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❑ Space

❑ Time

❑ Mass

❑ Force

❑ A Particle

❑ A Rigid Body

❑ Vector and Scalar quantities
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❑ Law I. A particle remains at rest or continues to move with uniform velocity

(in a straight line with a constant speed) if there is no unbalanced force

acting on it.

❑ Law II. The acceleration of a particle is proportional to the resultant force

acting on it and is in the direction of this force.

❑ Law III. The forces of action and reaction between interacting bodies are

equal in magnitude, opposite in direction, and collinear.
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❑ International System of metric units (SI) 

❑ U.S. Customary system of units
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❑ Newton’s law of gravitation, which governs the mutual attraction between 

bodies
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❑ A given dimension such as length can be expressed in a number of different 

units such as meters, millimeters, or kilometers.

❑ Thus, a dimension is different from a unit. 

❑ The principle of dimensional homogeneity states that all physical relations 

must be dimensionally homogeneous
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❑ Kinematics is the branch of dynamics which describes the motion of

bodies without reference to the forces which either cause the motion or

are generated as a result of the motion.

❑ Kinematics is often described as the “geometry of motion.”

❑ A thorough working knowledge of kinematics is a prerequisite to 

kinetics, which is the study of the relationships between motion and the 

corresponding forces which cause or accompany the motion.
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❖ A particle is a body whose physical dimensions are so small compared with the radius

of curvature of its path that we may treat the motion of the particle as that of a point.

❖ Rectangular coordinates x, y, z (Cartesian)

❖ Cylindrical coordinates r, 𝜃, z

❖ Spherical coordinates R, 𝜃, 𝜙

❖ Tangent t and normal n to the curve (path variables)
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❑ Particle P moving along a straight line

❖ Average velocity of the particle during the interval Δt is the displacement divided 

by the time interval or vav = Δs /Δt
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❖ instantaneous velocity

❖ The average acceleration of the particle during the interval Δ t is the change in its 

velocity divided by the time interval or aav = Δv /Δ t.

❖ instantaneous acceleration
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❑ (a) Constant Acceleration
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❑ Position Vector r
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❑ Average velocity of the particle between A and A′ is defined as vav = Δr /Δt

❑ instantaneous velocity (approaches tangent to the path)

❑ The magnitude of v is called the speed and is the scalar
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❑ The average acceleration of the particle between A and A′ is defined as Δv /Δt

❑ instantaneous acceleration
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❑ An important application of two-dimensional kinematic theory is the

problem of projectile motion.

❑ For a first treatment of the subject, we neglect aerodynamic drag and the

curvature and rotation of the earth, and we assume that the altitude change is

small enough so that the acceleration due to gravity can be considered

constant.
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❑ Measurements made along the tangent t and normal n to the path of the particle
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❖an is always directed toward the center of curvature C
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❖ Circular motion is an important special case of plane curvilinear motion where the 

radius of curvature 𝜌 becomes the constant radius r of the circle.

31



❖ Particle is located by the radial distance r from a fixed point and by an angular 

measurement 𝜃 to the radial line
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❖ Same as that obtained with n- and t-components, where the n- and t-directions 

coincide but the positive r-direction is in the negative n-direction.
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❖ Conversion from polar to rectangular coordinates

41



❑ It is not always possible or convenient, however, to use a fi xed set of axes to 

describe or to measure motion. 

❑ In addition, there are many engineering problems for which the analysis of 

motion is simplified by using measurements made with respect to a moving 

reference system. 

❑ These measurements, when combined with the absolute motion of the 

moving coordinate system, enable us to determine the absolute motion in 

question. 

❑ This approach is called a relative-motion analysis.
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❖ The motion of the moving coordinate system is specified with respect to a fixed 

coordinate system.
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❑ Sometimes the motions of particles are interrelated because of the constraints 

imposed by interconnecting members.

❖ One degree of freedom: only one variable, either x or y, is needed to specify the 

positions of all parts of the system.
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 According to Newton’s second law, a particle will accelerate when it

is subjected to unbalanced forces.

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

the resulting changes in motion.

 We combine our knowledge of the properties of forces, which we

developed in statics, and the kinematics of particle motion, and solve

engineering problems involving force, mass, and motion.



❑ General approaches to the solution of kinetics problems:

❖ (A) Direct application of Newton’s second law

(called the force-mass-acceleration method)

❖ (B) Use of work and energy principles

❖ (C) Solution by impulse and momentum methods.
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❑ The ratios of applied force to corresponding acceleration all equal the

same number, provided the units used for measurement are not changed

in the experiments.

❑ We conclude that the constant C is a measure of some invariable

property of the particle. This property is the inertia of the particle,

which is its resistance to rate of change of velocity.
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❑ The only reliable way to account accurately and consistently for every

force is to isolate the particle under consideration from all contacting

and influencing bodies and replace the bodies removed by the forces

they exert on the particle isolated.

❑ The resulting free body diagram is the means by which every force,

known and unknown, which acts on the particle is represented and thus

accounted for.

❑ Only after this vital step has been completed should you write the

appropriate equation or equations of motion.
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❑ If we choose the x-direction, for example, as the direction of the

rectilinear motion of a particle:

❑ For cases where we are not free to choose a coordinate direction along

the motion:
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❑ Acceleration and resultant force:
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❑ Rectangular coordinates:

❑ Normal and tangential coordinates:

❑ Polar coordinates:
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❑ There are two general classes of problems:

❖ (1) Integration of the forces with respect to the displacement of the particle

❖ (2) Integration of the forces with respect to the time they are applied.

❑ Integration with respect to displacement leads to the equations of work

and energy.
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❑ The work done by the force F during the displacement dr:
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❑ Work Associated with a Constant External Force



60

❑ Work Associated with a Spring Force
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❑ Work Associated with Weight



❑ The kinetic energy T of the particle:

❑ The work-energy equation for a particle:

❖ The equation states that the total work done by all forces acting on a particle

as it moves from point 1 to point 2 equals the corresponding change in kinetic

energy of the particle.
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❑ The capacity of a machine is rated by its power, which is defined as the

time rate of doing work
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❖ The ratio of the work done by a machine to the work done on the machine

during the same time interval is called the mechanical efficiency em of the

machine.

❖ In addition to energy loss by mechanical friction, there may also be electrical

and thermal energy loss, in which case, the electrical efficiency ee and

thermal efficiency et are also involved. The overall efficiency e in such

instances is:
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❑ The gravitational potential energy Vg of the particle is defined as the

work mgh done against the gravitational field to elevate the particle a

distance h above some arbitrary reference plane.
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❑ The work which is done on the spring to deform it is stored in the

spring and is called its elastic potential energy Ve.
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❖ Work-energy equation modification to account for the potential-energy terms
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❖ For problems where the only forces are gravitational, elastic, and nonworking

constraint forces:

❖ E=T+V is the total mechanical energy of the particle and its attached spring.
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❑ We can integrate the equation of motion with respect to time rather than

displacement.

❑ This approach leads to the equations of impulse and momentum.

❑ These equations greatly facilitate the solution of many problems in

which the applied forces act during extremely short periods of time (as in

impact problems) or over specified intervals of time.
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❑ Linear momentum of the particle:

❖G = mv
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❑ If the resultant force on a particle is zero during an interval of time, its

linear momentum G remain constant.

❑ In this case, the linear momentum of the particle is said to be

conserved.

Principle of conservation of linear momentum
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❑ A particle P of mass m moving along a curve in space.

❑ The velocity of the particle is v, and its linear momentum is G = mv.

❑ The moment of the linear momentum vector mv about the origin O is

defined as the angular momentum HO of P about O.
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❑ The scalar components of angular momentum:
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❑ Two- dimensional representation:
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❑ The moment of the forces acting on the particle P to its angular momentum

relation:

❑ HO Differentiation leads to:

❑ So:

❖ The moment about the fixed point O of all forces acting on m equals the time

rate of change of angular momentum of m about O.
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❑ The total angular impulse on m about the fixed point O equals the

corresponding change in angular momentum of m about O.
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❑ If the resultant moment about a fixed point O of all forces acting on a

particle is zero during an interval of time, its angular momentum HO

about that point remain constant.

❑ In this case, the angular momentum of the particle is said to be conserved.

Principle of conservation of angular momentum
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❑ Collision of two spheres with collinear motion

❖ Conservation of linear momentum:
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❑ Impact phenomena are almost always accompanied by energy loss,

which may be calculated by subtracting the kinetic energy of the system

just after impact from that just before impact.
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❑ Tangent and normal directions
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❑ A particle A of mass m whose motion is observed from a set of axes x-y-z

which translate with respect to a fixed reference frame X-Y-Z.
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❖ The particle acceleration we measure from a fixed set of axes X-Y-Z, is its

absolute acceleration a. In this case the familiar relation ΣF = ma applies.

❖ When we observe the particle from a moving system x-y-z attached to the

particle, the particle necessarily appears to be at rest or in equilibrium in x-y-z.

❖ Thus, the observer who is accelerating with x-y-z concludes that a force −ma

acts on the particle to balance ΣF.
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❑ Example
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❑ In the previous two chapters, we have applied the principles of

dynamics to the motion of a particle.

❑ Our next major step in the development of dynamics is to extend these

principles, which we applied to a single particle, to describe the motion

of a general system of particles.

❑ Recall that a rigid body is a solid system of particles wherein the

distances between particles remain essentially unchanged.
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❑ Considering n mass particles bounded by a closed surface in space

❖ Forces F1, F2, F3, . . . acting on mi from sources external to the envelop

❖ Forces f1, f2, f3, . . . acting on mi from sources internal to the system boundary
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❑ The center of mass G of the isolated system of particles

❑ Newton’s second law when applied to mi gives:

❑ Substitution into the summation of the equations of motion gives:
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❖ For a rigid body or a system of rigid bodies joined by ideal frictionless connections, no

net work is done by the internal interacting forces or moments in the connections.
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❖ A mass system is said to be conservative if it does not lose energy by virtue

of internal friction forces which do negative work or by virtue of inelastic

members which dissipate energy upon cycling.

❖ If no work is done on a conservative system during an interval of motion by

external forces (other than gravity or other potential forces), then none of the

energy of the system is lost.
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❑ The principle of conservation of linear momentum

❑ The principle of conservation of angular momentum
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❑ A rigid body:

❖ A system of particles for which the distances between the particles remain

unchanged.

❖ If the movements associated with the changes in shape are very small

compared with the movements of the body as a whole, then the assumption of

rigidity is usually acceptable.
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❖ Translation

❖ Rotation

❖ General plane motion
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❑ The rotation of a rigid body is described by its angular motion.

❖ All lines on a rigid body in its plane of motion have the same angular

displacement, the same angular velocity, and the same angular acceleration
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❖ For rotation with constant angular acceleration:
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❑ Using the cross-product relationship
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❖ We now develop the approach of absolute-motion analysis to describe the

plane kinematics of rigid bodies.

❖ In this approach, we make use of the geometric relations which define the

configuration of the body involved and then proceed to take the time

derivatives of the defining geometric relations to obtain velocities and

accelerations.

❖ The absolute-motion approach to rigid-body kinematics is quite

straightforward, provided the configuration lends itself to a geometric

description which is not overly complex. If the geometric configuration is

awkward or complex, analysis by the principles of relative motion may be

preferable.
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❑ The principles of relative motion:
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❑ We can solve the problem by choosing a unique reference point which

momentarily has zero velocity.

❑ As far as velocities are concerned, the body may be considered to be in

pure rotation about an axis, normal to the plane of motion, passing

through this point.

❑ This axis is called the instantaneous axis of zero velocity, and the

intersection of this axis with the plane of motion is known as the

instantaneous center of zero velocity.
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❑ The relative-acceleration equation:
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❑ The kinetics of rigid bodies treats the relationships between the external

forces acting on a body and the corresponding translational and rotational

motions of the body

❑ For our purpose, a body which can be approximated as a thin slab with its

motion confined to the plane of the slab will be considered to be in plane

motion.

✓Section A: forces and moments to instantaneous linear and angular accelerations relations

✓Section B: method of work and energy

✓Section C: methods of impulse and momentum
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❑ The force equation:

❑ The moment equation taken about the mass center:
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❖ A rigid body moving with plane motion in the x-y plane

✓ The mass moment of inertia:
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✓ The free-body diagram discloses the forces and moments appearing on the

lefthand side of equations of motion.

✓ The kinetic diagram discloses the resulting dynamic response in terms of the

translational term and the rotational term which appear on the right-hand side

of equations of motion.
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❖ General equation for moments about an arbitrary point P

✓ When point P becomes a point O fixed in an inertial reference system
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❖ The motion of a rigid body may be unconstrained or constrained.

❖ The two components ax and ay of the mass center acceleration and the angular acceleration

𝛼 may be determined independently or not.

❖ In general, dynamics problems which involve physical constraints to motion require a

kinematic analysis relating linear to angular acceleration before the force and moment

equations of motion can be solved.
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✓ In problems dealing with two or more connected rigid bodies whose motions are related

kinematically, it is convenient to analyze the bodies as an entire system.

✓ If there are more than three remaining unknowns, the E.O.M. is not sufficient to solve the problem.
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❑ There is no angular motion of the translating body, so that both 𝜔 and 𝛼
are zero.

❖ Rectilinear Translation:
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❑ There is no angular motion of the translating body, so that both 𝜔 and 𝛼
are zero.

❖ Curvilinear Translation:
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❖ All points in the body describe circles about the rotation axis, and all lines of

the body in the plane of motion have the same angular velocity 𝜔 and angular

acceleration 𝛼.
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❖ The dynamics of a rigid body in general plane motion combines translation and

rotation.
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Assume that the hoop rolls without slipping
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Alternatively:

hoop slips as it rolls
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C: instantaneous center 

of zero velocity



❖ Gravitational potential energy Vg and elastic potential energy Ve
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