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ABSTRACT

Motivations

Human bone continuously repairs defects in which new bone is formed by mesenchymal
stem cells (MSCs) that differentiate into osteoblasts and later osteocytes. However, bone
is unable to repair very large defects in particular following massive trauma or surgeries
such as a cancer resection leading to significant cost on the healthcare system. Therefore,
it is essential to gain insight on mechanisms regulating bone formation in order to improve
current therapeutics. From correlation between high resolution images and the analysis
of the local tissue loading, researchers have shown that the orientation of the mineralized
collagen fibers is influenced by the direction of mechanical loading [1]. Stockhausen [2]
modeled the mechanical micro-environment around ostecyte lacunae with respect to the
orientation of the collagen fibers after measurements using FTIR (Fourier Transform Infra
Red). Dark osteons in which collagen fibers are aligned with their central axes and bright
osteons in which collagen fibers have an offset direction with respect to the central axes
displayed different mechanical behaviors.

The purpose of this study is to understand the way collagen fibers respond to an impact
on the bone depending on their geometrical structure. Previous research have established
a numerical method to create a 3D geometry of biological elements. This method will
be extended to collagen fibers in order to carry out mechanical simulations on the whole
model.

Methods

We propose to construct a unit cell volume containing two compartments with collagen
fibers of varying orientations. The unit cell volume is located in the vicinity of an osteocyte
cytoplasmic process. The 3D geometry of the collagen fibers of diameter equal to 125nm
is considered first as an idealized 3D helix of diameter equal to 150um corresponding to
the average diameter of an Haversian lamella. The axial spacing between each helix has
been measured in TEM observations (Transmission Electron Microscopy) [3]. Along the



Z y
X -

Figure 1: Morphology and mesh generation of four collagen fibers in GMSH

helix, the collagen fibers display a characteristic sinusoidal morphology of amplitude equal
of 42nm that is included in the model in Fig. 1. Finally, the unit cell is centered around
a cytoplasmic process based on a finite element model using orphan geometry measured
in fluorescent confocal microscopy observations [4].

Results

Tensile and compressive tests of the unit cells containing collagen fibers of different orien-
tations are implemented. Two orientations of study have been privileged: collagen fibers
with an orientation of 45° with respect to the osteonal central axis representing bright
osteons and collagen fibers with an orientation of 80° with respect to the osteonal central
axis representing dark osteons.
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ABSTRACT
General Information

The composites with long and oriented fibres and polymer matrices are increasingly de-
veloped in sectors like transports. The gluing process to create an assembly is increasingly
used in those sectors. However, the area where the two materials are glued is a weak plane
of the structure, therefore cracks can happen. The search for a solution to improve the
toughness of these areas is important because the behaviour of the glue is very fragile.
This study aims to understand the phenomena of bridging and bounding that are present
in the textured interface between fibres and polymer matrix to make the propagation of
the failure more gradual.

Methods

To begin the study of the textured interface between the substrate and the glue, a model
based of the DCB (double cantilever beam) with textured interface is created. These
interfaces are composed from a pattern of two cohesive zone models which creates the
bridging phenomenon (creation of ligaments between the two substrates illustrated on
Figure 1) [1, 2]. The cohesive zone model is defined by a stiffness K, a maximal stress oy,
the energy release rate G.. The cohesive length \ links these quantities [1]. It is computed
with a dissipation-driven arc-length algorithm in order to see the phenomena of snap-back
instabilities. In this model the glue does not have a plasticity law implemented, then
damages in glue are not computed.

A second approach is made using a complex cohesive zone which is constructed using two
simple triangular cohesive models combined in parallel to homogenized the previous DCB
test. It is modeled with that cohesive law between the two substrates. The use of two of
them enables to have different cohesive length. The first has a short cohesive length and
the second a long one. The combination of the two interfaces allows the model to have
two different mechanisms of energy dissipation [3]. The goal of this approach is to fit the
model to the experimental results [2] and the previous numerical test and then understand
the impact of the different parameters of the long-scale interface on the global result [3].



Results

Figure 1 illustrates the non-linearity issue of the calculation with some snap-back insta-
bilities for the first model. They appear when the weak interface is broken and the load
is transferred on a second interface. The texturing shows a gradual crack propagation.
The result of the second model of the parametric analysis on max stress of the long-scale
interface is shown on Figure 2. The bounds on the curve represent the theoretical DCB
curve using fracture mechanics for the G, of the first interface and the sum of the G, of
both interfaces. The maximal stress of the second interface influences the rapidity that
the second part of the curve reaches the upper bound.
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Figure 1: Load-displacement curve of the Figure 2: Load-displacement curve with
textured DCB essay different values of the maximal stress of the
long scale interface

Conclusion and perspectives

Contrary to the homogeneous behaviour, the textured modeling is still unstable with the
appearance of snap-backs. The behaviour needs to be more gradual and to generate more
dissipation. Moreover, the understanding of the local behavior of the textured interface
would be necessary in order to make the connection with the model with complexe cohesive
zones.
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ABSTRACT

General Context

An aim in modern production industry is the creation of numerical twin models to sim-
ulate the whole lifespan of a product, taking into account features such as its ageing
and defects. Thus, ongoing research study the behaviour of discrete events and continu-
ous variable systems. Our project more specifically focuses on data acquisition, whether
they be discrete or continuous, without interfering with the systems. This effectively en-
ables precise measures with little impact on the device. We developed our method on
an educational machine provided by Schneider Electric (the Xylophonis), which shares its
components with other real industrial devices from the company.

Methods

We divided the data we were looking for in two main types, discrete data found in field
buses and analog data (current through a actuator for example). This brings a plurality of
temporal bases for the acquisitions which later need to be synchronised. Thus, we decided
to organise our method in three steps.

Raw data acquisition: First of all, we needed to acquire data. On the one hand, we
were looking for the kinematic, kinetic and dynamic states of the moving tray; on the
other hand the state of the firing pin. The state of the firing pin was acquired thanks
to a Analogue to Digital converter plugged to a computer. All the information on the
moving tray were internally communicated via a CANbus which we thus spied on using a
micro-controller card equipped with the proper peripherals.

Field bus decoding: The protocol used in the Xylophonis is CANopen, thus based
on CANbus infrastructure. It is with an object library which allows communication be-
tween a variator, the motors and diverse sensors. Each object has its own binary address.
Amongst them, one conveys the position and the velocity of the tray. Therefore, we built
a Python program to analyse the recovered data coming from our system. It was made to
decrypt the CANopen data set to extract information we need.

Clock synchronisation: Having collected data, we need to make it coherent both tem-
porally and in size. We identified a predefined sequence (called common) on which all the
acquisition methods bore at least once the same information (hitting the limit switch in
our case in the zero point of the machine), allowing us to synchronise our data. We then
created an easily recognisable sequenced that could be fired easily whilst the machine was



running. We played this ” Starting of the measure” sequence after the ”common” sequence,
in order to have a record of it being synchronised. Using the first sequence we matched
the second on the time dimension of our various measuring systems, and using the second
that we stored, we can match it again at any point of the activity of the machine by
doing this same recognisable sequence. To do this matching of the same sequences we
use auto-correlation [1] on upsampled and downsampled [2][3] versions of our signal in
order to have enough values to find a precise enough value for the delay for further use of
identification.

Results

The figure below shows the clock synchronisation on a measure with the help of the
sequence we created. They contain the same pattern but timed differently, the synchroni-
sation allows with correlation to time precisely the measures.
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Further work

During the study, we did not taking into account mechanical actions in the system due
to the absence of heavy item in it. In real industrial machines, we also need to measure
these data with a non-intrusive way to get a complete model. It could be possible using
load monitoring based on deep neural network and differential current [4]. Other types of
data would require other types of measuring systems and thus requires further work.
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ABSTRACT

General Information

In the industry, the dynamic characterization of materials is vital knowledge in order to comprehend
the mechanical behavior of structures under shock stresses. The split Hopkinson pressure bars, initially
designed for characterising the mechanical response of materials under dynamic uni-axial-compression
loads, can also be used for dynamic uni-axial-tension loads. Moreover, realistic loads often involve multiple
directions of load. Therefore, researchers focus on the making of a bi-axial dynamic tension device [1],
using Hopkinson bars.

Using four sliding surfaces, the setup allows the transformation of an impact into a bi-axial load using a
traditional Hopkinson bar setup. Strain is measured both on the input and output on each of the four
bars with gauges, and the forces and displacements applied to the interfaces between the bars and the
sample are identified through the theory of Lagrange. High-speed imaging using digital image correlation
is also used to obtain the displacement field on the area of interest of the sample.
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Figure 1: Detail and functioning of the device
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Previous work on the bi-axial-Hopkinson bar device proved the validity of dynamic bi-axial compression
test results. For bi-axial-tension, the final design was developped on CATIA comprehending an inertia
continuous to the one of the Hopkinson bars while being able to clamp the tested part without mechanical
clearance. The machining of the jaws being part of the project, the material used is the same maraging
steel as the Hopkinson bars. This choice of design was done in order to apply tension strain to the tested
part only, thus maximizing the stiffness of the jaws and other parts of the device.

Results

After multiple experiments, the accuracy of the results was linked to the precision of the adjustment of the
device’s mechanism, minimizing every clearance. Otherwise, clearances lead to mechanical-lag, resulting
in non-conclusive results due to noise.



Figure 2: CATIA visualization of the tension mechanism and actual device

Hence, with the device adjusted at the best possible, multiple experiments were conducted in order to
prove the feasibility of a bi-axial tension dynamic instrumented test.

The data processing was realised by a Python program. This handling program extracts data from the
gauges which allows to determine the forces and displacement at the bar-sample interfaces.
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Figure 3: Gauges’ and image correlation’s displacement field

Firstly, despite the slight lag between both axis (1-3 and 2-4), the forces measured by gauges show simul-
taneous loads on both axis at ¢ = 0.1112s approximately.

Secondly, the results of the image correlation present a distinct raise of sample reduction at t = 0.1112s
on both bars.

Therefore, the previous graphics confirm the bi-axial behaviour of the Hopkinson tension test thanks to the
displacement field of both axis, showing simultaneous action-effect on both image correlation and forces
measured by gauges.

Further work

In further work, experimental dynamic uni-axial results will be linked to dynamic bi-axial results in order
to confront the experimental model to the Von Mises theory. In order to achieve this connection, finite
element analysis software like Abaqus will be used in order recreate bi-axial results using the material’s
mechanical law deduced from simple tension measurements to build a comparison.
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ABSTRACT

Introduction and context

Cyber-physical systems are systems in which software elements are in control of physical
entities. On the occurrence of discrete events, these systems can switch between states
in which their behaviour is continuous. Most industrial systems fall under this character-
isation, rendering critical the ability to identify them to manageable models. However,
the development of an identification method requires a collection of training examples.
The hybrid automaton formalism allows for a systematic approach to the design of cyber-
physical systems. The aim of this study is to provide a benchmarking library for the
identification techniques of cyber-physical systems to this model.

Methods

All the simulations have been conducted using the stateflow environment from MATLAB.
A preliminary work is dedicated to the definition of the formalism used with respect to
the two formalism of reference in the field. In fact, while Stateflow semantic is based on
Harel’s statecharts model [1], it is enriched to take into account the concepts of location
and flow from hybrid automata theory developed in [2, 4].

The main part of this work is dedicated to the gathering and simulation of a collection
of examples from literature. The selected examples fall under two categories. First, most
models are automata developed in previous work. However, we also implemented the
hybrid automaton model of real cyber-physical systems.

Finally, to facilitate the selection of an example in the collection, a set of criteria has to
be decided. To provide these features, we examined the hypothesis of each model with
respect to the formalism as well as the characteristics of the output signals.

Results

Our work resulted in the constitution of a benchmark which can be used to assess the
performances of identification methods. Each developed model is provided with a set of
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Figure 1: Automaton used for an identification process

hyperparameters and the most complex ones can be fed. The output data is post-treated
to be ready to be used as input for an identification algorithm such as [3]. In addition,
the output data can be manipulated at will by tuning sampling rates and adding noise.
Figure 1 provides an example of an utilisation of the benchmark on a simple model of a
two-states thermostat.

The set of examples provided covers a wide range of behaviour with varying degrees of
complexity from an identification perspective. We selected 6 criteria to be able to chose an
example in the benchmark. The most significant features are the ability of the automaton
to observe time series in input or the presence of discontinuities in the output data due to
affectation of variables within transitions.

Future work

Further work is needed to broaden the data set. In addition, a formal definition of classes
of automaton based on the classes of its differential equations would facilitate the choice
of an example from the list.
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ABSTRACT

General Information

Currently, an aircraft de-icing system is a function that uses the hot air ejected by the engines
without actually verifying the presence of ice at its surface. Consequently, this solution decreases
the motor’s efficiency. New engine architecture does not allow hot air to be re-routed to the inlet.
The main focus of these engines being their efficiency the previous solution is no longer possible.
A new solution based on multifunctional structures may allow to detect and deice at the same
time. Piezoelectric transducer is a low consumption solution for this issue. This study analyses
the possibility of using piezoelectric sensors to detect the presence of ice on an engine air entry.

A study of the pre-existing solutions was addressed based on piezoelectric transducers. Several
solutions have been identified in the existing literature, some more relevant than the others. A
first review of the existing solutions made by researchers allowed us to focus our analysis on
specified methods [1]. A first method to detect ice-formation relies on the analysis of ultrasonic
shear horizontal guided waves[2]. This article highlights several changes in the waves such as
the frequencies of the different modes due to the presence of ice. It also highlighted changes in
the phase and group velocities as well as the magnitude of the wave. Another method we
retained is based on ultrasonic pulse-echo technique [3]. On several occasions in different
settings, the authors managed to link the time the wave took to go back and forth to the
thickness of the ice. A last method focused on measuring the attenuation of ultrasonic waves to
measure the thickness of the ice[4]. The authors showed that the attenuation coefficient
depended on the thickness and type of the ice thus allowing them to detect ice formation. The
frequency used by the existing methods is definitely an issue for our application. The ice
detection function being embedded into a dedicated onboard hardware, there is an issue to
exploit high frequency range (higher than 100kHz). Thus, we chose to develop an ice detection
algorithm that uses piezoelectric transducers in a low frequency range of aka 20kHz.

Our objective is twofold:

Part 1: A multiphysics finite element modelling and simulation of plate has been carried out with
and without the presence of ice on the surface, using the software Comsol Multiphysics. The
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simulation then focused on the real geometry of the air-entry to simulate signals sensed by the
piezoelectric sensors. The goal of these simulations is to obtain the piezo-electric current/voltage
response in the context of two piezo-electric waffles placed on both sides of an aluminum plate
covered or not by ice. The entry is 24V, 0 to 20kHz frequency sweep with a 10Hz step. The
observed output signal (Figure 2) matches the experimental data of both article [5] and
SAFRAN sensor’s lab experiments.

Part 2: The output data from simulation is used to extract some signal’s feature. The selected
features for this study are the frequency-domain transfer function, as well as the static
capacitance (Figure 1), which allows us to check if the data is consistent as regards to the real

configuration. An algorithm is developed to detect changes of these signals transfer functions
thus detecting the presence of ice.
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Figure 1: Output signal from Comsol
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Figure 2: Determination of static capacitance
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ABSTRACT

Recently, automakers have been trying to make lighter cars in order to boost the aerody-
namic performance of their vehicles. It so happens that spot welding is perfect to attach
parts made of light materials together while building a car. Spot welding consists in using
electric current to fuse together metal pieces without adding any additional material dur-
ing the process. A car body contains about 4000-6000 spot welds and they are responsible
for 80 % of fatigue failures on the car body. Yet, fatigue strength verification requires
too fine finite elements meshes compared with car dimensions since spot welds’ diameter
is about 6 mm. There is therefore a need for simplified models of spot welds. However,
existing models generally do not accurately reflect the fracture mechanisms involved in
the fracture process of spot welds. Because of the apparent simplicity of the geometry
of spot welds, they are often too simple and thus, inaccurate when a spot weld is close
to sheet edges, a hole, or another spot weld for instance. Moreover, the identification of
model parameters depends on the size of the finite elements used for the meshing of welded
plates. Then, it is difficult not only to calibrate models in order to link plate models but
also, to represent kinematics and local 3D effects induced by a spot weld. Indeed, existing
models do not clearly account for the size of the spot weld’s geometrical and mechanical
zone of influence [1]. The aim of this study is to propose a spot weld model for plate model
connection that is accurate enough for a wider range of applications (fatigue, static, dy-
namics) with no mesh dependency and that enables rapid reconstruction of 3D solutions
in the spot weld for fatigue analysis.

Methodology and results

In this study, a simplified model of spot weld with reduced basis technique is proposed.
First, the following method is developed for the half of a spot weld which corresponds to
the upper plate and half of the spot weld core. Relevant 3D solutions that welded sheets
can encountered were collected in spot weld’s vicinity and subsequently a load basis and
associated plate modes were generated. Then, a reduced basis is constructed from these



plate solutions by POD (Proper Orthogonal Decomposition) in the sense of the energetic
norm. After the construction of the simplified model by plate strain energy equivalence, it
was connected kinematically to its environment by writing the displacement continuity in
a weak sense. For the purpose of validating our spot weld model, several elementary tests
were conducted on the upper half of the model. The 3D model (Figure la) is clamped
on the cross section of the weld core and various loadings were applied on the edge of the
upper plate. Prescribed translation displacement Uq and rotation €24 are defined at a
master node and plate solution is constructed from 3D solution. It was found that the
3D effects that the plate model can not represent are localized in the vicinity of the spot
weld core. Thus, it is important to carefully choose the selection radius when constructing
the reduced basis in order to represent accurately the geometric and mechanical zone of
action of the spot weld. It was found that the radius of influence should be slightly bigger
than the actual radius of the spot weld [2]. It was also shown that the simplified model
can correctly represent the clamping effect induced by the spot weld (Figure 1b). The
deformed shape is plotted in Figure 1 for Ugq.z = 1mm, which is a load present in the
reduced basis.

(a) 3D finite element model (b) Plate model connected to the simplified
spot weld model

Figure 1: Deformed shape for 3D model and simplified model with Ug.z = 1 mm

Conclusion and future work

These findings suggest that the simplified model responds accurately to elementary loads
and that the methodology can be easily generalized to every load case. However, they
also pave the way for further investigations. Indeed, the possibility of automatic model
enrichment is yet to be studied.
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Context

One of the prime challenges of the aeronautical industry is the reduction
of greenhouse gases, which can be achieved through a reduction of com-
ponent weights. Under nominal load, components are subject to fatigue,
leading to the appearance of cracks, which can have catastrophic safety
implications. In these circumstances, Safran Aerobooster is developing
a new assembly process in which the blade is directly welded instead of
bolted onto the disc. However, the continuity between these two com-
ponents offers a possible path for cracks to propagate to the disc, which
is a critical safety concern. Hence, it is vital to study the propagation of
these cracks.

The goal of this research is to numerically explore the propagation of
cracks in mixed fracture modes I 4 III, used to model typical load cases
for the blade. To this effect, starting from a specimen shape inspired
from [1], numerical simulations were carried out to explore the influence
of various test parameters (actuator position, displacement or stress test,
antisymmetric loading...) and study their influence on output variables,
such as stress intensity factors or mixity ratio [2, 3].

Figure 1: Specimen and
loads

Methods

Numerical simulations were carried out in Abaqus (a software suite for finite element analysis) using
an elastic model. Indeed, plasticity was assumed to be confined in the vicinity of the crack, and
having no influence on the global behaviour. What is more, stress intensity factors are computed via
interaction integrals, which is a routine integrated in Abaqus. To automate the simulations, a Python
script was written in order to command Abaqus and easily modify entry variables.

Due to the dynamic limitations of Abaqus, the simulations were carried out by applying loads on a set
of discrete specimens each with a fixed crack length (Figure 1). For all simulations, crack propagation



was supposed straight, a strong hypothesis given the loads applied on the specimen (the crack may
twist for instance).

Initial implementation of mode III fracture, with a lateral load applied on only one side, showed a
bulging phenomenon. To limit this, an antisymmetric load on the other side was introduced (see
Figure 2), with an added benefit that it smoothed the mode I stress intensity factor (SIF) along the
crack front.

Results

For the needs of the experiment two cases of evolution for the mixity ratio according to crack length
were wanted. In the first case, the mixity ratio would be increasing with the crack length, which was
achieved through constant loading in the longitudinal and lateral axis (Figure 3). In the second case,
the aim was to have a constant mixity ratio, which could not be obtained. Some possible paths to
explore include constant displacement along the two axis, a mix of constant displacement and load,
or varying displacement and load conditions, although the latter seem rather tedious to implement
practically.

Further work may focus on the changing crack plane which can have a major impact on the safety of
the new assembly process.
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Figure 2: Deformed specimen and Von Mises Figure 3: Mixity ratio (m) and dimensionless SIF (K1
stress and K3) according to crack length
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ABSTRACT

Additive manufacturing is being used more and more in the industrial sector [3]. It has recently come up with
novel materials, of which the behavior widely remains to be determined due to anisotropic and heterogeneous
features, and a strong dependence on the printing pattern [I]. Image correlation and tomography have been
proven to be particularly useful tools to study cracking [4]. The aim of this work is to observe and quantify
crack propagation in acrylonitrile-butadiene-styrene (ABS) and polycarbonate (PC) parts printed by fused
deposition modeling with a [0°/90°] layup when monitored in an X-ray tomograph. The captured scans were
used to measure displacement fields through digital volume correlation (DVC).

Methods
Two compact tension samples were tested in situ (in an X-ray tomograph, figure [1)) until failure.

(b)

Figure 1: (a) In situ loading device after failure. Scanned PC (b) and ABS (c) samples just before failure

To obtain 3D images, it was necessary to record radiographs for 900 angular positions of the sample with
respect to the detector. A 60 pm/voxel resolution was reached in the reconstructed images whose size was
250 x 925 x 925 vx, figure (b,c). The captured scans were used to measure displacement fields through digital
volume correlation. It is based on the assumption of gray level conservation for every material point. The
sought displacement minimizes the root mean square residual [2]. In order to perform DVC analyses, a coarse
mesh was first used, then adapted refined meshes were constructed for each material. Very large displacements
occurred in the ABS sample (figure [2[c)), contrary to the PC specimen (figurg2|b)). Concerning the latter,
a “pacman”-like mesh was created to measure the displacement fields in the crack front vicinity. For ABS,
the coarse mesh was constructed on a 2D section for which the in-plane displacement fields were measured via
digital image correlation. From the profile of maximum gray level residuals, the cracked line was obtained, and
a new 2D mesh was constructed with GMSH. This 2D mesh was subsequently extruded along the thickness of
the sample. Similarly, the 2D displacements were extruded along the same direction and used as initialization
of each DVC calculation.



Figure 2: Vertical (z) displacement fields expressed in vx for the PC (a) and ABS (b) samples

Results

For the PC sample, the displacement field close to the crack tip was projected onto Williams’ series [5] via
least squares minimization, which led to the stress intensity factors Ky, Kjr, Krr7, and the energy released
rate G (figure a)) for each loading step. Figure (b) shows the nodal gray level residuals for the last scan of
the ABS sample. Except for the immediate vicinity of the cracked surface, they remained very small, thereby
proving that the DVC calculations were successful. With the present initialization strategy, only 9 iterations
were needed to capture displacement amplitudes of the order of 60 vx (figure b)), which proves its usefulness
and robustness.
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Figure 3: Energy release rate profiles along the depth of the PC sample for the 3 scans (a). Gray level residuals for the
last scan of the ABS sample (b).

In addition, qualitative observations suggest that the printing pattern plays a role on the crack path shape,
which followed layer interfaces. Last, PC was more brittle than ABS that deformed plastically. Thus, this study
contributed to the understanding of cracking and sizing of additive manufactured parts. Nonetheless, further
investigations should be conducted, for example with various printing parameters and sample geometries.
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ABSTRACT

Fibre Optic Gyroscopes (FOG) are the most accurate gyroscopes used in inertial measurement units
with an accuracy over 0,01°/hour, far superior to other gyroscopes that have, at most, a precision
of 1°/hour. When aiming to bring a submarine from the west coast of France to the east coast of the
United States without using the GPS, gyroscopes as well as accelerometers need to be as accurate
as possible.

FOGs are based on the Sagnac effect, the sensitivity of which lies in the enclosed area. To maximise
this area the fibre is wound into an orthocyclic quadrupolar winding. For optical fibres, the refractive
index depends on the local strain and therefore deformations of the coil structure, especially inertial
units which are subject to significant temperature variations [1]. It is therefore necessary to study
the response of the coil to thermal loading in order to optimise the type of winding and materials
that could reduce the effect of thermal loading.

However, coils are made of fibres and epoxy glue whose thermal characteristics were only studied
separately in previous studies. The coil is heterogeneous, anisotropic, whose mechanical properties
depend on the temperature. The studies were focused on the optimisation of the winding type of the
coil in regards to minimising the effects of thermal loading [2]. Recently, work carried out in a thesis
made it possible to develop models based on the finite element method to predict strain caused by
thermal loading [3]. These models still require to be validated on the basis of experimental results.
The objective of the envisaged study is to carry out a test campaign to estimate the deformations
undergone by a coil under thermal loading. This study could help anticipate the manufacture and
design of future coils as well as the materials used, minimising deformations induced by thermal
loading.



Digital image correlation (DIC) [4] and strain gauges were used. Heating bed
A first test was carried out on an aluminium ring to develop the Strin gauges

correlation and the measurement and heating protocol. The advan-
tage is that the reaction of aluminium to thermal loading is already
known. We used a self made thermal chamber (figure 1) to have the
desired temperature both in uniformity and stability in the ring.
We used both strain gauges and image correlation to have a strain
map of the coil and confirm the results at specific points. An auto-
correlation was also performed to assess the measurement noise for
the correlation.
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Figure 1: Thermal Chamber
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Figure 2: Radial displacement at 50°C (starting at Figure 3: Orthoradial strain on interior and
Tini = 25°C) exterior faces at 50°C (starting at T;,; = 25°C)

The digital image correlation results gives an axisymmetric radial displacement field increasing
with radius (figure 2) which is consistent with an isotropic homogeneous materials submitted to an
homogeneous thermal loading. In addition, there is an order of magnitude difference between the
radial and orthoradial displacement which seems consistent. The average of the thermal dilatation
coefficient is 18.7uK ! (23uK ! for common aluminium). It is also noted that the correlation
and strain gauges give close results for the orthoradial strain on the external face (figure 3). The
strain should be constant on the whole ring as the gauges shows. The different results obtained by
correlation require additional studies. After the validation of the protocol on the aluminium ring,
we can experiment it on the FOG. To ensure that the temperature is the same in the whole ring,
we used another FOG coil which is instrumented with thermocouples at its core. The first result
from a simple model was that the coil would both expand to the interior and the exterior because of
the great difference between the coefficient of thermal expansion of the fibre and the glue. Further
experiments need to be carried out to fully characterise the behaviour of the coil.
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ABSTRACT

General information

Additive Manufacturing and especially the Laser Powder Bed Fusion technology is gen-
erally used to manufacture complex parts, layer by layer. Although this technology has
its own advantages over others technologies, some drawbacks need to be frowned upon.
These issues mostly have a thermal origin and lead internal defects located inside printed
parts.

Indeed, the parts melted powder is inhomogeneous due to thermal inconsistency during the
printing process throughout the part[1]. Previous researches show that during the print-
ing, several parts areas possess different cooling rates, revealing a thermal discrepancy in
the manufactured product[2]. These observations were made by using a thermal camera,
calibrated with blackbody calibration[3]. Although a thermal cartography of cooling rate
layer by layer was previously made[l], at the moment, no links were made between in-
parts defects and cooling rates, which could be helpful to spot thermal relative defects on
a manufactured part.

Method and results

The main objective of this study is to elaborate a cartography of thermal gradient layer
by layer in order to point out defects in the final product, but due to hardware limitations
only a relative one is possible to achieve. Defects detected through the cartography are
compared with defects located using simulations.

As such, several recipes of manufacturing, including different shapes, were created. Dur-
ing the process, regularly timed-spaced IR snapshots were taken using the considered IR
camera. Images post-processing was made using MATLAB 2021b developing environment
and leads to a cooling rates 3D-map of the printed part by stacking results from each
layer.

Identified patterns were correlated with Ansys an Altair software thermomecanical simu-
lations.
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Conclusion

Confrontations between simulations and acquisition 3D model, show that corners and thin
areas of the printed parts are affected by the cooling rate (which can be linked to local
maximum temperature) during the process. Moreover, shapes that are more inclined to
present defects were identified thanks to simulations.

The post-processing uses simple operations only and it could possibly be implemented in
the CNC machine allowing a in real time monitoring. Another solution in order to prevent
defects would be to modify the recipe in using data from the simulations.

An observation of the horizontal linearity of the powder level using a laser could also
be implemented, hence focusing on the link between thermal discrepancy and powder
thickness, in order to make defects even easier to spot.
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ABSTRACT

Context and introduction

Because of their particular internal structures combining matter and void, architectured
materials can have different intrinsic properties (e.g. stiffness anisotropy or specific yield
stress) than bulk materials. Such materials present these uncommon behaviors because of
their cell structures, made of slender beams or walls. Due to this architectured materials
tend to buckle with ”internal modes”.

The numerical model of C.Combescure [1] predicts the appearance of different internal
buckling modes. The goal of this project is to control and better the understanding of
the biaxial compression machine built previously to confront this numerical model with
biaxial compression experiments. Previous researchers, like S.D.Papka and S. Kyriakides
[2] or S. Shan et al. [3], also worked on biaxial crushing test machines, but, their machines
did not allow the measurements of the forces applied to the sample. Due to the intrinsic
difficulties of biaxial compression kinematic, the force distribution is, moreover, highly
likely to be heterogenous. Consequently the present work also investigates this point.

Biaxial compression machine

We started from a machine which was designed for a specimen size of 170mm x 170mm
and a 50% compaction ratio. The first goal was to adapt a python 3.8 rogram made for
another machine. With 4 load cells on the machine it is possible to measure the tangential
and normal forces as well as the application point during the experiments by resolving a
linear system predetermined by calibrating the machine with masses. The question of the
degree of freedom at the boundary was raised because due to the geometry of honeycombs
on two sides cells are free to rotate while on the two others they can only slide. We thus
designed two kind of specimen one only with honeycombs and the other with stands on
the two sides where the cells can rotate. Finally teflons adhesive was used to reduce the
friction and improve force distribution homogeneity
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Key Results and interpretations

Simulations using CASTEM on an isotropic bulk material showed that the normal force
should change along each side of the machine due to the peculiars boundary conditions.
Moreover we noticed that tangentials forces are not negligible even with the teflon covered
surfaces. Another issue is the poor quality of FDM 3D printing of the TPU specimen with
problems such as wall thickness or TPU thread remaining. Eventually the question of the
architectured material pattern itself is raised. In fact it is difficult to find a relevant mode
to study because some are much more sensitive to multiaxiality or boundary conditions
than others. For hexagonal cells we obtained the results on figure (b) where different
patterns appeared simultaneously on the specimen due to the heterogenous forces. In
theory circular cells buckling is independant of the forces and only blue pattern appear.

REFERENCES

[1] C. Combescure, P. Henry, R.S. Elliott. Post-bifurcation and stability of a finitely
strained hexagonal honeycomb subjected to equi-biaxial in-plane loading. Int. J. of
Solids and Structures .88(89): 296-318, 2016.

[2] S.D. Papka, S. Kyriakides Biaxial crushing of honeycombs - Part I: Experiments. Int.
J. of Solids and Structures 36(29): 4367-4396, 1999.

[3] S. Shan et al. Harnessing Multiple Folding Mechanisms in Soft Periodic Structures
for Tunable Control of Elastic Waves. Adv. Funct. Mater. 24(31): 4935-4942, 2014.



Parametric Optimisation of Scanning
Patterns in Laser Powder
Bed Fusion (L-PBF)

école
normale
supérieure
paris—saclay




TER M1 2021-2022
FINAL DEFENCE OF RESEARCH PROJECTS
April 19, 2022, Gif-sur-Yvette, France

Parametric Optimisation of Scanning Patterns in Laser Powder
Bed Fusion (L-PBF)

M. Riera*, E. Robillard*, C. Tournier®

Université Paris-Saclay
Ecole normale supérieure Paris-Saclay
* ¢ Department of Mechanical Engineering
°LURPA
4, avenue des Sciences, 91190 Gif-sur-Yvette, France
{mathis.riera ; eva.robillard ; christophe.tournier }@ens-paris-saclay.fr

KEYWORDS: Additive Manufacturing, Genetic Optimisation, Scanning Strategy, Heat Con-
duction.

ABSTRACT

General Context

Laser powder bed fusion (L-PBF) is an additive manufacturing process that produces parts layer-
by-layer from a numerical model, in which the scanning strategy is critical for both production
rates and the physical and mechanical properties (microstructure, residual stress). Previous
research has focused on improving process productivity while enhancing conventional patterns
(zigzag and helix) [1]. This has led to new scanning strategies and patterns obtained by structural
optimisation [2]. The aim of this study is to define a parameterised geometric model of patterns
suitable for different shapes and materials.

Methods

The objective is to obtain the shortest pattern in length while melting the powder in a prede-
fined area with the least amount of overheating. This nonlinear parametric optimisation problem
is solved using a genetic optimisation taken from the Matlab Toolbox ” Global Optimization”.
Paired with a flash based thermal simulation of scanning paths [3] (the "Flash” method), it
makes it possible to adjust the parameters of the pattern while complying with thermal con-
straints and laser characteristics set constant (scanning speed and power). These constraints
are modelled by the minimisation of a criteria (Equation 1) regarding the temperatures both
inside and outside the considered area. The study initiates from the parameterisation of complex
patterns (Figure 1) on which multiple simplifications are brought up considering symmetry and
redundancy.
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Figure 1: Figure 3:
Parameterised Figure 2: Heat map and final shape of Convergence of the
zigzag pattern the optimised zigzag optimisation

Results

This method enables the optimisation of the common pattern of a zigzag scan (Figure 1) by
the introduction of an angle to benefit from the preheating of the previous scanning line. It
has been executed on several patterns, and energetic performance criteria (Equation 2) have
been established for comparison with conventional patterns. The optimisation conducted on the
zigzag scan has led to the appearance of a slight angle according to the expectations in terms of
preheating in the area (Figure 2 and 3). Other optimisations were studied starting from patterns
of previous structure optimisations [2].

Further work

Considering only the length of a pattern when evaluating time efficiency may be insufficient.
An extended model that includes speed variations of the laser would be of better accuracy.
Furthermore, the study has mostly been carried out on titanium, but other materials could be
considered to ensure a more general approach. Finally, an experimental approach is yet to be
conducted to validate that using such patterns is not made at the cost of the part quality.
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