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Dynamics  fundamentals 

 

 

Historical Background: 

Galileo Galilei (1564-1642): 

▪ Motion of the pendulum 

▪ Bodies in free fall 
  

 

 

   
 

 

 

Albert Einstein (1879-1955) 

 

Came up with a new idea describing the gravity 

(General Relativity). 
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Newton (1642-1727) 

 

 

 

Three Laws of motion and law of universal 

gravitation 

 
 

Law I: A body remains at rest or continues to move with uniform velocity if 

there is no unbalanced force acting on it. 

Law II: The acceleration of a body is proportional to the resultant force acting 

on it and is in the direction of this force (F = ma). 

Law III: The forces of action and reaction between interacting bodies are equal 

in magnitude, opposite in direction, and collinear. 
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What is Dynamics? 

 

 

 

 

 

 

 

Mechanics

Branch of physical sciences that 

deals with the state of rest or motion 

of bodies subjected to the action of

forces

Statics

Deals with the action of 
forces on 

bodies at rest

Dynamics

Deals with the motion of 
bodies

under the action of forces

Dynamics

Kinematics

Study the motion without 
reference to

the forces that cause it

Kinetics

Relates the action of forces
on bodies

to their resulting motions

Displacement / Distance 
Velocity / Speed 
Acceleration / Deceleration 

Including 
    Time 




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


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Kinematics: 
- Rectilinear kinematics: Continuous motion. 

- Rectilinear kinematics: Graphic representation of the motion. 

- Motion of projectile. 

- Curvilinear motion. 

- Relative - motion of two particles. 

- Absolute dependent motion analysis of two particles. 
 

Kinetics: 
- Newton’s Second Law of Motion. 

- Work & Kinetic Energy. 

- Potential Energy. 

- Impulse-Momentum. 

- Impact. 
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Part 1 / Kinematics of a particle: 

 

Chapter 1 / Rectilinear kinematics: Continuous motion: 
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Chapter 2 / 

Rectilinear kinematics : Graphic representation of the motion: 
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Chapter 3 / Motion of projectiles: 
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Chapter 4 / Curvilinear motion: 
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Chapter 5 / Relative - motion of two particles:  
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Chapter 6 / Absolute dependent motion analysis of two particles:  
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Why do we need to study dynamics ? 

     Dynamics principles are basic to the analysis and design of moving 

structures in: 

▪ Automotive industries  

▪ Aerospace industries 

▪ Automatic control systems  

▪ Turbines, pumps &machine tools. 

 
  

◼ How do we decide how big to make the 

pistons?  

◼ Where should they be placed in the engine 

block?  

◼ How do we make the engine run smoothly? 

 

Well, we could answer these questions by trial 

and error. But the 'errors' would be expensive 

exercises. Why not study the dynamics of 

engines and make some predictions instead! 
 

 

Or suppose we want to build a robot; 

◼ How do we decide how big to make the motors?  

◼ How fast can we expect it to move from one place to another?  

◼ How accurate will it be while it moves and stops?  

◼ How many joints should it have and where?  
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Fundamental concepts: 

• Length (Space) : needed to locate position of a point in space, & 

describe size of the physical system 

• Position in space is determined relative to some geometric 

reference system by means of linear and angular measurements. 

• This reference system may be: 

• Fixed in space: measurements are said to be absolute.  

• Moving in space: measurements are made relative to fixed 

reference system.    

  

• Time (t): measure of succession of events. 

• Mass (m): The quantity of matter in a body as well as the property which 

gives rise to gravitational attraction. Weight is related to the mass by: 

mg.; where g is the gravitational acceleration. 

• Force: represents the action of one body on another characterized by its 

magnitude, direction of its action, and its point of application 

 

Particles :  A body of negligible dimensions (when its dimensions are irrelevant 

to the description of its motion or the action of the forces on it). 

Bodies of finite size, such as rockets, projectiles, or vehicles. 

Rigid Bodies : A combination of large number of particles in which all particles 

remain at a fixed distance (practically) from one another 

before and after applying a load. 

 

Basic vector agebra: 

Scalars are quantities having only magnitude. 

• Length or distance, speed, mass, time, work, energy, power, etc. 

Vectors are quantities having both a magnitude and a direction.  

• Position, displacement, velocity, acceleration, force, moment, impulse, 

momentum, etc. 
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Derived quantities related dynamics and their ( SI ) units: 
 

Velocity = 
Displacement

Time
                            m/s 

Speed = 
Distance

Time
                                         m/s 

Acceleration = 
Velocity

Time
                                m/s2 

Force = Mass × Acceleration                         kg.m/s2 = N  ( Newton ) 

Work = Energy = Force × Distance               N.m = J   ( Joule ) 

Power = 
Work

Time
                                               J/s = W   ( Watt ) 

Impulse = Momentum = Force × Time          N.s  

 

 

Angular quantities needed in dynamics: 
 

Angular distance              θ ° = 
𝜃×π

180
  rad. 

Angular speed                  𝜃̇ = 
deg.

s
 = 

𝜃̇×π

180
  rad/s. 

                                         𝜃̇ rpm = 
2π×𝜃̇

60
  rad/s. 

Angular speed                  𝜃̈ = 
deg.

s2
 = 

𝜃̈×π

180
  rad/s2. 
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Coordinates system : 

- Cartesian coordinate system: 
 

Two dimensions 

 

Three  dimensions 

 

 
 

- Polar coordinate system: 

                                                        

 

 

 

- Spherical coordinate system: 
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- Cylindrical coordinate system:  

                                                   
 

 

 

- Normal - Tangential coordinate system:  
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Math Revision: 

Functions: 

Zero order function 

Constant value 

 

                                                                    

F(x) = c 

 
 

 

1st order function 

Linearly Variable 

 

 

 

F(x) = mx 

 

 

 

 

 

 

 

 

 

 

F(x) = mx +c 

 

 

 

 
2nd order function 

Curvilinearly Variable 

 

 

 
F(x) = x2 
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Differential Calculus: 

Derivatives Table 

 

 

Integral Table 
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Part 1 

Kinematics of a particle 

 

Chapter 1 

Rectilinear kinematics: Continuous motion 
 

 

Rectilinear motion: particle moving along a straight line. 

 
1. Position ( S ): defined by positive or negative distance from a fixed origin on 

the line. 

 
                                                                       Position 

 

     The magnitude of ( S ) is the distance from ( O ) to the particle, usually 

measured in meters (m) or feet (ft), and the sense of direction is defined by the 

algebraic sign on ( S ). 

 
 

 
2. Displacement ( ΔS ): The displacement of the particle is defined as the change 

in its position. For example, if the particle moves from one point to another, the 

displacement is: 

 

∆s = s – so 

 

 
 

• ∆s is positive since the particle’s final position is to the right of its initial 

position. 

• ∆s is negative since the particle’s final position is to the left of its initial position. 
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3. Distance ( 𝐝 ):  

     The distance is the total path length traveled by an object during its motion. 

It is a scalar quantity, so it only has magnitude and no direction. It is always 

non-negative, as it represents the total length traveled. 

 

 
4. Velocity ( V ): If the particle moves through a displacement ( ∆S  ) during the 

time interval ( ∆t ), the average velocity of the particle during this time interval 

is: 

𝐕𝐚𝐯𝐠 = 
∆S

∆t
 

 

• If we take smaller and smaller values of ( ∆t ), the magnitude of ( ∆S ) becomes 

smaller and smaller. Consequently, we get an instantaneous velocity: 
 

                + →            vinstant = lim
∆t→𝟎

∆s

∆t
   

 
• Instantaneous velocity may be positive or negative. Magnitude of velocity is 

referred to as particle speed. 

• From the definition of a derivative, 
 

v = lim
∆t→𝟎

∆s

∆t
  = 

𝐝𝐬

𝐝𝐭
 

 
• The magnitude of the velocity is generally expressed in units of ( m/s ) or (ft/s). 

• If the particle is moving to the right, the velocity is positive; whereas if it is 

moving to the left, the velocity is negative. 

 

 
 

5. Speed ( Vsp ): Speed is the rate at which an object changes its position. It is a 

scalar quantity and is defined as the distance traveled divided by the time taken 

to travel that distance.  

Mathematically,    Vsp = 
d

t
        ( Vsp )avg = 

d

∆t
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6. Acceleration: Provided the velocity of the particle is known at two points, the 

average acceleration of the particle during the time interval      ( ∆t ) is defined 

as 

 

                      aavg = 
∆V

∆t
                    when,     ∆v = v – vo 

 

                        
 

➢ From the definition of a derivative,             a = lim
∆t→𝟎

∆V

∆t
  =  

dV

dt
  = 

d2S

dt2  

• If the velocity is constant, then the acceleration is zero,  

                                                                          ( ∆v = v – vo = 0 ) 

 
 

➢ Instantaneous acceleration may be:  

- positive: increasing positive velocity or decreasing negative velocity 

 

  
 

- negative: decreasing positive velocity or increasing negative velocity 
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7- Equations of Motion:  

 
Velocity: 

                    v =  
dS

dt
     ………………………  ( 1 ) 

 

                    ds = v dt 

                       ∫ ds
s

so
 = ∫  v dt

t

0
    

 
Acceleration: 

                    a =  
dv

dt
     ……………..………  ( 2 )  

 

                       dv = a dt 
 

                       ∫ dv
v

vo
 = ∫  a dt

t

0
 

 

                    d t = 
ds

v
 = 

dv

a
  

                 
 

                  a ds = v dv     …………...……  ( 3 ) 

 

                    ∫ a ds
s

so
  =  ∫ v dv

v

vo
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Example  1 - 1: 

     A particle moves along a horizontal path with a velocity of [v = ( 3t2 - 6t ) m/s], 

where ( t ) is the time in seconds. If it is initially located at the origin ( O ), 

determine the distance traveled in ( 3.5 s ), and the particle’s average velocity and 

average speed during the time interval. 

 

Solution: 
 

Coordinate System. Here positive motion is to the right, measured 

from the origin O, Fig. a. 

Distance Traveled. Since v = f(t), the position as a function of time 

may be found by integrating v = ds/dt with t = 0, s = 0. 
 

+→                      ds = v dt = ( 3t2 – 6t ) dt 

                           ∫ ds
s

0
 = ∫  ( 3 t2 –  6 t ) dt

t

0
 

                            s = ( t3 – 3t2 ) m    …….   (1) 
 

 In order to determine the distance traveled in 3.5 s, it is necessary to 

investigate the path of motion. If we consider a graph of the velocity 

function, Fig. b, then it reveals that for 0 s to 2 s the velocity is 

negative, which means the particle is traveling to the left, and for         

t  2 s the velocity is positive, and hence the particle is traveling to 

the right. Also, note that v = 0 at t = 2 s. The particle’s position when 

t = 0, t = 2 s, and t = 3.5 s can be determined from Eq. 1. This yields : 
 

    s│t=0 = 0  ,   s│t=2 s = – 4 m  ,   s│t=3.5 s = 6.125 m 
 

The path is shown in Fig. a. Hence, the distance traveled in   3.5 s   is: 

           sT = 4 + 4 + 6.125 = 14.125 m = 14.1 m 
 

Velocity, The displacement from ( t = 0 ) to ( t = 3.5 s ) is: 
 

       ∆s = s│t=3.5 s – s│t=0 =  6.125 – 0  =  6.125 m  →        
 

And so the average velocity is: 
 

                 Vavg = 
∆S

∆t
 = 

6.125

3.5 − 0
 = 1.75 m/s  → 

        

 

 

 

 
 

 

 

 

 

 

 

 

 

 

The average speed is defined in terms of the distance traveled ( ST ).  

                ( Vsp  )avg  = 
ST

∆t
 = 

14.125

3.5 − 0
 = 4.04 m/s     
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Constant acceleration, ( a = ac ):  
 

When the acceleration is constant, each of the three kinematic equations: 

      ac =  
dv

dt
                     v =  

ds

dt
                    ac ds = v dv    

can be integrated to obtain formulas that relate ( ac , v, s, and t ). 
 

Velocity as a function of time. 

 Integrate (  ac =  
dv

dt
  ), assuming that initially ( v =  vo ) when ( t = 0 ). 

 

                    dv  =  ac  dt  

                      ∫ dv
v

vo
  =  ∫ ac  dt

t

0
  = ac ∫ dt

t

0
     

                      v −  vo =  ac  t 

                      v =  vo +  ac  t  ……………………  ( 4 ) 

 

Position as a function of time.  

Integrate ( v =  
ds

dt
 =  vo +  ac  t ), assuming that initially ( s = so ) when ( t = 0 ). 

                 ds  =  ( vo+ ac  t ) dt 

                ∫ ds
s

so
  =  ∫ ( vo+ ac  t ) dt

t

0
 

                s −  so =  vo t +  
1

2
ac t

2 

                s =  so +  vo t +  
1

2
ac t

2  …………………  ( 5 ) 

 

Velocity as a function of position. 
Either solve for ( t ) in Eq. ( 4 ) and substitute into Eq. ( 5 ), or integrate                                    

( v dv =  ac ds ) assuming that initially ( v = vo ) at ( s = so ). 
 

Metod (1): 

From Eq. (4)           t = 
v − vo

ac
 

Sub. in Eq. (5)        s =  so +  vo (
v − vo

ac
) +  

1

2
ac (

v − vo

ac
)2 

s – so = 
v vo − vo2

ac
 + 

1

2
 
v2 − 2v vo + vo2

ac
                             × 2ac 

2ac ( s – so ) = 2vvo – 2vo
2 + v2 – 2vvo + vo

2 

2ac ( s – so ) = v2 – vo
2
 

                     v2 =  vo
2 +  2ac ( s −  so )  ………………  ( 6 ) 
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Metod (2): 

 v dv =  ac ds 

∫ v dv
v

vo
  =  ∫ acds

s

so
  =  ac ∫ ds

s

so
     

 
1

2
  v2 −  

1

2
 vo

2 =  ac ( s −  so )   

 
1

2
 ( v2 −  vo

2 ) =  ac ( s −  so )   

 v2 −  vo
2 =  2ac ( s −  so )   

v2 =  vo
2 +  2ac ( s −  so )  ………………  ( 6 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

Example  1 - 2: 

     During a test a rocket travels upward at ( 75 m/s ), and when it is (40 m) from 

the ground its engine fails. Determine the maximum height ( SB ) reached by the 

rocket and its speed just before it hits the ground. While in motion the rocket is 

subjected to a constant downward acceleration of          ( 9.81 m/s2 ) due to gravity. 

Neglect the effect of air resistance. 

 
Solution: 
 

Coordinate System. The origin O for the position coordinate s is 

taken at ground level with positive upward. 
 

Maximum Height. Since the rocket is traveling upward, 

vA = +75 m/s when t = 0. At the maximum height s = sB the velocity 

vB = 0. For the entire motion, the acceleration is ac = -9.81 m/s2 

(negative since it acts in the opposite sense to positive velocity or 

positive displacement). Since ac is constant the rocket’s position may 

be related to its velocity at the two points A and B on the path by using 
Eq. 6, namely, 
 

(+↑)      vB
2 = vA

2 + 2 ac ( sB – sA ) 

             0  = ( 75 )2 + 2 (– 9.81 ) ( sB – 40 ) 

             sB  = 327 m  

 
Velocity. To obtain the velocity of the rocket just before it hits the 

ground, we can apply Eq. 6 between points B and C,  
 

(+↓)      vC
2 = vB

2 + 2 ac ( sC – sB ) 

                   = ( 0 )2 + 2 ( 9.81 ) ( 0 – (– 327 )) 

             vC  = 80.1 m/s ↓  
 

The negative root was chosen since the rocket is moving downward. 

Similarly, Eq. 6 may also be applied between points A and C, i.e., 
 

(+↓)      vC
2 = vA

2 + 2 ac ( sC – sA ) 

                   = ( 75 )2 + 2 ( 9.81 ) ( 0 – (– 40 ))  

             vC  = 80.1 m/s ↓  
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Example  1 - 3: 

     The acceleration of a particle as it moves along a straight line is given by               

[ a = (2t - 1) m/s2 ], where ( t ) is in seconds. If ( s = 1 m ) and ( v = 2 m/s ) when       

( t = 0 ), determine the particle’s velocity and position when ( t = 6 s ). Also, 

determine the total distance the particle travels during this time period. 

 

Solution: 
 

a = 2t – 1 

a = 
dv

dt
 

dv = a dt 

∫ dv
v

2
 = ∫  ( 2t –  1 ) dt

t

0
 

v = t2 – t + 2 
 

v = 
ds

dt
 

ds = v dt 

∫ ds
s

1
 = ∫  ( t2 –  t +  2 ) dt

t

0
 

s = 
1

3
 t3 – 

1

2
 t2 + 2t + 1 

When   t = 6 s 

v = (6)2 – (6) + 2                                v = 32 m/s 

s = 
1

3
 (6)3 – 

1

2
 (6)2 + 2(6) + 1               s = 67 m 

Since v  0    for    0  t  6 s,   then: 

d = 67 – 1 = 66 m 

 

 

Example 1 - 4: 

     If a jeep has an initial velocity of                        

( vo = 12 ft/s ) to the right, at ( so = 0 ), 

determine its position when ( t = 10 s ), if             

( a = 2 ft/s2 ) to the lift. 
 

          
Solution: 
 

s = so + vo t + 
1

2
 ac t2 

   = 0 + 12 (10) + 
1

2
 (–2)(10)2 = 20 ft 
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Example  1 - 5: 

     When a train is traveling along a straight track at ( 2 m/s ), it begins to 

accelerate at [ a = ( 60 v – 4 ) m/s2 ], where ( v ) is in ( m/s ). Determine its velocity 

( v ) and the position ( 3 s ) after the acceleration. 

 
Solution: 
 

a = 
dv

dt
       dt = 

dv

a
 

∫ dt
3

0
 = ∫

dv

60 v−4

v

2
   

          = ∫
1

60 

v

2
 v4 dv   

3 – 0 = 
1

300
 v5 – 

1

300
 (2)5  

3 = 
1

300
 v5 – 

32

300
 = 

1

300
 ( v5 – 32 ) 

 

v = 3.93 m/s 

a ds = v dv        ds = 
v dv

a
 = 

1

60
 v5 dv 

∫ 𝑑𝑠
𝑠

0
 = 

1

60
 ∫  v5 dv

3.93

2
  

s = 
1

60
 ( 

v6

6
 )│2

3.93 

= 
1

60
 (

(3.93)6

6
) – 

1

60
 (

(2)6

6
) = 9.98 m 

 

 

 

Example  1 - 6: 

     Traveling with an initial speed of ( 70 km/h ), a 

car accelerates at ( 6000 km/h2 ) along a straight 

road. How long will it take to reach a speed of               

( 120 km/h ) ? Also, through what distance does the 

car travel during this time ? 

 

 

 
Solution: 

v = vo + ac t 

120 = 70 + 6000 t      50 = 6000 t 

t = 8.33 × 10–3  hr   = 30 s 

v2 = vo
2 + 2 ac ( s – s1 ) 

(120)2 = (70)2 + 2 (6000) ( s – 0 ) 

s = 0.792 km = 792 m 

s = so + vo t + 
1

2
 ac t2 

s = 0 + (70)(8.33 × 10–3 ) + 
1

2
 (6000)(8.33 × 10–3 )2 

s = 0.5831 + 0.2082 = 0.7913 km = 791 m 
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Example 1 - 7: 

     A small projectile is fired vertically downward 

into a fluid medium with an initial velocity of ( 60 

m/s ). Due to the drag resistance of the fluid the 

projectile experiences a deceleration of [ a = ( – 0.4 

v3 ) m/s2 ], where ( v ) is in ( m/s ). Determine the 

projectile’s velocity and position ( 4 s ) after it is 

fired. 
 

Solution: 
 

Velocity: 
 

     Since the motion is downward, the position coordinate is positive downward, with origin 

location at O. 

+↓    a = 
dv

dt
 = – 0.4 v3 

      ∫
dv

– 0.4 v3

v

60
  = ∫ dt

t

0
         ∫  

1

– 0.4 

v

60
 v –3 dv = ∫ dt

t

0
 

1

– 0.4
 × 

v−2

– 2
  

 
=  t – 0    

1

 0.8
 × 

1

v2 
 

=  t 

  

       
1

0.8
 [ 

1

v2 – 
1

(60)2 ] = t                           × 0.8 

1

v2 – 
1

(60)2 = 0.8 t              
1

v2 =  
1

(60)2 + 0.8 t     

        v2 = 
1

[ 
1

(60)2 + 0.8 t ]
            v = { 

1

√
1

602  + 0.8 𝑡

 } m/s  

At ( t = 4 s )            v = 
1

√
1

602  + 0.8 (4)

  = 
1

√
1

602 + 3.2

  = 0.559 m/s  ↓ 

+↓       v = 
ds

dt
 =  

1

√
1

602  + 0.8 𝑡
 = [ 

1

(60)
2  +  0.8 t ]

–1/2

  

Position: 

 ∫ 𝑑𝑠
s

0
  = ∫ [ 

1

(60)
2  +  0.8 t ]

–1/2

 dt
t

0
 

s = 
1

1/2
  [ 

1

(60)
2  +  0.8 t ]

1/2 1

0.8
 

 
= 

2

0.8
 [ 

1

(60)
2  +  0.8 t ]

1/2

 
 

 

          s =  
1

0.4
 { [ 

1

(60)
2  +  0.8 t ]

1/2

– 
1

 60
 } = 

1

0.4
 {√

1

(60)2  +  0.8 t  – 
1

 60
} m 

At ( t = 4 s ):                   s = 4.43 m 
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Example 1 - 8: 

     On its take-off roll, the airplane starts from rest and accelerates at ( a = 1.8 

m/s2 ), determine the design length of runway required for the airplane to reach 

the take-off speed of ( 250 km/h ).   

                  vo = 0                                                                  v = 250 km/h 

 
 

Solution I: 

v = 250 km/h = 
250

3.6
 = 69.44 m/s 

v = vo + ac t 

69.44 = 0 + 1.8 t          t = 
69.44

1.8
 = 38.58 s 

s = so + vo t + 
1

2
 ac t2 

s = 0 + 0 + 
1

2
 (1.8)(38.58)2 = 1340 m = 1.34 km 

 

Solution II: 

v2 = vo
2 + 2 ac ( s – so ) 

(69.44)2 = 02 + 2 (1.8) ( s – 0 )        (69.44)2 = 3.6 s   

                                                      s = 1340 m = 1.34 km 
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Example 1 - 9: 

     An automobile starting from rest, speeds up to                

( 40 ft/s ) with a constant acceleration of ( 4 ft/s2 ), runs 

at this speed for a time, and finally comes to rest with a 

deceleration of ( 5 ft/s2 ). If the total distance traveled is 

( 1000 ft ), find the total time required. 

 

 

 

 

 

Solution: 
 

t = 0  

v = 0        a = 4 ft/s2      v = 40 ft/s           a = 0               v = 40 ft/s         a = -5 ft/s2       v = 0  

  +------------------------------+--------------------------------------+---------------------------------+ 

 A                                  B                                           C                                     D 
 

First stage  

v =  vo +  ac  t   
40  =  0 + 4 t1             t1 = 10 s 

s =  so +  vo t +  
1

2
ac t

2  

𝑠1 =  0 +   0  + 
1

2
(4)(10)2   = 200 ft 

 

Final stage 

v =  vo +  ac  t   

0  =  40 − 5 t3             t3 = 8 s 

s =  so +  vo t +  
1

2
ac t

2  

𝑠3 =  0 + (40)(8) −
1

2
(5)(8)2  = 160 ft 

 

Mid. stage  

s2 = 1000 – 200 – 160 = 640 ft 

s =  so +  vo t +  
1

2
ac t

2  

𝑠2 =  0 + 40 𝑡 + 
1

2
(0)𝑡2

2            s2 = 40 t2 
 

640 = 40 t2              t2 = 16 s 
 

Final result 

tT = t1 + t2 + t3 = 10 + 16 + 8 = 34 s 

 

t = 0           t =10  s                                   t =16  s                                         t =8  s 

v = 0       a = 4 ft/s2       v = 40 ft/s           a = 0                v = 40 ft/s         a = -5 ft/s2       v = 0  

  +-------------------------------+--------------------------------------+--------------------------------+ 

  A                                         B                                                  C                                          D 

                 s=200m                                   s=640m                                        s=160 
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Example 1 - 10: 

     A particle is moving along a straight line such that its position is defined by      

[ s = (10t2  + 20) mm ], where ( t ) is in seconds. Determine:  
 

(a) the displacement of the particle during the time interval from ( t = 1 s ) to           

( t = 5 s ).   

(b) the average velocity of the particle during this time interval.  

(c) the acceleration when ( t = 1 s ). 

 

Solution: 

        s = 10 t2 + 20 

(a) at ( t = 1 s ),         s = 10(1)2 + 20 = 30 mm 

at ( t = 5 s ),         s = 10(5)2 + 20 = 270 mm 

                             ∆s = 270 – 30 = 240 mm  
 

(b)                              ∆t = 5 – 1 = 4 s 

                                   vavg =  
∆s

∆t
  =  

240

4
  =  60 mm/s 

 

(c)                            a =  
d2s

dt2  =  20 mm/s2 
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Example 1 - 11: 

     A sprinter reaches his maximum speed ( vmax ) in ( 2.5 s ) from rest with 

constant acceleration. He then maintains that speed and finishes the ( 100 yards ) 

in the overall time of ( 9.6 s ). Determine his maximum speed (vmax).   

 
 
Solution: 
 

v = vo + ac t    

vmax = 0 + ac (2.5)  = 2.5 ac 

s = so + vo t + 
1

2
 ac t 2  

s = 0 + 0 + 
1

2
 ac (2.5)2  = 3.125 ac

 

s = so + vo t + 
1

2
 ac (2.5)2  

100 = s + vmax ( 9.6 – 2.5 ) + 0  

vmax =  
100−𝑠

9.6−2.5
 =  

100−3.125𝑎𝑐

7.1
 

2.5 ac =  
100−3.125𝑎𝑐

7.1
 

17.75 ac = 100 – 3.125 ac
 

20.875 ac = 100              ac = 4.79 y/s2  

vmax = 2.5 ac = 2.5 (4.79) = 11.976 y/s = 11.976 × 3 = 35.928 ft/s 
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Example 1 - 12: 

     As a space probe carrier rocket is projected to a high altitude 

above the earth’s surface, the variation of the acceleration of 

gravity with respect to altitude ( y ) must be taken into account. 

Neglecting air resistance, this acceleration is determined from the 

formula { a = – go [ R2 / (R + y)2 ] }, where ( go ) is the constant 

gravitational acceleration at sea level, ( R ) is the radius of the 

earth, and the positive direction is measured upward. If ( go = 9.81 

m/s2 ) and ( R = 6356 km ), determine the minimum initial velocity 

( escape velocity ) at which a rocket should be shot vertically from 

the earth’s surface so that it does not fall back to the earth. Hint: 

This requires that ( v = 0 ) as ( y →  ).   
 

Solution: 
 

v dv = a dy 

∫ v dv
0

v
 = ∫ −go

R2

(R+y)2  dy


0
  = – go R

2 ∫  
dy

(R+y)2



0
  

           = – go R
2 ∫  (𝑅 + 𝑦)−2𝑑𝑦



0
   

0 –  
v2

2
 =  – go R

2 (  
(𝑅+𝑦)−1

− 1 × 1
 )  

 
 

–  
v2

2
  =  go R

2 ( R + y ) –1  
 

=  
go R2

R+y
 

 

–  
v2

2
  =  

go R2

R+
 –  

go R2

R+0
   =  – 

go R2

R
           

v2

2
 =  

go R2

R
 

v2

2
  = go R                  v2 = 2goR                   

v = √2𝑔𝑜𝑅  = √2(9.81)(6356)(10)3  =  11167 m/s = 11.2 km/s 
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PROBLEMS: 

 

( 1 - 1 ): 

     Starting from rest, a motorcycle moving in a 

straight line has an acceleration of [ a = ( 2t – 6 ) 

m/s2 ], where ( t ) in seconds. What is the 

motorcycle’s velocity when ( t = 6 s ), and what is 

its position when ( t = 11 s )?  
 

Ans. :  ( v = 0 )  ,  ( s = 80.7 m ) 

 

 

    

( 1 - 2 ): 

     The car in the figure below moves in a straight line such that for a short time 

its velocity is defined by [ v = (3t2 + 2t) ft/s ], where ( t ) is in seconds. Determine 

its position and acceleration when (t = 3 s). When (t = 0), (s = 0). 

 

 
 Ans. :  ( s = 36 ft )  ,  ( a = 20 ft/s2 ) 

 

( 1 - 3 ): 

     Car ( B ) is traveling  at distance ( d ) ahead of car ( A ). Both cars are traveling 

at ( 60 ft/s ), when the driver of ( B ) suddenly applies the brakes causing his car 

to decelerate at ( 12 ft/s2 ). It takes the driver of car ( A )      ( 0.75 s ) to react ( this 

is the normal reaction time for drivers ). When he applies his brakes, he 

decelerates at ( 15 ft/s2 ). Determine the minimum distance ( d ) between the cars 

so as to avoid a collision. 

 
Ans. :  ( d = 16.9 ft )   

 
( 1 - 4 ): 

     The position of a bicycle along a straight line is given 

by [ S = ( 1.5 t3 – 13.5 t2 + 22.5 t ) ft ], where ( t ) in seconds. 

Determine the position of the bicycle when ( t = 6 s ), and 

the total distance it travels during the ( 6 ) seconds time 

intervals.  

 

 
Ans. :  ( s = – 27 ft )  ,  ( sT = 69 ft ) 
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( 1 - 5 ): 

     A particle travels along a straight line with a constant acceleration. When (  s 

= 4 ft ), ( v = 3 ft/s ) and when ( s = 10 ft ), ( v = 8 ft/s ). Determine the velocity as 

a function of position. 

Ans. :  v = √9.166 s –  27.664   ft/s 

 

 

 
( 1 - 6 ): 

    A bicycle travels along a straight line with a velocity                   

[ v = (12 - 3t2) m/s ], where ( t ) is in seconds. When ( t = 1 s ), 

the bicycle is located ( 10 m ) to the left of the origin. Determine 

the acceleration when ( t = 4 s ), the displacement from ( t = 0 ) 

to ( t = 10 s ), and the distance the bicycle travels during this 

time period.  
 

  

Ans. :  ( a = – 24 m/s2 )  ,  ( ∆s = – 880 m )  ,  ( sT = 912 m ) 
 

 

 
( 1 - 7 ): 

     The velocity of a particle traveling in a straight line is given by [ v = ( 6t - 3t2 ) 

m/s ], where ( t ) is in seconds. If ( s = 0 ) when ( t = 0 ), determine the particle’s 

deceleration and position when ( t = 3 s ). How far has the particle traveled during 

the ( 3 s ) time interval, and what is its average speed? 

  Ans. :  ( a = – 12 m/s2 )  ,  ( s = 0 )  ,  ( sT = 8 m )  ,  ( (vsp)avg = 2.67 m/s )   
       

 
( 1 – 8 ): 

      A train starts from rest at station ( A ) and accelerates at ( 0.5 m/s2 ) for                  

( 60 s ). Afterwards it travels with a constant velocity for ( 15 min ). It then 

decelerates at ( 1 m/s2 ) until it is brought to rest at station ( B ). Determine the 

distance between the stations.   

  Ans.  ( s = 28.4 km )    
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Part 2 - Kinetics 

Chapter 1 

Newton’s Second Law 

The Equation of Motion 

 
◼ Kinetics is the study of the relations between the unbalanced forces and the 

changes in motion that they produce. 

◼ Newton’s 2nd law states that the particle will accelerate when it is subjected 

to unbalanced forces. The acceleration of the particle is always in the 

direction of the applied forces. 

◼ Newton’s 2nd law is also known as the equation of motion. 

◼ To solve the equation of motion, the choice of an appropriate coordinate 

systems depends on the type of motion involved. 

◼ Two types of problems are encountered when applying this equation: 

◼ The acceleration of the particle is either specified or can be 

determined directly from known kinematic conditions. Then, the 

corresponding forces, which are acting on the particle, will be 

determined by direct substitution. 

◼ The forces acting on the particle are specified, then the resulting 

motion will be determined. Note that, if the forces are constant, the 

acceleration is also constant and is easily found from the equation of 

motion. However, if the forces are functions of time, position, or 

velocity, the equation of motion becomes a differential equation 

which must be integrated to determine the velocity and displacement. 

◼ In general, there are three general approaches to solve the equation of 

motion: the direct application of Newton’s 2nd law, the use of the work & 

energy principles, and the impulse and momentum method.  
 

 

 
 

                               Free-body Diag                      Kinetic Diagram 
 

 

Note: The equation of motion has to be applied in such way that the measurements 

of acceleration are made from a Newtonian or inertial frame of reference. This 

coordinate does not rotate and is either fixed or translates in a given direction with 

a constant velocity (zero acceleration). 
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Rectilinear Motion  ------------------------------------ 

 
 
 

 

∑ Fx = m ax  

∑ Fy =  0 

 

Curvilinear Motion 

 
│ 
│ 
│ 
│ 
│ 
│ 
│ 
│ 

 
│ 
│ 
│ 
│ 
│ 
│ 
│ 
│ 

 

Rectangular Coordinates 

 
│ 
│ 

 
│ 
│ 

 

∑ Fx = m ax  

∑ Fy = m ay 

a = ax i + ay j 

│a│ = √𝑎𝑥
2 + 𝑎𝑦

2 

∑ F = ∑ Fx i + ∑ Fy j 

│∑ F │ = √∑ F𝑥
2 + ∑ F𝑦

2 

( n - t ) Coordinates 

 
│ 
│ 

 
│ 
│ 

 

∑ Ft = m at  

∑ Fn = m an 

a = at et + an en 

│a│ = √𝑎𝑡
2 + 𝑎𝑛

2 
∑ F = ∑ Ft et + ∑ Fn en 

│∑ F │ = √∑ F𝑡
2 + ∑ F𝑛

2
 

Polar Coordinates 

 
│ 
│ 

 
│ 
│ 

 

∑ Fr = m ar  

∑ Fθ = m aθ 

a = ar er + aθ eθ 

│a│ = √𝑎𝑟
2 +  𝑎𝜃

2 
∑ F = ∑ Fr er + ∑ Fθ eθ 

│∑ F │ = √∑ F𝑟
2 + ∑ F𝜃

2
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In Polar Coordinates 

• Consider the force ( P ) that causes the particle 

to move along a path ( r = f(θ) ). 

• The normal force ( N ) which the path exerts on 

the particle is always perpendicular to the 

tangent of the path. 

• Frictional force ( F ) always acts along the 

tangent in the opposite direction of motion. 

• The directions of ( N ) and ( F ) can be 

specified relative to the radial coordinate by 

using the angle ( ψ ), which is defined between 

the extended radial line and the tangent to the 

curve. 

                             tan  =  
r

dr/d𝜃
 

• If ( ψ ) is positive, it is measured from the 

extended radial line to the tangent in a ( CCW ) 

sense or in the positive direction ( θ ). 

•  If it is negative, it is measured in the opposite 

direction to positive ( θ ). 
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Free Body Diagrams and Kinetic Diagrams 

     The free body diagram is the same as you have done in statics; we will add the 

kinetic diagram in our dynamic analysis. 

1. Isolate the body of interest ( free body ).  

2. Draw your axis system  (e.g., Cartesian, polar, path ).  

3. Add in applied forces ( e.g., weight, [225 N] pulling force ). 

4. Replace supports with forces ( e.g., normal force ). 

5. Draw appropriate dimensions ( usually angles for particles ). 

 

                                          ∑ F                  =                   m a  
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Example 2 - 1 - 1: 

     Draw the ( FBD ) and ( KD ) for 

block ( A ) [ note that the massless, 

frictionless pulleys are attached to 

block ( A ) and should be included in 

the system ].   

 

 
 

1. Isolate body. 

2. Axes. 

3. Applied forces. 

4. Replace supports 

with forces. 

5. Dimensions (already 

drawn). 

6. Kinetic diagram. 
 

 

Example 2 - 1 - 2: 

     A body at rest of mass ( 10 kg ) is exerted by a force of ( 20 N ) for a period 

of ( 5 s ). find: 

a – Resulted acceleration.  

b – Velocity after ( 5 s ). 
 

SOLUTION: 
 

∑ F = m a 

  20 = 10 a 

   a = 2 m/s2 

 

v = vo + a t 
   = 0 + (2)(5) 

   = 10 m/s 

Example 2 - 1 - 3: 

     Calculate the mass of a body on which a force of magnitude ( 20 N ) was 

applied, which caused it to accelerate at ( 5 m/s2 ). 
 

        SOLUTION: 

∑ F = m a 

20 = 5 m 

m  =  
20

5
 = 4 kg 
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Example 2 - 1 - 4: 

     A box of mass ( 50 kg ) suspended at the end of a 

rope. Find the acceleration of the box if the tension 

in the rope is: 

a - ( 490 Newtons ). 

b - ( 240 Newtons ). 

c - ( 890 Newtons ). 

 

 
SOLUTION:  

 

W = mg = 50 × 9.8 = 490 N 

∑ F = T – W 

 

a-              W = T = 490 N 

∑ F = T – W = 490 – 490 = 0 
 

∑ F = m a 

0 = 50 a 

a = 0              ( Static state ) 

 
b-              W = 490 N    ,     T = 240 N 

∑ F = T – W = 240 – 490 = – 250 N = 250 N ↓ 
 

∑ F = m a 

250 = 50 a 

a = 
250

50
 = 5 m/s2  ↓    

   
c-              W = 490 N    ,     T = 890 N 

∑ F = T – W = 890 – 490 = 400 N 
 

∑ F = m a 

400 = 50 a 

a = 
400

50
 = 8 m/s2  ↑           
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Example 2 - 1 - 5: 

     In the figure, the rope passes on a completely 

smooth pulley and is suspended to one end ( 10 kg ) 

and to the other end ( 20 kg ), calculate the 

approximate acceleration of the system and the 

tension in the rope. 

 

 
 

SOLUTION: 

W1 = 10 × 9.8 = 98 N 

W2 = 20 × 9.8 = 196 N 

Lift side: 

∑ F = T – W1 = m a 

           T – 98 = 10 a 

           T = 10 a + 98 …….. (1) 

Right side: 

 

∑ F = W2 – T = m a 

         196 – T = 20 a 

         T = 196 – 20 a …….. (2) 
 

10 a + 98 = 196 – 20 a 

30 a = 98 

a = 3.27 m/s2 

 

Sub. in Eq. (1): 

T = 10 a + 98 = 10 (3.27) + 98 

    =  130.7 N 
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Example 2 - 1 - 6: 

     A box of mass ( 30 kg ) placed on the floor of an elevator. 

Calculate the force that the box exerts on the elevator floor 

in the following cases: 

a- When the elevator moves up at a constant velocity. 

b - When the elevator moves up with an acceleration of 

( 1.2 m/s2 ). 

c - When the elevator moves down with an acceleration 

of ( 1.2 m/s2 ). 

 
SOLUTION: 

 

W = m g = 30 × 9.8 = 294 N 
 

∑ F = m a  

 

a-      a = 0   ( constant velocity )     

R1 – W = m a 
R1 – 294 = 0 

R1 = 294 N 

 

 

 

b-      a = 1.2 m/s2     

R2 – W = m a 
R2 – 294 = 30 × 1.2 

R2 = 36 + 294 = 330 N 
 

 

 

c-      a = 1.2 m/s2     

R3 – W = – ( m a ) 
R3 – 294 = – ( 30 × 1.2 ) 

R3 = – 36 + 294 = 258 N 
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Example 2 - 1 - 7: 

      In the figure, the weights (10 kg) and (20 kg) 

are tied with a rope that passes the bug of the 

pulley. Ignore the friction. Find the tension force 

in the rope and the acceleration of the system.  

 
SOLUTION: 
 

For ( 10 kg ) mass:   
 

∑ Fx’ = m a 

T – mg sin 30° = m a  

T – (10)(9.8) sin 30° = 10 a 

T – 49 = 10 a 

T = 10 a + 49  ………….  (1) 

 
For ( 20 kg ) mass:   

 

W = mg = (20)(9.8) = 196 N 

∑ Fy = m a 

196 – T = 20 a  

T = 196 – 20 a  ………….  (2) 

 

196 – 20 a = 10 a + 49 

196 – 49 = 10 a + 20 a 

147 = 30 a 

a = 
147

30
 = 4.9 m/s2 

 

Sub. in Eq. (1): 
 

T = 10 a + 49 = 10(4.9) + 49 = 98 N 

 

 
 

 

 

 

 

 

 

 

 

 



10 
 

Example 2 - 1 - 8: 

     A train consisting of three cars, each car weighing ( 15 tons ). The first cart 

works as a machine and exerts a pulling force of ( 40 kN ) on the rail. The 

frictional resistance of each cart on the rail is ( 1 kN ). Find the acceleration of 

the train and the tension in the connections between the carts. 
 

 
 

SOLUTION: 
 

∑ Fx = m a 

Cart I:       P – F – T1 = m a  

40000 – 1000 – T1 = 15000 a 

39000 – T1 = 15000 a   ……………… (1) 

Cart II:      T1 – 1000 – T2 = 15000 a   ……….… (2) 

Cart III:     T2 – 1000 = 15000 a   ……………… (3) 
 

From Eq. (3)         T2 = 15000 a + 1000 

Sub. in Eq. (2) 

T1 – 1000 – ( 15000 a + 1000 ) = 15000 a 

T1 – 2000 – 15000 a = 15000 a 

T1 = 30000 a + 2000 

Sub. in Eq. (1) 

39000 – ( 30000 a + 2000 ) = 15000 a 

39000 – 30000 a – 2000 = 15000 a 

37000 = 45000 a 

a = 
37000

45000
 = 0.822 m/s2 

 

T1 = 30000 ( 0.822 ) + 2000 

                                       = 26666 N = 26.67 kN 

T2 = 15000 ( 0.822 ) + 1000  

                                       = 13333 N = 13.33 kN 
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Example 2 - 1 - 9: 

     A man of mass ( 75 kg ) is lifted by a 

rope hanging from a helicopter that is 

above him. If the mass of the hook is      ( 

10 kg ), find the tension in the rope when 

the man is lifting: 

a - at a constant velocity. 

b - with a constant acceleration of ( 0.5 

m/s2 ). 

Ignore the rope mass. 

 

 

 
SOLUTION: 
 

Wm = 75 × 9.8 = 735 N 

Wh = 10 × 9.8 = 98 N 

a- at a constant velocity,      a = 0 
 

∑ Fy = m a 

T – Wm – Wh = m a 
T – 735 – 98 = 0 

T = 833 N  

 

b- at ( a = 0.5 m/s2 ) 
 

∑ Fy = m a 

T – Wm – Wh = m a 
T – 735 – 98 = ( 75 + 10 ) ( 0.5 ) 

T = 42.5 + 735 + 98 = 875.5 N  
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Example 2 - 1 - 10: 

     A machine of mass ( 4 tons ) was lifted 

vertically to the top by a chain, a distance 

of ( 3 m ) during ( 4 s ) of rest. Assuming 

the acceleration is constant, find the tension 

in the chain. 

 

 
SOLUTION: 

 

s = so + vo + 0.5 a t2 

3 = 0 + 0 + 0.5 a (4)2 

3 = 8 a         a = 
3

8
 = 0.375 m/s2 

 

W = 4000  × 9.8 = 39200 N 

∑ Fy = m a 

T – W = m a 
T – 39200 = 4000 × 0.375 

T = 1500 + 39200 = 40700 N = 40.7 kN 
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Example 2 - 1 - 11: 

     During the test of a vertically upward rocket, the thrust of the 

engine was ( 5 kN ) for a period of ( 15 s ). If you know that the 

minimum vertical acceleration of the rocket on which the engine 

will be installed is ( 65 m/s2 ), what is the largest mass of the rocket? 

neglect the engine mass. 

 

 
SOLUTION: 

 

∑ Fy = m a 

F – W = m a 

F – m g = m a 

F = m g + m a = m ( g + a ) 

5000 = m ( 9.8 + 65 ) 

5000 = 74.8 m 

m = 
5000

74.8
 = 66.8 kg 
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PROBLEMS: 

 

 

( 2 - 1 - 1 ): 

     A person whose mass is ( 80 kg ) is located in 

a building at a height of ( 10 m ) above the 

ground. The person was forced to go down on a 

rope with a maximum tension force of ( 650 N ). 

Calculate the minimum acceleration he must 

have on the rope so that it does not break. 

 

a =  1.7 m/s2  ↓ 

 

 
 

 

( 2 - 1 - 2 ): 

     A body traveling towards the east at a speed of (  30 m/s  ), was subjected to 

the effect of a force of ( 250 N ) towards the north for a period of ( 2 s ). If the 

mass of the body is ( 50 kg ), what is its final velocity? 

 

v =  31.62 m/s 

  = 18.435° 

 

 

 

( 2 - 1 - 3 ): 

     In the system of weights shown in the figure, 

the horizontal surface is smooth ( frictionless ), 

and the friction in the pulley is negligible. Find 

acceleration of the system and tension in the 

rope. 

a = 7 m/s2        T = 14 N 
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( 2 - 1 - 4 ): 

     An air-to-air missile with a mass of        

( 500 kg ) was launched horizontally from 

a fighter aircraft. If the acceleration of the 

missile is ( 90 m/s2 ) relative to the aircraft, 

what is the thrust of the missile engine? 
 

 

                          F = 45 kN 
 

 

 

  

 

( 2 - 1 - 5 ): 

     A ( 200 lb ) block rests on a 

horizontal plane.  Find the magnitude of 

the force ( P ) required to give the block 

an acceleration of ( 10 ft/s2 ) to the right.  

Neglect the friction between the block 

and plane.  

                          P =  71.7 lb 

 
 

   

 

( 2 - 1 - 6 ): 

     A car of mass ( 1 ton ) is traveling at a speed 

of ( 30 km/h ) in a straight line. Calculate the 

magnitude of resistance that must be applied by 

the brakes to stop the car within ( 75 m ). 

 
 

F = 6 kN  ← 
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( 2 - 1 - 7 ): 

     A spacecraft landed on the surface of the moon 

with a vertical deceleration of ( 1 m/s2 ). If the 

mass of the spacecraft is (  13 × 103 kg  ) and the 

gravitational acceleration on the moon is (  1.67 

m/s2  ). Find the thrust for the landing machine 

during this stage. 

 

T =  8.7 kN 
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Chapter two    
Work and Energy And Power Principles 

 

     In previous chapter, Newton’s 2nd law ( ∑ F = ma ) was applied to various problems of 

particle motion to establish the instantaneous relationship between the net force acting on 

a particles or bodies and the resulting acceleration of this particle or bodies. To get the 

velocity and displacement, the appropriate kinematics equations may be applied.  
 

     There are two general classes of problems in which the cumulative effects of the 

unbalanced forces acting on a particle are of interest: 
 

- Integration of the forces with the respect to the displacement of the particle. This leads 

to the equations of work and energy. 

- Integration of the forces with the respect to the time. This leads to the equations of 

impulse and momentum. 
 

     Incorporation of the results of these integrations directly into the governing equations 

of motion makes it unnecessary to solve directly for the acceleration. 

 

Conservation of Energy: 

    A conservative force does work that is independent of its path. Two examples  

are the weight of a particle and the spring force. 

    Friction is a nonconservative force since the work depends upon the length of  

the path. The longer the path, the more work done. 
      

     Mechanical energy consists of kinetic 

energy ( KE ) and gravitational and elastic 

potential energies ( PE ). According to the 

conservation of energy, this sum is 

constant and has the same value at any 

position on the path. If only gravitational 

and spring forces cause motion of the 

particle, then the conservation of energy 

equation can be used to solve problems 

involving these conservative forces, 

displacement, and velocity. 

 

 

Fig. (2-2-1) Conservation of Energy 

 

KE1 + PE1 = KE2 + PE2  ………….…  (2-2-1) 
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The Principle of Work, Energy and power: 

     Work and kinetic energy are closely related concepts in physics and engineering, often 

described within the framework of the Work-Energy theorem. 
 

 

Work: 

     Work is defined as the process of transferring energy to or from an object by means of 

a force acting over a distance.  
 

     In physics, work is defined as the product of the force applied to an object and the 

displacement of the object in the direction of the force. 
 

The work done by a force is given by: 
 

U = ( F cos θ ).d  

U = F⋅d⋅cos θ  ………  (2-2-2) 

 

 

Where:  
Fig. (2-2-2) The work 

U : is the work done, ( measured in joules, J ). 

F : is the magnitude of the force applied, ( measured in newtons, N ). 

d : is the displacement of the object in the direction of the force, ( measured in meters, m 

). 

θ : is the angle between the applied force and the direction of displacement. 

 

     A force does work when it undergoes a 

displacement along its line of action. If the 

force varies with the displacement, then 

the work is: 
  

U = ∫(F cos 𝜃) dS    

……….…  (2-2-3) 
 

     Graphically, this represents the area 

under the ( F - S ) diagram. 

 

Fig. (2-2-3) Graphical representation of the work 
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Key Points about Work: 

- Work is scalar quantity. 

- Work in ( SI unit ) is Joule ( J ); where: 1 J = 1 N.m 

- Work is done only when the force has a component in the direction of the 

displacement. If the force is perpendicular to the displacement ( θ = 90° ), no work is 

done. 

- Work can be positive or negative depending on the direction of the force relative to 

the displacement. Positive work adds energy to the object, while negative work 

removes energy. 

- During a finite movement of the point of application of a force, the force does an 

amount work equal to: 

 
 

 
 

Fig. (2-2-4) The work in states of spring 

 

U = ∫ F dS 

Ui-f = ∫ F dS
xf

xi
 = ∫ (kS) dS

xf

xi
 = 

1

2
 k ( Sf 

2 – Si 

2  )   ……….…  (2-2-4) 

Ui-f : is the area under the curve ( the shaded area ). 

          is the integration the force equation relative to distance. 

 

Note:  

The spring force is ( + ve ) if the spring in tension. 

The spring force is ( – ve ) if the spring in compression. 
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Example (2–2–1): 

     A block of ( 10 kg ) mass is pulled ( 3 m ) along a horizontal 

surface by a force of ( 50 N ) as shown in Fig. (Ex. 2-2-1). 

Determine the work done by the force.  

Fig. (Ex. 2-2-1) 
 

 

Solution: 

U = F⋅d⋅cos θ = 50 × 3 × cos 30 = 129.9 J  

 

 

 

Example (2–2–2): 

     A block of ( 15 kg ) mass is pulled ( 4 m ) along a rough 

horizontal surface by a force of ( 60 N ) as shown in Fig.         

(Ex. 2-2-2). Determine the work done by the force. The 

coefficient of kinetic friction between the contacting surfaces 

is ( k = 0.3 ). 

 

Solution: 

W = mg = 15 × 9.81 = 147.15 N 

N = W – Fy = 147.15 – 60 sin 30 = 117.15 N 

Ff = k N = 0.3 × 117.15 = 35.145 N 

 

Fig. (Ex. 2-2-2) 

 

 

 

 
 

Work due to the load: 

UF = Fx . d = 60 cos 30 × 4 = 207.846 J     ( positive ) 
 

Work due to the friction: 

Uf = Ff . d = 35.145  × 4 = 140.58 J             ( negative ) 
 

Total work: 

  UT = UF – Uf = 207.846 – 140.58 = 67.266 J  
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Example (2–2–3): 

     A store filled with water is pulled to the top from the 

bottom of a well using a motor and a rope at a constant 

speed of (  2 m/s  ) for (  10 s ) as shown in Fig. (Ex. 2-2-3). 

If the mass of the store and water is ( 10 kg ), Determine 

the work done by the motor.  

 

 

Solution: 

W = mg = 10 × 9.81 = 98.1 N 

S = So + Vo t + 
1

2
 a t2 

S = 0 + ( 2 × 10 ) = 20 m = h 

T = W = 98.1 N  
 

Work due to the rope tension:  

UT = F.T = 98.1 × 20 = 1962 J  

      = 1.962 kJ               ( positive ) 
 

 

Fig. (Ex. 2-2-3) 
 

 

Work due to the weight:  

UW = F.W = 98.1 × 20 = 1962 J = 1.962 kJ             ( negative ) 
 

Total work: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

Kinetic Energy: 

     Kinetic energy is the energy possessed by an object due to its motion. It is a 

fundamental concept in physics that relates to the energy of an object in motion. It is given 

by the equation: 

KE = 
1

2
 mV2   ……….…  (2-2-5) 

Where: 

KE : is the kinetic energy, ( measured in joules, J ). 

m : is the mass of the object, ( measured in kilograms, kg ). 

V : is the velocity of the object, ( measured in meters per second, m/s ). 

 

Key Points about Kinetic Energy: 

- Kinetic energy is a scalar quantity, meaning it has magnitude but no direction.  

- It depends on both the mass of the object and the square of its velocity.  

- Doubling the velocity of an object will quadruple its kinetic energy. 

 

The Work-Energy Theorem 

     The Work-Energy Theorem states that the net work done on an object is equal to the 

change in its kinetic energy: 

 

Ui-f = ∫ F. dr
2

1
 = ∫ ma . dr

2

1
 = ∫ mat . ds

2

1
 

But:   at = 
dV

dt
 = 

dV

dS
 
dS

dt
 = V 

dV

ds
      

at dS = V dV  

Ui-f = ∫ mV . dV
v2

v1
 = 

1

2
 m ( V2

2 – V1
2 ) 

Ui-f = KE2 – KE1 = ∆ KE       

or       KE 1 + Ui-f = KE 2   ……….…  (2-2-6) 

 
 

Fig. (2-2-5) Work-Energy relationship 

 

     This theorem connects the concepts of work and kinetic energy and can be used to 

solve a variety of problems where forces cause changes in the motion of objects. 

 

Practical Applications: 

- Braking Systems: In vehicles, the work done by friction forces ( brakes ) reduces the 

kinetic energy of the vehicle, bringing it to a stop. 

- Sports and Athletics: Understanding how much work is required to accelerate a sprinter 

or how the kinetic energy of a thrown ball changes during flight. 

- Machinery: Calculating the energy required to move parts of a machine or how much 

energy is transferred when a machine part is set into motion. 
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Example (2–2–4): 

     The car shown in Fig. (Ex. 2-2-4) with a mass of ( 

1.2 tons ) is traveling at a speed of ( 108 km/h ). 

Determine its kinetic energy. 

 

 

Solution:  
 

Fig. (Ex. 2-2-4) 

V = 
108

3.6
 = 30 m/s 

KE = 
1

2
 mV2 = 

1

2
 ( 1200 ) ( 30 )2 = 54000 J = 540 kJ 

 

 

Example (2–2–5): 

     A ( 10 kg ) block is sliding down an inclined surface 

at a speed of ( 20 m/s ), as shown in Fig. (Ex. 2-2-5). 

Determine its kinetic energy. 

 

 

 

Solution: 
 

Fig. (Ex. 2-2-5) 

KE = 
1

2
 mV2 = 

1

2
 ( 10 ) ( 20 )2 = 2000 J = 2 kJ 

 

Example (2–2–6): 

     The motorcycle shown in Fig. (Ex. 2-2-6) is traveling at a 

speed of ( 72 km/h ). If it has a kinetic energy of ( 20 kJ ), 

determine the combined mass of the motorcycle and its rider. 

 

Solution: 
 

 

Fig. (Ex. 2-2-6) 

V = 
72

3.6
 = 20 m/s 

KE = 
1

2
 mV2 

20000 = 
1

2
 × m × (20)2 

200 m = 20000             m = 100 kg 
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Potential Energy: 

     Potential energy is a fundamental concept in physics that relates to the stored energy 

an object possesses due to its position or condition. It is one of the two main types of 

mechanical energy, potential energy is always associated with forces that can move an 

object or system into a more stable or lower energy state. 
 

     Potential energy is the energy stored in an object due to its position, condition, or 

configuration. It has the potential to be converted into kinetic energy ( the energy of 

motion ) or other forms of energy. The most common types of potential energy include: 

 

- Gravitational Potential Energy:  

     Energy stored in an object because of its height above the ground. The higher the 

object, the more gravitational potential energy it has: 
 

PEg =  Wh   ……..….…  (2-2-7) 

PEg =  mgh   ……….…  (2-2-8) 

Where: 

PE : is the Potential energy, ( measured in joules, J ). 

m : is the mass of the object, ( measured in kilograms,   

kg ).  

g : is the acceleration due to gravity, ( measured in 

meters per second square, m/s2 ). 

 h : is the height above or below the datum, ( measured 

in meters, m ).  

 

 

Fig. (2-2-6) Gravitational Potential Energy 

 

- Elastic Potential Energy:  

    Energy stored in objects that can be stretched or compressed, like springs or rubber 

bands. For a spring, the elastic potential energy is given by:  
 

PEe =   
1

2
 kS2   ……….…  (2-2-9) 

Where: 

PE : is the Potential energy, 

        ( measured in joules, J ). 

k : is the spring constant  

      (a measure of stiffness).  

S : is the displacement from the 

spring's equilibrium position, 

       ( measured in meters, m ).   

 
Fig. (2-2-7) Elastic Potential Energy 
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- Gravitational-Elastic Potential Energy:  

 

 

PE = PEg + PEe   ………….…  (2-2-10) 

PE = – Wh +  
1

2
 kS2   ….….…  (2-2-11) 

  

 
Fig. (2-2-8) – 

Gravitational-Elastic 

Potential Energy 
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Example (2–2–7): 

      Fig. (Ex. 2-2-7) shows a person of ( 75 

kg ) mass climbing a flight of stairs. 

Calculate his potential energy before 

starting to climb the stairs and at stairs 

(5), (10) and (17). 

  

Fig. (Ex. 2-2-7) 

Solution: 

PE = mgh 

PEo = mgho = 75 × 9.81 × 0 = 0 

PE5 = mgh5 = 75 × 9.81 × ( 5 × 0.2 ) = 735.75 J 

PE10 = mgh10 = 75 × 9.81 × ( 10 × 0.2 ) = 1471.5 J 

PE17 = mgh17 = 75 × 9.81 × ( 17 × 0.2 ) = 2501.55 J 

 

 

Example (2–2–8): 

     A block of ( 3kg ) is placed on top of a spring, then 

pushed down to the position shown  in Fig. (Ex. 2-2-8). If 

it is then released, determine the maximum height h to 

which it will rise. 

 

 

 

Solution: 

 
 

Fig. (Ex. 2-2-8) 
 

Conservation of Energy: 

W = mg = 3 × 9.81 = 29.43 N 

KE1 + PE1 = KE2 + PE2 

KE1 + [ (PEg)1 + (PEe)1 ] = KE2 + [ (PEg)2 + (PEe)2 ] 
1

2
 mV1

2 + [ (Wh)1 + (
1

2
 kS2)1 ] = 

1

2
 mV2

2 + [ (Wh)2 + (
1

2
 kS2)2 ] 

0 + [ 0 + 
1

2
 (150)(0.05)2 ] = 0 + [ 29.43h + 0 ] 

29.43h = 0.1875 

h = 0.0064 m = 6.4 mm 
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Example (2–2–9): 

      A person throws a weight of ( 50 N ) from a height of 

( 8 m ) as shown in the Fig. (Ex. 2-2-9). Calculate its 

kinetic energy and potential energy at the moment it is 

thrown, at a height of ( 4 m ), and at the moment it 

almost touches the ground. Neglect air resistance to 

gravity. 

 

Solution: 

y = yo + (Vo)y t – 
1

2
 gt2 

y2 = y1 + (V1)y t – 
1

2
 gt2 

4 = 8 + 0 – 
1

2
 (9.81) t2 

4.905t2 = 4                t = 0.903 s 

 
 

Fig. (Ex. 2-2-9) 

 

Vy = (Vo)y – gt 

V2y = (V1)y – gt 
V2y = 0 – ( 9.81× 0.903 ) = – 12.53 = 8.86 m/s ↓ 

y3 = y1 + (V1)y t – 
1

2
 gt2 

0 = 8 + 0 – 
1

2
 (9.81) t2 

4.905t2 = 8                t = 1.277 s 
 

V3y = (V1)y – gt 
V3y = 0 – ( 9.81× 1.277 ) = – 12.53 = 12.53 m/s ↓ 
 

m = 
W

g
 = 

50

9.81
 = 5.1 kg 

KE = 
1

2
 mV2 

KE1 = 
1

2
 mV1

2 = 
1

2
 × 5.1 × ( 0 )2 = 0 

KE2 = 
1

2
 mV2

2 = 
1

2
 × 5.1 × ( 8.86 )2 = 200 J 

KE1 = 
1

2
 mV1

2 = 
1

2
 × 5.1 × ( 12.53 )2 = 400 J 

PE = Wh 

PE1 = Wh1 = 50 × 8 = 400 J  

PE2 = Wh2 = 50 × 4 = 200 J  

PE3 = Wh3 = 50 × 0 = 0 
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Power (P): 

- In physics, power is the rate at which work is done or energy is transferred. It is 

typically measured in watts (W). The formula is: 
 

P = 
U

t
   ………….…  (2-2-12) 

 

- In engineering, Power refers to the output or capability of a machine, engine, or 

system to perform work, often measured in horsepower ( hp ). 
 

P = 
dU

dt
 = F 

dr

dt
                  P = F.V   ………….…  (2-2-13) 

 

- Power is scalar and its SI unit is watt (W), where 

 

1 W = 1 J/s 

1 hp = 550 ft.Ib/s = 33000 ft.Ib/min 

1 hp = 746 W = 0.746 kW 

 

 

Mechanical Efficiency (ηm): 

     Efficiency is a measure of how effectively a system, process, or machine converts 

input into useful output. It is often expressed as a percentage and is calculated as the ratio 

of useful output to total input. The general formula for efficiency is: 

 

Efficiency = 
Useful Output

Total Input
  × 

100 % 
 

ηm = 
Poutput

Pinput
 

 

ηm = 
Eoutput

Einput
 

 

| 

| 

 

| 

| 

 

……………..…  (2-2-14) 

 

ηm  1 
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Example (2–2–10): 

     A machine of mass ( 0.6 tons ) was lifted to a height 

of ( 10 m ) in ( 5 s ), as shown in Fig. (Ex. 2-2-10). 

Calculate the required power. 

 

 

 

Solution: 
 

Fig. (Ex. 2-2-10) 

U = F.h = m.g.h = 600  ×  9.81 × 10 = 58860 J = 58.86 kJ 

P = 
U

t
 = 

58860

5
 = 11772 W = 11.772 kW 

 

Example (2–2–11): 

     A car engine shown in Fig. (Ex. 2-2-11). 

provides a constant force of ( 1 kN ) to keep the car 

moving at a constant velocity of ( 72 km/h ). 

Calculate the required power. 
 

 

Fig. (Ex. 2-2-11) 

 

Solution: 

V = 
72

3.6
 = 20 m/s 

P = F.V = 1000 × 20 = 20000 W = 20 kW 

 

 

 

Example (2–2–12): 

     A motor applies a torque of ( 100 N·m ) to a rotating disc 

at an angular velocity of ( 20 rad/s ) as shown in Fig. (Ex. 

2-2-12). Calculate the required power. 

 

 

Solution: 

P = τ⋅ω 

P = 100 × 20 = 2000 W = 2 kW 

 
 

Fig. (Ex. 2-2-12) 
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