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Applied Mechanics, particularly the domain categorized as ING-IND/13 (Meccanica Applicata alle Macchine) in
the Italian academic system, serves as the fundamental bridge between theoretical physics and functional

industrial application. It encompasses the study of motion, forces, and energy in machines, ranging from micro-
scale biomedical devices to heavy industrial transmission systems. Research spearheaded by experts like Alessio
Artoniat the University of Pisa (Universita di Pisa) highlights the critical intersection of mathematical optimization
and mechanical reliability. This article provides an exhaustive exploration of modern applied mechanics, focusing
on gear design trade-offs, robotic control strategies, and the methodologies used to optimize complex mechanical
systems.

The Theoretical Framework of Applied Mechanics (ING-IND/13)

The discipline of Applied Mechanics is rooted in classical mechanics but diverges into specialized fields necessary
for modern engineering. At its core, it focuses on the synthesis and analysis of mechanisms. This includes
kinematics, which describes the geometry of motion without considering forces, and dynamics, which integrates
the masses and forces that cause motion.

Kinematic Chains and Degrees of Freedom

A fundamental concept in applied mechanics is the kinematic chain—a series of rigid bodies connected by joints.
The mobility of these systems is typically calculated using the Grubler-Kutzbach criterion. In modern robotics and
gear synthesis, understanding these constraints is vital for ensuring that a machine can perform its intended task
without redundant stresses or unpredictable behaviors.

The Role of Mathematical Modeling

Modern research focuses heavily on developing mathematical models that can predict how a machine will behave
under real-world conditions. This involves solving systems of ordinary differential equations (ODES) and using
numerical methods to simulate contact mechanics, friction, and heat dissipation. Researchers utilize high-
performance computing to run Finite Element Analysis (FEA) and Multibody Dynamics (MBD)simulations to
refine these models before physical prototypes are ever constructed.

Advanced Transmission Systems: Optimizing Bevel Gear Design

One of the most complex challenges in mechanical engineering is the design of high-performance transmission
systems, specifically bevel gears. These components are essential for changing the direction of shaft rotation, but
they are prone to significant power losses and acoustic issues.

The NVH vs. Efficiency Trade-off

Research published by Alessio Artoni and his colleagues emphasizes the delicate balance between NVH (Noise,
Vibration, and Harshness) and Mechanical Efficiency. In automotive and aerospace applications, reducing noise
is critical for user comfort and component longevity. However, the modifications required to reduce noise (such as
altering tooth micro-geometry) often lead to increased friction and lower efficiency.



* NVH Reduction: Achieved by increasing the contact ratio and ensuring smooth load transitions between gear
teeth. This often requires complex Tooth Contact Analysis (TCA).

« Efficiency Maximization: Focuses on minimizing sliding velocities and optimizing lubrication regimes to reduce
power loss through heat.

* The Conflict: A gear designed for maximum efficiency may have a harsher engagement profile, leading to
high-frequency vibrations (whine), whereas a quiet gear may suffer from increased "churning" losses.

Tooth Contact Analysis (TCA) and Loaded TCA (LTCA)

TCA is a computational technique used to predict the contact pattern and transmission errors in gear sets. By
simulating how teeth mesh under various loads, engineers can apply Micro-geometry Modifications(such as
longitudinal crowning or profile relief) to compensate for shaft deflections and manufacturing tolerances. LTCA goes
a step further by considering the elasticity of the teeth, providing a more realistic view of the stresses involved
during high-torque operations.

Optimal Control Strategies in Robotic Mechanical Systems

Beyond static transmission, applied mechanics extends into the realm of dynamic control. Controlling a robot
requires more than just moving a motor; it requires managing the momentum, inertia, and non-linear forces
inherent in multi-link systems.

The Two-Stage Strategy for Optimal Control

A significant contribution to the field is the development of two-stage strategiesfor  solving optimal  control
problems. This approach typically decomposes a complex problem into more manageable phases:

1. Path Planning / Trajectory Optimization: In the first stage, the system calculates the most efficient geometric
path from point A to point B, considering obstacles and kinematic limits.

2. Dynamic Execution / Actuator Control: The second stage translates this path into specific motor torques,
accounting for the robot's mass, gravity, and external disturbances.

This decomposition allows for real-time adjustments and ensures that the robotic system remains stable even when
encountering unexpected resistance or load changes.

Robotics in Biomedical Engineering

The application of these mechanical principles is increasingly prevalent in Biomedical Engineering. Whether
designing prosthetic limbs that mimic human gait or surgical robots that require sub-millimeter precision, the
mechanics of the "machine" must be perfectly synchronized with the biological requirements. This involves low-
friction actuators and sensors that provide haptic feedback, allowing the control system to "feel" the environment.

Comparative Analysis: Traditional vs. Optimal Design Methodologies

The transition from traditional “trial-and-error" engineering to optimization-based design has revolutionized the
industry. The following table compares these two approaches across several key metrics.



Metric

Design Philosophy

Performance

Cost

NVH Management

Reliability

Traditional Mechanical Design

Iterative prototyping based on
experience and safety factors.

Sufficient for standard operations but
rarely "peak” efficiency.

High cost due to multiple physical
prototypes and testing.

Reactive; issues are fixed after the
prototype vibrates.

Relies on high safety margins (over-
engineering).

Optimization-Based Design

Algorithmic derivation of parameters
based on objective functions.

Maximizes performance while
minimizing weight and energy loss.

Higher initial computational cost but
lower long-term manufacturing cost.

Proactive; NVH is a constraint within
the design algorithm.

Reliability is quantified through
probabilistic modeling.

Mathematical Foundations of Mechanical Optimization

To achieve the results discussed in the research of Artoni and the University of Pisa, engineers employ rigorous

mathematical frameworks. The core of this is Constrained Nonlinear Optimization.

The Objective Function

An objective function \( f(x) \) is defined, where \( x \) represents design variables (e.g., gear module, pressure
angle, or robotic link length). The goal is to minimize this function, which might represent the total mass of a system

or the transmission error in a gear set.

Constraint Handling

No mechanical system exists in a vacuum. Designers must satisfy constraints such as:

e Stress Limits: Ensuring that the material does not exceed its yield strength (Von Mises stress).
e Geometric Constraints: Ensuring parts do not interfere with each other during motion.
< Dynamic Stability: Ensuring the system does not enter a state of resonance at operating speeds.

Using algorithms like Genetic Algorithms (GA) or Sequential Quadratic Programming (SQP),
navigate the "design space" to find the global optimum—the single best configuration for a given set of

requirements.

engineers

Field Guide: Implementing Advanced Mechanics in Industrial Workflows

For organizations looking to integrate these high-level academic insights into their production cycles, a structured

approach is required. The following steps outline the implementation of an optimized design workflow.

Step 1: Requirements Definition and Domain Analysis

Identify the primary goals of the machine. Is it high speed, high torque, or high precision? In the context of the
research at DICI (Dipartimento di Ingegneria Civile e Industriale), this often involves defining the specific
environmental conditions the machine will face.

Step 2: Digital Twin Construction

Create a high-fidelity digital twin of the mechanical system. This model should include not only the CAD geometry



but also the material properties, friction coefficients, and anticipated load cases. This allows for virtual testing of the
"two-stage" control strategies or gear tooth modifications.

Step 3: Multi-Objective Optimization

Since engineering often involves conflicting goals (like the NVH vs. Efficiency trade-off), use multi-objective
optimization to generate a Pareto Front. This is a set of optimal solutions where no single objective can be
improved without degrading another. Decision-makers can then choose the point on the front that best aligns with
their specific project priorities.

Step 4: Experimental Validation

No model is perfect. The final stage involves physical testing on test rigs—such as those found at the University of
Pisa—to correlate simulation data with real-world performance. This feedback loop is essential for refining the
mathematical models for future use.

Case Study: NVH and Efficiency in Automotive E-Axles

A practical application of these theories is found in the development of electric vehicle (EV) drivetrains. Unlike
internal combustion engines, electric motors are extremely quiet, meaning that any noise from the gears is much
more noticeable to the driver.

The Challenge

A manufacturer needs a bevel gear set for an e-axle that can handle 15,000 RPM while remaining virtually silent.
Traditional gear profiles produced unacceptable "whine" at high speeds.

The Solution

By applying the research principles of optimal design, engineers utilized a two-stage optimization process. First,
they optimized the macro-geometry (number of teeth and helix angle) to reduce basic excitation. Second, they
applied sophisticated tooth surface modifications via Coordinate Measuring Machine (CMM)data integration. The
result was a 12% reduction in peak vibration and a 2% increase in overall drivetrain efficiency, proving that the
trade-off can be managed through superior engineering.

Broader Implications of Mechanical Research

The work conducted in the field of Applied Mechanics by scholars like Alessio Artoni has far-reaching implications
beyond the laboratory. By perfecting the way machines move and interact, we pave the way for a more sustainable
and efficient future. Reduced friction in gears leads to lower energy consumption and carbon emissions. More
precise robotic control leads to safer surgical procedures and more efficient manufacturing. As we move toward
Industry 5.0, the synergy between human intuition and algorithmic optimization will become the standard. The
academic rigor found at institutions like the University of Pisa continues to provide the foundational tools necessary
for this evolution, ensuring that the machines of tomorrow are not just functional, but optimally designed for the
challenges of a complex world.

Ultimately, the discipline of Applied Mechanics remains a dynamic and vital field. Its ability to adapt classical
principles to the needs of modern technology—through advanced mathematics, computational power, and a deep
understanding of physical phenomena—ensures its place at the heart of engineering innovation. For professionals
and students alike, mastering these concepts is the key to unlocking the next generation of mechanical
breakthroughs.
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