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ABSTRACT

General context

The finite element method is widely used to compute displacement fields of microstructures because of its
robustness. The key feature of this method is to use a vast set of simple elementary displacement fields to
compute complex global displacement fields. Yet, one of the major drawbacks of this method is the lack of
physical sense of the elementary fields it uses. In this study, we use two different and independent machine
learning methods (Principal Component Analysis [1] and convolutional autoencoder neural networks [2])
to describe global displacement fields on microstructures using a limited set of rich displacement fields
named modes.

Methods

Machine learning methods such as Principal Component Analysis (PCA) and convolutional neural networks
were used to compute the displacement modes mentioned above. Algorithms based on such techniques need
to be trained on large sets of data so as to be truly effective. Hence, a first step consisted in generating
a significant training basis. To this end, about 3000 composite microstructures were randomly generated
using a Python routine. The displacement responses of those microstructures to three pre-defined me-
chanical loads - traction, shearing and transversal shearing - were then computed using Abaqus, a finite
element solver. Finally, the displacement fields near the fibers were projected on a unique extraction mesh
(in order to make the results comparable) and saved in a database. Considering that each microstructure
contained 7 fibers on average, the obtained database consisted of more than 70000 displacement fields. A
few additional fields called validation fields were generated following the same principle for error computa-
tion. Once the data were acquired, the two methods were applied on the training base. For the PCA, The
validation displacement fields were then projected on the most significant modes hence obtained, as shown
on figure 2. The error induced by the projection was computed using the L2 norm. At the same time,



convolutional neural networks were built with the described architecture described on Figure 1 using the
Python library pytorch-geometric which contains several methods for deep learning on graphs data. The
network aims to encode a given displacement field into a small dimension representation and then to decode
it minimizing the reconstruction error. This architecture has been compared to a simpler fully-connected
one.
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Figure 1: Choosen architecture for the convolutional autoencoder.

Results

Figure 2: Projection of a validation displace-
ment fields on the first 6 modes

Concerning the PCA method, the study reveals that complex
displacement fields can be described by a few significant modes
with a relatively low error (about 7.5% for three modes and
5.95% for five). Besides, it shows that smaller training bases
yield similar results as larger bases, meaning that a satisfying
set of displacement modes can be obtained with limited data.
Furthermore, the obtained modes do bear physical sense, as one
may clearly recognise a traction and a shearing field on Fig-
ure 2. Concerning the neural network method, results prove
that convolutional networks are not only faster to train than
fully-connected ones, but they also generate smoother displace-
ment fields as shown on Figure 3.

Objective field Result obtained with a
convolutional network

Result obtained with a 
fully- connected network

Figure 3: Norm of a validation field and its reconstructions obtained with the convolutional and the fully-connected
networks trained with the same amount of data (1500 fields). Both latent representations have 10 dimensions.
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ABSTRACT 
 

General Information 
  
Statistics show that the population is aging, and research assesses that elderly people are in 
better health when living at home compared to living in a nursing home [1].  The decision as 
to when a person should be put in such institution is decided case by case and under the advice 
of a doctor, often after the person suffered a fall and could not get up.  

 
The aim of our study is to create a mechanical system that will be added to the door of 
an elderly person. This will be used by doctors to determine when a person is too 
disabled to live alone and is risking a fall that could cause injuries. 
 
Such a system will measure a mechanical quantity that varies with the user’s age. 
Exercise physiology research shows [2] that muscle power declines sooner and more 
rapidly than muscle strength, due to muscle loss with advancing age. Thus, we chose 
to instrument a door so that it could collect data on the power transmitted by the user 
when opening or closing it. 
 
Part 1: Mechanical model 
 
The first step was to make a mechanical model of the door and its opening. This model 
and the list of its variables shows that a system that can measure the position of the 
door in function of the time, is sufficient to determine the power transmitted by the 
door’s user. 
 
Part 2: conception and realization of the prototype 
 
The second step was to choose the kinematic of the system. We studied two different 
kinematics that can support either longitudinal or rotational sensors, and a third that 
allows only the latter. These kinematics have to be compact, compatible with the 
sensors, and isostatic. We then ran an optimization algorithm for each one of the five 
configurations, using a criterion over the sensitivity of the measured data (length or 
angle). Thus, we had the best set of geometrical parameters for each kinematic, and the 
sensitivity of the associated measure, which we used to choose our kinematic (Figure 
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1). Knowing the kinematic and the dimensions of our system, we could design each 
part with Catia V5 and 3D print them. To design the different parts, we studied the 
influence of errors on each geometrical parameter so as to make sure that the most 
critical dimensions could be adjusted. 

 
Part 3: data measurement and analysis 
 
The third step was to create a database of door opening measurements in order to track 
the decline of the user’s tonus. The system should be able to differentiate different 
users. Thus, we planned on using neuronal networks to analyze the data and recognize 
the users. Due to delays on the optimization phase, we have not been able to go 
through the manipulations yet and do not have any data to analyze. We had planned on 
doing it during the upcoming weeks, but considering the current situation, we are 
unsure whether we will be able to conclude on this part of the project. 

 
Conclusion and further work 
 
In the end, we were able to design and build a prototype of the system (Figure 2), but 
we have not had enough time to collect and analyze much data. This work should be 
completed with the data analysis part, but already guarantees that the data can be taken 
with a maximum precision. 
 
This research is of critical importance considering the fact that it could improve the 
well-being of elderly persons. Further studies could implement a reeducation system 
that would control the amount of effort the user needs to produce to open the door. 
 

  

                   Figure 1: Kinematic plan.                                                   Figure 2 : Photo of the prototype. 
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ABSTRACT

General Information

The current ageing of the population is leading to an increasing demand for care among the elderly. While
placing the elderly in retirement homes is a common solution to this issue, several studies show that keeping
them in their homes as long as possible is beneficial for their health and more specifically for their autonomy
[1]. In this context, in order to both preserve their health and to reduce the costs due to their growing need
for health care, research has been carried out on home monitoring systems with a view to postpone elderly
placement as much as possible. Among all the health indicators, stability has been reported as particularly
reliable. Former research has focused on stability from a general point of view, but has failed to clearly link
stabilometric indicators to specific disorders [2]. The aim of this study is to build a personal stabilometric
platform measuring the position of the projection of the centre of gravity and reaction forces and torques.

Methodology

The activities involved in this project were the implementation of the stabilometric platform prototype
and the calibration of the load cell sensors. Thus far, we were not able to perform the data analysis
part of the study, as many unexpected technical problems were encountered during the manufacture of
the scale. Concerning the implementation of the prototype, the first step was to create and manufacture
the printed circuit board by choosing the adequate electrical components, in particular the load cells (Micro
Load Cell CLZ635 (0-50 kg)), the instrumentation amplifiers (Burr-Brown, INA-125-P) and the analog-to-
digital converter (Measurement computing, USB-1608FS-Plus). The calibration of the load cells consisted in
determining the relation between the load and the tension issued by the sensor/amplifier/converter system.
Each one of the sensor/amplifier/converter sets were found to be linear and were calibrated to have a
(0, 100 ± 0, 002) 𝑉/𝑘𝑔 gradient. The balance pan in itself is a square plate of steel, measuring 400 mm
× 400 mm, with a thickness of 6 mm. This thickness was calculated to limit the bending of the plate to less
than a millimetre under a 100 kg load. The four load cells were put under the pan, at the four corners, in
order to maximise the precision of the measure of the centre of gravity. We developed a python script to
gather the data and we saved them using the json format, which can be used in most of database programs.
As a whole, the stabilometric platform cost about 100e.

Results

The relative measurement uncertainty of the output voltage of the analog-to-digital converter can be calculated
as follows:

𝜀(𝑉𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟) = 𝜀(𝐺𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟) + 𝜀(𝐺𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟) + 𝜀(𝐺𝑠𝑒𝑛𝑠𝑜𝑟) + 𝜀(𝑉𝑝𝑜𝑤𝑒𝑟) = 5, 09 %



with Vconverter the tension output delivered by the analog-to-digital converter, Gconverter the gain of the
analog-to-digital converter, Gamplifier the gain of the instrumentation amplifier, Gsensor the gain of the
sensor and Vpower the tension of the power supply of the stabilometric platform.

The relative measurement uncertainty of the position of the projection of the centre of gravity on the platform
can be deduced of it as follows:

ε(Xg) = ε

(
4∑

i=1

miXi

)
+ ε(mtot) = 10, 4%

with Xg the position of the projection of the centre of gravity on the scale plan, mi the mass measured by the
i-load cell, Xi the position of the i-load cell and mtot the total mass measured by the stabilometric platform.

The main source of uncertainty is the power supply of the load cells (5V USB port) which is responsible
for 79 % of the relative measurement uncertainty of the output voltage of the analog-to-digital converter.
The results suggest that it is possible to obtain usable data for balance monitoring with a relatively cheap
stabilometric platform, and therefore affordable for the general public.

Figure 1: Evolution of the position of the projection
of the centre of gravity on the scale for a 20 years old
man standing still with his eyes opened

Figure 2: Tension measurement of the 4 load cells

Conclusion and Future Work

It is hoped this study will serve as a basis for the development of personal stabilometric balance monitoring
platform which could better inform doctors on the health status of their more vulnerable patients, even if
they are at home. Further research works could investigate the development of the stabilometric platform
prototype. To make it more precise and to reduce the uncertainty of measurement, a stabilized power supply
could be use. Filters can be also appropriate to reduce the signal noise. Moreover, the scale architecture
could be rethink to take the forces in the scale pan plan and the torques in every direction into consideration.
Future research works should also investigate machine learning as a tool to preventively identify the changes
in the health status of vulnerable patients by detecting unusual variations in their longitudinal balance. To
do so, collecting more data on different types of weighing will be required, with people of various ages and
health conditions, in order to teach an AI how to detect abnormal changes in the longitudinal balance of the
patients.
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ABSTRACT

In the aeronautic field, it has become necessary that structures and armatures materials
become lighter in order to decrease the cost of travel fuel and thus considerably increase
the autonomy of the travelling systems. Composite materials are an excellent compromise
between mechanical and weight properties. In most cases, composites plates are fixed one
to another with rivets which cause localised strain concentration but gluing the plates
should allow a better strain distribution than the use of rivets.

Previous articles [1] have assessed and compared the impact of surface treatments in the
holding of two glued plates under a mode I crack propagation load. The heterogeneities
induced by laser irradiation surface treatments have been observed to cause the formation
of glue filaments between the plates interfaces because of the differences of toughness.
These filaments have been thought to increase the energy necessary to spread the crack
but there has been no real study nor quantification of the impact of the heterogeneities.

The aim of our supervised research project was to assess the effect of interfaces of het-
erogeneous toughness and to create patterns in order to quantify the energy dissipated by
the rupture of the glue in the first place and then maximise this energy.

Using the software Abaqus, we built several finite elements models composed of five distinct
parts. Two plates of composite are separated from the glue by two interfaces. In order
to make possible the propagation of a crack in these interfaces, they were made up with
cohesive elements. In addition to have an elastic behaviour law, this kind of elements
possess a special law of rupture so that each element can dissipate a predefined amount
of energy before breaking.The heterogeneity was introduced by modifying the properties
of specific areas. It means that we decreased the energy or the maximal stress of cohesive
elements in these places. Several cases have been studied, in which the disposition and
the characteristics of heterogeneities were modified.

The first models with uniform properties in the interfaces highlight the role of the energy
and the maximal stress. When the energy is the same in the two interfaces but the maximal



stress is different, the crack begins in the interface with the lower maximal stress. It is
the case even if the interface with the lower maximal stress possess an higher energy.
Therefore, we can understand that the maximal stress is a key parameter of the crack
initiation. When the maximal stress is the same in the two interfaces but the energy is
different, the crack begins in the interface with the lower energy. However, the important
thing to notice is that the lower the energy of the weaker interface is, the further the crack
spreads. Hence, the energy directs the speed of the crack propagation.

Figure 1: Damage of the interfaces : The interface energy is higher on the left than on
the right

The last models where the strong and weak interfaces were alternated emphasised two
potential manners to dissipate more energy. The first way is to cause the interface to break
on a bigger surface for the same amount of energy. It means that the crack will spread
less. It has been observed that when placing alternatively weak and strong interfaces face
to face, it creates a glue filament. The second way is thus to create a glue filament which
can enter its plastic domain and even break in order to absorb energy.

(a) Glue ligaments for heterogeneity in the width (b) Glue ligaments for heterogeneity in the length

Figure 2

Thus, our study presents potential phenomena that probably can be used to disperse more
energy and hamper the propagation of cracks thanks to the introduction of controlled
heterogeneities.
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ABSTRACT

General Information

In the automotive and aeronautical industries, the mechanical behaviour of materials under shock
stresses needs to be known by the designers in order to improve the systems during crashes. Hopkinson
bars have initially been invented to carry out uniaxial compression dynamic tests on materials sample
by reproducing the conditions of an impact. However, a material is rarely loaded along a single axis in
real life and the complexity of the material behaviours thus made researchers turn to biaxial dynamic
tests [1].

A mechanism with lubricated sliding surfaces has been developed by previous studies to execute a
biaxial compression on a sample using a traditional Hopkinson bars setup. The mechanism transforms
the axial load into two perpendicular loads both with half of the incoming amplitude. Strain is
measured on the input and output bars with gauges, and the forces and displacements applied to the
interfaces between the bars and the sample are identified through the theory of Hopkinson bars. The
displacement field of the sample is obtained by high-speed imaging and by digital image correlation.
Finally, the constitutive relation of the material is assessed through correlation of the measured load
and the load calculated from the displacements [2].

Experiments show that the setup give acceptable results, but relies on the estimation of friction. To
make the process more accurate, a new setup has to be developed to overcome the unknown friction.

Two solutions have thus been proposed : first to remove the friction by using a liquid as the angular
transmission of the load. Second, to use a special hopkinson bars setup with one projectile but four
incoming bars to measure strains after the sliding surfaces.

(a) setup with four incoming bars (b) setup with liquid

Studies

The presented study aims to characterize both mechanisms using the same aluminium sample whose
geometry was designed to avoid buckling upon impact. Aluminium has the property to behave iden-
tically under stresses both statics or dynamics and mono-axial or bi-axial. First, a static test is



performed to determine the constitutive law of the material. Then, using the same sensors as in
the first mechanism, the experimental load is compared to the load simulated with the constitutive
relation and the experimental displacements.

Concerning the setup with liquid, the liquid in cavities is compressed and a stress is supposed to be
applied on the sample when the compression wave make the output internal and the external bars
move. Liquid friction and pressure loss can be neglected and because cavities have the same sections,
transversal and longitudinal stress are theoretically the same. A traditional Hopkinson bars setup with
three gauges on the input and both output bars must be used to carry out the test. Displacements
and load applied on the sample are estimated thanks to the Hopkinson bar theory.

On the four bars setup, two gauges are required for each bar. The gauges are calibrated thanks to
a static preload system. The bars are aligned in the same plane and point toward the center of the
sample to avoid unsolicited movements and loads. This is achieved with a 3D printed part that rectifies
the location of the bars and bends their extremities.

Results

The liquid setup proved to be unusable. The sample and the plugs that transfer the longitudinal
pressure to the sample are too heavy regarding the input movement. Instead of rising the pressure
in the longitudinal cavity, the liquid is transferred from one cavity to the other. It results in a shock
between the sample and the body of the setup, which creates unsolicited and non-measurable loads.

The four bars setup showed to be much more satisfying. The figures 2a and 2b show the evolution of
the loads in the bars of a same axis. The green and yellow curves are the experimentally measured
loads and the purple one is the load calculated from the measured displacements. The results are
conclusive and validate the use of the setup to estimate the constitutive law of a material under
bi-axial compression load.

However the curve of load on the second axis show that the sample was not under a dynamic equilib-
rium. Further research must be carried out to understand the impact of the behaviour of the bars on
the transmission of the waves and on the loading of the sample.

(a) results for the first axis (b) results for the second axis
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ABSTRACT

Nowadays, with increasing demand for the measurement of large-sized �exible parts, such as fuselage, ste-

reo digital image correlation (stereo-DIC) is becoming a common practice for measurements. Stereo-DIC is

an image analysis method that is based on the hypothesis of conservation of gray levels. For instance, it

can be used to determine the position of points in space, thereby, allowing to measure the shape of an ob-

ject remotely or its displacement. To be e�ective, the stereo-DIC needs a speckle on the object of interest,

this speckle can be painted but more recent methods use a projector to project it on the surface. This allows

to choose precisely what colors to project where and to quickly change, contrary to how long it takes to paint.

However, the projection is not perfect since a monochromatic projected image is not perceived as such by a

camera, indeed the colors slightly �uctuate. This might lead to errors on the results of the stereo-DIC. This

paper shows a process of calibration that aims to negate those �uctuations.

The process follows the next steps :

— First, a precalibration procedure was used to determine the relative positions of the objects, that is to

say the camera and the projector related to the object of interest represented by its mesh. Those matrix

were initialized by matching a set number of points (more than 6) between the picture, the projector and

the mesh �le. Then, an optimization process on those matrices was applied to improve the positioning

of the di�erent elements.

— The next step aims to map the response of the surface to di�erent gray levels. In order to do so a set of

data was gathered : Many pictures of di�erent monochromatic projection were taken and averaged to

attenuate noises caused by the environment.

— Once the data from the precedent points are available the corrected gray level to be projected can be

computed on the nodes of the mesh. For each node the following tasks are done :

— First, the coordinates of the nodes in the projector frame and in the picture frame were determined

thanks to the matrices, so that there is a link between a point of the projector and a point of the

picture.

— Then, from the data gathered a linear interpolation was made as it can be seen in Figure 1a and

the corrected gray level for one node was calculated and then stocked in a new picture giving a

form of results that is close to what is represented in Figure 1b.



(a) Correction process for one pixel (b) Picture corrected on the nodes

Figure 1: Correction on the nodes

— The picture to be projected only had the pixels corresponding to the nodes corrected, to correct all

pixels of the projected picture an interpolation was made between the pixels of the nodes resulting in

the corrected picture to be projected as it can be seen in Figure 2.

Figure 2: Example of a full correction

To evaluate the utility of the process we compared the distribution of the gray levels before and after the

correction of a projection of a monochromatic picture. We succeeded in reducing the span of gray levels

perceived by around 50 % as the Figure ?? shows. On this �gure the histogram of gray levels perceived by the

camera is represented, with a red color for corrected picture and blue for non-corrected ones. However this

result can still be improve since there was an issue with the precalibration procedure that resulted in errors

on the matrices.

Figure 3: Before and after correction of monochromatic picture

Further tests could be performed by testing the stereo-DIC after the correction, since stereo-DIC uses more

than one camera a correction for each camera should be computed. A way to sum those correction would be

to average them. Another point is that the projected image is colorized and not in shades of gray so we could

improve the whole process to correct not only the gray level but more precisely the color projected thanks to

the control of the RGB values of a pixel.
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ABSTRACT

Micro-cracks in early stages with a length of the order of a few grains are a determining factor in the
fatigue life of polycrystals. Various studies relying on both experimental observations and numerical
analysis have shown the influence of microstructure on short crack generations: grain boundaries and
orientations, inclusions and persistent slip bands play a very important role in the incubation phase
under high cycle fatigue conditions [1].As a result of industrial processes, a surface state is also frequently
involved that can be either beneficial or detrimental for the materials. The impact of this surface state
is discussed in several articles but due to the large number of parameters that govern surface finishing -
including roughness, residual stresses and local work hardening - no result allows to fully characterise its
competition with the microstructure in the localisation phenomena [2].

The aim of this research project is to better understand the influence of some specific parameters to
surface roughness and the load orientation on local stress and strain fields in polycrystalline aggregates.
The study is part of research aimed to:

1. determine the conditions under which the surface state is predominant over the effects of mi-
crostructure,

2. deduce a more reliable fatigue criterion based on the results referred to in [1].

To evaluate the local mechanical fields, we used the Finite Element Crystal Plasticity Method (FECP) on
a three-dimensional 316L stainless steel aggregate as shown in Figure 1 and made of shaped-oriented grains
generated with Neper. Evolution law was based on the Méric-Cailletaud’s crystal plasticity model [3].
The aggregate was subject to a loading cycle (0◦ orientation corresponding to the direction of the stri-
ations) with noisy sine-like roughness on its free surface. Depending on a computational routine, we
generated the fields for three different micro-structural configurations by varying the following parame-
ters: arithmetical mean deviation (Ra), wavelength (λ), phase of the roughness (ϕ) and load orientation.

Figure 1: Polycrystalline ag-
gregate generated by Neper in
the flat (a) and rough (b) cases.

To compare the results obtained on rough meshes to the reference flat
case, we provide the Induced Roughness-Perturbation Indicator (IRPI)
which characterises the influence of the roughness on the local mechanical
fields:

IRPI(X, kr) =
1

NIP

NIP∑
i=1

∣∣∣∣
X (kr)−X (kr = 0)

X (kr = 0)

∣∣∣∣

with X a generic local variable, kr a roughness configuration and NIP the
total number of integration points. This study is exclusively focused on
X = γcum the sum of accumulated plastic slip on all slip systems.



Figure 2: Plastic strain localisation using
the FECP method in flat and rough cases.

Figure 3: Evolution of IRPI according to the loading angle
with consideration of boundary conditions for three polycrys-
talline configurations.

Figure 4: Evolution of IRPI as
a function of Ra.

Figure 5: Evolution of the
IRPI as a function of the rough-
ness wavelength for different
configurations and average.

Figure 2 shows the stress locations after post-processing finite element
calculation results. Unlike previous conclusions in [2] which studied the
impact of striation direction for fixed loading and observed a maximum
IRPI(γcum) for a roughness direction of 45◦, the loading direction here
has a significant impact on IRPI until 50◦ and tends towards a constant
from 50◦ to 90◦, as illustrated in Figure 3. Above 50◦, striations are
stressed in opening and sliding failure modes that are independent of
the microstructure and could explain IRPI’s constant. Results also
show an approximate ratio of 5 between the IRPI at 90◦ and 0◦ as
opposed to Dassonville’s study which presented a ratio of 2. The curve
shape is independent from the considered polycrystalline configuration,
which motivates the use of the Induced Roughness-Perturbation Indicator.

The study also points out that wavelength and Ra contribute to roughness
impact on localisation phenomena. Trends for Ra influence are consistent
with literature results: mean deviation being an image of the roughness
amplitude, the quasi-linear relation observed in Figure 4 reflects a stress
concentration in the notched areas. The interpretation for the wavelength
in figure 5 requires more careful examination. If the decrease for high
λ values can simply be explained (roughness tends towards a flat case),
variations below 150 µm could have different explanations but appear to be
due to the localisation area becoming too small (reduction of the surface
in the roughness hollows).

The calculation routine developed in this study facilitates the automation of the problem setting and
allows for effective post-processing. In comparison with previous works, results on the Ra influence on
the localisation phenomena support the validity of the conclusions. This research highlights the impact
of loading orientation in relation to roughness direction, but has yet to be compared to the isotropic case.
Short wavelength influence requires further refinement of the mesh, which will increase computation time.
Further work could focus on calculations on the phase and thus will enable to deduce the role of the main
roughness parameters (λ,Ra, ϕ) on the generation of micro-cracks.
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ABSTRACT

Metamaterials are often used for their peculiar mechanical properties [1]. However, few
studies were conducted on a 3D printed pantograph. This project aims at performing an in
situ torsion test in a lab tomograph. The acquired scans are used to measure displacement
fields via digital volume correlation. The final goal is to analyze the deformation mecha-
nisms of an Inconel 718 (i.e. nickel-chromium superalloy) pantograph and to rationalize a
potential Poynting effect [1].

Methods The torsion test was monitored using micro-computed tomography. Such
imaging technique is non-intrusive and provides 3D images of the sample. The torsion
torque was applied by two angular actuators of the in situ testing machine, both controlled
in angular position. The levels of torque and axial force were regularly recorded. The test
was conducted until reaching an angular amplitude of θ = 180◦ between the bottom and
the top platens (Figure 1). A last step consisted in getting back to the initial angular
position.

Figure 1: 3D renderings of the tested sample for different angular amplitudes θ in torsion

The region of interest covered 70 × 70 × 50mm3 with a 50 µm resolution. The series of
radiographs (i.e. sinograms) were used to reconstruct 3D images of the sample (Figure 1).
The displacement fields were then measured using Digital Volume Correlation (DVC).
As the initial sample was already deformed by the printing method, an additional DVC
analysis was conducted between the image of the nominal geometry and that of the printed
shape, to backtrack the mesh that was constructed on the nominal geometry. DVC was
then run incrementally on the different deformed configurations (Figure 1), and then
directly, both with mechanical regularization [2].

Results An axial force was observed during the torsion test (Figure 2(b)), which is the
so-called Poynting effect [1]. From Figure 2, three different regimes are observed: first, a



quasi-linear part (θ ∈ [0°, 30°]). Then, the torque increases non-linearly while the force
still increases quasi-linearly but with a lower slope (θ ∈ [30°, 70°]) due to the plastic
behaviour of the alloy (Figure 1). The force reaches a maximum at θ ≈ 70°, and slowly
decreases quasi-linearly while the torque tends to saturate (θ ∈ [70°, 180°]). These three
different regimes illustrate the existence of both direct and reverse Poynting effects during
the torsion test.

(a) (b)

Figure 2: Torsion torque (left) and resultant force (right) during the loading part of the test

The DVC results (Figure 3) highlight the existence of these three regimes. Firstly, the
shear strains εxy are evenly distributed in the whole pantograph (Figure 3(a)). Then, after
the third scan (i.e. θ = 90◦), the strains begin to concentrate around the hinges (Figure
3(b)). Finally, the strains are prevailing in the hinges (Figure 3(c)).

(a) θ = 30◦ (b) θ = 90◦ (c) θ = 180◦

Figure 3: Strain εxy fields for three different deformed configurations
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ABSTRACT

Since Forte–Vianello’s work [1], it has been known that there are only 8 kinds of
anisotropy in elasticity and 16 types in piezoelectricity [2]. They are defined to be
symmetry classes. However, the number of possible anisotropies remains to be clearly
stated in the case of piezomagnetism [3]. In the linear theory of piezomagnetism, there is
a relation between the (infinitesimal) strain tensor 𝜀 and the magnetization pseudo–vector
m. At vanishing stress and around initial magnetization m0, this writes :

𝜀 = Π(m−m0), 𝜀𝑖𝑗 = Π𝑖𝑗𝑘(𝑚𝑘 −𝑚0
𝑘), Π𝑖𝑗𝑘 = Π𝑗𝑖𝑘

where Π is the piezomagnetic pseudo–tensor. The vector space of piezomagnetic tensors
is called Magn. A significant specificity of piezomagnetism is that the group O(3) of
orthogonal transformations is not the only one to be considered. There is also a time-
reversal 𝑡 ↦→ ±𝑡 transformation [4], so that a spatio–temporal orientation change is
modelled by elements of O(3)𝜇 := O(3) × {+1;−1}. More precisely, take some material
with a piezomagnetic tensor Π defined in some orientation of time-space, then for any
(𝑔, 𝛿) ∈ O(3)𝜇, the piezomagnetic tensor

Π𝑖𝑗𝑘 := ((𝑔, 𝛿) ⋆Π)𝑖𝑗𝑘 = 𝛿 det(𝑔)𝑔𝑖𝑝𝑔𝑗𝑞𝑔𝑘𝑟Π𝑝𝑞𝑟 (1)

is associated to the same material.

In the linear group representation theory (1) translates into a representation of O(3)𝜇

on Magn. With this approach, the initial problem regarding anisotropy is equivalent to the
effective determination of the symmetry classes for the piezomagnetic tensor. A definition
of the anisotropy that does not depend on the orientation of the material under study is
thus obtained. The study was then reduced to the determination of the symmetry classes
of the piezoelectric tensor space (Piez) under the action of O(3) as :

∙ O(3)𝜇 representation can be reduced to SO(3)𝜇

∙ SO(3)𝜇 and O(3) are isomorphic, via 𝜏 : (𝑔, 𝛿) ∈ SO(3)𝜇 ↦→ 𝛿𝑔 ∈ O(3)

The symmetry classes of Piez have been obtained by Olive [2] via a harmonic decompo
-sition, achieved with an extension of the Clebsch-Gordan formula for instance. This leads
to an isomorphism

Piez ≃ H3 ⊕H−2 ⊕H1 ⊕H1



With H𝑛 being the space of 𝑛–th order harmonic tensor (totally symmetric and traceless)
and H−2 the space of second order symmetric pseudo–tensors. This way, 16 symmetry
classes are obtained for Piez. The isomorphism 𝜏 is finally used to transpose these
symmetry classes for the piezomagnetism tensors. We have thus determined that there are
16 types of anisotropy in piezomagnetism and our work leads to the following theorem.

Theorem 1 Magn has 16 symmetry classes, summarised in Figure 1 and listed below:

{ [1×{1}], [Z2×{1}], [Z3×{1}], [D2×{1}], [D3×{1}], [SO(2)×{1}], [O(2)×{1}], [𝜏−1(Z−
2 )],

[𝜏−1(Z−
4 )], [𝜏

−1(D𝑣
2)], [𝜏

−1(D𝑣
3)], [𝜏

−1(Dℎ
4)], [𝜏

−1(Dℎ
6)], [𝜏

−1(O−)], [𝜏−1(O(2)−)], [SO(3)𝜇]}

[1]× {1}

[𝜏−1(Z−
2 )] [Z2]× {1} [Z3]× {1}

[𝜏−1(Z−
4 )] [𝜏−1(D𝑣

2)] [D2]× {1} [𝜏−1(D𝑣
3)] [D3]× {1}

[𝜏−1(Dℎ
4)] [𝜏−1(Dℎ

6)]

[𝜏−1(O−)]

[SO(2)]× {1}

[𝜏−1(O(2)−)] [O(2)]× {1}

[SO(3)𝜇]

Figure 1: Symmetry classes for Magn
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ABSTRACT

General Information

Over the course of this research project, the focus was on the characterization of hetero-
geneous materials. When a material is not homogeneous but complex as architectured
materials are, the study of their behaviour is harder, since the materials do not behave
according to Cauchy’s theory of elasticity, when the stress is directly linked to the defor-
mation [1]. It is in this specific situation, where terms from superior orders appear, terms
from the second gradient of displacement, which will be the focus of this study.

The problematics of this research subject were also the main interest of other researchers,
including P. Seppecher and H. Abdoul Anziz [2, 3], who worked on building a complex
periodic structure, which comported no first order stiffness, but only superior orders ones
(see Figure 1). In his work he proved theoretically this behaviour, yet, he did not succeed
in confirming this theory with experimental results.

Figure 1: The theoretical structure



Our project

Through this year, we have worked to valid or not his theory with experimental results.
To do this, our objective was to conceive an innovative tensile test on this architectured
material, enabling to obtain concrete observations of the structure’s behaviour, since the
ordinary tensile test does not permit to observe second gradient behaviour.

The first stage of the project, was to determine how to produce a test specimen consistent
with the theoretical structure. It needed to have a bending energy as low as possible in
order to leave only the second gradient energy. Our main idea to do that was to use
flexible joints inside the architecture, acting as pivoting links (see Figure 2).

In a second time, we had to determine the optimal manufacturing process for this specimen,
thus, we tried several processes and our final choice was to use water jet cutting to obtain
a precise and a one-piece structure (see Figure 2).

After finding a way to apply the mechanical stress during the test (see the drilled holes
on Figure 2), we were able to perform the final test. By using an image correlation
algorithm specific for pantographs, the effective behaviour of the structure could finally
be highlighted.

Figure 2: Our experimental structure
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ABSTRACT

General Information

Laser powder bed fusion(LPBF) manufacturing is one of the fastest ways to proto-
type heavy-duty components. The main problem encountered during the manufac-
turing of a new component is the lack of repeatability which can comes from the
inaccuracy of the layering device. Precedent studies have tried to implement some
sensors to detect flaws in the layering technique and succeeded to show irregularities
on layers but they did not succeed in getting information on the printer itself[1],[2].
Another method to assess the quality of layering needs to be developed.

Objectives

In our study we focus on the layering of the bed powder inside an AddUp printer who
use a roller to dispatch the powder. In order to measure the height of the layered
powder we have implemented an optical sensor, which can detect 1µm defect, on
the spreading cart. Our main goal is to setup a turnkey experience that can be
implemented on multiple 3D printers to accelerate prototyping on new equipment.

Experimentation

The first part of the project was to design parts(figure
1) to measure the bed powder. Multiple issues as
to be faced, the printer must remain inert dur-
ing printing, all the equipment that come close from
the machine need to resist the metallic dust (figure 2) .

After validating the experimental setup, we test in with
rectified plans to detect flaws in our conception.

Figure 1: Sensor
support



Figure 2: Experimental setup

Results

The analyses of the different geometric defects make us able to understand what
causes a bad straightness of a powder bed. The result show that we can differen-
tiate some defects which come from the general structure of the printer and some
other from the roller. In our cases the roller was the main source of problems.

Conclusion

Our method could be used to determine what is the printing problems on these
printers. To validate the method the same study has to be conducted on other
LPBF printers. The study was only focusing on the layering, to validate the full
process another study on the fusion needs to be conducted. A further analysis is
needed to link the defect of the powder bed and the defect in the final product.
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École normale supérieure Paris-Saclay

4 Avenue des Sciences, 91190 Gif-sur-Yvette
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ABSTRACT
Context and Objectives

Additive Manufacturing has become used at large scales in industry and problematics of
consistency and feasibility have risen. In the Laser Powder Bed Fusion (LPBF) process, in
which metallic powders are melted into a solid piece, a major issue is that during cooling
phases the material retracts and thus creates internal residual stresses in the final part. The
challenge is then to determine the final impact of residual stresses caused by the geometry
of the part and the laser strategy used.

Methodology

Previous works [4] have developed analytical models to assess residual stresses during LPBF
processes at a high computing cost for a while print. Fergani et al. Fergani et al.[1] have
built a method based on thermal cycles using a model previously developed to evaluate
residual stresses under cyclic elasto-plastic hertzian contact [3].
To compute a residual stress map, a temperature map has to be established, this is obtained
with the FLASH technique developed in [2]. This analytical model simulates the thermal
effect of the laser trajectory as a succession of elementary pulses (Figure 1), which allows
reasonable simulation times. The aim of this work is to obtain an analytical model of
residual stresses during LPBF process based on the laser path during the process and to
compare scanning strategies through the stress generated in the parts.

Furthermore, the interest of the targeted purely analytical model, contrary to commercial
codes based exclusively on finite element method, is to allow rapid calculation of residual
stresses in order to perform real-time control of the process.

Analytical Residual Stress

A code has been developed to convert a temperature map produced by the FLASH method
into a stress map that represents the thermal stresses induced by the last laser scan. The
methodology given in [1] is valid for two-dimensional and semi-infinite medium. However,



Figure 1: Principle of the FLASH method [2]

Figure 2: Observation of residual deformation, Print-
ing temperature: 300oC

it is possible to extend this methodology to a 3D medium. Then the adaptation by [1] of
the algorithm developed by [3] allows to compute residual stresses after relaxation of the
thermal load.

Residual Stress Measurement

In order to validate the proposed model, tests have been realized on comb-like parts that are
prone to bend under residual stresses after cutting (Figure 2). Several parts were printed
at different ambiant temperatures (0, 200, 300oC) and for different lasing strategies. Then
a strain map of the top of the parts was obtained via a structured light scanner.

Results

The printed comb-like parts highlighted the impact of printing temperature and scanning
strategies (Figure 2).
This far, only the residual stress field of an elementary volume with a zig-zag lasing strategy
is calculated by the code. This analytical approach allows in-depth interpretations of results
with basis in the true mechanisms of the process. From this elementary volume, it would
be possible to build a complex geometry with a checkerboard strategy in order to study the
impact of the laser path on the residual stresses.

Further work

Work has still to be done to generalize this method to complex geometry and to be able to
predict which scanning strategy will be the most efficient for each case. The challenge is to
develop a scenario database that would allow the reduction of residual stresses in real time,
thanks to an instrumentation of the printing machine.
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ABSTRACT

The term ”Digital Image Correlation” (DIC) refers to the class of non-contacting methods
that acquire images of an object, store them in digital form and perform image analysis
to extract full-field shape, strain and/or motion measurements [1]. Significant advantages
of a DIC technique for measuring strain and displacement lie in the fact that DIC is
simple to use and cost effective compared to other techniques such as strain gauges or
speckle interferometry. An essential part of this procedure is the camera calibration which
characterises the transformation from pixel coordinates to 3D-world coordinates thanks
to intrinsic and extrinsic parameters of the camera. As soon as the specimen shape is
complex or when symmetry is broken (be it due to instabilities, geometry or to the strain
mechanism itself), displacements have to be characterised in 3D [2]. A thoroughgoing
characterisation requires that any surface of the specimen where displacements are to be
measured should be observed. This implies operating with multiple points of view.

A virtual design approach was set up in a previous study [4] which offers the use of
a single camera mounted on a robot arm (Figure 1). Using a single camera primarily
aims at reducing the complexity of the set up. Then, modularity in the new setup can
allow to run optimisation procedures on the stereo-correlation method. However, the
robot is not able to come back exactly to the same position as it was before because of
unpredictable mechanical clearances. Therefore, a procedure of re-calibration is needed
after every movement of the arm. In order to study this ”flying calibration”, Blender
[3] was mainly used partly because the virtual design was done in the software. It is a
modular realistic 3D modelling software which is widely adopted in cinematography and
more and more used for scientific applications.

This work focuses on this procedure where only extrinsic parameters has to be re-calculated
because there are linked to the localisation of the camera in the world. On the contrary,
intrinsic parameters depends on camera parameters which do not change if the camera
moves. Moreover, another aim of this study is to validate a stereo-correlation mechanical
testing virtually before doing it in real conditions. It could allow to check if the whole
field of motion of the sample can be correctly measured in the simulated situation or not.



Figure 1: Blender environment - Single camera mounted on a robot arm with two possible
positions pointing to the specimen

In order to study the impact of the re-positioning errors of the robot on the DIC procedure,
a characterisation of it was done to be import into Blender. What is more, the software
was utilised to create realistic images of a mechanical test with the camera viewpoint. At
the end, an audit for compliance was performed between imposed motion field and the
field calculated by EikoTwin, a partner software which assesses the strain of the sample
by DIC.

Finally, this usage of Blender out of its initial functions permits to virtually validate a
future stereo-correlation mechanical test. Furthermore, it should be possible to create a
routine which optimises the camera positions in order to reduce measurement uncertain-
ties.
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