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POLIMI

Emerging technologies, such as topology 
optimization and multi-material additive 
manufacturing, are opening new possibilities in 
terms of mechanical design of lightweight and 
high-performance components/systems. 

Simulation is becoming vital: effective modelling 
can help drive the design, speed up time to 
production and eliminate costly design mistakes.

By attending the Computational Mechanical 
Design track, students will acquire the technical 
skills, methods and principles to design 
disruptive mechanical systems and their 
components by using:
• advanced multi-scale;
• multi-material;
• multi-physics approaches.

Computational Mechanical Design: an overview
❖Discussion

µCT inspection of topology-optimized aerospace brackets

XCT of metal AM parts: valuable tool to quantify internal defects

Outlook: effect of defect

• Regional distribution of large (> 120 µm), 

sub-surface pores

• Pore size, distance to surface <> stress 

concentration factors

→ Impact on fatigue strength

Multi-scale

Multi-physics

Multi-material
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Students will learn how to:

• manage and master multi-scale multi-
physics modelling (FEM, CFD, …) of 
components and systems

• plan lab experiments for the testing and 
modelling of material behaviour in complex 
working conditions

• design innovative components combining
structural (topology) optimization and 
innovative multi-material solutions

• process real-life sensor data from 
components/systems through suited models

CM3: Skills you will acquire…

CCD camera
Optical lens

3D micro stages

Anular light

Advanced materials tests 

Operation
optimization

Sensors & life analysis

Damage & material models
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The Application of Computational Mechanical Design

Dr. Marco Allara (GEAvio) 
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POLIICM3: Core Courses

COURSE TITLE YEAR SEM ECTS ECTS 
group

Energy Technologies for Efficient and Decarbonized Industry 1 1 10 10

Advanced Dynamics of Mechanical Systems 1 2 10 10

Advanced Machine Design 1 2 10 10

Advanced Manufacturing Processes B 1 1 5 5

Production Management 1 2 5 5

Advanced Materials for Mechanical Engineering 1 1 5 5

grain was represented by multiple finite elements with the same crys-
tallographic properties and orientation of the slip planes relative to the
model coordinate system. Adjacent grains were modeled with the same
crystallographic properties but different initial orientations of the slip
planes. The compatibility of deformation within grains is enforced via
shared nodal displacements and displacement compatible element for-
mulations [41].

The tensile simulations are compared at macro-scale with an ex-
perimental monotonic curve: through an iterative procedure, the crystal
plasticity parameters are optimized until the curve is correctly fitted.
The crack propagation models, adopting the parameters obtained
during the previous step, aim to reproduce the crack opening levels
measured by the experiments.

4.1. Calibration of material parameters - tensile test analysis

Crystal plasticity parameters calibration was performed with an
iterative procedure; the main objective of this approach was to

reproduce the experimental tensile test curve with the numerical results
obtained simulating the test with the random generated crystal-
lographic structures.

The simulation of a tensile test, was performed considering models
with the geometry shown in Fig. 4a. Their volume was equal to 1mm
by 1.2mm by 0.04mm, implying a plane stress condition. As for the
constraints, a double symmetry was imposed and the load was applied
along the vertical direction. The grains were modeled with a rectan-
gular shape and an average dimension of 55 μm see Fig. 4a; hence, the
model consisted of 387 grains. The model counted approximately
62,000 hexahedral linear elements, distributed over 5 layers in thick-
ness. Fig. 4a also shows the crystallographic orientations; of the grains
to evaluate the stability of the parameters obtained fitting the tensile
curve, the model was simulated with 6 randomly defined sets of crys-
tallographic orientations. Fig. 4b shows an example of the results in
terms of strain localization, at maximum load, across the crystalline
matrix; Fig. 4c focuses on the fitting results obtained with regard to the
6 randomly generated structures. The parameters were at first

Fig. 4. Randomly generated polycrystalline models for tensile simulations (387 grains): (a) schematics of the models with loadings, constraints and crystallographic
orientation map; (b) strain map at the maximum load; (c) fitting of the stress-strain curve considering the tensile model with 6 different crystallographic orientations.

P.G. Luccarelli et al. 0DWHULDOV�6FLHQFH�	�(QJLQHHULQJ�$����²��������������²���

���
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COURSE TITLE YEAR SEM ECTS ECTS 
group

Mechanical Behaviour of Materials and Finite Element Simulation 1 1 10 10

Computational Fluid Dynamics - Fundamentals 1 2 5 5

Measurements for Mechanical Engineering 2 2 5

20

Machine Learning and Model Identification for Mechanical Systems 2 2 5

Digital Twin for Health and Usage Monitoring 2 1 5
Topology Optimisation 2 1 5
Surface Modeling for Engineering Applications 2 2 5
Additive Manufacturing B 2 1 5
Simulation Tools for Materials and Processes 2 1 5

Elective courses (Computational Fluid Dynamics - Advanced Methods and Applications, Computational 
Fluid Dynamics - Experimental Assessment, Advanced Design of Machine Elements, Impact Engineering)

2 1-2 5 10

Lab course (Metamaterials and Metastructures, Structural Health and Usage Monitoring in Action, 
Structural Integrity of Aerospace and Mechanical Components, Prototyping of Bioinspired Solutions, 
Destructive and Non-Destructive Testing of Composite Materials and Structures )

2 2 5 5

CM3: Track Specific Courses
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Elastic Mechanical Properties Linear elasticity, hyperelasticity, viscoelasticity
Inelastic Mechanical Properties Metal plasticity, models for metals subjected to cyclic loading, Johnson-Cook 
Plasticity, Porous metal plasticity

the strength itself depends on the volume of material under load and the time
for which it is applied. So ceramics are not as easy to design with as metals.
Despite this, they have attractive features. They are stiff, hard, and abrasion-
resistant (hence their use for bearings and cutting tools); they retain their
strength to high temperatures; and they resist corrosion well.
Glasses are non-crystalline (‘‘amorphous’’) solids. The commonest are the

soda-lime and boro-silicate glasses familiar as bottles and ovenware, but there
are many more. Metals, too, can be made non-crystalline by cooling them
sufficiently quickly. The lack of crystal structure suppresses plasticity, so, like
ceramics, glasses are hard, brittle and vulnerable to stress concentrations.
Polymers are at the other end of the spectrum. They have moduli that are

low, roughly 50 times less than those of metals, but they can be strong — nearly
as strong as metals. A consequence of this is that elastic deflections can be large.
They creep, even at room temperature, meaning that a polymer component
under load may, with time, acquire a permanent set. And their properties
depend on temperature so that a polymer that is tough and flexible at 20!C
may be brittle at the 4!C of a household refrigerator, yet creep rapidly at the
100!C of boiling water. Few have useful strength above 200!C. If these aspects
are allowed for in the design, the advantages of polymers can be exploited.
And there are many. When combinations of properties, such as strength-
per-unit-weight, are important, polymers are as good as metals. They are easy
to shape: complicated parts performing several functions can be molded from

Steels
Cast irons
Al-alloys

Cu-alloys
Zn-alloys
Ti-alloys

Metals

Elastomers

Aluminas
Silicon carbides

Silicon nitrides
Zirconias

Ceramics Composites
Sandwiches

Segmented structues
Lattices and

foams

Hybrids

PE, PP, PET,
PC,  PS, PEEK

PA (nylons)

Polyesters
Phenolics
Epoxies

Polymers

Soda glass
Borosilicate glass

Silica glass
Glass-ceramics

Glasses

Isoprene
Neoprene

Butyl rubber

Natural rubber
Silicones

EVA

Figure 3.1 The menu of engineering materials. The basic families of metals, ceramics, glasses,
polymers, and elastomers can be combined in various geometries to create hybrids.

3.2 The families of engineering materials 29
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CHAPTER 1 
MODELLING VISCOELASTICITY THEORY 

 

1.1 Introduction 
 

• Hyperelastic materials are used in many applications (tires, gaskets, bushings, etc.) 
 

 
Figure 1: Example of a hyperelastic and viscoelastic material. 

Source: MMBM course – 3. Hyperelasticity and Viscoelasticity slides. 
 

• The main attraction of hyperelastic materials is their ability to undergo high deformations (500 % or more in 
tension). 

• The capability of hyperelastic materials to store high amount of energy makes these materials excellent candidates 
for damping applications (for example, automotive bushings). 

• The materials are modelled as hyperelastic and viscoelastic. 
 
Where not mentioned, all didactic text is from the MMBM course – 3. Hyperelasticity and Viscoelasticity slides. 
 

1.2 Viscoelasticity – Generalized Maxwell model 
 

 
Figure 2: Viscoelasticity – Generalized Maxwell model. 

Source: MMBM course – 3. Hyperelasticity and Viscoelasticity slides. 
 

1.3 Hyperelasticity – Strain energy potential 
 
There are several forms of strain energy potentials to model hyperelastic isotropic elastomers, as the following: 
 

      
 
To calibrate the constants of the model, we can: 
Have uniaxial tests to calibrate deviatoric constants in the incompressibility assumption (𝐼1̅ = 𝐼1, 𝐼2̅ = 𝐼2, 𝐽𝑒𝑙 = 1) 
Have considerations on the Poisson ratio to calibrate the volumetric term. 
 
We use, both the Mooney-Rivlin, and the polynomial approach in this exercise: 

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT 3  
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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1.4 Hyperelasticity – Physical testing 
 
For this, we first need to evaluate the constants: 𝐼1̅ = 𝐼1, 𝐼2̅ = 𝐼2 and 𝐽𝑒𝑙 = 1 
 

 
 

1.5 Hyperelasticity – Mooney-Rivlin equation 
 

 
 
Material constants C10 and C01 can be obtained by linear interpolation of experimental data in the (1/λ,σm)plane. 
 

1.6 Hyperelasticity – Polynomial equation 
 
The experimental data can also be fitted using a polynomial equation, with N=2. 
 

 
σ = 2 (λ −

1
λ2
) [𝐶10 + 𝐶01

1
𝜆
+ 2𝐶20 (𝜆2 +

2
𝜆
− 3) + 2𝐶02 (2𝜆 +

1
𝜆2

− 3) + 3𝐶11 (𝜆 − 1 −
1
𝜆
+

1
𝜆2
)] 

 

1.7 Hyperelasticity – Compressibility 
 

• Most elastomers (solid, rubberlike materials) have very little compressibility compared to their shear flexibility. 
• This behaviour does not warrant special attention for plane stress, shell, membrane, beam, truss, or rebar 

elements, but the numerical solution can be quite sensitive to the degree of compressibility for three-dimensional 
solid, plain strain, and axisymmetric analysis elements. 

• In cases where the material is highly confined (such as an O-ring used as a seal), the compressibility must be 
modelled correctly to obtain accurate results. 

• In applications where the material is not highly confined, the degree of compressibility is typically not crucial; for 
example, it would be quite satisfactory in Abaqus/Standard to assume that the material is fully incompressible: 
the volume of the material cannot change except for thermal expansion. 

 

 

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT 4  
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1.10 Shell elements –material properties 
 

• Under plane stress conditions, such as in a shell element, only 

the values of E1, E2, ν12, G12, G13 and G23 are required to define an 

orthotropic material. 

• In all the plane stress elements in Abaqus the (1,2) surface is the 

surface of plane stress, so that the plane stress condition is σ33 = 

0. 

• The shear moduli G13 and G23 are included because they may be 

required for modelling transverse shear deformation in a shell. 

• The Poisson's ratio ν21 is implicitly given as ν21 = (E2/E1)ν12. 

 

 

1.11 Shell elements –conventions 
 

Local tangent directions on surfaces in space: 

• The default local 1-direction is the projection of the global x-axis 

onto the surface. 

• If the global x-axis is within 0.1° of being normal to the surface, 

the local 1-direction is the projection of the global z-axis onto 

the surface. 

• The local 2-direction is then at right angles to the local 1-

direction, so that the local 1-direction, local 2-direction, and the 

positive normal to the surface form a right-handed set. 

 
 

 

1.12 Failure criteria 
 

 
Figure 8: Transversely isotropic materials, conventions for shell elements, Tsai-Hill criteria, 3 nos. 

Source: MMBM course – 4. Prosthesis slides. 

 

1.13 Material properties 
 

The material properties are as follows: 

 

Material sL (+) 
[MPa] 

sL (−) 
[MPa] 

sT (+) 
[MPa] 

sT (−) 
[MPa] 

sLT 
[MPa] 

E1 
[MPa] 

E2 
[MPa] ν12 G12 

[MPa] 
T300/5208 

Graphite/epoxy 

vf = 0.6 

1448 1448 44.8 44.8 248 131000 10300 0.22 6900 

Figure 9: Composite material properties. 

Source: MMBM course – 4. Prosthesis slides. 
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• In the present exercise, the yield stress is slightly decreasing during the first cycles (softening).  

• The value of the stress defining the yield surface for each cycle is computed as: 𝜎𝑖0 = 𝜎𝑖𝑡 − 𝛼𝑖  

• At this point we need to estimate the associated equivalent plastic strain 𝜀𝑖𝑝𝑙. 
 

• Since material elastic modulus is large compared to its hardening modulus, this experiment can be interpreted as 

repeated cycles over the same strain range: Δ𝜀𝑝𝑙= Δ𝜀 − 2𝜎1
𝑡/𝐸  

• The equivalent plastic strain associated to 𝜎𝑖0 is: 

 
 

• Experimental results can be used to fit the isotropic hardening equation: 

 
• NB: It is strongly recommended to fit the values of 𝑏 and 𝜎|0, keeping 

 
 

• Usually 𝜎|0 is not calculated from the fitting, but it is fixed. 

• Due to the limitation of the adopted model (it cannot properly model initial quick yield drops as in this example) 

it is suggested to leave it as a fitting parameter. 

 

With the above-mentioned procedure, the graph of the isotropic hardening model is plotted in the next figure. 

 

 
Figure 7: Isotropic hardening model: data fitting [Rε = –1]. 

Source: Experimental data, processed in MATLAB. 

 

• The isotropic hardening model describes how the cyclic yield stress changes. 

• It basically describes how the yield surface is changing during the cycling. 

 

• The yield stress shows a large drop before reaching an asymptotic stabilized value, but our equation is not able to 

model this behaviour very well, and it’s ok since we understand that the components will spend most of its service 

life in the asymptotically stabilized part, so this region needs to be modelled more critically. 

• Q∞ is negative so that means our material is cyclically softening. 

 

Now, we know that the yield surface is changing with time, the Isotropic Hardening model helps us exactly predict 

the radius (expanding/contracting) of the yield surface, but to understand the cyclic hardening behaviour of the 

material after stabilization, that is, to understand how the surface is moving, we need to use the Kinematic 

Hardening model.  

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A  REPORT 8 
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8 

2.4 Kinematic hardening 
 

We aim to determine the materials parameters for a kinematic hardening model from the experimental data 
obtained from LCF experiments. 
Assuming a non-linear kinematic hardening law, its general equation is as follows: 

 
determine the (2N) parameters (𝐶, 𝛾)(𝑘) necessary to model the cyclically stable behaviour of the analyzed material. 
We adopt N=3. 
The fitting of the experimental data for the uniaxial case is obtained as: 

 
 
• While the actual Chaboche model, above, is based for a multiaxial loading case, the above is a simplified version 

for a uniaxial loading case. 
• To complete this equation, we need to find the 6 material parameters: C(1), C(2), C(3), λ(1), λ(2) & λ(3). 
• For simplicity, of the 6 parameters to be fitted, 3 of them are already fixed as: λ(1) =2000; λ(2)=200;  λ(3)=1;         

that’s why there is no summation on the λ(k) terms above. 
• For simplicity we do a change of variable to y(k) and x for the back stress and plastic strain respectively. 
• The above equation in y(k) describes how the back stress vector is changing with plastic deformation. 
 
2.5 Kinematic hardening: extracting plastic state-of-stress 
 
To work on the stabilized behaviour: from the experimental data file, we extract the stabilized hysteresis cycle as 
shown in the below figure, this would be the one close to Nf/2, in our case: the data points near the 800th cycle. 
 

 
Figure 8: Kinematic hardening: stabilized hysteresis loop [Rε = –1]. 

Source: Experimental data, processed in MATLAB. 
 

In this, we focus on the upward branch of the stabilized hysteresis cycle as shown in the next figure. 

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT: EXP_LAB_2  
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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CHAPTER 1 
EXPERIMENTAL CHARACTERIZATION OF 

CYCLIC PROPERTIES  
 

1.1 Introduction: cyclic curve 
 

The cyclic curve interpolates the (εa, σa) points of the stabilized hysteresis loops obtained at different deformation 
levels. 

 
Figure 1: Introduction: cyclic curve & experimental setup. 

Source: MMBM course – Lab2. Cyclic curve slides. 
 

1.2 Methods to experimentally determine the cyclic curve 
 
There are 3 different experimental procedures for the determination of the cyclic curve: 
 

 
Figure 2: Methods to experimentally determine the cyclic curve. 

Source: MMBM course – Lab2. Cyclic curve slides. 
 

Even though the slides from Lab2. Cyclic curve slides have a lot of information on the Single Step Test (SST), it is 
not added here because the experiment is conducted under the Multiple Step Test (MST) guidelines. 

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT: EXP_LAB_1  
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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CHAPTER 1 
TENSILE TEST FOR DIFFERENT MATERIALS  

 

1.1 Introduction 
 

• This laboratory aims to establish (experimentally) the mechanical properties (elastic modulus, yield stress, tensile 
strength, tensile strain at break) for a composite with a polymeric matrix (polyamide PA6) reinforced with glass 
fibers type E, for different weight fractions of the reinforcement. 

• Dis-homogeneous fiber-reinforced composites: 
1. PA6 18.5% FV 
2. PA6 30% FV 
3. PA6 40% FV 
4. PA6 50% FV 
 

 
Figure 1: Actual experimental setup & Figure 2: Broken specimen after test. 

Source: MMBM course – Lab1. Fiber Reinforced Composites slides. 
 

1.2 Specimen’s geometry 
 
• For plastics, for the determination of tensile properties, the following standards are referred to: 
➢ ISO 527-1 Part I: «General principles» 
➢ ISO 527-2 Part II: «Test conditions for moulding and extrusion plastics» 

Figure 3: Specimen details. 
Source: MMBM course – Lab1. Fiber Reinforced Composites slides. 

 
➢ Specimen’s thickness less than 7 mm. 
➢ The specimen’s shape is adapted for fiber-reinforced composites. 

22

How do the manufacturing 
defects impact on the 

yielding and failure 
strength? • Yielding is mostly affected 

by the relative density
• Both geometries shows a 

cubic behavior 

• The presence of as-manufactured 
defects compensates the effect of 

higher relative density
• As-manufactured defects 

introduces anisotropy in the 
failure behaviour

M. Gavazzoni, M. Pisati, S. Beretta, S. Foletti, ‘Multiaxial static 
strength of a 3D printed metallic lattice structure exhibiting 
brittle behavior’, FFEMS, 2021, DOI: 10.1111/ffe.13587

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT 3  
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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The logarithmic strains calculated are as follows: 
 

    

    
Figure 12: The logarithmic deformation observed in the specimen. 

Source: Exercise in Abaqus. 
 

Now, we see the logarithmic deformation plotted as a function of time for all the 3 points of interest: 
BACK, CENTER & FRONT. 
 

 

Elastomers

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A REPORT 4  
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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CHAPTER 3 
ANALYZING THE RESULTS  

 

3.1 Preliminary result 
 

 
 

 
 

 
 

 
 

 
Figure 22: Meshed component. 

Source: Exercise in Abaqus.  Composites

MODELLING OF MECHANICAL BEHAVIOUR OF MATERIALS A  REPORT 8 
(Prasad Mahendra Rao: 892205 / 10602614: 2018 – 2019) 
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• The boundary conditions applied to the model are as follows: 

 
Figure 18: Definition of boundary conditions. 

Source: Exercise in Abaqus. 
 

• Also, the loading conditions for both the strain ratios are as follows: 

 
Figure 19: Definition of loading conditions. 

Source: Exercise in Abaqus. 
 

• The meshed geometry is as follows: 

 
Figure 20: Meshed cube. 

Source: Exercise in Abaqus.  

Cyclic plasticity

Metamaterials

CM3: Modelling of Mechanical behaviour of materials
1st Year - 1st Semester 
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Main topics:

• Theory and methods for linear FE simulations

• Advanced linear analyses: dynamic and buckling 
simulations

• Non-linear analyses: large displacements, contact and 
plasticity

Students will learn how to:

• simulate real-life scenarios of structures subjected to static 
loadings

• extract the proper modes of vibration or the buckling loads of 
mechanical components and structures

• simulate the mechanical response of parts made with different 
materials

• adopt advanced FE simulation techniques to model highly 
non-linear phenomena (contact, buckling, large displacements, 
etc…)

CM3: Finite element simulation for mechanical design
1st Year - 1st Semester 
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1. Equations of fluid motion

2. Turbulence and its modeling

3. Space discretization and meshing

4. Finite volume schemes and systems

5. Solvers and solution strategies

6. Examples: 

Internal flow in pipes

External flow around airfoils

Aim: to introduce the basics of CFD and to teach 
how to correctly apply it to simulate simple fluid 
flows relevant for mechanical engineering, using  
open-source CFD tool

CM3: Computational Fluid Dynamics - Fundamentals
1st Year – 2nd Semester 
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Experimental 
Tests

• Digital-twin is a virtual replica of a real platform
• It is generally used for Operation and Maintenance optimization of high value

systems to reduce downtime costs and increase safety

Parametric Multiphysical Model 
(the master)

Surrogate modelling
(e.g. by machine learning)

Damages are included in the master 
(additional parameters)

Stochastic Model Updating 
(Bayesian Inference)

Diagnostic and prognostic capability
(artificial intelligence)

Co
ur

se
 S

ill
ab

us

Digital twin of a pressure 
vessel in operation

Diagnostic Digital twin of a 
pump subject to multiple 
degradation scenarios

Prognostic Digital twin for 
Battery Management

CM3: Digital Twin for Health and Usage Monitoring
2nd Year - 1st Semester 
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Students will deal with:
• Computational schemes for solving topology 

optimization problems
• Topology optimization of frame structures
• Design parametrization and material 

interpolation schemes for solving general 3D 
discretized (Finite Element) topology 
optimization problems

• Actual engineering applications, solved with 
commercial software and handwritten codes

The course aims to introduce the basic 
concepts of structural topology optimization 
with particular reference to lightweight design.

CM3: Topology Optimisation - Highlights
2nd Year - 1st Semester 
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The course aims at giving knowledge about
surface modeling theory and practice.

By the end of the course, the students will be
able to make 3D models of complex shapes.

Main topics:
• Brief mathematical foundation of curves and

surfaces,
• 3D surface modeling techniques,
• Diagnostic shading techniques,
• Applications in Engineering (products, hulls,

airfoils, aesthetic, etc.),
• From surfaces to computational grids,
• From tessellated to parametric surfaces.

CM3: Surface modeling for engineering applications
2nd Year – 2nd Semester 
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Additive Manufacturing B

AM for satellites: Reaction Wheel Bracket 
(ESA)

Helicopter exhaust gas nozzle with 
integral cooling. 
(https://altairenlighten.com)

Lattice-filled turbo intercooler 
for racing car 
(https://altairenlighten.com)

Vibration absorbers - sandwich panels 
filled with a lattice core. 
https://powerandmotionworld.it/

The course provides a description of AM 
technologies, fosucing on their applications, 
constraints, technical and business-oriented

implications for the digital and green 
transitions.

AM market growth

Source: VoxelMatters (only producers and services) 

AM is acting as technological enabler to design and manufacture a new generation of 
lightweight, highly-efficient products in many industrial sectors 

(aerospace, automotive, biomedical, machinery, defense, creative industries)

2nd Year – 1st Semester 
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Computational Mechanical Design
Lab Courses: 2nd Year – 2nd Semester
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- Held by Dr. Matteo Gavazzoni and Dr. Emanuele Riva

Base 
material

3D printing

Metamaterials and metastructures
Double scale materials:

heterogenous meso-scale ó homogenoues macro-properties

Macroscopic properties that go beyond the 
limits of natural conventional materials

LAB: Metamaterials and Metastructures
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Students will develop a multi-disciplinary project that will
constitute the exam evaluation

Possible project example: improvement of a race-car electric
motor cooling jacket

• Thermal exchange improvement
• Structural integrity must be assessed under vibrations

and thermal loads

Development of 
real-case projects

Numerical modeling
competences

(Structural, dynamic and 
thermo-fluid dynamic)

Experimental
competences

(Mechanical and dynamic
characterization of structures

and materials)

Theoretical
competences

LAB: Metamaterials and Metastructures
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Experimental 
TestsStudents will face first-hand a series of experimental 

structural monitoring case studies, based on research topics 
addressed in international projects. Students will be able to 
experience different multidisciplinary aspects typical of 
monitoring systems, including:

• sensor installation and signal acquisition, post-processing 
and data interpretation

• Implementation of algorithms for load identification and 
health condition monitoring 

• Implementation of methods for coupling models with 
sensors based on artificial intelligence and statistics

• Test through demonstrators

Sensors

Models

Algorithms

LAB: Structural Health and Usage Monitoring in Action
Description
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Experimental 
Tests

Damage diagnosis and 
prognosis on a metallic 
stiffened panel subject 

to fatigue damage

Damage and impact 
identification on a 
transmission shaft

subject to impacts and 
bearing degradation

Application of methods 
and data analysis for 

corrosion monitoring of 
metallic structures

Application of force 
reconstruction and 

damage identification 
algorithms on a 

composite full-scale 
component

LAB: Structural Health and Usage Monitoring in Action
Experiences and challenges
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LAB: Prototyping of Bio-inspired Solutions - 3M Principle

Experimental 
Tests

POLIMI

… NATURE AS…

MODEL

MEASURE

MENTOR

Taking inspiration from natural
design to solve human 

problems

Ecological standard to judge the 
appropriateness of innovations

Learn from natural mechanisms, 
hierarchy, multi-scale response, time 

evolution
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DESIGN CHALLENGE

FEM

LAB: Prototyping of Bio-inspired Solutions – Hands-on approach
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The experimental Lab aims to show and give practical 
insight on mechanical testing and on non-destructive testing 
for characterizing mechanical properties of and damage 
mechanisms in composite materials and structures 

The main topics are: 

• quasi static and fatigue mechanical tests on composite 
materials supported by advanced experimental 
stress/strain analysis techniques, e.g., digital image 
correlation and others

• delamination tests on laminates and adhesive bonded 
joints along with the application of non-destructive 
inspection techniques for damage evaluation (micro 
computed tomography, ultrasonic testing, thermography, 
visual testing, …)

• fatigue tests on laminates and adhesive bonded joints, 
supported by non-destructive inspection techniques, for 
identification and characterization of damage 
mechanisms by advanced data analysis

LAB: Destructive and non-destructive testing of composite materials 
and structures
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Who:

Prof. Andrea Bernasconi

Prof. Michele Carboni

Where:
The course will mainly consist of practical 
exercises to be held in the experimental labs 
of DMEC (B13, B16, B23)
Traditional and computerized classrooms 
will be used for elaboration and discussion 
of the experimental outcomes, as well

LAB: Destructive and non-destructive testing of composite materials 
and structures
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3Subject to the restrictions on the cover or first page

Part description and application 

The Propeller Shaft experiences high-cycle bending loads imposed by the propeller aerodynamic 1P loads 
(i.e.: bending moments My and Mz plus shear forces Fy and Fz), in addition to the Propeller torque (i.e.: Mx) and 

direct and reverse thrust (i.e. Fx) which dominate component stresses. 
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𝑀𝑡𝑜𝑡 = (𝑀𝑦 + 𝑎 ∗ 𝐹𝑧)2+(𝑀𝑧 − 𝑎 ∗ 𝐹𝑦)2

• PSCL = 11000 Reference Flight Cycle (RFC) = 33000EFH
• Current DSCL = 2500RFC

Airbus A400M
Four-engine turboprop
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How can critical aerospace 
components be safe ? 

Students will apply hands-on the concepts 
already applied in Core Courses for:
- learn the safe-life and damage tolerance 

requirements of the standards;
- apply them using state-of-the art 

software;
- how to simply analyze anomaly data to 

support the structural  integrity 
assessment;

- how to deal with AM components and 
the qualification of new processes.

LAB: Structural Integrity of Aerospace and Mechanical Components
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Students will work ‘hands-on’ on realistic race signals 
on different components to learn statistical tools and 
apply them for:
- analyzing stress- histories for fatigue analyses;
- extrapolating the measurements to determine the 

‘1% driver’ spectrum;
- elaborating significant time signals for accelerated 

testing of the components. 

0 0.5 1 1.5 2 2.5 3
106

-1

0

1

2

3

4

5

6 104

LAB: Structural Integrity of Aerospace and Mechanical Components
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Computational Mechanical Design
Examples of MSc Theses developed by the students
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• Isostatic mounting device (IMD)

• à Lattice-Bulk hybrid component

• à To isostatically substain and 
thermally insulate the instrumentation

bench

Component structural
assessment

Homogenized numerical
models

Cycles

St
re

ss
 a

m
pl

itu
de

Mechanical
characterization

Structural assessment
procedure for lattice-

bulk hybrid
components Validation on 

component-like samples

Example of thesis: Isostatic mounting device for space applications
New desing with lattice structures
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Example of thesis: porous patient-specific hip implant

POROUS HIP 
IMPLANT DESIGN

Patient clinical data

Patient CT scan are used to 
set design targets in terms of 
implant stiffness to minimize 

stress-shielding
Numerical model of the 

patient bone

PATIENT-SPECIFIC

Numerical
fatigue 

assessment

FATIGUE-RESISTANT
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Initial steps:

• Geometrical optimisation of a 3D printed foot prosthesis

• Development of a simulation approach for the full gait analysis 
considering mechanical and bio-mechanical parameters

• FE validation of the optimised solution

POLII

Numerical design and optimisation of a carbon fibre reinforced 
3D printed foot prosthesis

Advanced activities:

• Perform a topology optimisation analysis on the 
prosthesis core

• Adopt a core-less solution to optimise weight and 
performance of the prosthetic foot

Objective: design a 3D printed composite prosthetic foot with given mechanical and 
bio-mechanical performance and optimal shape and topology 
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Lightweight design of an ultra-efficient electric 
vehicle

• Design and structural optimization of the main 
body of a lightweight electric vehicle for mileage 
competitions.

A numerical approach for topology optimization
of two bodies sharing the design domain
• Innovative numerical method for TO of multiple 

bodies sharing a portion of the design domain
• Material distribution and space allocation are 

optimized simultaneously

Example of thesis: Topology Optimization
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A promising approach is to study natural materials that
possess unique properties and attempt to replicate their
characteristics using new artificial solutions. This approach,
known as bio-inspired design, has been utilized to develop
materials that mimic the adaptable internal structure of
bone tissue, which can specifically adjust to environmental
demands.
While recent efforts have been made to apply bio-inspired
design in the healthcare system, there is still a long way to
go to overcome the burden of fragility fractures.

KEYWORDS

We aim at adopting a cutting-edge multidisciplinary approach oriented at translating bio-inspired 
strategies to the design, realization and testing of optimal constructs for bone repair.

AIM

CONTEXT

METHODS

Synchrotron imaging

Numerical multi-scale modeling

3D Bio-printing

The development of new materials with enhanced performance has always
presented a challenge for scientists and engineers.

Example of thesis: A Biomechanical Case Study
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Material modelling up 
to the limit: plasticity, 

failure modes, etc

Experimental
testing 

Impact (LVI, high 
velocity, ballistic, 

etc)

Meshless 
approaches 

Blast, including FSI Vulnerability

We work on actual 
structures !

Example of thesis: Impact Engineering
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Experimental 
Tests

Multidisciplinary thesis involving different aspects of computation mechanics, from 
model development, to algorithm development (artificial intelligence and statistics), 
sensor installation, and system testing and validation.

Example TITLE: real-time load identification and full-field displacement and strain 
reconstruction on a composite wingbox for usage monitoring

Construction of models  
(numerical or 
multiphysical)

Sensor network 
optimization, installation 
and preliminary model 

validation

Algorithm development 
for real-time fusion of 

models with sensor data

DT-HUMS validation with 
real tests and data analysis 

for usage monitoring
(DEMONSTRATOR)

Displacement field

Strain field

Example of thesis: Digital Twin for HUMS
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Example of thesis: Digital Twin for HUMS
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