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Introduction

Understanding the behavior of objects attached to springs is fundamental in physics, especially
when exploring concepts related to simple harmonic motion (SHM), potential energy, and elastic
forces. In this article, we focus on a specific scenario: a 4.0-kg object connected to a spring with a
spring constant of 10 N/m, displaced by 5.0 cm from its equilibrium position. This case provides an
excellent opportunity to explore key principles such as Hooke’s Law, oscillatory motion, energy
conservation, and the calculation of various physical quantities relevant to spring systems.

Spring systems are ubiquitous in both natural phenomena and engineering applications, from
vehicle suspensions to mechanical watches. Analyzing such systems not only enhances our
understanding of fundamental physics but also informs the design of practical devices. In particular,
examining the simple case of a mass attached to a spring allows us to derive critical insights about
oscillation periods, forces, and energies involved.

---

Basic Concepts and Definitions

Hooke’s Law

Hooke’s Law describes the restoring force exerted by a spring when it is displaced from its
equilibrium position. Mathematically, it states:

\[ F_s = -k x \]

where:
- \( F_s \) is the spring force,
- \( k \) is the spring constant (N/m),
- \( x \) is the displacement from equilibrium (m),
- The negative sign indicates that the force acts in the direction opposite to the displacement.

Spring Constant

The spring constant \( k \) measures the stiffness of the spring:
- A larger \( k \) indicates a stiffer spring,
- In our case, \( k = 10 \, \mathrm{N/m} \).



Displacement

Displacement \( x \) refers to how far the object is moved from its equilibrium position:
- In this scenario, \( x = 5.0 \, \mathrm{cm} = 0.05 \, \mathrm{m} \).

Mass and Its Significance

The mass \( m \) influences the oscillatory motion:
- Heavier objects typically oscillate with longer periods,
- For our object, \( m = 4.0 \, \mathrm{kg} \).

---

Calculating the Restoring Force

Using Hooke’s Law, the restoring force at the given displacement is:

\[ F_s = -k x \]

Substituting the known values:

\[ F_s = -10\, \mathrm{N/m} \times 0.05\, \mathrm{m} = -0.5\, \mathrm{N} \]

This means the spring exerts a force of 0.5 N directed opposite to the displacement, restoring the
object toward equilibrium.

---

Potential Energy Stored in the Spring

When the object is displaced, the spring stores elastic potential energy, which can be calculated
using:

\[ U_s = \frac{1}{2} k x^2 \]

Substituting the values:

\[ U_s = \frac{1}{2} \times 10\, \mathrm{N/m} \times (0.05\, \mathrm{m})^2 = 0.0125\,
\mathrm{J} \]

This energy is crucial in understanding the dynamics of oscillation and energy conservation in the
system.

---

Dynamics and Motion Analysis

Simple Harmonic Motion (SHM)

The motion of the mass-spring system follows simple harmonic motion, characterized by sinusoidal
oscillations about the equilibrium point. The key parameters include:



- Angular frequency (\( \omega \)),
- Period (\( T \)),
- Frequency (\( f \)).

Calculating the Angular Frequency

The angular frequency \( \omega \) depends on the mass and the spring constant:

\[ \omega = \sqrt{\frac{k}{m}} \]

Substituting the known values:

\[ \omega = \sqrt{\frac{10\, \mathrm{N/m}}{4.0\, \mathrm{kg}}} = \sqrt{2.5} \approx 1.58\,
\mathrm{rad/s} \]

Period of Oscillation

The period \( T \) is the time taken for one complete cycle:

\[ T = \frac{2\pi}{\omega} \]

Calculations:

\[ T = \frac{2\pi}{1.58} \approx 3.97\, \mathrm{s} \]

This means the object completes an oscillation approximately every 4 seconds when displaced by 5.0
cm.

---

Energy Considerations

Total Mechanical Energy

In ideal conditions (no damping), the total mechanical energy remains constant and is the sum of
potential and kinetic energy:

\[ E_{total} = U_s + K \]

Initially, at maximum displacement, all energy is potential:

\[ E_{initial} = U_s = 0.0125\, \mathrm{J} \]

As the object passes through equilibrium with maximum velocity, all potential energy converts into
kinetic energy:

\[ K_{max} = E_{total} = 0.0125\, \mathrm{J} \]

Maximum Speed

The maximum speed \( v_{max} \) occurs at the equilibrium position and is derived from energy



conservation:

\[ K_{max} = \frac{1}{2} m v_{max}^2 \]

Solving for \( v_{max} \):

\[ v_{max} = \sqrt{\frac{2 K_{max}}{m}} = \sqrt{\frac{2 \times 0.0125\, \mathrm{J}}{4.0\,
\mathrm{kg}}} \approx 0.079\, \mathrm{m/s} \]

Thus, the maximum speed of the object during oscillation is approximately 0.079 m/s.

---

Practical Applications and Real-World Context

Understanding the dynamics of a mass-spring system has numerous applications:

- Vibration Analysis: Engineers analyze oscillations in mechanical structures to prevent failures.
- Seismology: Earthquake waves can be modeled as harmonic motions.
- Design of Mechanical Devices: Springs are integral in shock absorbers, clocks, and measuring
instruments.
- Educational Demonstrations: Visualizing SHM to enhance physics learning.

Example: Designing a Shock Absorber

In vehicle suspension systems, springs are calibrated to absorb shocks efficiently:

- The spring constant \( k \) is chosen based on the vehicle's weight and desired ride quality.
- The oscillation period relates to passenger comfort and safety.

---

Factors Affecting the System

Damping

Real systems experience damping due to friction and air resistance:

- Damping reduces amplitude over time,
- It modifies the period slightly,
- Critical damping prevents oscillations altogether.

External Forces

External forces, such as periodic driving forces, can induce resonance:

- When the driving frequency matches the system’s natural frequency, oscillations amplify.

---

Summary of Key Calculations



| Quantity | Formula | Calculated Value |
| --- | --- | --- |
| Restoring Force \( F_s \) | \( -k x \) | \(-0.5\, \mathrm{N}\) |
| Potential Energy \( U_s \) | \( \frac{1}{2} k x^2 \) | \(0.0125\, \mathrm{J}\) |
| Angular Frequency \( \omega \) | \( \sqrt{\frac{k}{m}} \) | \(1.58\, \mathrm{rad/s}\) |
| Period \( T \) | \( \frac{2\pi}{\omega} \) | \(3.97\, \mathrm{s}\) |
| Max Speed \( v_{max} \) | \( \sqrt{\frac{2 U_s}{m}} \) | \(0.079\, \mathrm{m/s}\) |

---

Conclusion

Analyzing the behavior of a 4.0-kg object attached to a spring with a spring constant of 10 N/m and
displaced by 5.0 cm offers profound insights into fundamental physics concepts such as Hooke’s
Law, energy conservation, and simple harmonic motion. The calculations reveal how the system
oscillates with a period of approximately 4 seconds, stores elastic potential energy, and reaches a
maximum speed of about 0.079 m/s.

Understanding these principles is not only academically enriching but also practically valuable in
engineering, design, and natural phenomena analysis. Whether designing a vehicle suspension,
building earthquake-resistant structures, or creating precise measurement devices, the physics of
spring-mass systems remains a cornerstone of mechanical analysis.

---
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Frequently Asked Questions

What is the potential energy stored in the spring when the 4.0
kg object is displaced by 5.0 cm?
The potential energy is given by PE = (1/2) k x² = 0.5 10 N/m (0.05 m)² = 0.0125 Joules.

What is the maximum speed of the object during oscillation?
At the equilibrium position, the maximum speed is v = √(k/m) x = √(10/4) 0.05 m ≈ 0.1118 m/s.

What is the period of oscillation for this mass-spring system?
The period T = 2π √(m/k) = 2π √(4/10) ≈ 2π 0.6325 ≈ 3.97 seconds.



How much elastic potential energy is stored when the object is
displaced by 5.0 cm?
The elastic potential energy is PE = 0.0125 Joules, as calculated earlier.

If the object is released from the 5.0 cm displacement, what is
its initial acceleration?
The initial acceleration a = (k/m) x = (10/4) 0.05 m = 2.5 0.05 = 0.125 m/s².

What is the force exerted by the spring when the object is
displaced by 5.0 cm?
The spring force F = -k x = -10 N/m 0.05 m = -0.5 N (restoring force).

How would increasing the spring constant affect the
oscillation period?
Increasing the spring constant k would decrease the period T, since T = 2π √(m/k).

What is the total mechanical energy of the system at
maximum displacement?
The total mechanical energy is equal to the potential energy at maximum displacement, which is
0.0125 Joules.

Additional Resources
Spring Dynamics and Oscillations: A Deep Dive into a 4.0-kg Mass on a 10 N/m Spring

In the realm of classical mechanics, the simple yet profound system of a mass attached to a spring
serves as a foundational example illustrating fundamental principles of motion, energy conservation,
and harmonic oscillations. Today, we explore this classic setup featuring a 4.0-kg object displaced by
5.0 cm on a spring with a spring constant of 10 N/m. This scenario offers a rich tapestry of physics
concepts, from elastic potential energy to oscillatory motion, making it an ideal case study for
students, educators, and enthusiasts aiming to deepen their understanding of harmonic systems.

---

Understanding the System: Components and Setup

At the heart of this analysis lies a straightforward yet instructive physical system:

- Object (Mass): 4.0 kilograms (kg)



- Spring: Spring constant (k) of 10 Newtons per meter (N/m)
- Displacement (x): 5.0 centimeters (cm), which converts to 0.05 meters (m)

This configuration involves the mass being initially displaced from its equilibrium position and held
stationary, then released to oscillate under the influence of the spring's restoring force. Let's
examine each element meticulously.

The Mass: 4.0 kg

The mass acts as the inertial component of the system, resisting changes in motion according to
Newton's second law. Its magnitude influences the period and frequency of oscillations significantly,
with larger masses oscillating more slowly.

The Spring: Spring Constant (k) = 10 N/m

The spring constant measures the stiffness of the spring. A higher value indicates a stiffer spring
that resists deformation more strongly. In this case, k = 10 N/m suggests a moderate stiffness,
typical of many standard mechanical springs used in educational demonstrations.

Displacement: 5.0 cm (0.05 m)

The initial displacement from equilibrium sets the initial potential energy stored in the spring and
determines the amplitude of oscillations. Although small, this displacement is sufficient to observe
harmonic motion without nonlinear effects.

---

Exploring the Physics: Key Concepts and Calculations

The system exhibits simple harmonic motion (SHM), characterized by sinusoidal oscillations that
repeat periodically. To understand its behavior comprehensively, we delve into the core physics
quantities: elastic potential energy, maximum velocity, period, and frequency.

Elastic Potential Energy at Maximum Displacement

When the mass is displaced and held momentarily at that point, the spring stores elastic potential
energy (Uspring) given by:

\[ U_{spring} = \frac{1}{2} k x^2 \]

Substituting the known values:



\[ U_{spring} = \frac{1}{2} \times 10\, \text{N/m} \times (0.05\, \text{m})^2 \]
\[ U_{spring} = 0.5 \times 10 \times 0.0025 \]
\[ U_{spring} = 0.0125\, \text{J} \]

This energy represents the maximum potential energy stored in the spring at maximum
displacement, which is converted into kinetic energy as the mass passes through equilibrium.

Maximum Velocity of the Mass

As the mass passes through the equilibrium position, all the elastic potential energy converts into
kinetic energy (K):

\[ K = \frac{1}{2} m v_{max}^2 \]

At maximum velocity (vmax), energy conservation yields:

\[ \frac{1}{2} k x^2 = \frac{1}{2} m v_{max}^2 \]

Rearranged to solve for vmax:

\[ v_{max} = \sqrt{\frac{k}{m}} \times x \]

Calculating:

\[ v_{max} = \sqrt{\frac{10}{4.0}} \times 0.05 \]
\[ v_{max} = \sqrt{2.5} \times 0.05 \]
\[ v_{max} \approx 1.58 \times 0.05 \]
\[ v_{max} \approx 0.079\, \text{m/s} \]

This indicates the maximum speed attained by the object during oscillation, a relatively gentle pace
characteristic of low-stiffness systems.

Period and Frequency of Oscillation

These quantities describe how long it takes for the system to complete one full cycle and how often
such cycles occur:

- Period (T):

\[ T = 2\pi \sqrt{\frac{m}{k}} \]

Substituting the known values:

\[ T = 2\pi \sqrt{\frac{4.0}{10}} \]
\[ T = 2\pi \sqrt{0.4} \]
\[ T \approx 6.283 \times 0.632 \]
\[ T \approx 3.97\, \text{seconds} \]



- Frequency (f):

\[ f = \frac{1}{T} \approx \frac{1}{3.97} \]
\[ f \approx 0.252\, \text{Hz} \]

Thus, the object completes approximately 0.25 oscillations per second, or one oscillation roughly
every 4 seconds.

---

Energy Conservation and Motion Dynamics

A cornerstone of harmonic oscillators is the conservation of energy. The system oscillates between
elastic potential energy and kinetic energy, with the total mechanical energy remaining constant in
the absence of damping or external forces.

Energy Transformations During Oscillation

- At maximum displacement (x = 0.05 m):

- Potential energy is at maximum: 0.0125 J
- Kinetic energy is zero (momentarily at rest)

- At the equilibrium position (x = 0):

- Potential energy is zero
- Kinetic energy is at maximum, approximately equal to the initial potential energy

- Intermediate points:

- The energy oscillates smoothly, with the sum remaining constant at approximately 0.0125 J

Implications of the Mass and Spring Constant

The interplay between mass and spring stiffness determines the oscillation characteristics:

- Increasing mass (m) leads to longer periods and slower oscillations.
- Increasing spring constant (k) results in shorter periods and faster oscillations.
- The amplitude (displacement) affects the maximum energy stored but does not influence the period
directly in ideal simple harmonic systems.

---



Practical Applications and Insights

While this setup may seem elementary, its principles underpin numerous engineering and scientific
applications:

- Vibration analysis: Understanding how structures respond to dynamic forces
- Timekeeping: Designing oscillators with precise frequencies (e.g., pendulums, quartz crystals)
- Seismic studies: Modeling how earth materials respond to oscillatory forces
- Metrology: Calibration of measurement devices based on harmonic motion

Moreover, the simplicity of this system makes it an excellent educational tool for demonstrating
fundamental physics concepts, validating theoretical formulas, and fostering intuitive understanding.

---

Conclusion: The Elegance of Simplicity in Physics

Analyzing a 4.0-kg object attached to a spring with a spring constant of 10 N/m, displaced by 5.0 cm,
reveals a harmonious dance of energy and motion governed by elegant mathematical relationships.
From calculating potential energies and maximum velocities to understanding oscillation periods,
each step underscores the interconnectedness of physical principles.

This fundamental system exemplifies how straightforward components can embody complex
behaviors, serving as a microcosm of larger oscillatory phenomena in nature and technology.
Whether used as a teaching aid or a foundation for more intricate systems, the insights gained from
this analysis illuminate the beauty and precision of classical mechanics.

---

In essence, this scenario underscores the importance of understanding basic harmonic
systems—highlighting how mass, spring stiffness, and displacement intertwine to produce
predictable, quantifiable motion. It exemplifies the timeless elegance of physics and its capacity to
describe the natural world with clarity and accuracy.
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