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Topic 01. Introduction to Vibrations
Topic 01 covers: 1) Explaining the fundamental concepts in vibration; 2) Understanding vibration and vibration systems; 3)
Defining degrees of freedom in mechanical systems; 4) Classifying different types of vibrations; 5) Identifying the standard
procedure for vibration analysis.

Understanding vibrations is fundamental in Mechanical Engineering, as they play a crucial role in the design, analysis, and
maintenance of mechanical systems. Vibrations occur in a wide range of systems, from simple pendulums to complex machinery,
and can significantly affect performance, safety, and longevity. By understanding and analyzing vibrations, engineers can predict
and mitigate potential issues, ensuring systems operate effectively under various conditions.
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Topic 02. Free Vibration of Single DOF: an Undamped Translational System
Topic 02 covers: 1) Formulating the equation of motion (EOM) for an undamped translational single-degree-of-freedom (DOF)
system for both horizontal and vertical systems using fundamental principles; 2) Solving the EOM analytically to determine the
system's time-domain response; 3) Mathematically describing harmonic motion using sinusoidal functions; 4) Determining key
harmonic motion parameters, including natural frequency and amplitude; 5) Interpreting the physical implications of results
obtained from spring-mass models.

Understanding free vibration of single-DOF systems is fundamental in Mechanical Engineering. This topic focuses on the
dynamics of undamped translational systems, equipping students with the analytical tools necessary to describe and predict system
behavior. By mastering these principles, students build a solid foundation for analyzing more complex vibration systems and
applying these concepts to practical engineering challenges.

At the end of this chapter, an animation illustrating simple harmonic motion for a single-degree-of-freedom (1 DOF) spring-mass
system under free vibration is provided. Additionally, supplementary materials, titled "Extra Sheets," are included to review the
fundamental knowledge required for this topic, covering: 1) Important Terminologies in Vibrations; 2) Differential Equations (ODE
vs. PDE); and 3) Mathematical Identities. Additionally, to provide the required background for the practice problem, an animation
is included to illustrate the determination of the force resolution angle for a body on an inclined surface. An extra sheet is provided
to review the required angle relationships for parallel lines.
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Animations for Simple Harmonic Motion for a 1-DOF Spring-Mass System under Free
Vibration 
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Extra Sheet for Differential Equation
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This page titled Topic 02. Free Vibration of Single DOF: an Undamped Translational System is shared under a CC BY-NC-SA license and was
authored, remixed, and/or curated by JuEun Lee.
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Topic 03. Free Vibration of Single DOF: an Undamped Torsional System
Topic 03 covers: 1) Deriving the equation of motion (EOM) for an undamped torsional single-degree-of-freedom (DOF) system
using fundamental principles; 2) Applying the Energy Method to derive the equation of motion based on energy conservation
principles; 3) Using Lagrange’s Method to systematically formulate the equation of motion.

Understanding free vibration of single-DOF torsional systems is essential in Mechanical Engineering, as many mechanical systems,
such as rotating shafts, automotive drivetrain components, turbine rotors, and precision instrumentation mechanisms, can be
modeled as torsional systems. This topic explores the dynamics of undamped torsional systems, equipping students with analytical
tools to model rotational motion and predict system behavior. Mastering these principles provides a strong foundation for analyzing
more complex vibration systems and applying these concepts to real-world engineering applications.

At the end of this chapter, supplementary materials, titled "Extra Sheets," are included to review essential background knowledge,
covering 1) Moment of Inertia, and 2) Linearization.
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Extra Sheet for Moment of Inertia

https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://eng.libretexts.org/@go/page/117370?pdf


Topic 03. Free Vibration of Single DOF.9 https://eng.libretexts.org/@go/page/117370

https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://eng.libretexts.org/@go/page/117370?pdf


Topic 03. Free Vibration of Single DOF.10 https://eng.libretexts.org/@go/page/117370

Extra Sheet for Linearization

https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://eng.libretexts.org/@go/page/117370?pdf


Topic 03. Free Vibration of Single DOF.11 https://eng.libretexts.org/@go/page/117370

https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://eng.libretexts.org/@go/page/117370?pdf


Topic 03. Free Vibration of Single DOF.12 https://eng.libretexts.org/@go/page/117370

This page titled Topic 03. Free Vibration of Single DOF: an Undamped Torsional System is shared under a CC BY-NC-SA license and was
authored, remixed, and/or curated by JuEun Lee.
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Topic 04. Free Vibration: Stiffness
Topic 04 covers: Identifying the stiffness of structural elements in transverse, longitudinal, and rotational vibrations; determining
the equivalent stiffness for given spring combinations; understanding how stiffness influences the natural frequency of vibratory
systems.

Many mechanical systems are composed of structural elements such as rods, beams, shafts, and springs, each exhibiting stiffness
that governs their response to external forces and vibrations. Stiffness plays a crucial role in free vibration analysis, as it directly
influences a system’s natural frequency, stability, and deformation behavior. Understanding stiffness in various configurations
provides essential analytical tools for modeling vibratory systems and predicting their dynamic response. This knowledge enables
engineers to design and optimize mechanical structures for improved performance and stability.
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Topic 05. Free Vibration of Single DOF: Viscous Damping
Topic 05 covers: Explaining the characteristics and behavior of viscous damping elements; deriving the equation of motion (EOM)
for a damped single-degree-of-freedom (DOF) system; analyzing the response of damped single-DOF systems.

Damping is a fundamental aspect of mechanical vibrations, governing the dissipation of energy in oscillatory systems. Many
engineering structures and mechanical components incorporate damping mechanisms to control vibrations, enhance stability, and
prevent excessive oscillations. Viscous damping, in particular, plays a crucial role in reducing vibrational amplitude by converting
mechanical energy into heat through fluid resistance or internal material deformation. Understanding damping behavior enables
engineers to model and predict system response accurately, ensuring optimal performance and longevity in various applications,
including machinery, vehicles, and structural systems.

At the end of this topic, an extra sheet is provided for "Exponential Function". 
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Topic 06. Free Vibration of Single DOF: Damping Estimation from Underdamped
Response
Topic 06 covers: explaining the importance of determining the damping ratio and damping constant from an underdamped system
response; analyzing the dynamic response of underdamped single-degree-of-freedom (DOF) systems; explaining the concept of
logarithmic decrement; demonstrating how logarithmic decrement is applied in vibration system analysis to quantify damping;
determining the logarithmic decrement of damped systems based on measured oscillation amplitudes.

Damping estimation plays a critical role in vibration analysis, as it directly influences the accuracy of system modeling and
performance evaluation. In underdamped systems, the displacement response provides valuable insights into the damping
characteristics, enabling engineers to quantify energy dissipation through the damping ratio and damping constant. Logarithmic
decrement offers a practical method for determining these parameters by analyzing the decay of successive oscillation amplitudes.
Understanding and applying these concepts equips engineers with essential tools for evaluating system behavior, optimizing
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Topic 07. Forced Vibration of Single DOF: Undamped System Under Harmonic
Excitation
Topic 07 covers: deriving the equation of motion (EOM) for an undamped single-degree-of-freedom (DOF) system subjected to
harmonic excitation; solving the EOM to determine the system's steady-state response; interpreting the dynamic behavior of the
vibrating system under harmonic excitation.

Harmonic excitation is a common form of external forcing encountered in mechanical systems, arising from periodic inputs such as
rotating machinery, engines, or unbalanced loads. Understanding how an undamped system responds to harmonic excitation is
fundamental for predicting system behavior, identifying resonance conditions, and ensuring structural integrity. This chapter
provides a comprehensive analysis of the system's steady-state response, emphasizing the relationship between excitation
frequency, amplitude, and phase. Mastering these concepts enables engineers to evaluate system performance, design effective
vibration isolation strategies, and optimize mechanical systems to operate safely and efficiently under periodic loading conditions.

At the end of the chapter, an Extra Sheet is provided on "the Method of Undetermined Coefficients", an approach for determining
particular solutions to nonhomogeneous ordinary differential equations.
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Topic 08. Forced Vibration of Single DOF: Damped System Under Harmonic
Excitation
Topic 08 covers: deriving the equation of motion (EOM) for a damped single-degree-of-freedom (DOF) system subjected to
harmonic excitation; solving the EOM to determine the system's total response, which includes both the transient and steady-state
components; interpreting the dynamic behavior of the vibrating forced damped system under harmonic excitation.

Damping is an inherent characteristic of most mechanical systems, arising from internal material properties, structural connections,
and energy dissipation mechanisms such as friction and fluid resistance. When a damped system is subjected to harmonic
excitation, its response is influenced by both the system’s natural properties and the nature of the external forcing. Unlike
undamped systems, where resonance leads to unbounded oscillations, damping introduces energy dissipation, affecting the
amplitude, phase, and stability of the steady-state response. Understanding the behavior of a damped system under harmonic
excitation is essential for designing practical engineering systems, mitigating excessive vibrations, and optimizing dynamic
performance.

At the end of the chapter, an Extra Sheet is provided on "Trigonometric Identities."
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Topic 09. Forced Vibration – Base Excitation
Topic 09 covers: deriving the equation of motion (EOM) and solving for the response of systems subjected to harmonic base
excitation; defining and applying the concept of displacement transmissibility; interpreting the behavior of vibratory systems under
base excitation using magnitude and phase plots; and applying the response equation to practical engineering problems.

In many real-world applications, mechanical systems experience motion induced not by direct external forces but by the movement
of their supporting base—such as vehicles traveling over uneven terrain or equipment mounted on vibrating platforms. This type of
excitation is known as base excitation. Understanding the dynamic response of a system under base excitation is essential for
evaluating performance, minimizing transmitted vibrations, and preventing potential damage to sensitive components.

This topic introduces the formulation of the equation of motion under harmonic base excitation, focusing on both the relative and
absolute motions of the system. The concept of displacement transmissibility is also presented to quantify how motion is
transmitted from the base to the mass. Engineers use this information to design effective vibration isolation systems and optimize
system stability under dynamic loading environments.
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Topic 12. Multiple-Degree-of-Freedom System
Topic 12 covers: an overview of vibrations in rigid body dynamics; the formulation of equations of motion (EOMs) for systems
with multiple degrees of freedom (DOF); presentation of the EOMs in matrix form; and the analysis of free vibration behavior
through characteristic equations. This topic introduces the concept of natural frequencies and mode shapes, including how they are
determined from amplitude ratios and how they govern system behavior.

Mechanical systems in the real world often exhibit multiple degrees of freedom due to their interconnected components and
distributed mass properties. Unlike single-DOF systems, multi-DOF systems involve coupled motions that require a matrix-based
formulation for systematic analysis. Understanding these systems is essential for predicting resonant behavior, analyzing mode
interactions, and designing for dynamic stability.

This chapter focuses on deriving the governing equations of motion for linear undamped systems, interpreting the mathematical
structure of these equations, and solving for natural frequencies and mode shapes. These foundational tools are critical for modal
analysis, structural dynamics, and the design of complex mechanical systems subjected to vibratory loading.

At the end of the chapter, Extra Sheets are provided at the end of the chapter to review the fundamental concepts of (1) Matrix and
Inverse Matrix and (2) the Eigenvalue Problem.
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Topic 13. Modal Analysis of Multi-DOF System: Orthonormality of Modal Vectors
Topic 13 covers: the core principles of modal analysis for linear undamped multi-degree-of-freedom (MDOF) systems; the
theoretical foundation and properties of modal vectors; and the orthonormalization of mode shapes relative to the mass and
stiffness matrices.

Modal analysis plays a central role in vibration engineering by transforming coupled differential equations into a decoupled form
using modal coordinates. This allows each vibrational mode to be analyzed independently, revealing the system’s natural
frequencies and mode shapes—key characteristics that govern its dynamic response.

This chapter introduces the eigenvalue problem in the context of MDOF systems and explores the orthogonality and normalization
properties of modal vectors. These mathematical tools form the foundation for simplifying the vibration analysis of complex
mechanical systems and are essential for applications in structural dynamics, design optimization, and vibration control.
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Topic 14. Modal Analysis of Multi-DOF System: Response via Modal Superposition
Topic 14 covers: the use of modal analysis to determine the time-domain response of linear undamped multi-degree-of-freedom
(Multi-DOF) systems. This chapter focuses on the method of modal superposition, a fundamental tool in vibration analysis that
enables the transformation of coupled equations into a set of decoupled single-degree-of-freedom systems.

In practical engineering applications, understanding the dynamic response of a Multi-DOF system is essential for evaluating
performance and predicting behavior under initial disturbances or external forces. By decomposing the motion into modal
contributions, engineers can analyze each mode independently, reconstruct the full system response, and gain insight into
resonance, mode shapes, and energy distribution.

This chapter introduces the modal superposition method, shows how to compute the modal coordinates, and demonstrates how
each mode contributes to the total displacement. The approach is essential for advanced dynamic analysis, structural design, and
control of complex vibratory systems.
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