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In the field of mechanical engineering, the ability to synthesize and analyze motion is a foundational skill that
bridges the gap between theoretical physics and functional hardware. Robert L. Norton’s "Design of Machinery"
has long served as a cornerstone text for students and practicing engineers alike, particularly the fourth edition,
which integrated computational tools with classical kinematic theory. This article provides an exhaustive technical
exploration of the principles outlined in this seminal work, focusing on the synthesis and analysis of mechanisms,
the dynamics of machinery, and the practical implementation of these concepts using modern software resources.

1.Theoretical Framework: Kinematics vs. Dynamics

To understand the design of machinery, one must first distinguish between kinematics and dynamics. Kinematics
is the study of motion without regard to the forces that cause it. It focuses on position, velocity, and acceleration of
machine parts. Dynamics, conversely, investigates the forces and torques required to produce those motions, as
well as the stresses induced in the machine members.

Norton’s approach emphasizes that a well-designed machine must first be kinematically sound before dynamic
analysis can even begin. If the motion is jerky or the mechanical advantage is poor, no amount of structural
reinforcement will yield a high-performing machine. The synthesis of mechanisms—the process of creating a
mechanism to achieve a desired motion—is often the most challenging aspect for engineers, as it involves solving
under-defined problems with multiple valid solutions.

2. Degrees of Freedom (DOF) and Mobility Analysis

The first step in analyzing any mechanism is determining its Degrees of Freedom (DOF), also known as mobility.
This determines the number of independent inputs required to uniquely define the position of all links in the
mechanism. Norton utilizes the Gruebler’s Criterion(specifically the  Kutzbach  modification) for  planar
mechanisms:

M=3(_L-1)-2J1-J2
Where:

« M: Mobility (Degrees of Freedom).

e L: Number of links (including the ground link).

¢ J1: Number of primary joints (pins or sliders, which remove 2 DOF).

e J2: Number of higher-order joints (half-joints like cams or gears, which remove 1 DOF).

Common Mobility Scenarios

Understanding the result of this equation is critical for machine reliability:

¢ M = 1: The mechanism is constrained and can be driven by a single motor or actuator.
* M =0:The assembly is a structure; no relative motion is possible.



e M =-1 (or less): The assembly is a pre-loaded structure or statically indeterminate, likely requiring internal
stress to assemble.
¢ M &gt; 1: The mechanism is unconstrained and requires multiple coordinated inputs.

3.The Four-Bar Linkage: Synthesis and Grashof’'s Law

The four-bar linkage is the most fundamental mechanism in machine design. Despite its simplicity, it can generate
complex paths and motion profiles. A key contribution of Norton’s text is the rigorous application of Grashof’'s Law
to predict the behavior of these linkages. Grashof’s Law states that for a planar four-bar linkage, the sum of the
shortest (s) and longest (I) links must be less than or equal to the sum of the remaining two links (p and q) if there
is to be continuous relative rotation between links.

Grashof Condition Matrix



Condition Inequality Mechanism Type Characteristics

Grashof Class | s+l&lt,p+q Crank-Rocker The shortest link can rotate
360 degrees.
Grashof Class | s+l&lt;p+q Double-Crank (Drag-Link) Both the input and output

can rotate 360 degrees.

Grashof Class Il s+1&gt;p+q Triple-Rocker No link can perform a full
360-degree rotation.

Grashof Class llI s+l=p+q Change-Point The mechanism can reach
a dead-point where motion
becomes unpredictable.

Engineers must also consider the transmission angle (;2ewhich is the angle between the coupler link and the
output link. For optimal force transmission and to avoid toggling, Norton recommends that the transmission angle
remain between 40° and 140° throughout the entire cycle of motion.

4. Position, Velocity, and Acceleration Analysis

Once a mechanism is synthesized, it must be analyzed to ensure it meets performance requirements. Norton
advocates for the Vector Loop Methodusing complex numbers (Euler's identity) to solve for position. By
representing links as vectors in the complex plane (r * e~(j;,”A Veev—eeVW'2 6 & 7&V FR 6/E+6VBO&LES+ W V F-6¢3

R2+R3-R4-R1=0

Differentiating these position equations with respect to time yields velocity equations, and a second differentiation

yields acceleration equations. These calculations are vital because acceleration is directly proportional to the
inertial forces acting on the machine components (F = ma). High accelerations lead to vibrations, noise, and
potential fatigue failure.

The Role of Jerk (Pulse)

One of the more advanced topics covered in the 4th edition is the importance of Jerk, the third derivative of
displacement (rate of change of acceleration). In high-speed machinery (e.g., cam systems in automated assembly
lines), infinite jerk—caused by sudden changes in acceleration—leads to massive vibrations and premature wear.
Norton’s design philosophy emphasizes the use of continuous acceleration profiles (such as cycloidal or modified
sine curves) to keep jerk finite and manageable.

5. Cam Design and SVAJ Diagrams

Cam-follower systems are essential for producing non-standard motion profiles that linkages cannot easily achieve.
Norton provides a systematic approach to cam design using SVAJ Diagrams(Stroke, Velocity, Acceleration, Jerk).
The fundamental law of cam design states that the cam function must be continuous through the first and second
derivatives (velocity and acceleration) across the entire 360-degree interval.

Comparison of Cam Follower Functions



Function Type Velocity Profile Acceleration Profile Best Application

Constant Velocity Discontinuous at Infinite (at boundaries) Low speed only; generally
boundaries avoided.
Parabolic Linear Constant (Step change) Moderate speeds; simple

to manufacture.

Cycloidal Sine wave variant Sine wave High-speed; zero
acceleration at start/end.

Modified Trapezoid Smoothed trapezoid Bounded General industrial use;
good trade-off.

6. Dynamic Force Analysis and Balancing

A machine that moves correctly but shakes itself apart is a failure. Dynamic Force Analysis involves calculating
the forces generated by the accelerations of the links. Norton covers the Newton-Euler Method and the Matrix
Methodfor solving simultaneous force equations. In the Matrix Method, the equations of motion for each link are
arranged in the form [A{X} = {B}, where {X} represents the unknown reaction forces and torques.

Balancing of Rotating Mass

Rotating components, like crankshafts, must be balanced to eliminate shaking forces and shaking moments.
Norton distinguishes between:

« Static Balance: The center of mass lies on the axis of rotation.
« Dynamic Balance: The primary inertia axis coincides with the axis of rotation, eliminating centrifugal couples.

For reciprocating engines, balancing becomes even more complex, involving primary and secondary forces
generated by the piston’s non-harmonic motion. The 4th edition provides detailed methodologies for designing
counterweights to mitigate these effects.

7.The Student Resource DVD and Software Integration

A defining feature of the 4th edition of Design of Machinery is the inclusion of the Student Resource DVD. This
was a transformative addition that moved the study of kinematics from hand-calculated approximations to precise
digital simulations. The DVD includes several key software packages developed by Norton:

e LINKAGE: Allows for the rapid synthesis and analysis of four-bar, five-bar, and six-bar linkages.

« DYNACAM: A specialized tool for cam design that generates SVAJ diagrams and provides coordinates for
cam manufacturing (CNC).

* MATRIX: A linear equation solver tailored for the force analysis methods described in the text.

e Working Model 2D: A customized version of the industry-standard physics engine. This software allows
students to build virtual prototypes, apply motors and constraints, and observe real-time dynamic behavior,
including collisions and friction.

The integration of Working Modelis particularly significant. It allows for "what-if" scenarios—engineers can change
the length of a link or the mass of a coupler and immediately see the impact on the system's power requirements or
vibration levels.



8. Case Study: Designing a Constant-Force Mechanism

To illustrate the application of these principles, consider the design of a mechanism used in high-precision
assembly where a constant force must be applied regardless of the displacement. Using Norton’s methodology:

1. Define Task: The output slider must exert 50N of force over a 20mm travel.

2. Kinematic Synthesis: A four-bar linkage is selected to convert the rotary motion of a DC motor into the linear
motion of the slider.

3. Mobility Check: Using Gruebler’s, we ensure M=1.

4. Transmission Angle Optimization: Using the LINKAGE software, the link lengths are adjusted to ensure the
transmission angle stays within the 45°-135° range to prevent jamming.

5. Dynamic Analysis: DYNACAM logic is applied if a cam is used to drive the linkage, ensuring the motor torque
requirements do not exceed the motor's peak rating during the acceleration phase.

6. Verification: The entire assembly is modeled in Working Model 2D to verify that friction at the slider does not
cause stick-slip vibration.

9. Common Troubleshooting in Machine Design

In practice, even designs that look perfect on paper can fail. The following table highlights common failure modes
and Norton-inspired solutions.



Issue

Excessive Vibration

Linkage Jamming

High Power Consumption

Noise and Wear

Potential Cause

Unbalanced rotating masses or high
Jerk profiles.

Transmission angle approaching 0 or
180 degrees.

Inertial loads too high during peak
acceleration.

Discontinuities in the acceleration
profile (Impact).

10. Conclusion and Future Implications

Engineering Solution

Add counterweights; redesign cam
profiles using cycloidal functions.

Redesign link ratios to keep angle
within 40°-140°.

Reduce link mass using high-strength
alloys or carbon fiber.

Ensure C2 continuity in cam and
follower displacement functions.

The principles established in Robert L. Norton’s Design of Machinery remain as relevant today as they were
when the 4th edition was first published. While the tools have evolved from DVDs to cloud-based CAD and Al-
driven generative design, the underlying physics of kinematics and dynamics do not change. The move toward

Industry 4.0and high-speed robotics actually increases the necessity for the rigorous acceleration and jerk

analysis that Norton pioneered.

Modern engineers must use these classical theories to design the next generation of medical robots, automated
manufacturing systems, and sustainable transport mechanisms. By mastering the synthesis of motion and the
management of dynamic forces, designers ensure that machines are not only functional but also efficient, durable,
and safe. The legacy of Norton’s work, particularly through its emphasis on both analytical depth and practical

software simulation, continues to provide the roadmap for excellence in mechanical design.
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