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ABSTRACT

Introduction

Bone is known to be a mechanostat and adapt its microstructure to the loading it is
subjected to. With aging and certain pathologies this adaptation is modified [1]. As a
baseline, we propose to identify in healthy bone, the limit of elasticity of the constitutive
behaviors of the materials phases present in the micro-environment of an osteocyte.

Materials and Methods

A Representative Volume Element, RVE, of the bone matrix around an osteocyte process
was constructed by segmentation of fluorescent confocal microscopy observations [1] of the
cell and Transmission Electron Microscopy (TEM) images of the mineralized fibers [2]. The
mineralized collagen fibers of the extracellular matrix around the osteocyte cytoplasmic
extension was modeled by 3D helicoidal tubular structures parameterized by the TEM
measurements. Only dark osteons of which the collagen fibers display a 60°/120° orienta-
tion were considered [2]. These osteons usually form in regions that mostly work under
tension [3]. Because long bones such as tibia and femur work under flexion, therefore under
compression and tension, both types of loading were modeled at the limit strain of home-
ostasis: 1500 micro-strain under compression and 1000 micro-strain under tension [4].
As a preliminary approximation, all the materials phases including the hydroxyapatite
(HAP), Type I collagen, the proteoglycan interphase, the peri-cellular matrix (PCM), and
the cell process were considered linear elastic. The finite element model was implemented
in Abaqus. The obtained principal components of the stress fields of the different phases
were projected on a unit sphere to identify directional behaviors and limits of elasticity.

Results and discussions

Under 1500 compressive micro-strain of the RVE, the hydroxyapatite phase displays sig-
nificantly higher compressive stress values than other phases. The cell process is under a



minimal principal stress of -15 to -40 Pa compression and a maximum principal stress in
mixed mode of 10 Pa tension and -10 Pa compression. Under 1000 tensile micro-strain of
the RVE, the hydroxyapatite phase displays tensile stress values higher than other phases
but most of the phase are under tension with an homogeneous distribution. The cell pro-
cess is under a minimal principal stress of 5 to 15 Pa tension and a maximum principal
stress in mixed mode of 3 Pa tension and -3 Pa compression.

Our model showed in the RVE under 1000µϵ tension, the maximum tensile stress values
in the HAP corresponds to the damage threshold at the nano-scale identified by an dual
experimental-numerical approach [5]. Moreover, the model showed that fiber orientation
generate a stress distribution that is more adequate to either tensile or compressive loading.

Figure 1: σ22 Cauchy stress component in the RVE either (a) under 1µϵ tension or (b) under
1.5µϵ compression.
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ABSTRACT

General Information

The research project focuses on the study of extensional flow in dense suspensions. A suspension
is a fluid composed of a liquid phase and a solid phase composed of immersed particles. An extensional or
elongational flow simply defines a compressive flow. Extensional flows of dense suspensions are the source
of many industrial activities, geophysical phenomena, sanitary processes or new technologies implementing
innovative processes.

The rheological study of the flow of dense suspensions began in 1905 with the work of Einstein.
Today, the most recent and advanced state of the art was established in 2018 by E. Guazelli and O. Pouliquen
[1]. In it, it is established that suspensions can be considered as Newtonian fluids whose viscosity depends
on the packing fraction of the suspension and the viscosity of the fluid. The experiment implementing this
model was a simple shear flow. Furthermore, the viscosity of a Newtonian fluid is a homogeneous and
isotropic characteristic. The viscosity of a suspension should therefore retain these characteristics, given the
previous model. So, whatever the geometry and type of flow, the behavior of a Newtonian fluid should be
recovered. Nevertheless, related experiments have shown changes in this behavior when considering different
flow types and geometries, as shown by Mrs Rashedi [2].So it may be legitimate to question the model, and
compare it with other types of flow.

The aim of the project is therefore to characterize the evolution of the velocity field of a dense
suspension in extensional flow and compare it with a Newtonian fluid.

Methods

The methods used to determine the flow characteristics involved experimenting using a thin Hele-
Shaw cell filled with a model suspension and mass to impose sufficient stress (see Figure 1). Measurements
involved filming the experiment from the front, then processing the data using image correlation software
(Davis) to obtain the velocity field. This process produced 10 videos, each containing 100 frames of raw
data. From the videos, the flow appeared to be stationary, so a scaled study was possible and even necessary
to compare all the images, given the evolution of the size of the zone of interest. The raw data were then
reorganized into two 3D structures, containing Vx and Vy respectively for the video. As data from different
videos have discretizations that do not match, a clustering method was used to calculate a time average and
obtain the velocity profiles.



Figure 1: The experimental setup used during the experiments. (left) sketch of the Hele-Shaw cell with
displayed x and y axis as well as parameters used for nondimensionalisation such as the speed of the piston
for a given frame V0 and H the height of the area of interest for said frame. (middle) Picture of the Hele-
Shaw cell filled with a suspension containing 400 µm PMMA particles with a packing fraction of 46%. The
liquid phase is 20% water and 80% glycerol to obtain isodensity. (right) Velocity field calculated by LSM.

Key results and interpretations

The experimental results were compared with an analytical model of a 2D, stationary, incompress-
ible, compressive flow of a Newtonian fluid between two infinite planes (see figure 2).

Figure 2: Comparison of experimental (blue) and theoretical (red) velocity fields obtained in significant
areas. The Vx velocity profile corresponds fairly well to the analytical field. Nevertheless, the Vy field differs
significantly. The similarity in Vx is probably due to the fact that this is the field component with the
highest shear.
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ABSTRACT

General information

Figure 1: Photograph of the
flow seen from above

Understanding the interactions between a gravity driven granular flow and
obstacles could be useful for civil engineering and geophysical applications.
Indeed, natural disasters such as landslides or avalanches can occur, and
it seems important to look at ways of avoiding or limiting the damages.
By observing Nature, it can be seen that it has its own defences against
these disasters. The erosion of the dunes is slowed down by a plant called
Ammophila arenaria, a plant with weak rigidity. A previous study was made
looking at the influence of several cylindrical obstacles on a gravity driven
granular flow and more particularly how these obstacles can prevent the flow
from happening [1], but it can be interesting to study flexible obstacles, like
in Nature.

Therefore, the present study experimentally investigates the interaction be-
tween a gravity driven granular flow and a singular flexible obstacle, a plastic sheet whose width is 1 cm
and height is 5 cm. First, the effect the flow has on the deflection of the object has been observed. Then,
the effects the obstacle has on the flow have been explored, such as how the obstacle redirect the current
lines, and create stagnation areas (see Figure 1).

Methods

To set up this flow, there was a simple system in which a grain tank was closed by a door whose height
could be adjusted, placed on a surface whose inclination could be adjusted as well. At the beginning of
the study, to limit the number of parameters, the angle of the plane has been set at 27.5° after finding
experimentally that the limit angle at which the flow does not occur is 26°.
To extract data during a flow, a camera was placed just above it, perpendicular to the plane. The height
of the flow was measured using a laser line hitting the plane at a sharp angle, and its position on the
plane allowed the flow height to be tracked. A video of the flow was then taken and converted into
an image sequence. It was analyzed using two Python algorithms. While the first one provided spatial
measurements of the flow height, the second one established the height of a specific area over time. To
measure the object’s deflection, images were taken when the flow was judged to be stationary, its height



no longer varying over time. These images were then post-processed on ImageJ to locate the object and
the free surface (the surface at the height of the flow), enabling the displacement to be measured relative
to a reference image.

Results

Following our measurements, the existence of an effect of the flow on the obstacle and vice versa has
been demonstrated. By measuring both the flow height and the deflection, it has been shown that the
latter depends greatly on the flow height. Two numerical models have been developed and compared to
the experimental results. The force of the grains on the object was modelled as an hydrostatic pressure,
maximum at the bottom (z = 0) and zero at the free surface (z = H), written as : p(z) = α(H − z) with
H the flow height. After fitting the numerical measurements with the experimental ones, the value of
α = 10.5× 104 N.m−3 has been determined. Figure 3 displays the displacement at the free surface (δH)
and at the top of the object (δt) measured with three different methods : a Finite Element model using
the software Cast3m, an analytical model, and the experimental results.

Then, the impact of the object on the flow was analysed. Two distinct zones upstream and downstream
of the object can be identified as seen in Figure 1. Downstream, there is a ”dead area”, with very few
grain and very little movements. Upstream, there is a ”stagnation area”, where the flow height of the
flow will increase, in the shape of a triangle. A link between the height far upstream h∞ and just in front
of the obstacle H was investigated, and it was found that there is about a 1.5 ratio between the two.

θ=27.5° 

h∞ 

H 

θ 

z 

Figure 2: Diagram of the
experimental system Figure 3: Comparison of the deflection of the

free surface and the top of the object for differ-
ent flow heights, between experimental, analytical
and Cast3m results
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ABSTRACT

Recent advances in additive manufacturing have made it possible to produce porous metamaterials with
complex geometries and behavior. The present study deals with a porous metamaterial (Figure 1(a)) whose
elliptical pores are topologically generated with a Random Sequential Absorption (RSA) algorithm prior
to fabrication using a Laser Powder Bed Fusion (LPBF) process [1]. An earlier study was performed on
a similar material but with a circular pore geometry [2]. The aim of this work is to carry out an in-situ
tensile test in an X-ray tomograph in order to investigate the interactions between manufacturing defects
and geometric porosity.

METHODS

To achieve this main objective, three different steps were carried out. First, an experimental protocol for
the in-situ tensile test was defined. It consisted of a sequence of loading and dwell phases. During the
loading phases on-the-fly radiographs were collected, while dwell phases corresponded to tomographic scans
of the loaded specimen. Around the expected point of fracture, a higher number of scans was acquired
(Figure 1(b,c)).

(a) (b) (c)

Figure 1: (a) CAD model of the studied sample. (b) Force-stroke of the in-situ tensile test. (c) Broken sample.

In order to measure displacement fields at any point in the specimen, a global approach of Digital Volume
Correlation (DVC) was utilized [3]. A mesh adapted to the actual specimen geometry was created thanks
to a backtracking method. To this end, a nominal mesh was first generated using its CAD model and
subsequently deformed using the displacement field calculated by DVC. Finally, the final fracture process
was analyzed with Projected-based DVC (P-DVC). This method allows the radiographs acquired on the
fly to be exploited, and therefore the measurements to be temporally enriched. Specifically, P-DVC was
used to study the damage process between the last tomographic scan and fracture as proposed in Ref. [4].
This method is based on the application of Digital Image Correlation (DIC) between a radiograph and a



projection of the deformed volume. The latter is computed from the reference volume, which is deformed
by the DVC displacement field multiplied by an unknown amplitude to be determined.

RESULTS

Failure occurred instantaneously at ca. 8.2kN without macroscopic softening (Figure 1(b)). This behavior
differs from that observed in previous tests carried out on similar mesoporous specimens [2]. The DVC
results provided information on the strain and the residual fields. In particular, the gray level residuals were
used to identify the crack initiation sites (Figure 2(a)). The latter ones correspond to two manufacturing
defects, which are characterized by a local lack of material and are due to the printing strategy. The DVC
results were complemented by P-DVC analyses, which provided further insights into the behavior of the
specimen up to its final failure. Instantaneous fracture was revealed by a large increase in the P-DVC
residuals in the failure zone between the first radiograph acquisition after the last scan and the last one
(Figure 2(b,c)). It is thus very likely that, first, the existing manufacturing defect grew under increasing
deformation. Then, this crack propagated toward the closest manufacturing defects and eventually traversed
the elliptical pores. This crack path was confirmed by observing the first post-mortem radiograph.

(a) (b) (c)

Figure 2: (a) 3D rendering of thresholded DVC residuals for the last tomographic scan (scan 15). P-DVC residuals
for the first radiograph after scan 15 (b) and last radiograph before failure (c).

In summary, the results of this study showed that the manufacturing defects triggered the failure response
of the specimen in tension and that the interaction with the mesoporous structure occurred only at the very
end of the fracture process. In addition, the use of the P-DVC method enriched the DVC results since it
allowed the radiographs acquired on-the-fly to be analyzed up to failure. Overall, the results of this study
indicate that manufacturing defects need to taken into account in order to predict the failure behavior of
such mesoporous materials.
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Numerical simulation of a 
buckling test of honeycomb under 
bi-compression

Nicolas GUILLOU - Laurent DALMAS de 
REOTIER 

TER M1 2023-2024 

FINAL DEFENCE OF RESEARCH PROJECTS 

April 2, 2024, Gif-sur-Yvette, France 



TER M1 2023-2024
FINAL DEFENCE OF RESEARCH PROJECTS

April 2, 2024, Gif-sur-Yvette, France

Numerical simulation of a buckling test
of honeycomb under bi-compression

Nicolas Guillou∗, Laurent Dalmas de Réotier†
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ABSTRACT

General Information

Architectured materials can exhibit enhanced in-
trinsic properties, such as stiffness anisotropy or
specific yield stress, which are not achievable in
bulk materials. These exceptional behaviors are
due to their cellular structures, composed of slen-
der beams or walls. When subjected to plane
loads, these cells tend to buckle as seen on Figure
1.

Figure 1: 3 expected buckling modes
of a honeycomb [1]

Our project

The objective here is to understand which parameters affect the homogeneity of the buck-
ling of a rubber honeycomb architectured material: the geometry of the specimen, the
constitutive material behavior, any manufacturing defects or the boundary conditions.
To this aim (1) we conducted mechanical tests on samples to characterize the constitu-
tive material of our honeycomb sample and (2) we used this model to simulate a biaxial
compression test of a honeycomb to study its buckling patterns.

Material characterization

We first mold tensile and compression samples using Smooth-Sil 950, a flexible elastomer
with high maximum strain. Then, we performed uni-axial tensile and compression tests up
to 50% strain and at different speeds to obtain the material behavior. Tension tests were
conducted following the ISO 527 norm while compression tests protocol was inspired by
the norm [2], we also tried to reduce the impact of friction using lubricant but it inducted
out-of-axis displacement and the test failed. Finally, even with high friction, the Poisson’s
effect seemed to not have an important impact on our measures. We did not observe any
effects of the speed on the material behavior in the range of speed studied, so we identified
it with a 5-parameters Rivlin model using a fit on both compression and tension curves
[3].



The curve obtained with Rivlin model
is shown on Figure 2. It fits both ten-
sion and compression curves despite the
differences of sensors and samples used
in the different tests. This responds to
the need of characterizing the behavior
of the material in tension and in com-
pression to perform numerical simula-
tions of buckling in honeycombs.

Figure 2: Experimental curve with error
bars and Rivlin curve

Finite element simulation

After successfully characterizing our material,
the next step was to implement its parameters
in our full-field model on LS-Dyna. This finite
element software is adapted to our study be-
cause it is designed to compute complex phe-
nomenon such as contacts, friction, instabili-
ties and high strain rates. The result is rep-
resented on the Figure 3. We observe the in-
tended buckling patterns, however, theoreti-
cal results demonstrated [1] that the pattern
should be uniform over the surface, which is
not the case here. The future objective is to
understand why. This numerical tool will be
useful to investigate the impact of the material
behavior and friction at the boundaries on the
sample during the biaxial compression test.

Figure 3: Numerical simulation of a
biaxial compression test

REFERENCES

[1] Christelle Combescure, Ryan S. Elliott, Nicolas Triantafyllidis, Deformation patterns
and their stability in finitely strained circular cell honeycombs Journal of the Me-
chanics and Physics of Solids, 2020.
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ABSTRACT 

General Context 

This study was motivated by thermodynamics behaviors of materials which are being modeled 

on a case-by-case basis. A part of the mechanical research community is studying neural network 

to find general approximators to model complex mechanical behaviors. However, classical neural 

networks are not constrained to follow laws of physics. Most of the current solutions to this 

problem is to penalize the loss function used to train the model when the predictions are not 

thermodynamically consistent [1] or to use classification to select the most relevant existent 

models [2]. Our work aims at enforcing the thermodynamical consistency directly in the structure 

of a neural network.  

Methods 

The first part of the project was to choose a dynamic model that respects the fundamental laws of 

thermodynamics. The General Equation for the Nonequilibrium Reversible-Irreversible Coupling 

(GENERIC) formalism [3] was adopted due to its compacity. This model is based on a first order 

Ordinary Differential Equation (ODE) that rules the time evolution of the state variables : 
𝑑𝑥

𝑑𝑡
= 𝐿

𝜕𝐸

𝜕𝑥
+ 𝑀

𝜕𝑆

𝜕𝑥
 (1) 

with 𝑥 the state variables , L the Poisson matrix, M the Ginzburg-Landau matrix, E the energy potential 

and S the dissipation potential. 

In addition, the model provides consistency with the first law of thermodynamics by imposing the 

following properties:  

𝐿 = −𝐿𝑇 ;  
𝜕𝐸

𝜕𝑥
 ∈ 𝑘𝑒𝑟(𝑀)  (2) 

Moreover, the model enforces the second law of thermodynamics using the following properties: 

𝑀 = 𝑀𝑇  ;  
𝜕𝑆

𝜕𝑥
 ∈ 𝑘𝑒𝑟(𝐿) ;  𝑀 𝑖𝑠 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝑑𝑒𝑓𝑖𝑛𝑖𝑡𝑒  (3) 
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The second part of the project was to select a neural network architecture compatible with the form of 

the equation (1). Niu’s work [4] suggests that Gated Recurrent Units (GRUs) are comparable to the 

Runge-Kutta integration scheme. This scheme is adapted to solve matricial first order ODEs which is 

the type of equation (1). Thus, the GRU structure was chosen for this model. 

The final part of the project was to implement the constraints (2) and (3) in a neural network 

architecture. We provided a neural network structure composed of two branches. The first one is meant 

to predict the Poisson matrix and the gradient of the system’s dissipation potential respectively to the 

state variables. The second one is meant to predict the Ginsburg-Landau matrix and the gradient of 

the system’s energy potential respectively to the state variables. Only the second branch was 

implemented in the project. The symmetry and degeneracy properties of the GENERIC operators were 

enforced directly in the branch structure through custom activation functions connecting three sub-

FCNNs. 

Results 

Results on the study of GRU structures show that the formatting of inputs changes the way the information 

is processed by the network. Additionally, a large dependence of the outputs on the hyperparameters was 

found. Finally, the equivalence between the Runge-Kutta scheme and the GRU architecture was able to 

provide weights and biases that allowed the GRU to accurately approximate a function ruled by a first 

order ODE.   

The thermodynamic admissibility of the data provided by the GENERIC informed neural network is being 

tested regardless of the system to model. In parallel, the model is also being trained and tested on the 

behavior of a system constituted of a mass attached to a spring and a damper. 

Further Works 

After obtaining and interpreting more results of the evaluation of the GENERIC informed neural network, 

the first next step will be to find a way to avoid local minima in its training. Once this is done, the following 

step will be to implement the branch providing the Poisson matrix and the gradient of the dissipation 

potential. The final step will be to implement the GENERIC-informed structure in a larger GRU structure 

in order to dynamically predict the behavior of a complex mechanical system. 
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ABSTRACT 
Introduction 

In the paradigm of autonomous vehicles, the exploration of their control and resilience in 

the face of potential cyber-attacks has become increasingly crucial. Consequently, our 

study aims to address this topic from a DES perspective. Initially, we were equipped with 

a remote-controlled car fitted with a single lidar sensor, which allowed us to conduct our 

initial study, particularly in terms of control based on AI methods. Subsequently, we 

evolved this setup into a vehicle equipped with omnidirectional wheels, better suited to 

our research. The theses of Salah Eddine Ghamri [1] and Benoit Thuilot [2] enabled us to 

establish a state-of-the-art understanding of the subject. 

1      Integration of Reinforcement Learning-Based Control Methods 

The initial vehicle in our study, equipped with a Lidar, operates through a Raspberry Pi 4 

nano-computer, which we had to familiarize with. Initially, we ran it with basic code that 

allowed us to conduct our initial experiments. We also familiarized with the Webots 

simulation software using the same basic code.  

Subsequently, we delved into an AI-based reinforcement learning approach that we 

successfully implemented on Webots. Drawing upon established research in 

reinforcement learning from the ENS EEA department, the strategy we then adopted 

involves a reward function, crucial for the autonomous vehicle's learning, assigning 

rewards based on the vehicle's current state. It distinguishes between collision and non-

collision states, penalizing collisions with a point penalty and providing rewards based on 

speed and distance to obstacles detected by the lidar. The neural network architecture used 

in our study comprises an input layer of 360 neurons corresponding to the lidar values and 

two output neurons representing speed and direction commands.  

2   Behavior Model (DES) 

Initially, we made some assumptions to establish the behavior automaton of the holonomic car. 

Firstly, we considered that each wheel could move forward, backward, or stay stopped. We did not 

address the problem from a hybrid systems perspective, so speed changes will be discrete rather than 

continuous. Also, we chose a single constant speed applicable for both forward and backward 

movement. In this case, the car's movements are limited to ten. Finally, we assumed that the lidar 
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had a threshold beyond which can detect obstacles, thus reducing its information to binary. 

Additionally, we only considered the following eight sectors: (0-45°); (45-90°); (90-135°); (135-

180°); (180-225°); (225-270°); (270-315°); (315-0°). These assumptions simplify the problem to 

make it more understandable and manageable. However, it is possible to disregard each of these 

assumptions by considering all lidar values and continuous speed changes, which would 

significantly increase the number of states for each automaton. 

To model the behavior of this vehicle, we chose to create three plants. The first model free operation 

by considering all possible combinations of states of the four wheels, totaling (34) 81 states. The 

second models the environment by representing all possible combinations of the eight lidar sectors, 

totaling (28) 256 states. The last one represents the control of the car (Fig 1) by positioning itself as a 

specification of the free operation plant. We then seek to achieve the parallelization summarized in 

Figure 2 to obtain the vehicle's control. 

3   Definition of Cyberattack and Resilience considering our Model 

Building upon two theses [3][4], we have decided to start by identifying the defended and weakly 

defended states of the desired operation. The attack we defined involves going through the paths of 

the automaton that are closest to the weakly defended states with the aim of increasing the chance of 

a breakdown or malfunction that could lead to damage the vehicle. Conversely, the resilience of the 

control involves going through the paths furthest from the defended states to limit any unexpected 

behavior. Additionally, resilience involves adapting the control in an event of breakdown or damage, 

such as a blocked wheel. In this case, we aim to adjust the control to maintain the right behavior that 

is less optimized but still functional. 

4  Perspectives 

In the future, we aim to implement the practical application of the attack and resilience vision of the 

control that we have both defined. This involves, for example, adapting the control law to a three-

wheeled vehicle instead of four. Similarly, we intend to simulate this concept using the Webots 

software by programming a four-wheeled holonomic car, enabling us to test our controller. 
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ABSTRACT

Accounting for impacts during the design of dynamic systems is very important.
Dynamic compression and tensile test benches, such as Split Hopkinson Pressure
Bars can address such questions. However, these tests do not account for biaxial
loads, which are frequently encountered in practical situations. Therefore there is a
need to conduct biaxial dynamic compression tests. Here we describe our efforts to
master a system capable of biaxial loading of a specimen.

Similar tests have already been carried out at the LMPS with a standard Split
Hopkinson Pressure Bar and a device that would convert a part of an axial force to a
tangential force, but the force on the second axis depended on the friction between
parts, which made it hard to interpret the results accurately[1].

A purely biaxial machine was developed at the Northwestern Polytechnical
University (China), using magnetic cannons to propel steel bars at a very precise
instant and a precise speed [2]. However the machine is entirely made of titanium to
avoid unwanted magnetic effects. The use of titanium and magnetic cannon make it
rather expensive.

The system developed at the LMPS uses a single projectile, and splits the shock
wave along four bars to create four incident waves arriving simultaneously on the
sample. Our objective in this project is to make sure that this machine is functioning
well: the load should be equal on all axes, and the measurements should correspond



to the theory. For this, we test samples made of aluminium (Fig.1), which has a
known and predictable biaxial dynamic behaviour. Displacement is measured by
Digital Image Correlation. In addition, strain gauges combined with wave propagation
theory allow us to calculate the speed and the stress at the end of the bars. It is thus
possible to indirectly measure the force and displacement applied to each face of the
sample. We should find that the strain-stress response we get with the machine
coincides with the numerical simulation obtained via Abaqus.

To verify that the load is equal along both axes, we compare the results obtained
with the strain gauges. We found that they were very similar (Fig.2). To check that the
material behaviour was correctly Identified, we test the sample material to get its
uniaxial behaviour. We can then input it in Abaqus and verify that the simulation
corresponds to the measurements.
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ABSTRACT
General Information

Inertial navigation systems are extremly useful to navigate, especially under water. Those using Fibre
Optic Gyroscopes (FOG) are the most effective yet. However, their manufacture requires coils and
knowledge of their caracteristics is important as an error in the measure and interpretation of the optical
signal may result in a submarine emerging miles from the location wanted. Furtheremore, to reach high
precision, coils are made ordonned which severly reduce the thermal bias. However, the manufacture of
ordonned coils can only be achieved trough sheer manpower and cannot be replaced by machines yet.
Hence the use and the thermal bias of non-ordonned coils assembled automatically is studied.
It has been shown [1] that ordonned coils properties tend to varry alongside the temperature, this gen-
erates a thermal bias and some strain influencing the optic propagation. An axisymetric hypothesis was
used but each spire was considered. Homogenization was conducted [2] in order to reduce the workload
of the computer and compared to the ”exact” solution to mesure the trust interval. The idea is now to
execute a homogenization upon a non-ordonned coil to see the difference with an ordonned one and
then to measure the mechanical characteristics and the new thermal bias. This will allow to caracterize
the precision a FOG can get with a disordered coil in comparaison to an ordonned one.

Method

Firstly, a tomography of a disordered coil was made. Then, from images taken out of it, corresponding
to different sections, the center of each spire were extracted in order to make a numerical model of the
coil and run calculations with it. Everything was calculated under the software Cast3M in a section
with axisymetric and homogeneous periodicity hypotheses. Due to the resolution of the tomography
and to residual strain, fibers may intersect. Pre-processing is needed in order to create the circles.
Once this is done, a small piece of the section (RVE) was meshed automatically using the fibers’ center
(see Figure 1(b)). Then, an homogenization method was conducted why the previously estated
hypotheses. At last, the RVE size and location can be changed to try to find the most representative
one. The implementation of the RVE was used to caracterize the dispersion of every caracteristics and
because of the large number of fiber per section, an automatization of the different simulations was
mandatory to scan the whole section. It was firstly done only with the compacity, being simpler and
faster to calculate because the only data needed is the surface of the mesh of the glue and the total
one(see Figure 1(a)), explicitly the formula is C = 1 − Sglue

SRV E
. It was calculated this way as the glue

surface is given by a single mesh, and the RVE is generally a rectangle.

Results

The data extracted allowed to get an average value and its dispersion for different caracteristics. The
following table discribes it all (see Table 1). It is to be considered that the compacity is effective, i.e. it



is divided by the maximal compacity obtainable (hexagonal close-packed : 0.74). It is interesting to see
that the influence of the z-axis is less important than the r-axis on the coil. The use of a smaller RVE
seems mandatory as the dispersion is less important. It is not intuitive but it seems a larger RVE does
not implies better precision.

Further work

In order to have a greater idea of the comportement of disordered coils, a study of a larger number of
these can be considered. Considering that making tons of tomography of disordered coils is impossible
for reasons of time, generating them by computer is a path that can be explored in the future. The
challenge would be to create controlled disorder in a coil to produce a large number of sample and have a
statistic distribution of the comportement of those which then could be compared to a few tomographies
of real disordonned coils.

(a) (b)

Figure 1: (a) : Spacial repartition of compacity with a rectangular RVE of 1x
√
3 diametre of fibre. (b)

: Meshing of a RVE of 5x5 diametre of fibre in a section.

Property Value Coefficient dispersion dispersion
of variation (%) Z (%) R (%)

Exx(GPa) 25.4 / 19.2 33.2 / 22.9 7.06 / 37.9 11.9 / 32.9
Eyy(GPa) 25.8 / 18.1 39.9 / 22.9 3.44 / 11.5 11.9 / 44.6
Exy(GPa) 8.86 / 6.70 50.4 / 29.3 4.59 / 8.16 16.5 / 50.4

νxy 0.248 / 0.300 14.6 / 14.3 1.84 / 5.99 5.76 / 13.4
νyx 0.255 / 0.282 25.6 / 20.3 5.46 / 5.30 11.0 / 24.5

Compacity 82.2 / 70.2 27.9 / 9.3 1.96 / 18.7 5.20 / 31.5

Table 1: Property values and dispersion of two different RVE size, 1×
√
3 and (/) 5×5.
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ABSTRACT

Introduction

Bone is a complex material and grows differently depending on the stress it undergoes.
Knowledge on internal stress applied on the osteocytes is essential for a better under-
standing of degeneration associated with it [3]. We will study the properties of the REV
(Representative Elementary Volume) of bones and stress in different phases.

Materials and Methods

The REV studied is based on a segmentation of fluorescent confocal microscopy observa-
tions [3]. A previous model including materials with linear properties has been made on
Abaqus. The aim of this study is to adapt this model to include non-linear properties to
have a better representation of real-life bones.

Fiber orientation of collagen in the osteon influences the behavior of the REV drasti-
cally. Indeed, the bone matrix adapts to its mechanical environment. In particular,
longitudinally-oriented collagen is more present in tension areas whereas oblique-angled
fibers are more present in compression areas [2]. Therefore, we studied a model with col-
lagen fibers oriented at 45° and 135° while the other group studied collagen fibers oriented
at 60° and 120°. We compare our results with an imposed constraint at the limit strain of
homeostasis : 1.5 micro-strain under compression and 1 micro-strain under tension [1].

The organisation of collagen fibers has a paramount significance on bone mechanical prop-
erties [4]. That’s why this study focuses on a geometrical complex REV to make it as close
as possible to real-life bones.

Results and discussions

We obtain results for materials with a linear behaviour. As shown on figure 1, calculated
stresses are projected on a unit sphere to visualize main directions of stresses in different
phases.



(a) Tension (b) Compression

Figure 1: Representation of the maximum of the absolut value of stress and its direction

We can observe that either in tension or in compression, the hydroaxyapatite (HAP) takes
the most of the stress. It seems logical because HAP is the more rigid phase. We also
notice that the main direction is colinear to the y axis, that is consistent with our boundary
conditions which are also, in tension and in compression, colinear to the y axis.

Under 1.5 compressive micro-strain of the REV, the cell process is under a minimal prin-
cipal stress of −5 to −45 Pa compression and a maximum principal stress in mixed mode
of 2 Pa tension and 10 Pa compression.

Under 1 tensile micro-strain of the REV, the cell process is under a minimal principal
stress of -25 Pa to 10 Pa compression and a maximum principal stress in mixed mode of
30 Pa tension and 7 Pa compression.

The strains are higher in compression than in tension. Regarding the limit strain under
compression and tension, the REV will be as resistant in compression as in tension.
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ABSTRACT

Introduction

Fig 1. - Octet-truss

Architectured materials are investigated for the great mechani-
cal characteristics they can achieve by combining the properties
of their parent materials with their microstructure. Here, we fo-
cus on the study of lattice-based architectured materials, which
consists of bars connected by nodes. In particular, we study the
octet-truss lattice (see Fig.1). While elastic properties of such
architectured materials have been widely investigated in the lit-
erature [Deshpande 2001], only few papers studied their fracture
behavior and their behavior under localized load. Here, we aim to
develop the framework required to simulate the fracture of lattice-
based architectured materials, in order to characterize the crack
propagation in such architectured materials through an energetic
approach.

Foundation and validation of the model

In order to perform cracking and indentation calculations on our architectured material,
the first step was to create the mesh of our structure. To achieve this, we used the
coordinate transformation principle of the finite element method, which enabled us to
project and repeat the octet-truss cell on the mesh of a solid in .inp format from Abaqus.
This method has the advantage of being able to generate meshes, from regular to more
complex shapes, of cracked architectured materials automatically.

Then we compared our simulations with the literature to verify its stiffness [Deshpande
2001] and normalized toughness [Deshpande 2022]. In both cases, we simulated tensile tests
on specimens made of a parent material, assumed to be linearly elastic, by imposing nodal
forces. To estimate stiffness, we measured displacements in a cubic specimen, whereas to
determine the toughness of our material, we measured the maximum of the Von-Mises
stress field in a cracked sample. The estimated stiffness and toughness values are in
accordance with the literature [Deshpande 2001, 2022].



Results on the study of a sample under localized load, and of the stress distri-
bution for a cracked sample

Fig 2. - Model and results of the
2D indentation simulation

During the study of this architected material, we
were expecting scale effects on our results. There-
fore, we decided to perform indentation simulations
where we plotted the stiffness evolution with the
number of cells under imposed displacement in an
Octet-truss structure. We carried out two sets of
simulations : the first one in 2 dimensions (see Fig.
2) and the second one in 3 dimensions. The stiff-
ness convergence, where the macroscopic stiffness is
constant, allowed us to observe the influence of the
microstructure’s size and its organization.

We have performed an explicit elastic dynamics cal-
culation on Abaqus to study the progressive fracture
of a sample made from an architectured material.
To do this, we added a brittle-cracking behavior to
the material, in which we specified the strain-stress
profile at failure. We worked with imposed displace-
ment. To accelerate the calculation, we used mass
scaling, which consists in changing the mass over
time. However, the dynamic behavior has an effect
on the energy redistributed to bars and the mass
scaling distorts results as bar masses are no longer
correct.

Conclusion

We have partially developed the tools needed to study localized loading and crack propa-
gation in lattice-based materials. The results obtained so far are in line with the literature.
To continue the study, we would like to use a house code, which allows us to progressively
remove each bar one by one every time they crack instead of a dynamic calculation, so
as to be able to study material characteristics in greater detail from an energetic point of
view.
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ABSTRACT

The advent of additive manufacturing gives the ability to print complex geometries and offer
efficient solutions for maintenance and repair [1]. The wire laser additive manufacturing
(WLAM) process uses a laser to melt a metal wire, adding layers to create the geometry.
Hence, environmental impact is leading the industry to develop sustainability policies such
as the European Union 2050 Green Deal. This study seeks to establish the specific energy
consumption (SEC) of the WLAM process and to determine optimised strategies.

SEC(Plaser, Vhead, Vwire, Zheight, ON/OFFservo−control) =
Etot[kWh]
mproduct[kg]

(1)

Energy consumption models exist for similar technologies, but to date, they are currently
scarce compared to models for machining [3]. Previous studies have shown the importance
of considering more appropriately the additive process which is not easily comparable with
subtractive processes [2]. Few previous papers have investigated on the characterization of
the different sub-systems and process stages [4, 5]. This work focuses on modeling energy
consumption by collecting data from the different life cycles and equipment, considering the
phases of rest, rapid movement, elementary trajectory and pause, each temporally weighted.

Each consumption of subsystems were measured (Figure 1) using a power sensor (FLUKE
434) and modelled with constant or linear functions. A test was performed without servo
control, using main and auxiliary equipment for a single bead wall (100 × 100 × 2.95).
A SEC of 17.52 kWh.kg−1 was calculated thanks to our model (Figure 1). The results
suggest that the laser power consumption is an important factor in the linear variation in
electricity consumption. Our findings indicate that by activating the laser servo-control
the energy consumption can be reduced to 16.6 kWh.kg−1. Moreover, the use of higher
laser power and faster printing speeds enable to achieve 15.19 kWh.kg−1 due to the limited



running time of auxiliary equipment. These calculated values are ranked in the lower range
according to previous studies that have evaluated SEC for additive processes [2].

Overall, our findings support the assumption that auxiliary equipment consumption is a
significant issue. Improvements might be possible by increasing speed and laser power in
order to keep the linear energy constant. The study guides recommendations for the overall
energy strategy of the additive manufacturing cell towards optimising the time spent outside
the deposition phase. Future studies should assess optimised strategies using a preheated
wire and servo-control laser power monitoring.

Figure 1: WLAM energy flow (kWh) (standard strategy: laser at 2200 W)
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ABSTRACT

Context and Introduction

Figure 1: The ring and its placement
within the disk.
Baek and Epureanu, Reduced-Order Mod-
eling of Bladed Disks With Friction Ring
Dampers, 2017

The bladed disks of a turbomachine are subject
to numerous vibrations caused by the behavior
of air within it. In order to extend their lifes-
pan, the vibrational response of the disks must
be understood and attenuated. To control this,
the chosen technological solution in single-block
high-pressure compressors is a pre-loaded ring
damper mounted at the central bore (see Fig-
ure 1). However, its sizing is complex and re-
mains highly simplified in the literature. The
strongest assumption consistently made in the
literature is the cyclic symmetry of the prob-
lem. This assumption implies neglecting the
actual shape of the ring, which, for assembly
reasons, is cut. This therefore implies a non-
homogeneous pressure between the disk and the
ring, which, to our knowledge, has not been
taken into consideration [3].

Method

Based on the Laxalde model proposed in [1], a phenomenological analysis of the impact of
the uniform contact pressure assumption is suggested. A lumped model based on the latter



Figure 2: Lumped model in [1]

model, with a ring damper cut off, is proposed
to find an initial solution of forced response in
HBM (Harmonic Balance Method proposed in
[2]), based on an assumption of a uniform pres-
sure field between the ring damper and the disk
(see Figure 2). However, this assumption is
not statically admissible in the case of cutting.
Initially, the field is approximated by a stati-
cally admissible field where the efforts of the
missing ring sector are fully taken up by the
neighboring sectors. This new assumption in
the first lmuped model then allows for finding a
new, more realistic solution of forced response
in HBM.
At the same time, a finite element model of the
assembly is constructed based on the actual ge-
ometry of the system using Abaqus to find a more representative contact pressure field
through static nonlinear analysis. Thus, this new pressure field implemented in the lumped
model presented in the previous section allows for finding a third solution of forced re-
sponse in HBM, enabling the measurement of the impact of load distribution between the
ring and the disk. As a comparison, a calculation using the finite element model with time
integration is performed to serve as a reference solution.

Key results and interpretations

The importance of the type of pressure field in the lumped model is highlighted in the
various simulations conducted. The mistunning effects introduced by heterogeneous pres-
sure fields are minimal with the first assumption. Once the flexibility of the ring damper
is taken into account, the distribution of contact pressures concentrates on the sectors ad-
jacent to the cut and the diametrically opposed sector while unloading the other sectors.
This distribution accentuates the mistunning effects, displaying it as equally influential as
the cut itself, and when these effects are compounded with those of the cut, the mismatch
intensifies. This suggests that it is important when designing ring dampers to consider
these pressure distributions.
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ABSTRACT

Introduction

Bone is known to be a mechanostat and adapt its microstructure to the loading it is
subjected to. With aging and certain pathologies this adaptation is modified [5]. As a
baseline, we propose to identify in healthy bone, the limit of elasticity of the constitutive
behaviors of the materials phases present in the micro-environment of an osteocyte.

Materials and Methods

A Representative Volume Element, RVE, of the bone matrix around an osteocyte process
was constructed by segmentation of fluorescent confocal microscopy observations [5] of the
cell and Transmission Electron Microscopy (TEM) images of the mineralized fibers [2]. The
mineralized collagen fibers of the extracellular matrix around the osteocyte cytoplasmic
extension was modeled by 3D helicoidal tubular structures parameterized by the TEM
measurements. Only dark osteons of which the collagen fibers display a 60°/120° orienta-
tion were considered [2]. These osteons usually form in regions that mostly work under
tension [1]. Because long bones such as tibia and femur work under flexion, therefore
under compression and tension, both types of loading were modeled at the limit strain
of homeostasis: 1.5 micro-strain under compression and 1 micro-strain under tension [3].
As a preliminary approximation, all the materials phases including the hydroxyapatite
(HAP), Type I collagen, the proteoglycan interphase, the peri-cellular matrix (PCM), and
the cell process were considered linear elastic. The finite element model was implemented
in Abaqus. The obtained principal components of the stress fields of the different phases
were projected on a unit sphere to identify directional behaviors and limits of elasticity.

Results and discussions

Under 1.5 compressive micro-strain of the RVE, the hydroxyapatite phase displays signif-
icantly higher compressive stress values than other phases. The cell process is under a
minimal principal stress of −5 to −45 Pa compression and a maximum principal stress in
mixed mode of 2 Pa tension and 10 Pa compression.



(a) Tension (b) Compression

Figure 1: Representation of the maximum of the absolut value of stress and its direction

Under 1 tensile micro-strain of the RVE, the hydroxyapatite phase displays tensile stress
values higher than other phases but most of the phases are under tension with an homo-
geneous distribution. The cell process is under a minimal principal stress of -25 Pa to 10
Pa compression and a maximum principal stress in mixed mode of 30 Pa tension and 7
Pa compression.

Our model showed in the RVE under 1µϵ tension, the maximum tensile stress values in
the HAP corresponds to the damage threshold at the nanos-cale identified by an dual
experimental-numerical approach [4]. Moreover, the model showed that fiber orientation
generate a stress distribution that is more adequate to either tensile or compressive loading.
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ABSTRACT

General Context

In metal additive manufacturing by laser powder bed fusion, the geometry and mechanical
characteristics of the produced parts are both generated during the manufacturing process.
The laser path and the energy applied to the powder determines the quality of the part. To
master trajectories and energy, studies demonstrate the importance of controlling power
and velocity [1]. However, treatments performed by numerical control of the machine
result in slowdowns and deviations of the effective trajectory which impact energy applied
and thus the integrity of the part [2]. There are many parameters other than speed
and power that can be used to modulate energy input locally. Yet, few studies have
focused on the influence of these parameters [3]. Our study focuses on 3 parameters which
involved in the numerical control to change the requested trajectory into a new one for
the actuators. The parameters are: the delays between trajectory segments, the
skywritting (addition of small trajectories), and the delays in laser ignition and
extinction. The goal of this study is to understand the impact of these parameters to
improve a knowledge model of the PBF-LB machine.

Identification methods

In order to observe the influence of these parameters, various trajectories have been devel-
opted and executed on a test bench and then on a PBF-LB machine. These tests consisted
of engraving plates and acquiring the real-time laser position at 100kHz. Different experi-
mental plans were designed and implemented for each parameter. The differences between
the command and the effective trajectory have been observed, which allowed to improve
the behavior models for each of the three parameters.

Results

The results show that the trajectory sent to the actuators is the consequence of a filtering
of the CAM trajectory. This is an interpolation solution that limits the solicitations of



the actuators. The parameter ’delays between segments’ affects the command before
filtering to make the filtered trajectory closer to the initial one (cf. Fig. 1 (b)). However,
this leads to a local decrease in speed, so power must be modulated to remain at constant
energy. The second parameters called skywrrinting allow local modification to ensure
that the laser pass exactly on the CAM trajectory (cf. Fig. 1 (c)). The delays in laser
ignition and extinction allow control of the beginning or end of material fusion. It
could be use to ensure that the laser stop melting the metal at the right location when
adding trajectories is used.

2000160012008004000
Speed [mm/s]

250 µm

(b)

250 µm

(c)(a)

Figure 1: Influence of parameters on the effective trajectory; CAM requested trajectory (a),
trajectory with delays (b), trajectory with adding trajectories (c)

In conclusion, the established behavior models in a digital numerical simulator of the PBF-
LB machine have been improved. This simulator allows to predict the machine’s behavior
during the execution of a trajectory. The Fig. 1 shows two engravings from the same CAM
trajectory and the associated simulation (cf Fig. 1 (a)) but with different parameters. The
work carried out in this TER will enable the development of an automatic method. This
method will determine, based on kinematic, geometric, and energetic criteria, an optimal
recipe of parameters. It will be optimized to achieve an effective trajectory starting from
a known velocity-power couple.
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ABSTRACT

General Information

Many finite element solvers offer engineers the ability to develop user-defined elements.
In order to use elements with specific behaviours, non-linearities, equivalent models, for
example [1]. These elements are often developed in C or FORTRAN. To make the devel-
opment of user elements simpler, there is a need to develop a tool that can be used to
code complex models through an interpreted language such as MatlabTM . Such a tool has
been developed at LMPS for user materials, but does not exist for user elements. The aim
of this study is to develop a MatlabTM code package that can be used to both develop,
debug and generate a user element for AbaqusTM .

1 Methods

The method consists in the generation of a C code via MatlabTM function codegen. The
user element behaviour is implemented in a .m function which has the same arguments
and output that a User ELement (UEL) subroutine in AbaqusTM [2]. That function can
be debugged with a MatlabTM Newton-Raphson solver before being generated in C - in
a package that contains all the headers needed for C code - with codegen. The generated
code can be compilated by Abaqus 6.21-6 with g++ 12.2.0 compiler for example. The
User Element can write informations in the .log file or in a new .txt file created in the
folder where the job is executed.

2 Results

To test our methods, we developed a user element described by the rheological model of
the Figure 2a [3]. Node 2 is subjected to a load F = Fe1 where F describes the following
cycle : [ 0 ; 1800 N ; − 1800 N ; 1980 N ; − 1980 N ; 0 ]. We were able to validate the
method used to generate the user element for a 1D element with a comparison by super-
imposing the MatlabTM simulation and the AbaqusTM calculus results on Figure 2b.



Figure 1: Illustration of the method of developement of the user element

(a) Rheological model (b) Matlab and Abaqus results superimposed

3 Conclusion and future work

Our work can be developed further with the generation of 3D models and other behaviours
than plasticity. It can include for example beam models or plasticity with hardening. It
could be interesting to develop sliding models in analogy with plasticity models.
Further work can also include development of Matlab tools that can operate on AbaqusTM

.log or .txt generated file to debug or post-process directly in MatlabTM .
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ABSTRACT

General context

The LPBF process works by spreading a thin layer of a fine metal powder. The powder
is then fused by a high power laser. This cycle is repeated for every layer of the part.
The powder is spread by a recoater : a cylinder spinning in the opposite direction of
its motion, pushing a bead of powder. At this stage, defects such as recoater hopping,
streaking and incomplete spreading can occur. The causes of these defects are multiple and
ill understood. Being able to automatically detect these will help to better understand the
defects and link them to process parameters. As of yet, it isn’t possible to automatically
detect these defects with sufficient accuracy without using very high resolution imagery
[2]. Approaches using the integrated camera of the machine and classification networks
have been tested, but yield unreliable results [3, 4].

Methods

This project sets out to identify automatically the defects present on the printbed after
every layering phase in order to obtain a part health, layer by layer as seen of figure 1. The
knowledge from the manufacturing report of the part will be useful to link the layering
defects and the mechanical properties of the produced parts. This project was carried out
using the photographs provided by the integrated camera on a AddUp 300 LPBF machine.
This camera has a resolution of about 0.32 mm/pixel. A large database containing close to
25000 pictures, Was provided to us in 200x200 pixel tiles, as well as 25x25 pixel tiles was
provided [4]. The tiles are labeled ”OK”, ”recoater hopping”, ”streaking” and ”incomplete
spreading”. Previous work using this database consisted in training and comparing several
neural network architectures to classify the patches. The accuracy of these neural networks
peaked at about 65%. This is due to the fact that the database is very unbalanced as most
patches were labeled as ”OK” and only very little were labeled with defects (figure 2). A
specializing a pre-trained network could yield better results, but the network sizes must
be identical. Some types of networks can be pre-trained and can yield very high accuracy
results using very high resolution images (6 µm/pixel).[2] However, using another type of
neural networks has been suggested. Segmentation models are capable of generating masks
on images, in order to decompose the image in the elements that constitute it. Specializing
a pre-trained network could prove effective to segment defects from the powder bed. For
this project the Segment Anything Model (SAM) [1] from Meta AI was chosen as it is



trained on a very large database. It shows excellent capabilities in generalizing (being
able to segment an object that it has not been trained on). Early trials show that it is
fairly capable at detecting melted areas on the powderbed, but failed to mark smaller
defects. The pictures from the database have very uneven lighting due to the presence
of the recoater. An image correction program has been developed in order to make the
lighting more homogeneous. This will hopefully increase the performance of the model.

Key results

Specializing SAM on the detection of dark grey elements on a light gray background is a
promising lead. By training SAM to detect melted areas on the post melting images, it is
reasonable to believe that SAM will be able to detect defects (that are generally darker) on
the post layering pictures. Indeed, the ideal post layering picture is perfectly homogenous.
Any non-homogenous patch is therefore an anomaly and a likely defect. SAM would hence
be able to provide the location of anomalous patches, which can then be processed by a
classification algorithm. The main benefit is that this would greatly reduce the number of
”OK” patches analysed, meaning the classification model will only have to determine the
type of anomaly, and not determine whether it is an anomaly or not.

Figure 1: Desired program output

Figure 2: Number of images in each class
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ABSTRACT

General information : This study ex-
plores fabric behavior under the impact of
a knife by approaching it in various scales:
macroscopic, mesoscopic and microscopic.
Traditional models often overlook this per-
spective, motivating an investigation into
the macroscopic behavior of fabric under dy-
namic conditions. The primary aim of this
research is to understand how fabric behaves
when a knife stabs it, specifically focusing on
energy dynamics and the impact of friction
forces.

Methods : The current understanding of
fabric behavior is only theoretical for now,
and lacks an experimental approach. This
study aims to fill this gap in knowledge by
employing a simulated and finite element
perspective and using MatLab and LS-Dyna
for enhanced interpretability. MatLab is
used to implement the theoretical equations
of the theoretical model. An initial velocity
is imposed on the projectile and the impact
causes various deflections on the fabric.

Results : First, the theoretical model im-
plemented (Figure 1.a) needs to fit the ex-
perimental results found by previous re-
search [3]. Without considering friction,

the macroscopic model demonstrates a con-
stant total energy, which is accurate to a
frictionless model (Figure 1.b). The in-
troduction of an initial velocity reveals dy-
namic changes in projectile speed, particu-
larly notable upon fabric perforation. The
study explores fabric pyramid and projectile
displacements, emphasizing the influence of
friction forces. Indeed, the introduction of
friction forces generates an energy loss that
changes according to the knife’s geometry
(Figure 1.d). For the cone studied (Figure
1.c) the friction energy is:
∆Efri = 2πe r Vi dt (−s sin(90 − α)mpa).
LS-DYNA is used to create a digital twin of
the macroscopic model, to avoid conducting
an expensive test, which needs a high-speed
camera, to compare the analytical model
with real experiments. In the following, the
analytical model will be compared with the
numerical model to lead the needed experi-
ments in a quick and efficient manner.

Conclusions : This research contributes
to a deeper understanding of fabric behavior
under dynamic conditions, highlighting the
significance of treating fabric as a plate. The
observed energy dynamics and frictional ef-
fects offer valuable insights into fabric defor-
mation. Further studies could explore the



application of this new perspective to differ-
ent materials and dynamic scenarios. Inves-
tigating the potential practical implications

of these findings in real-world applications
is recommended.

Theoretical displacement of the
fabric pyramid [1] for an initial

velocity of 375 m/s

Evolution of the energy in the
system for an initial velocity of 50

m/s

Geometry of an cone-shaped knife
Evolution of the friction energy

and the knife’s geometry

Figure 1: Results obtained with the MatLab model
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