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Que signifie Impression 3D ou Fabrication Additive (FA) aujourd’hui ? 

L'impression 3D (ou fabrication additive, FA) est l’une des différentes techniques
utilisées pour fabriquer un objet en trois dimensions. Dans l'impression 3D, des
procédés additifs sont utilisés, dans lesquels des couches successives de matériaux
sont placées sous contrôle informatique. Ces objets peuvent être de presque n'importe
quelle forme ou géométrie et sont produits à partir d'un modèle 3D ou d'une autre source
de données électronique. Une imprimante 3D est un type de robot industriel.

Impression 3D =
Matériaux + Procédé de fabrication + Logiciel
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Les matériaux...

ABS, Nylon, PC, PETG, PLA, TPU …  : FDM (Fused Deposition Modeling)

Poudre de précurseur polymères (thermoplastique comme le 
Nylon,  Polyamide, Polystyrene, …)
Poudre de précurseur métallique (Ti, Ni, Cu, …)

SLS (Selective Laser Sintering) Ni, Cu, Ti …

Bioprinting : 
Cellules
Hydrogels (naturel, synthétique …)

Polymères photosensibles, 
composites …  :

SLA  (Stereolithography Apparatus)
Jet d’encre (Objet Stratasys)

Matériaux pour la culture cellulaire
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FA – Schéma général

P 428.11.22
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Fusion de Fil

FFF (Fusion Filament Fabrication) / FDM (Fused Deposition Molding_Stratasys): dépôt strate par 
strate d’une fine couche de fil fondu 

https://www.youtube.com/watch?v=UdDMJnUWVkA&t=7s
https://www.3dprint.fr/prototypage/impre
ssion-3d-par-depot-de-fil-fondu-fdm/

● Avantages : 
○ choix matériaux (polymères 

et composites)
○ multimatériaux
○ grand volume d’impression
○ équipement peu coûteux

● Inconvénients : 
○ rugosité de surface
○ retrait compliqué du 

matériaux support dans les 
parties poreuses

○ résolution
○ flambement
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https://www.youtube.com/watch?v=UdDMJnUWVkA&t=7s
https://www.3dprint.fr/prototypage/impression-3d-par-depot-de-fil-fondu-fdm/
https://www.youtube.com/watch?v=UdDMJnUWVkA&t=7s
https://www.3dprint.fr/prototypage/impression-3d-par-depot-de-fil-fondu-fdm/
https://www.3dprint.fr/prototypage/impression-3d-par-depot-de-fil-fondu-fdm/


TERRA FORMA – Fabrication Additive

Fusion/Frittage de poudre

https://www.3dprint.fr/prototypage/impression-
3d-frittage-de-poudre-sls/

SLS/SLM : Frittage/Fusion par laser / EBM : Fusion par un faisceau d’électrons / LMD : dépôt de métal 
simultané avec sa fusion

https://www.youtube.com/wat
ch?v=2YfyCYKiApg&t=1s

● Avantages : 
○ polymère (SLS) ou 

poudre métallique 
(SLM/EBM)

○ grand volume 
d’impression (industriel)

○ pas de support
○ …

● Inconvénients : 
○ rugosité de surface
○ sécurité
○ coût de l’équipement 

(entre 18k$ et 300k$)
○ monomatériaux
○ post-traitement
○ …
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Collage de feuilles ou de poudres

SDL : Selective Deposition Lamination / SC : Strato-Conception / 3DP, BJ : Three Dimensional Printing, Binder jetting

https://www.youtube.com/watch?v=tEpqsUsnF9g

https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufa
cturing/binderjetting/

● Avantages : 
○ réutilisation de la totalité 

de la poudre non utilisée 
(50 % en SLS)

○ pas de support
○ pas de flambement 

(Tamb)
○ impression couleur
○ …

● Inconvénients : 
○ post-traitement
○ pièces plus fragiles 

(SLS, SLM)
○ … 
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StéréoLithographie

SLA : StereoLithography Apparatus, DLP : Digital Light Processing

https://www.youtube.com/watch?v=eUZHSZHkXiA
https://www.youtube.com/watch?v=a2V699sbHEk

● Avantages : 
○ grand choix de matériaux
○ équipement 

moyennement coûteux 
(dépend de la résolution)

○ très bonne résolution 
(monophoton : 5 µm et 
biphoton : 150 nm)

○ …

● Inconvénients : 
○ multimatériaux

difficilement accessible
○ post-traitement, supports
○ volume d’impression 

limité
○ …

Monophoton

Biphoton

P 828.11.22

https://www.youtube.com/watch?v=eUZHSZHkXiA
https://www.youtube.com/watch?v=a2V699sbHEk
https://www.youtube.com/watch?v=eUZHSZHkXiA
https://www.youtube.com/watch?v=a2V699sbHEk


TERRA FORMA – Fabrication Additive

Bio-Printing

● Avantages : 
○ impression d’hydrogel 

avec ou sans cellules
○ grand choix de matériaux
○ équipement 

moyennement coûteux 
(dépend de la résolution)

○ …
https://www.youtube.com/watch?v=GotdoAneWck

● Inconvénients : 
○ multimatériaux possible 

via l’extrusion (double)
○ volume d’impression 

limité
○ …
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Ce qu’il faut retenir

P 1028.11.22
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Peut-on jouer* dehors avec 
l’impression 3D ?
Exemples de déploiements in-situ

• Sciences participatives :
• Projet Smart Citizen
• Projet KOSMOS
• Sonde Multi-paramètres

• Analyseurs chimiques en flux :
• Exemple de DCU
• Exemple de Tellabs
• Exemple du CHEMINI à l’Ifremer

• Capteurs IR et EC

• Échantillonneur eDNA
NDLR : *travailler

Laurent L.

Arnaud E.

28.11.22
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Fig. 23. Smart Citizen Station V1.0.

Fig. 24. Smart Citizen Station V1.0: Exploded view.

Fig. 25. Smart Citizen Station V2.0.

16 G. Camprodon et al. / HardwareX 6 (2019) e00070

P 12

Déploiement in-natura, sciences 
participatives, et conception itérative

Camprodon et al. (2019) - Smart Citizen Kit and Station: An open environmental monitoring system 
for citizen participation and scientific experimentation.
https://doi.org/10.1016/j.ohx.2019.e00070

Fig. 23. Smart Citizen Station V1.0.

Fig. 24. Smart Citizen Station V1.0: Exploded view.

Fig. 25. Smart Citizen Station V2.0.

16 G. Camprodon et al. / HardwareX 6 (2019) e00070

• Pollution sonore, qualité de l’air (CO, NO2, OX, RH, T°, 
PM2.5, PM10)

• Problèmes d’autoéchauffement + variations dues au 
rayonnement solaire (RH, capteurs électrochimiques …)

the particles, such as shape, color and reflectivity, among others. Relative humidity affects this type of sensor, since particles
can absorb water and grow in size, hence modifying the fractions and the calculated mass. Additionally, a particle’s chem-
istry can affect these assumed properties, and these assumptions may not be usable in every environment (Di Antonio et al.)
[13]. However, a relative humidity correction is being tested using the approach described in Di Antonio et al. [13], correcting
size distribution based on particle higroscopicity.

Declaration of Competing Interest

Seeed Studio, a manufacturer and online seller of open hardware, commercially sells a version of the described hardware.
A percentage of the sells generated income goes to IAAC Fab Lab Barcelona to support the future project development and
maintain the software platform.

Fig. 43. NO2 results from Bologna Test – Summer 2018. Effect of temperature transients on measurement stability.

Fig. 44. NO2 results from Dublin Test – Winter 2018–2019. RMSE = 0.10 ppb, R2 = 0.6. Model correction applied. Green: Smart Citizen Station/ Black:
reference equipment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

32 G. Camprodon et al. / HardwareX 6 (2019) e00070
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See Table 7.

Fig. 26. Smart Citizen Station V2.0: Exploded view.

Table 7
Design Files Summary.

Description Design file
name/folder

File type Open source license Location of the file

Smart Citizen Data Board PCB Design
Files

hardware/ Eagle PCB Schematic and Board
Layout

CERN Open Hardware
License v1.2

https://doi.org/10.17632/
pcbz53x967.1

Smart Citizen Data Board main
firmware

sam/ Arduino Compatible Firmware
(C++/ Platformio)

GNU GPL v3.0 https://doi.org/10.17632/
pcbz53x967.1

Smart Citizen Data Board Wi-Fi
module firmware

esp/ Arduino Compatible Firmware
(C++/ Platformio)

GNU GPL v3.0 https://doi.org/10.17632/
pcbz53x967.1

Smart Citizen Urban Sensor Board
PCB Design Files

hardware/ Eagle PCB Schematic and Board
Layout

CERN Open Hardware
License v1.2

https://doi.org/10.17632/
pcbz53x967.1

Smart Citizen PM Board PCB Design
Files

hardware/ Eagle PCB Schematic and Board
Layout

CERN Open Hardware
License v1.2

https://doi.org/10.17632/
ztw2z2p28h.2

Smart Citizen PM Board firmware firmware/ Arduino Compatible Firmware
(C++/ Platformio)

GNU GPL v3.0 https://doi.org/10.17632/
ztw2z2p28h.2

Smart Citizen Gases Pro Board PCB
Design Files

hardware/ Eagle PCB Schematic and Board
Layout

CERN Open Hardware
License v1.2

https://doi.org/10.17632/
ynk7dwv6fh.2

Smart Citizen Gases Pro Board Test
Util PCB Design Files

hardware/ Eagle PCB Schematic and Board
Layout

CERN Open Hardware
License v1.3

https://doi.org/10.17632/
ynk7dwv6fh.2

Smart Citizen Gases Pro firmware ./ Arduino Compatible Firmware
(C++/ Platformio)

GNU GPL v3.0 https://doi.org/10.17632/
ynk7dwv6fh.2

Smart Citizen Kit Enclosure SmartCitizen DIY
Clips V2.0–2.1/

STL File BY-NC-SA https://doi.org/10.17632/
r9bfyxdfw4.1

Smart Citizen Station Assembly
Model

SmartCitizen Station
V2.0/

STEP File BY-NC-SA https://doi.org/10.17632/
r9bfyxdfw4.1

Smart Citizen Station BOM SmartCitizen Station
V2.0/

CSV File BY-NC-SA https://doi.org/10.17632/
r9bfyxdfw4.1

G. Camprodon et al. / HardwareX 6 (2019) e00070 17
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Déploiement in-natura, sciences 
participatives, et conception itérative

Smart Citizen Station V2.0 :
• Réduction de la masse du boitier

• Ajout d’un capot thermoformé

• Sonde de T° externe

Camprodon et al. (2019) - Smart Citizen Kit and Station: An open environmental
monitoring system for citizen participation and scientific experimentation.
https://doi.org/10.1016/j.ohx.2019.e00070

Fig. 23. Smart Citizen Station V1.0.

Fig. 24. Smart Citizen Station V1.0: Exploded view.

Fig. 25. Smart Citizen Station V2.0.

16 G. Camprodon et al. / HardwareX 6 (2019) e00070

28.11.22
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KOSMOS : Kit d’Observation Sous-Marine Open Source

Les côtes et littoraux sont animés par de nombreuses activités
humaines : pêches, tourisme, plaisance, aquaculture, extraction,
projets éoliens, pollutions, etc. Pour observer l’impact de cette activité
sur le paysage benthique, une surveillance non invasive peut être
utilisée. Cette observation permet d’évaluer l’état de la biodiversité et
des ressources exploitées.

Pelletier, D.; Rouxel, J.; Fauvarque, O.; Hanon, D.; Gestalin, J.-P.; Lebot, M.; Dreano, P.; Furet, 
E.; Tardivel, M.; Le Bras, Y.; et al. Sensors 2021, 21, 7724. https://doi.org/10.3390/s21227724

Le KOSMOS est une caméra rotative
effectuant un panorama de 360°
grâce à 6 rotations de 60° sur 30
secondes chacune permettant
l’observation, sans lumière artificielle,
de la faune benthique à une
profondeur de 20 m.

Les données du système sont des
vidéos en full HD qui permettent ensuite
l’identification et le comptage des
poissons présents sur les images.https://wikifactory.com/@konkarlab/kosmos30

P 1428.11.22

https://doi.org/10.3390/s21227724
https://wikifactory.com/@konkarlab/kosmos30
https://doi.org/10.3390/s21227724
https://wikifactory.com/@konkarlab/kosmos30
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Sondes multiparamètres

Marinisation/intégration de capteurs commerciaux :

• Atlas Scientific : conductivité, O2 dissous, pH, ORP

• Blue Robotics : pression, température

• Ici adaptable aux boitiers Blue Robotics

V. Raimbault - Projets CNRS 80|PRIME OpenPROBE et FEDER Econect

28.11.22
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Sondes multiparamètres

• Développement de capteurs optiques 
(ex. capteur de turbidité) :

• Alignement des composants opto-
électroniques (LEDs+PDs)

• Intégration d’optiques/filtres (si 
nécessaire)

• Marinisation
• Interface « chip-to-world » (ici 

standard Blue Robotics)

Ratio turbidity sensor – Raul Sanchez, Michel Groc, Renaud Vuillemin, 
Mireille Pujo-Pay, Vincent Raimbault – In prep. For MDPI Sensors
Special Issue on « Low-Cost Optical Sensors » 

PD1
PD2

LED1
LED2

28.11.22
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Dispositif Opto-Fluidique ww.holifab.eu

Analyseur colorimétrique de différents nutriments

1
2 3

4

5

6

7

1

2

3
P 1728.11.22
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• Déploiement du 
12/09/2019 to 26/10/2019

Long Term Deployment  

ww.holifab.eu

Microfluidics for environmental analysis

• 44 jours en continu
411 blanc
411 standard (50µM)
411 échantillons

Total sur la période : 1233 mesuresCAD 

• DISPOSITIF FLUIDIQUE IMPRIMÉ
• DISPOSITIF D’ALIGNEMENT IMPRIMÉ

3D Printed Fluidic Chip

LED
Photodiode 

3D Printed Holder

3D Printed  Alignment Rail 

P 1828.11.22
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Dispositif Opto-Fluidique

Lace A, Byrne A, Bluett S, Malaquin L, Raimbault V, Courson R, Hayat Z, Moore B, Murray E., J Sep Sci. 
2022;1–9. https://doi.org/10.1002/jssc.202100897

ww.holifab.eu

Plateforme de Chromatographie ionique

Détection de phosphate
dans les eaux
environnementales et
industriels par mesure
UV indirect via une LED
à 255nm

• 1er génération de puce fluidique faites en PMMA avec usinage et collage 
: taux d’échec important sur la fabrication des puces…

• 2ème génération en SLA (5) : zéro perte + impression de support pour les
LED (6) et le photodétecteur (2) facilitant l’alignement entre les deux.

• Collage (par adhésif double face) de fenêtres en quartz pour sceller le
canal fluidique (hybridation des procédés)

P 1928.11.22
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Chemini : CHEmical MINIaturised analyser

Nouvelle génération d’analyseur colorimétrique : miniaturisation en vue d’un déploiement sur Profileur 
(diminution des réactifs embarqués, de la consommation énergétique (actionneurs, carte électronique…)… 

Dispositif 
fluidique 
en PDMS

Moules imprimés via SLA

Manifold imprimé via SLA : 
- Microcanaux de 800µm
- Pas de vis 1-4/28
- M2,5 taraudé 

P 2028.11.22
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Chemini : CHEmical MINIaturised analyser

Test en caisson 
hyperbares à 

300 bars et 4°C

Support 
optofluidique

imprimé par SLA

Test d’une nouvelle cellule optique sur un analyseur Chemini en vue de diminuer 
la LOD pour la détection du Fer. 

Découpe par 
xurography d’une 

membrane de 
PDMS (élastomère 

souple) pour assurer 
l’étanchéité entre la 
pièce imprimée et la 

fibre optique
LOD ~ 300 nmol
LOD ~ 2,5 nmol

P 2128.11.22
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Développement de capteurs combinant la 
spectroscopie IR et EC 

- Surveillance de l'eau naturelle en temps réel
- Analyse multivariable in situ des contaminants dans les stations de 

traitement des eaux usées

PDMS
SLA

+ adhésif

Fabrication d’une cellule fluidique au-dessus de guide d’onde 
en verre (IR) de chalcogénures ou des électrodes (EC)

P 2228.11.22
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Electronic components

The electronic hardware builds upon that of the subsurface automated water sampler (SAS) designed by Enochs et al.
(2020). Hardware was designed using Autodesk Eagle (Autodesk, Inc., v 9.2.2, Fig. 5) and board prototypes were milled using
two-sided copper plates and desktop circuit board milling machine (Bantam Tools, Peekskill, NY). Final circuit boards were
produced by uploading Gerber files to Seeed Fusion (https://www.seeedstudio.io/fusion.html). The Teensy 3.5 microcon-
troller (www.pjrc.com) was selected due to its low cost, low power capabilities, built in microSD card slot, and real-time
clock (RTC). The Teensy 3.5 has a 32 bit 120 Mhz ARM Cortex-M4 processor, 512 kb of flash memory, 256 kb of RAM, 58
digital I/O pins, as well as I2C pins. The user interface (UI) is visible via a 0.96-inch OLED display connected to the Teensy
using the I2C communication protocol. Menu selection, sampling parameters, and manual operation are controlled using
an IR remote control and a TSOP38238 IR receiver. A magnetic reed switch allows the user to wake up the SASe during

Fig. 4. The external components of the SASe sampling system labeled for reference.

Fig. 5. Circuit board layout (A) with pads and vias marked in green, paths in red are on the top of the board, and blue paths on the bottom. A schematic of
the circuit board (B) showing connections between electronic components and connectors with major components labeled. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

N. Formel, I.C. Enochs, C. Sinigalliano et al. HardwareX 10 (2021) e00239

5

intake of the preservative pump connects to a 10 mL luer lock syringe filled with DNA preservative. The outflows of both
pumps are joined with a barbed tee and lead to a 0.22-lm Sterivex filter with a female luer lock inlet, upstream air vent,
and male luer lock outlet. Each end of the filter has a check valve with luer lock fittings and a cracking pressure of 2.9 psi
[21] to prevent dilution or contamination of the preservative and sample (Fig. 4). When sampling, a preset volume of water
is pumped through the filter, followed by 5 mL of DNAgard preservative. The DNAgard purges the remaining sample water
from the filter housing and saturates the eDNA on the filter to stabilize the sample at ambient environmental temperatures
until recovery and extraction. The filter and preservative syringe are loaded in a 3D-printed sampling cartridge which is
closed with a bolt and wing nut and magnetically affixed to the SASe housing. The modular design of the sampling cartridge
and simple luer lock disconnect from the sampling tubing allows for easy exchange with fresh sampling cartridges to accom-
modate repeat samples.

Fig. 3. The 3D printed circuit housing (A) with openings for Molex connectors is attached to the armature (B) to connect the internal components of the
SASe.

Fig. 2. The two peristaltic pumps (A) are mounted to the outside of the 3D-printed lid (F). The 34:1 (D) and the 99:1 (E) DC motors are epoxied to 3D-
printed motor sleeves (C) mounted on the inside of the lid. The motor shafts insert into the peristaltic pumps through the lid and an X-ring on the shaft of
each of the motors (B) keeps the shaft-lid interface watertight.

N. Formel, I.C. Enochs, C. Sinigalliano et al. HardwareX 10 (2021) e00239
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L’impression 3D à l’Atlantic 
Oceanographic & Meteorological
Laboratory (NOAA)

• Enjeux :
• Réduction des coûts (1000 $ → 220 $)
• Réplication facilitée, démocratisation de la 

science
• Accessibilité de la technique (vs. 

Usinage/mécanique traditionnelle)

• Ex: Préleveur eDNA automatique sur 
Sterivex + DNAguard

• Premiers développements en FDM

• Passage en SLA pour l’étanchéité 
(validation sur profondeurs > 55 m)

Formel et al. (2021) -Subsurface automated samplers for eDNA (SASe) for biological
monitoring and research. https://doi.org/10.1016/j.ohx.2021.e00239

28.11.22

https://doi.org/10.1016/j.ohx.2021.e00239
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L’impression 3D à l’Atlantic Oceanographic & 
Meteorological Laboratory (NOAA)

https://formlabs.com/blog/how-noaa-uses-sla-sls-3d-printers-for-coral-research/ 28.11.22

https://formlabs.com/blog/how-noaa-uses-sla-sls-3d-printers-for-coral-research/
https://formlabs.com/blog/how-noaa-uses-sla-sls-3d-printers-for-coral-research/


TERRA FORMA – Fabrication Additive P 25

Comportement des matériaux imprimés en 
environnements réels

• Matériaux plastiques (exception titane par SLM)

• Modifications induites sur la structure du matériau, et sur ses 
propriétés mécaniques

• Influence de l’humidité, de la température, des UVs, de la salinité, 
des biofilms …

• Publications croissantes sur le sujet (résistance, mécanismes de 
dégradation, études d’impact …)

• Manque de standardisation :
• Banque de matériaux en constante évolution
• Influence majeure de la rugosité (≠ en fonction de la technique)

Ryley et al. (2021) - Comparison of biofouling on 3D-printing materials in the marine environment
https://doi.org/10.1016/j.ibiod.2021.105293
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Abstract: The development of additive manufacturing methods known as “3D printing” started in the
1980s. In these methods, spatial models are created from a semi-finished product such as a powder,
filament or liquid. The model is most often created in layers, which are created from the semi-finished
product, which is most often subjected to thermal treatment or using light or ultraviolet rays. The
technology of additive manufacturing has both advantages and disadvantages when compared to the
traditionally used methods of processing thermoplastic materials, such as, for example, injection or
extrusion. The most important advantages are low cost, flexibility and speed of manufacturing of
elements with different spatial shapes. From the point of view of the user of the product, the most
important disadvantages are the lower mechanical properties and lower resistance to environmental
factors that occur during the use of the manufactured products. The purpose of this review is to present
current information and a compilation of features in the field of research on the effects of the interactions
of different types of environments on the mechanical properties of 3D-manufactured thermoplastic
products. Changes in the structure and mechanical properties of the material under the influence
of factors such as humidity, salt, temperature, UV rays, gasoline and the environment of the human
body are presented. The presented article enables the effects of environmental conditions on common
materials used in 3D printing technology to be collated in one place.

Keywords: 3D print; environment conditions; properties; environmental resistance

1. Introduction
The phenomena occurring in nature are the most common inspiration for new solu-

tions. Three-dimensional (3D) printing may seem to be an advanced technology, but many
living organisms have engaging in a similar process for a long time. For example, molluscs
producing their shells (calcareous exoskeleton) can be considered a natural 3D printer. As
they grow, the molluscs add calcium carbonate to their external shell. In this way, more
internal space is protected by the skeleton and the growth lines, similar to the layers of
printed material, are visible on the outside of the shell [1].

The use of photopolymers to create 3D objects in the 20th century led to the de-
velopment of fast prototyping capabilities using the Fused Deposition Modeling (FDM)
technique [2,3]. Stereolithography, patented in 1986 by Charles Hull, was the first ever
method for the automatic manufacturing of three-dimensional models using UV radiation
and photosensitive resin [4]. At the same time, in Texas, the concept of creating objects by
using a laser beam to selectively sinter powder, a technology currently known as Selective
Laser Sintering (SLS), was developed [5]. Fused Deposition Modeling, or FDM, is the most
commonly used method. Its applications and modifications are discussed in this review
study. The method was patented in 1989 by S. Scot and Lisa Crump [6]. It involves the
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proceeded between weeks 2 and 4. 
After 12 weeks of deployment, all materials were heavily fouled by 

visible organisms (Fig. 2). There was a significant difference among 
materials in the total area coverage of biofouling (F(4,21) = 3.06, p =
0.039). The most extensive biofouling was on glass (98.4%) and the least 
was on PCL (86.8%), with this difference being marginally significant at 
p = 0.054 by post hoc, pairwise tests. No other pairwise comparisons 
were statistically significant, due to relatively large variances among 
replicates. 

The multiple linear regression model of total biofouling coverage as a 
function of water contact angle, elastic modulus, hardness, and rough-
ness was not statistically significant (F(4,18) = 0.740, P = 0.577, R2 =
0.141), indicating that this combination of material factors could not 
significantly explain the variation in fouling coverage. None of the 
factors in the multiple regression model had a statistically significant 
model coefficient (P > 0.05 for each). 

The visible fouling included invertebrates, filamentous algae, and 
microalgae (Fig. 3). Tube worms were all serpulids of the genus 
Hydroides. Amphipod tubes were all from gammarid species. Skeleton 
shrimp were all of the genus Caprella. Barnacles were all of the acorn 
type, specifically Amphibalanus amphitrite except for 2 individuals of 
Austrominius modestus. Arborescent bryozoans were all Bugula neritina. 
Encrusting bryozoans were Membranipora membranacea, Schizoporella 
errata, and Watersipora subtorquata. Ascidians were all colonial forms 
(except for one unidentifiable solitary individual), and they included 
Botrylloides violaceus, Botryllus leachi, Botryllus schlosseri, Botryllus sp., 
and Didemnum sp. 

The species composition of assemblages differed among materials. 
On most materials (VeroClear, PDMS, and glass), microalgae had the 
greatest coverage (30–60%), except for PCL which had predominantly 
bryozoans at 27% (mostly encrusting forms), and VisiJet® SL Clear 
which was dominated equally by microalgae and encrusting bryozoans 
at 26% each (Fig. 3). Ascidians were also considerably abundant on all 
materials, ranging from 11 to 28% cover. The most evident differences 
between the 3D-printing polymers and the comparison materials were 
that the former had consistently less coverage of microalgae and more 

coverage of encrusting bryozoans compared to the latter. Of the 3D- 
printing materials, PCL had the least microalgae, and PCL and Visi-
Jet® SL Clear had the most total bryozoans. PCL had the most arbo-
rescent bryozoans of any material. 

Multivariate ordination and an nMDS plot of the species assemblage 
structures (Fig. 4) showed considerable overlap among replicates of the 
materials, indicating similarities in species presence and their relative 
abundances. Among the materials, PCL displayed the smallest spread of 
data points in the (relatively-scaled) parameter space (Fig. 4), indicating 
the greatest consistency of assemblage structure. ANOSIM tests revealed 
a statistically significant difference globally among assemblage struc-
tures (p = 0.004), with 5 of 10 pairwise comparisons being significant 
(Table 2). Of the 3D-printing materials, PCL differed in its assemblage 
structure from the greatest number of all other materials, being signif-
icantly different from VisiJet® SL Clear, PDMS, and glass (Table 2). 
VisiJet® SL Clear ranked second in having assemblage differences from 
two materials (PCL and PDMS); but note that the comparison of VisiJet® 
SL Clear vs. PDMS gave the greatest average dissimilarity (39%) among 
all pairwise comparisons (Table 3). Finally, the assemblage on Ver-
oClear™ did not differ significantly from those on any other materials 
(Table 2). 

The uniqueness of the assemblage on PCL compared to other mate-
rials was due mostly to dissimilarities in the coverage of microalgae and 
both arborescent and encrusting bryozoans (12–21%, 10–12%, and 
12–15%, respectively; Table 3). In all of these comparisons, the com-
bined forms of bryozoans dominated the dissimilarity. In some of these 
comparisons, there were also considerable dissimilarities (>10%) in the 
coverage of ascidians and barnacles. Comparisons involving VisiJet® SL 
Clear also featured microalgae, filamentous algae, barnacles, and both 
arborescent and encrusting bryozoans contributing >10% to dissimi-
larities (Table 3). 

The distance-based linear model revealed material hardness to be the 
best explanatory factor of biofouling assemblage structure, explaining 
19.0% of the assemblage variation and being statistically significant (P 
= 0.004, Table 4). Water contact angle had the next strongest rela-
tionship (P = 0.067), explaining another 8.6% of assemblage variation. 

Fig. 2. Total visible biofouling coverage (mean % area cover ± s.e., n = 5–6) at 12 weeks exposure. Post-hoc Tukey tests yielded a marginally significant difference 
(p = 0.054) between glass and PCL. 
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Neither elastic modulus nor roughness were significant factors. 

4. Discussion 

4.1. Biofouling differences and responsible mechanisms 

Both the total coverage of macrofouling and its taxonomic assem-
blage structure differed significantly among materials, with PCL being 
the most unique in having the lowest total coverage, the lowest coverage 
of microalgae, and the greatest coverage of arborescent and total 
bryozoans. The range of total coverage after 12 weeks (86.8–98.4%) was 
similar to that reported for polymers such as PVC and epoxy (80–100%, 
Scardino and de Nys 2004). This range is not great, but small differences 
in fouling can have large practical consequences such as on hydrody-
namic drag (Schultz and Swain 2000). Furthermore, the taxa that varied 
most are ones that can grow to greatly different thicknesses (e.g., 
bryozoans compared to microalgal films). 

Macrofouling abundance and composition can change over multiple 
seasons (eg, Azevedo et al., 2020), but the 3-month deployment here 
was sufficient to document the maturation of macrofouling within a 
single season (cf Cacabelos et al., 2020). It was also sufficient for com-
parisons of fouling area; e.g., Azevedo et al. (2020) found that percent 
coverage after 1 year was the same as after 3 months, at least for 
sunlight-facing treatments, as ours were. Furthermore, they found that 
eukaryotic assemblage structure stabilised by four months. The macro-
fouling assemblages recorded here were largely similar to those docu-
mented previously from the same site (Piola et al., 2018). 

Mechanisms considered below in explaining the differences in 
macrofouling include physical and chemical properties of the materials, 
as well as variations in microbial biofilms. 

The differences in the total area of macrofouling coverage were not 
significantly explained by the materials’ physical properties of water 
contact angle, elastic modulus, hardness, or roughness. Furthermore, the 
biofilms of all materials were similar in being dominated by cyanobac-
teria and proteobacteria, the latter of which are typically abundant in 
marine biofilms at ages of several weeks to months (Jones et al., 2007; 
Salta et al., 2013; Antunes et al., 2020; Azevedo et al., 2020; Cacabelos 
et al., 2020). Antunes et al. (2020) found that by 7 days of growth, 
marine biofilms on stainless steel converged to similar taxonomic 
structure regardless of season or anti-corrosion coating. Biofilm assem-
blages can have complex influences on the development of macrofouling 
assemblages (Cacabelos et al., 2020), with some bacteria facilitating 
settlement of certain species while others inhibit settlement (Qian et al., 
2007). Yet we observed no major differences in biofilm assemblages 
among materials, giving no conclusive evidence that differences in total 
macrofouling coverage were caused by variations in biofilms. 

Surface chemistry of the materials is a possible factor explaining the 
differences in total macrofouling coverage. Glass, PCL, and PDMS are 
bio-compatible (Hutmacher et al., 2001; Carve and Wlodkowic 2018), 
whereas VisiJet® SL Clear and VeroClear™ contain potentially toxic 
additives such as photoinitiators, and have in some cases proven toxic to 
aquatic organisms, although proper cleaning can render them biocom-
patible (Carve and Wlodkowic 2018). The fact that VisiJet® SL Clear 
and VeroClear™ both fouled more than PCL indicates that pre-soaking 

Fig. 3. Stacked bar graph of mean percent area coverage (n = 5–6) of biofouling taxa at 12 weeks exposure.  
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Comportement des matériaux imprimés en 
environnements réels https://nanovia.tech/
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d’immersion
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Impact environnemental
de la Fabrication additive

Des avantages :
• Fabrication au plus près de l’utilisation
• Adapté à la petite série
• Modifications/évolutions aisées

Des inconvénients :
• Recyclage difficile selon la technique

• Déchets d’impression (support, erreurs de 
conception

• Dégradation en milieu naturel (microplastiques)
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Abstract

The selective laser sintering (SLS) process generates waste polymer powders, which

can be recycled as feedstock for producing injection-molded components. Recycling

this powder has implications on the life cyclemodeling of the SLSproduct, aswell as the

subsequent injection-molded component. This study investigates the life cycle primary

energy demand (PED) and global warming potential (GWP) of an automotive fuel-line

clip producedwith recycled polyamide 12 (PA12) froman SLS process in comparison to

the conventional polyamide 66 (PA66) counterpart, based on real-world industry data.

In addition, the life cycle PED and GWP of an SLS part are examined, with and without

recycling PA12 from the SLS process. The results indicate a strong dependence on the

approach to evaluate the environmental burden of waste PA12 from the SLS process

(cut-off, mass-based allocation, economic allocation, and substitution). Comparedwith

the PA66 fuel-line clip, the recycled PA12 (rPA12) clip reduces the life cycle GWP by

up to 26% (cut-off) or increases by up to 68% (mass-based allocation). For the SLS part,

recycling PA12 powder provides a 42% reduction to its life cycle GWP (mass-based

allocation). Finally, from an expanded two-part system perspective, the recycling of

PA12 from the SLS process provides an 8% reduction in life cycle GWP. Similar trends

are shown for the life cycle PED profiles. This study demonstrates the importance of

recycling additive manufacturing (AM) wastes within a broader cascading system to

improve the environmental performanceofAMand the circular economyacross indus-

trial systems.

KEYWORDS

additive manufacturing, circular economy, greenhouse gas emission, industrial ecology, life cycle
assessment, selective laser sintering
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Summary

Additive manufacturing (AM) proposes a novel paradigm for engineering design and man-
ufacturing, which has profound economic, environmental, and security implications. The
design freedom offered by this category of manufacturing processes and its ability to locally
print almost each designable object will have important repercussions across society. While
AM applications are progressing from rapid prototyping to the production of end-use prod-
ucts, the environmental dimensions and related impacts of these evolving manufacturing
processes have yet to be extensively examined. Only limited quantitative data are avail-
able on how AM manufactured products compare to conventionally manufactured ones
in terms of energy and material consumption, transportation costs, pollution and waste,
health and safety issues, as well as other environmental impacts over their full lifetime.
Reported research indicates that the specific energy of current AM systems is 1 to 2
orders of magnitude higher compared to that of conventional manufacturing processes.
However, only part of the AM process taxonomy is yet documented in terms of its envi-
ronmental performance, and most life cycle inventory (LCI) efforts mainly focus on energy
consumption. From an environmental perspective, AM manufactured parts can be benefi-
cial for very small batches, or in cases where AM-based redesigns offer substantial functional
advantages during the product use phase (e.g., lightweight part designs and part remanufac-
turing). Important pending research questions include the LCI of AM feedstock production,
supply-chain consequences, and health and safety issues relating to AM.
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resource efficiency
sustainability
3D printing
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Plateforme MultiFAB (LAAS CNRS)

Plateforme ouverte aux académiques et aux industriels https://www.laas.fr/projects/MultiFAB/
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NDLR : on peut aussi jouer travailler dedans avec la 
fabrication additive !

Des Questions ?
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