion of the body. Kinetics is used to predict the

motion caused by given forces or to determine the forces required to produce a

given motion.



Sections’ Objectives
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Students should be able to:

1. Find the kinematic quantities (position, displacement, velocity, and 

acceleration) of a particle traveling along a straight path (12.2)

2. Determine position, velocity, and acceleration of a particle using 

graphs (12.3)



The particle has a mass but negligible size and shape. Therefore we must limit
application to those objects that have dimensions that are of no consequence in
the analysis of the motion.

In most problems, we will be interested in bodies of finite size, such as rockets,
projectiles, or vehicles. Each of these objects can be considered as a particle, as long
as the motion is characterized by the motion of its mass center and any rotation of
the body is neglected.

The Particle
Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub



Rectilinear motion: position, velocity, and acceleration of a particle as it moves
along a straight line.
Curvilinear motion: position, velocity, and acceleration of a particle as it moves
along a curved line in two or three dimensions.

The Motion
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Part 4
Rectilinear kinematics: 

Continuous motion
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The Position
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• Position coordinate: defined by positive or

negative distance from a fixed origin on the line.

• Rectilinear motion: particle moving along a

straight line

• The motion of a particle is known if the position

coordinate for particle is known for every value of

time t.

• May be expressed in the form of a function, e.g.,

326 ttx −=

or in the form of a graph x vs. t.



Rectilinear kinematics: Continuous motion 
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A particle travels along a straight-line path defined by the

coordinate axis s

The POSITION of the particle at any instant, relative to

the origin, O, is defined by the position vector r, or the

scalar s.

Scalar s can be positive or negative. Typical units for r

and s are meters (m) or feet (ft).

The Displacement of the particle is defined as its change

in position.

Vector form:  r = r’ - rScalar form:  s = s’ - s

The total distance traveled by the particle, sT, is a positive scalar that represents the 

total length of the path over which the particle travels.



Velocity
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Velocity is a measure of the rate of change in the position of a particle. It is a vector quantity (it

has both magnitude and direction). The magnitude of the velocity is called speed, with units of

m/s or ft/s.

The average velocity of a particle during a time interval t 

is

vavg = r/t

The instantaneous velocity is the time-derivative of position.

v = dr/dt

Speed is the magnitude of velocity: v = ds/dt

Average speed is the total distance traveled divided by elapsed time: (vsp)avg = sT/  t



Average velocity vs. average speed
Copyright © 2020 by Mamon Horoub. All rights reserved.



Acceleration
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Acceleration
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Acceleration is the rate of change in the velocity of a particle.

It is a vector quantity.

Typical units are m/s2 or ft/s2.

The instantaneous acceleration is the time derivative 

of velocity.

Vector form: a = dv/dt

Scalar form: a = dv/dt = d2s/dt2

Acceleration can be positive (speed increasing) or negative 

(speed decreasing).

As the book indicates, the derivative equations for velocity and 

acceleration can be manipulated to get      a ds  = v dv



Acceleration (Constant Acc.)
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The three kinematic equations can be integrated for the special case when acceleration is

constant (a = ac) to obtain very useful equations. A common example of constant acceleration

is gravity; i.e., a body freely falling toward earth. In this case, ac = g = 9.81 m/s2 = 32.2 ft/s2

downward. These equations are:
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➢ Dynamics: Accelerated motion of bodies

➢ Kinematics: Geometry of motion

➢ Average speed and average velocity

➢ Rectilinear kinematics or straight-line motion

➢ Acceleration is negative when particle is slowing down

➢ a ds = v dv; relation of acceleration, velocity, displacement

Important Points
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Analyzing problems in dynamics
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Coordinate system

✓ Establish a position coordinate along the path and specify its fixed origin and
positive direction

✓ Motion is along a straight line and therefore s, v and α can be represented as
algebraic scalars

✓ Use an arrow alongside each kinematic equation in order to indicate positive
sense of each scalar

Kinematic equations

❖ If any two of α, v, s and t are related, then a third variable can be obtained using
one of the kinematic equations

❖ When performing integration, position and velocity must be known at a given
instant (…so the constants or limits can be evaluated)

❖ Some equations must be used only when a is constant



Problems
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Problems
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Problems
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Problems
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Problems
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Problems
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Problems
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Problems
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Problems
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Problems (Solve it at your home)
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Problems (Solve it at your home)
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Problems (Solve it at your home)
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Part 5
Rectilinear kinematics: Erratic motion

(Self Study)              
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Erratic (discontinuous) motion
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Graphing provides a good way to handle complex motions that would be difficult to

describe with formulas. Graphs also provide a visual description of motion and

reinforce the calculus concepts of differentiation and integration as used in dynamics

The approach builds on the facts that slope and differentiation are linked and that

integration can be thought of as finding the area under a curve



s-t graph                            construct v-t
Copyright © 2020 by Mamon Horoub. All rights reserved.

Plots of position vs. time can be used to find

velocity vs. time curves. Finding the slope of

the line tangent to the motion curve at any

point is the velocity at that point (or v = ds/dt)

Therefore, the v-t graph can be constructed by

finding the slope at various points along the s-t

graph

Also, the distance moved (displacement) of the

particle is the area under the v-t graph during

time t



s-t graph                            construct v-t
Copyright © 2020 by Mamon Horoub. All rights reserved.

Given the a-t curve, the change in 

velocity (v) during a time period is 

the area under the a-t curve.  

So we can construct a v-t graph from 

an a-t graph if we know the initial 

velocity of the particle



s-t graph                            construct v-t
Copyright © 2020 by Mamon Horoub. All rights reserved.

We begin with initial position S0 and add algebraically 

increments Δs determined from the v-t graph

Equations described by v-t graphs may be integrated in 

order to yield equations that describe segments of the 

s-t graph  



Please remember the link!!!
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Graphing

Handle complex motions

Visual description of motion

Differentiation and integration

Slope and area under curve



Explanation of Example 12.7
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Explanation of Example 12.7
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A couple of cases more…
Copyright © 2020 by Mamon Horoub. All rights reserved.

A couple of cases that are a bit 

more …COMPLEX… and 

therefore need more attention!!!



A more complex case is presented by the a-s graph. The area under the acceleration

versus position curve represents the change in velocity. (recall  a ds =  v dv )

This equation can be solved for v1, allowing you to solve for the velocity

at a point. By doing this repeatedly, you can create a plot of velocity

versus distance.

a-s graph                            construct v-s



Another complex case is presented by the

v-s graph. By reading the velocity v at a

point on the curve and multiplying it by the

slope of the curve (dv/ds) at this same

point, we can obtain the acceleration at that

point.

a = v (dv/ds)

Thus, we can obtain a plot of a vs. s from

the v-s curve.

v-s graph                            construct a-s



If a particle in rectilinear motion has zero speed at some

instant in time, is the acceleration necessarily zero at the same

instant ?

Please think about it



Given: The v-t graph shown

Find: The a-t graph,  average speed, and distance 

traveled for the 30 s  interval

❖ Find slopes of the curves and draw the

a-t graph.

❖ Find the area under the curve--that is

the distance traveled.

❖ Finally, calculate average speed (using

basic definitions!)

Hints:

Groups think about this problem please



Given: The v-t graph shown

Find: The a-t graph,  average speed, and distance traveled for the 30 s  interval

❖ Find slopes of the curves and draw the a-t graph.

❖ Find the area under the curve--that is the distance traveled.

❖ Finally, calculate average speed (using basic definitions!)

Hints:

Groups think about this problem please

1

8

a(ft/s²)

10 30
t(s)

For  0 ≤ t ≤ 10    a = dv/dt = 0.8 t  ft/s²             For  10 ≤ t ≤ 30      a = dv/dt = 1 ft/s²



Given: The v-t graph shown

Find: The a-t graph,  average speed, and distance traveled for the 30 s  interval

❖ Find slopes of the curves and draw the a-t graph.

❖ Find the area under the curve--that is the distance traveled.

❖ Finally, calculate average speed (using basic definitions!)

Hints:

Solution to the problem

1

8

a(ft/s²)

10 30
t(s)

For  0 ≤ t ≤ 10    a = dv/dt = 0.8 t  ft/s²             For  10 ≤ t ≤ 30      a = dv/dt = 1 ft/s²



Given: The v-t graph shown

Find: The a-t graph,  average speed, and distance traveled for the 30 s  interval

❖ Find slopes of the curves and draw the a-t graph.

❖ Find the area under the curve--that is the distance traveled.

❖ Finally, calculate average speed (using basic definitions!)

Hints:

Solution to the problem (Contd.)



Try at home please (I)



Try at home please (II)



Try at home please (I)
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3

Objectives

Introduction

Problem solving procedure

4 Rectilinear kinematics: Continuous motion

How to analyze problems,

Problems

5 Rectilinear kinematics: Erratic motion (Self Study) 
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Recap of the
Previous

Class
Agenda
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3

General curvilinear motion

Today’s
Class

Agenda
Motion of a projectile  (Self Study)

Curvilinear motion: Rectangular components
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Part 1
Objectives

Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub



Sections’ Objectives
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Students should be able to:

1. Describe the motion of a particle traveling along a curved path (12.4)

2. Relate kinematic quantities in terms of the rectangular components of 

the vectors (12.5)

3. Analyze the free-flight motion of a projectile (12.6, Self Study)



Curvilinear motion occurs when a particle moves along a curved path. Since this path is
often described in three dimensions, vector analysis will be used to formulate the
particle’s position, velocity, and acceleration.

Curvilinear motion 
Copyright © 2020 by Mamon Horoub. All rights reserved.
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Related applications
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The path of motion of each plane in this formation can be tracked

with radar and their x, y, and z coordinates (relative to a point on

earth) recorded as a function of time

How can we determine the velocity or  acceleration at any 

instant?

A roller coaster car travels down a fixed, helical path at a constant 

speed

If you are designing the track, why is it important to be able to

predict the acceleration of the car?



General curvilinear motion
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A particle moving along a curved path undergoes curvilinear motion. Since the motion is often 

three-dimensional, vectors are used to describe the motion

A particle moves along a curve defined by the path function, s

The position of the particle at any instant is designated by the vector

r = r(t). Both the magnitude and direction of r may vary with time

If the particle moves a distance s along the curve during time

interval t, the displacement is determined by vector

subtraction:  r = r’ - r



Velocity
Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub

Velocity represents the rate of change in the position of a particle

The average velocity of the particle during the time
increment t is

vavg = r/t 

The instantaneous velocity is the time-derivative of
position

v = dr/dt

The velocity vector, v, is always tangent to the path of
motion

The magnitude of v is called the speed. Since the arc length s approaches the magnitude of

r as t→0, the speed can be obtained by differentiating the path function (v = ds/dt). Note that

this is not a vector!



Acceleration
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Acceleration represents the rate of change in the velocity of a particle

If a particle’s velocity changes from v to v’ over a time increment t,

the average acceleration during that increment is:

aavg = v/t = (v - v’)/t

The instantaneous acceleration is the time-derivative of velocity:

a = dv/dt = d2r/dt2

A plot of the locus of points defined by the arrowhead of the velocity

vector is called a hodograph. The acceleration vector is tangent to the

hodograph, but not, in general, tangent to the path function.



Curvilinear motion: Rectangular components
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It is often convenient to describe the motion of a particle in terms of its x, y, z  or

rectangular components, relative to a fixed frame of reference

The position of the particle can be defined at

any instant by the position vector

r = x i + y j + z k

The x, y, z components may all be functions of 

time, i.e.,

x = x(t), y = y(t), and z = z(t)



Rectangular components: Velocity
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The velocity vector is the time derivative of the position vector:

v = dr/dt = d(xi)/dt + d(yj)/dt + d(zk)/dt

Since the unit vectors i, j, k are constant in magnitude and direction, this equation reduces to 

v = vx i + vy j + vz k

where; vx = dx/dt, vy = dy/dt, vz = dz/dt



Rectangular components: Acceleration
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The acceleration vector is the time derivative of the velocity vector (second derivative of the 

position vector):

a = dv/dt = d2r/dt2 = ax  i + ay j + az k

where    ax = dvx /dt,    ay = dvy /dt,     az =dvz /dt

The direction of a is usually not tangent to the path of the 

particle

The direction of a is defined by the unit vector: ua = (a /a)

The magnitude of the acceleration vector is



Important points and analysis
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Appendix C will help 

you with vectors

Curvilinear motion can cause 
changes in both magnitude and 
direction of the position, 
velocity and acceleration vectors

Velocity vector is always 

directed tangent to the path

In general the acceleration 
vector is not tangent to the 
path, but rather, to the 
hodograph

When using rectangular 
coordinates, the 
components along each of 
the axes do not change 
direction.

Only magnitude and 
algebraic sign will change

By considering the 
component motions, the 
direction of motion of the 
particle is automatically 
taken into account

Use rectangular 

coordinate system to 

solve problems

1. Kinematic equations used because rectilinear 
motion occurs along each coordinate axis

2. Magnitudes of motion for x, y, z vector 
components can be found using Pythagorean 
theorem



ProblemsCopyright © 2020 by Mamon Horoub. All rights reserved.
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Projectile motion (Self Study)Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub



Motion of a projectile
Projectile motion can be treated as two rectilinear motions, one in the horizontal direction experiencing

zero acceleration and the other in the vertical direction experiencing constant acceleration (i.e.,  gravity)

For illustration, consider the two balls on the left. The red ball falls

from rest, whereas the yellow ball is given a horizontal velocity.

Each picture in this sequence is taken after the same time interval.

Notice both balls are subjected to the same downward acceleration

since they remain at the same elevation at any instant. Also, note

that the horizontal distance between successive photos of the

yellow ball is constant since the velocity in the horizontal

direction is constant



Kinematic equations:  Horizontal &Vertical motion
Since ax = 0, the velocity in the horizontal direction

remains constant (vx = vox) and the position in the x

direction can be determined by:

x = xo + (vox)(t)

Since the positive y-axis is directed upward, ay = -g. Application of the constant acceleration equations 
yields:

vy = voy – g(t)

y = yo + (voy)(t) – ½g(t)2

vy
2 = voy

2 – 2g(y – yo)



Example

Solving the two equations together (two unknowns) yields

R = 19.0 m tAB = 2.48 s

Solution:

First, place the coordinate system at point A.  Then write the equation for horizontal motion.

+ xB = xA + vAxtAB and     vAx = 15 cos 40° m/s

Now write a vertical motion equation.  Use the distance equation.

+ yB = yA + vAytAB – 0.5gctAB
2 vAy = 15 sin 40° m/s

Note that xB = R, xA = 0, yB = -(3/4)R, and yA = 0.

Given: Snowmobile is going 15 m/s at point A.

Find: The horizontal distance it travels (R) and the time in the air.

A



Problems



Problems



Problems (Solve it at your home)
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General curvilinear motion

Motion of a projectile  (Self Study)

Curvilinear motion: Rectangular components
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1

2

Curvilinear Motion: Normal and Tangential
Components

Today’s
Class

Agenda Curvilinear Motion: Cylindrical Components
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Part 1
Objectives

Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub



Sections’ Objectives
Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub

Students should be able to:

1. Determine the normal and tangential components of velocity and

acceleration of a particle traveling along a curved path. (Sec 12.7)

2. Determine velocity and acceleration components using cylindrical

coordinates. (Sec 12.8)



When a particle moves along a curved path, it is sometimes convenient to describe its
motion using coordinates other than Cartesian. When the path of motion is known,
normal (n) and tangential (t) coordinates are often used

Normal and tangential components I
Copyright © 2020 by Mamon Horoub. All rights reserved.
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In the n-t coordinate system, the origin is located on the
particle (the origin moves with the particle)

The t-axis is tangent to the path (curve) at the instant considered, positive in the direction of the particle’s 

motion

The n-axis is perpendicular to the t-axis with the positive direction toward the center of curvature

of the curve



➢ The positive n and t directions are defined by the unit vectors un and ut,

respectively.

➢ The center of curvature, O’, always lies on the concave side of the curve.

➢ The radius of curvature, r, is defined as the perpendicular distance from the

curve to the center of curvature at that point.

➢ The position of the particle at any instant is defined by the distance, s, along

the curve from a fixed reference point.

Normal and tangential components II
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The velocity vector is always tangent to the path of motion (t-direction)

The magnitude is determined by taking the time derivative of the path function, 

s(t)

𝒗 = V ut where  V = ds/dt = ሶ𝑆

Here V defines the magnitude of the velocity (speed) and ut defines the 

direction of the velocity vector.

Velocity in the n-t coordinate system
Copyright © 2020 by Mamon Horoub. All rights reserved.
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Acceleration in the n-t coordinate system I
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Here v represents the change in the magnitude of velocity and ut represents the rate of change in 

the direction of ut.

.

.
a = vut + (v2/r)un = atut + anun

After mathematical manipulation, the acceleration vector can be expressed 

as:    

Acceleration is the time rate of change of velocity:

a = dv/dt = d(vut)/dt = vut + v ut

..



Acceleration in the n-t coordinate system II
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There are two components to the acceleration vector:

a = at ut + an un

The tangential component is tangent to the curve and in the direction of increasing or

decreasing velocity.

at = v     or     at ds = v dv

The normal or centripetal component is always directed toward the center of curvature

of the curve. an = v2/r

.

The magnitude of the acceleration vector is



Special cases of motion ICopyright © 2020 by Mamon Horoub. All rights reserved.
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There are some special cases of motion to consider

1) The particle moves along a straight line.

r =  =>     an = v2/r = 0     => a = at = v

The tangential component represents the time rate of change in the

magnitude of the velocity.

2) The particle moves along a curve at constant speed.

at = v = 0     =>     a = an = v2/r

The normal component represents the time rate of change in the

direction of the velocity.

.

.



Special cases of motion IICopyright © 2020 by Mamon Horoub. All rights reserved.
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3) The tangential component of acceleration is constant, at = (at)c.

In this case, 

s = so + vot + (1/2)(at)ct
2

v = vo + (at)ct

v2 = (vo)
2 + 2(at)c(s – so)

As before, so and vo are the initial position and velocity of the particle at t = 0

4) The particle moves along a path expressed as y = f(x).

The radius of curvature, r, at any point on the path can be calculated from



Three dimensional motionCopyright © 2020 by Mamon Horoub. All rights reserved.
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If a particle moves along a space curve, the n and t axes are

defined as before. At any point, the t-axis is tangent to the

path and the n-axis points toward the center of curvature.

The plane containing the n and t axes is called the osculating

plane.

A third axis can be defined, called the binomial axis, b.  The 

binomial unit vector, ub, is directed perpendicular to the osculating 

plane, and its sense is defined by the cross product     ub = ut x un.

There is no motion, thus no velocity or acceleration, in the binomial direction.
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Curvilinear motion:  Cylindrical components (12.8)
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Applications

Sometimes the motion of the particle is constrained on a

path that is best described using cylindrical coordinates. If

motion is restricted to the plane, then polar coordinates are

used.

The cylindrical coordinate system is used in cases where the

particle moves along a 3-D curve.

(spiral motion)



Cylindrical componentsCopyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub



Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub

Velocity (Polar coordinates)
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Absolute Dependent Motion Analysis of Two ParticlesToday’s
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Agenda Relative-Motion of Two Particles Using Translating Axes
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Sections’ Objectives
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Students should be able to:

1. Relate the positions, velocities, and accelerations of particles

undergoing dependent motion (Sec 12.9)

2. Understand translating frames of reference

3. Use translating frames of reference to analyze relative motion (Sec

12.10)



Applications I
Copyright © 2020 by Mamon Horoub. All rights reserved.

Dr. Mamon Horoub

The cable and pulley system shown here

can be used to modify the speed of

block B relative to the speed of the

motor. It is important to relate the

various motions in order to determine

the power requirements for the motor

and the tension in the cable



Applications II
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Rope and pulley arrangements are

often used to assist in lifting heavy

objects. The total lifting force

required from the truck depends

on the acceleration of the cabinet.
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Relative motion analysis of two particles 

using translating axis
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When you try to hit a moving object, the position, velocity, and

acceleration of the object must be known. Here, the boy on the ground is

at d = 10 ft when the girl in the window throws the ball to him

If the boy on the ground is running at a constant speed of 4 ft/s, 

how fast should the ball be thrown?
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When fighter jets take off or land on an

aircraft carrier, the velocity of the carrier

becomes an issue.

If the aircraft carrier travels at a forward velocity of 50 km/hr and plane A takes

off at a horizontal air speed of 200 km/hr (measured by someone on the water),

how do we find the velocity of the plane relative to the carrier?

How would you find the same thing for airplane B?

How does the wind impact this sort of situation?
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The absolute position of two particles A

and B with respect to the fixed x, y, z

reference frame are given by rA and rB.

The position of B relative to A is

represented by

rB/A  =  rB – rA

Therefore,  if rB = (10 i + 2 j ) m

and rA =  (4 i + 5 j ) m

then rB/A = (6 i – 3 j ) m
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To determine the relative velocity of B

with respect to A, the time derivative of

the relative position equation is taken.

vB/A = vB – vA

or

vB = vA + vB/A

In these equations, vB and vA are called absolute velocities and vB/A is the relative
velocity of B with respect to A.

Note that vB/A = - vA/B .
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The time derivative of the relative

velocity equation yields a similar vector

relationship between the absolute and

relative accelerations of particles A and

B.

aB/A =  aB – aA

or

aB = aA + aB/A
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Since the relative motion equations are vector equations, problems involving them  may be 

solved in one of two ways.

For instance, the velocity vectors in vB =  vA + vB/A could be written as Cartesian vectors and the 

resulting scalar equations solved for up to two unknowns.

Alternatively, vector problems can be solved “graphically” by use of  trigonometry.  This 

approach usually makes use of the law of sines or the law of cosines.
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a b

c

C

B
A

Since vector addition or subtraction forms a triangle, sine

and cosine laws can be applied to solve for relative or

absolute velocities and accelerations. For review, their

formulations are provided below.

Law of Sines:

C

c

B

b

A

a

sinsinsin
==

Law of Cosines: Abccba cos2
222 −+=

Baccab cos2
222

−+=

Cabbac cos2
222

−+=
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Next lecture; 

Help Session 

and may be…

Starting 

Chapter 16…
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https://www.questionsolutions.com/the-

acceleration-of-a-rocket-traveling-upward

https://www.questionsolutions.com/the-acceleration-of-a-rocket-traveling-upward
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Prepare your self for; 

a QUIZ 
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