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Abstract:

Additive manufacturing, which is referred to as 3D printing, is a new developed process
of fabricating metallic, ceramic, plastic and concrete materials. The goal of this article is to
provide an overview of 3D printing processing methods and discuss their pros and cons. A
comparison with other technologies such as injection molding and cutting-based machinery
was discussed. Various modeling approaches and tools at all scale levels were depicted. We
have presented a case study concerning the effect of pores formation in the mechanical
properties of 3D printed polymer composites using FDM process. The mechanical behavior of
3D printed composites was determined using the homogenization technique based on the
RVE notion. Recent uses of this technology in the area of electronics, aerospace and
biomedical engineering were highlighted. Finally, important benefits and limitations were

identified in order to clarify and motivate future works in this field.
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1. Introduction

3D printing also referred as rapid prototyping or additive manufacturing, is a process of
depositing matter layer by layer in order to fabricate net shape 3D objects [1, 2]. It is a two-
step process: (1) creating 3D computer model using various graphics software and (2) printing
using all kinds of technologies such as fused laminated object manufacturing, deposition
modeling, selective laser sintering and stereolithography. These techniques provide all kind of
benefits [3-4] including: (i) 3D printing enables product designs that are hard to create using
the traditional manufacturing process. For example, GE Aviation Company used 3D printing
technology to manufacture blade edges with complex designs in order to optimize airflow.
Using ordinary manufacturing processes, it is difficult to fabricate such blade parts without
increasing the cost and time. (ii) Reducing the energy consumption and the material usage.
Modern industry, such as aerospace and military fields, built various parts using expensive
materials such as titanium and diamond, and it takes an effort to reduce or recycle scrap
produced during the machining of different parts. Using traditional manufacturing process,
80-90% of the original billet was lost [5]. (iii) 3D printing technology has the ability to
fabricate multiple parts as a single element. Generally, it is easier to change and substitute, in
term of cost and materials, a single product than a system composed of multiple parts. For
example, GE Company manufactured a single part fuel nozzles using 3D printing technology;

that requires the assembly of 20 components using the traditional manufacturing process [6].

The aerospace and military industries have adopted 3D printing of materials as a rapid and
economical solution for manufacturing industrial components. As reported by Coykendall et
al. [7], NASA used 70 3D printed parts for Mars Rover vehicles. These parts include flame
retardant vents, camera mounts and housings. Also, NASA has already tested the possibility
of 3D printing on the International Space Station, which allows astronauts to print tools in the
station space when needed [8]. Boeing Company had printed 22000 components that are used
in a variety of aircraft. European Aeronautic Defense and Space used 3D printing technology
to build an optimized design of bracket, which will be used in Airbus A320. Many other
sectors such as biomedical industry [9], automobile [10], construction and architectural fields
[11] and food processing [12] are using 3D printing technology. The important aspects that
distinguish 3D printing from other prototyping technologies are in cost reduction [13] and it is

computer-based technology.



Before describing 3D printing technology, below some dates to show how the 3D printing

was evolved.

In 1986: Carl Deckard, Joe Beaman and Paul Forderhase developed the ideas of
Chuck Hull and deposed a patent in the US on Selective Laser Sintering. The idea
of Chuck Hull concerns the invention of a stereolithographic apparatus.

In 1988: the fused deposition process was patented.

In 1993: the Electron beam melting was patented.

In 2005: the Paper 3D laminated printing was manufactured by Mcor Technologies
Ltd and an Irish company.

In 2008: MakerBot Industries was founded by Bre Pettis, Adam Mayer and Zach

Hoeken. This company produces 3D printers.

In recent years, there has been considerable attention in developing 3D printing of

polymer-based composite. In this paper, a brief introduction of 3D printing technique used for

polymer composites was described. The improvements in properties were also discussed, in

particular for last five years to show the progress in this area. Finally, we discuss the

limitations of current technologies and some perspective.

2.

Description of 3D printing technologies

3D printing consists of three basic steps:

Step 1: a 3D solid model was computerized and converted into a standard file
format (in general STL format).
Step 2: the file is sent to a machine.

Step 3: the part is manufactured layer by layer.

Figure 1 illustrates the overall 3D printing process of materials.

Various 3D printing techniques have been used to fabricate polymer based composites. Each

technique has its own advantages and limitations. The selection of such technique depends

mainly on material types, processing speed and performance.
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Figure 1: 3D printing process flow (Graphic: Deloitte University Press).

2.1. Fused deposition modeling (FDM)

This technique is the most used for the fabrication of polymer-based materials. This
technique was described in Crump’s patent [14]. Polymer thermoplastic is extruded from a
movable FDM head and then deposited layer by layer and then solidify into final parts. PC,
PLA and ABS polymers are commonly used materials for this process. Figure 2 illustrates the
schematic of the FDM process. The polymer is heated to 1°C above its melting point and
solidifies immediately. The quality of printed parts is controlled by altering various printing
parameters such as the thickness of the deposed layer, printing orientation, raster angle and air
gap. Sood et al. [15] and Chacon et al. [16] studied the effect of processing parameters on the
physical behaviors of composites. The quality of manufactured parts depends on many
process variables (velocity, pressure, thickness of layers, temperature, printing angle and
nature of polymers). The influence on mechanical responses such as tensile, impact response
and flexural behaviors of printed specimens was studied [15]. Moreover, an increase in the
number of deposited layers leads to an increase of the number of heating and cooling cycles.
Consequently, residual stresses might occur which favors the interlayer cracking and
delamination. In addition, small raster angles are not preferable for 3D printing of polymers

according to results presented in [15].



FDM equipment requires a very low maintenance. However, it has some limitations such
as poor surface quality [17], used mostly for thermoplastic polymers [18], slow process and
delamination caused by temperature fluctuation [19]. Figure 3 demonstrates the capability of

FDM technology in 3D printing large systems based fiber reinforcements and polymer resins.

Nozzle
Fabrication
/ plateforme
Printed
part I .

Figure 2: Schematic diagrams of fused deposition modeling (FDM).

(b)

Figure 3: 3D imprinted system with FDM technology based on carbon fibers and PLA matrix
[20].



2.2. Inkjet 3D printing (IJP)

The first patent for IJP was awarded on 1951 [21]. IJP technology was then modified and
developed at Massachusetts Institute of Technology in 1993 as a rapid prototyping process
[22]. This technology is based on powder processing and a jet was used to deposit matter onto
paper. A quantity of ink in a chamber is ejected, via piezoelectric action, from a nozzle
through a sudden reduction of the chamber volume. The droplet falls under the action of
gravity and then dries through solvent evaporation. IJP is used for printing complex
composites [23], scaffolds for tissue engineering [24-25] and ceramic component [26]. Some
disadvantages of this technology include fragile print heads and expensive ink cartridges.
Figure 4 illustrates the schematic presentation of the IJP process and an example of 3D

printed part with IJP technology is presented in Figure 5.
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Figure 4: Schematic diagrams of IJP technology.



Figure 5: 3D printed part with IJP technology [27].

2.3. Stereolithography (SLA)

The patent for SLA was awarded in 1986 [28]. SLA technology uses UV light or an
electron beam in order to initiate a chain reaction of the polymeric resin. Parts are produced
by selectively UV curing a resin layer-by-layer. Acrylic and epoxy polymers are typically
used materials in SLA. A post-treatment such as heating was used for printed parts with SLA
to achieve a desired physical performance [25]. Figure 6 illustrates the schematic
representation of SLA technology. The printed parts size is relatively small and no larger than
a 2 cubic feet [3]. Also, the 3D components printed by SLA exhibit some mechanical property
issues [29-33]. The photopolymer cost is prohibitive [30]. However, SLA prints high-quality
parts [31-33]. An example of printed materials with SLA technique is shown in Figure 7.
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Figure 6: Schematic diagrams of SLA technology [33].



Figure 7: 3D printed system with SLA technology [34].

2.4. Selective laser sintering (SLS)

The process of SLS technology was described in Deckard and Beaman patents on
September 1989 [35, 36]. In this technology, a high power laser source was used in order to
fuse small particles of polymers. This technique is similar to IJP technologies. The powder is
heated, slightly below its melting point in order to facilitate the fusion of different layers and
to prevent thermal distortion. In the final product, unbounded powder should be removed to
get the final part [37]. This technology relies on limited polymers [38] such as polyamide [39-
41], polyethylene [42—43], PCL [44, 45] and PEEK [46]. Other limitations as the
consolidation behavior and the molecular diffusion process of polymers need to be discussed.
Figure 8 illustrates a schematic representation of the SLS technology. The laser scans the
powder bed layer by layer to form 3D parts. Figure 9 shows an example of printed parts with
SLS technology.
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Figure 8: Schematic diagrams of SLS technology [47].



(a) Drill assembly printed in Nylon PA12 [48] (b) Guitar created with selective laser sintering [49]
Figure 9: Example of printed polymers with SLS.

3. 3D printing of composites based polymers

Polymers and composites based polymers represent a major category of materials with
potential for use in the 3D printing technology. These polymers include synthetic and
biomaterial resins. The 3D printing technology involves polymers in various forms such as

liquid and thermoplastic melts [50, 51].

Due to their physical properties, particle reinforcements are widely used in order to
improve the properties of polymers such as ABS (butadiene styrene) [52-53], PLA (polylactic
acid) [54-55], PC (polycarbonate) [56] as well as thermosetting resins like epoxy polymers.
PLA and ABS are the main polymers tested in 3D printing of composites [57]. Most of the
efforts were focused on the development of composites with short fiber reinforcements [58].
Glass fiber reinforced polypropylene (PP) was evaluated by Carneiro et al. [59] and the
authors showed an improvement of 30% and 40% for the modulus and strength, respectively,
compared to pure PP. Carbon nanotubes (CNTs) were used as an additive in ABS polymer
and printed with FDM process [60]. The tensile strength of 5 wt% of CNTs filled FDM parts
increased by 31%, but a dramatically decreased in the strain to failure. 3D printing of
composites based particles was used to improve the tensile modulus by adding glass, iron and
copper particles [61-63]. Improvement of dielectric permittivity and the wear resistance were
reported using ceramic [64], tungsten [65] and aluminum oxide particles [66] to polymer
resins. Tiirk et al. [67] characterized the thermo-mechanical performance of ABS reinforced
with fibers. The printed parts were subjected to tensile and three-point bending tests to assess

tensile Young's modulus, tensile yield strength and flexural modulus for the temperature up to



110 °C. Hao et al. [68] have characterized composite materials based on continuous carbon
fibers reinforced thermosetting polymers using FDM 3D printing technology. Cong et al. [69]
evaluated the effect of the length and weight ratio of carbon fiber on mechanical properties of
printed parts with ABS resin using FDM process. An improvement in the tensile strength and
Young’s modulus was obtained with only 5 and 7.5 wt%. The results show that the longer
carbon fibers provide the higher value in terms of strength and stiffness. Tian et al. [70]
printed composite parts made of carbon fiber reinforced polylactide polymer. The fiber
content was controlled by changing the process parameters during the printing of parts. When
the concentration of fibers reached 27%, the modulus of 30 GPa and the flexural strength of
335 MPa were obtained. Similarly, Li et al. [71] investigated the mechanical properties of
continuous carbon fiber reinforced polylactic acid composites fabricated using 3D printing
technology. In this investigation, the authors have measured the mechanical strength and
thermos-dynamic physical properties using DMA machine an electronic testing machine. The
mechanical properties of printed composites were improved by adding the fibers into
polymers. The same improvement trend was observed in [72-74]. An investigation by
Tekinalp et al. [73] highlighted the challenges associated with using 3D printing of
composites reinforced with fibers. The mechanical characterization of printed parts made
from carbon fiber and ABS resin was discussed. The part was fabricated through FDM
technology providing an increase in the strength and stiffness of specimens. Bakarich et al.
[74] demonstrated the advantage to use of 3D printing in preparing composites based fibers
and polymers. The utilization of this technology leads to enhancement of resins through
modifying their mechanical properties such as Young’s and shear moduli. Domingo-Espin et
al. [75] studied the mechanical properties of 3D printed composites using numerical
simulation tools. They were able to show a good correlation between numerical and

experimental data.

Several authors have studied the effect of temperature on mechanical properties of 3D
printed composites [76-79]. Kim et al. [76] studied the effect of the temperature of ABS
polymers and observed 31.2% decrease in the tensile strength with temperatures up to 60 °C.
Bagsik et al. [77] have characterized composites based Polyethylenimine for the case of
elevated temperatures. Particles reinforced polymer composites fabricated by FDM using
iron/ABS and copper/ABS, seems significantly improve the thermo-mechanical properties of
3D printed composites [78]. For printed composites with 30 vol% of copper particles, a

storage modulus of 3.2 GPa was obtained at 90°C [79]. Recently, a composite structure
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consists of microdiamond particles reinforced acrylate resins was made and tested. The
mechanical and thermal properties of polymer were improved by adding 30% of
microdiamond particles [80]. The temperature of the composite was higher compared to that
of the pure polymer, thus demonstrating the improved heat transfer rates by the addition of

nano-particles, Figure 10.

Figure 10: 3D printed composites: (a) only resin, (b) composite with 30% of micro-diamond

particles and IR images of (c) polymer and (d) composite heated for 10 min at 100°C [80].

One challenge in 3D printing process remains is the distortion of parts, which is caused by
the thermal expansion of polymers. An efficient solution is the adding metal particles into
polymers [81]. When the ABS polymer is combined with iron and copper particles, the
printed parts showed a large reduction in the thermal expansion coefficient, thus the distortion
of the printed part reduced a lot. Other emerging composites for 3D printing are
nanocomposites, which are capable of reducing thermal expansion coefficient and improving
mechanical properties [82-86]. Postiglione et al. [87] developed a conductive nanocomposite
film based on PLA and CNTs as presented in Figure 11. Weng et al. [88] characterized a 3D
printing of nanocomposite reinforced with Nano SiO», attapulgite and montmorillonite
particles. They concluded that SiO exhibited the best physical properties. Boparai et al. [89]
have studied the possibility of using a Nylon 6 based nanocomposite for 3D printing
technology instead of ABS polymer. Using SEM, it was observed that the particles are

uniformly dispersed and the Nylon 6 can be used as an alternative to ABS matrix. The
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aggregation of particles during the printing process is still the main challenge [90]. Elliott et
al. [91] investigated the effect of Quantum Dot nanoparticles onto photopolymer resin. QD is
a type of nanoparticles which is 2-20 nm in diameter and is capable of absorbing ultraviolet

light.

Figure 11: 3D printed nanocomposite based CNTs.

3D printing polymers might be used in the manufacturing of scaffolds for tissue
engineering. These polymers include synthetic as poly (ethylene glycol) diacrylate or natural
gelatin methacrylate [92]. An advantage of using synthetic polymers in 3D printing
technology such as PLGA (poly(D, L-lactic-co-glycolic acid), and PCL (poly(e-caprolactone)
is that these materials have been approved by the FDA (Food and Drug Administration’s) for
clinical use [93]. 3D printing technology is relatively easy and provides a better-designed
scaffold [94]. However, these conventional techniques suffer from several limitations
including inadequate control over scaffold morphologies and properties such as pore
geometry, pore size, agglomeration of pores and particles, and mechanical strength. Several

tissues such as skin [95] and bladder [96] have been manufactured.

Inzana et al. [97] characterized 3D printed scaffolds, using ZPrinter® 450, for bone
regeneration based on calcium phosphate and type I collagen and demonstrate the feasibility
of this technology to enhance mechanical and cellular benefits in vitro. In other studies, a 3D
printer was used to manufacture composite scaffolds consisting of PLA and bioactive CaP
glass [98]. The printed composite scaffolds were shown in Figure 12. The incorporation of

CaP glass improved cell adhesion of PLA by increasing both the hydrophilicity and the

12



roughness of the composite scaffolds. Traditional technologies are incapable to control
porosity of scaffolds. Also, other micro-particles such as tri-calcium phosphate (TCP) have
been used to fabricate composite scaffolds through different 3D printing technologies [99-

101].

Figure 12: 3D printed composite scaffolds, images taken from [98].

To improve the strength of scaffolds, most of the manufactured composites were prepared
by blending TCP with the polymer resin. Davila et al. [101] studied experimentally the
composite scaffolds based on PCL reinforced with TCP. The results show that, in the case of
the composite scaffold with 20 wt% of TCP, the compressive modulus increased 107%
compared to that of the pure polymer scaffolds. Xia et al. [102] fabricated a composite
reinforced with hydroxyapatite (HA) particles using SLS technique. In this study, 103%
improvement was observed on the compressive strength of fabricated scaffolds. Other
nanoparticles such as graphene [103], silica [104], CNTs [105] FesO4 [106] were also used to
improve the strength and the compressive modulus of scaffolds. Recently, the mechanical
behavior of a 3D printed PLA/HA composite scaffold was experimental investigated by
Senatov et al. under fatigue tests [107]. During the test, the accumulation of plastic
deformation and the formation of defects were observed in tested specimens. The

incorporation of HA particles increased the crack resistance of scaffolds.

A comprehensive review of 3D printed composites for tissue engineering has been
published in the open literature [108]. To date, the majority of researches on 3D printed
scaffolds were focused mostly on bone tissues. Therefore more research is lacking in the field
of tissue engineering with respect to other tissues such as cardiac tissue. The research in this
field is necessary as different types of tissue replacements require different specifications such

as specific mechanical properties, specific pore sizes and specific morphologies. 3D printing
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of polymers reinforced with particles and fibers were used in different applications. Table 1

summarizes various particle reinforced polymer composites manufactured with 3D printing

technology and the properties improvements of resulting composites [33] and Table 2

presents some applications of 3D printed composites.

Technique 3D printed composites Enhancement in properties Reference
TiO2/ABS Improved tensile modulus and strength [109]
Carbon nanofibers/ABS Improved physical properties [60]
Montmorillonite/ABS Improved tensile modulus and strength, flexural
modulus and strength, thermal stability and [88]
FDM
reduced thermal expansion coefficient
Graphene/ABS Improved thermal and electrical conductivities [110]
Carbon nanofiber/ Graphite/
Improved electrical properties [111]
polystyrene
CNT/epoxy Improved tensile strength and reduced of the [112]
elongation
Graphene oxide/photopolymer | Improved tensile modulus and strength [113]
TiO2/epoxy acrylate Improved tensile modulus and strength, flexural (114
SLA strength and hardness
BaTiO3/PEGDA Improved piezoelectric coefficient [115]
CNT/acrylic ester Improved the coefficient of electromagnetic (116]
energy absorption
BST/epoxy improved thermal conductivity [117]
Carbon black/nylon-12 Improved electrical conductivity [118]
TiO2/nylon-12 and graphite/ Improved tensile modulus and reduced the
SLA [119]
nylon-12 elongation
Silica/Nylon-11 Improved tensile and compressive properties [120]

Table 1: A summary of 3D printing techniques with improved physical properties.
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Technique 3D printed composites Applications Reference study

Biodegradable scaffold with
HA/PLA improved crack resistance during [107]

FDM cyclic loading

scaffold with improved
HA/TCP [121]
compressive strength

Table 2: Manufactured composites with 3D printing technology and some applications.

As a new advanced manufacturing technology, 3D printing technology was studied by
academics and practitioners. However, investigations are mostly interested in the process and
their applications in different industries. In the next section, we have interested to modeling of

the mechanical properties of 3D printed.

4. Numerical and analytical models for 3D printed composites

Four types of polymer composites can be produced by 3D technologies. These composites
include: (1) Nano/Micro-particles reinforced polymers, (2) short fibers reinforced polymers,
(3) unidirectional fibers reinforced polymers and (4) laminate polymer composites. These
composites can be analyzed using existing analytical theories based on the micromechanical
models or by using finite element theories. SEM microstructures of 3D printed composites
differ from those prepared by traditional manufacturing techniques and there is a demand for

modeling of these structures.

The intent of this section was not to provide an exhaustive review of all available
analytical models in the open literature, but rather to suggest potential methods to estimate

mechanical properties of 3D printed composites.

4.1. Particles reinforced polymer composites
4.1.1. Analytical bounds for particles reinforced polymers

There are several theories to predict the mechanical properties of rigid particles reinforced
polymer composites. Mechanical properties of such composites can be calculated using the
simple method based on the rule of mixtures [122-123] knowing as Voigt-Reuss (VR)
bounds. Other popular existing approaches will be assessed in the isotropic composite
namely: Hashin-Shtrikma bounds [124], the third order bounds (30B) [125-126], Mori-
Tanaka model [127], the Smallwood model [128] and Guth-Gold model [129]. Effective

properties can be bounded with VR bounds using the simple equation:
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EY =pEi+ (1 —p)Em (1)

Where p is the volume fraction of the particles and Ei and Em represents Young’s moduli

of the particles and matrix, respectively.

VR bounds are typically far apart, and do not provide exact solutions except in the cases

of small volume fractions. Better universal bounds are given in other investigations.

Improved bounds for mechanical properties of particles reinforced polymers were
developed in 1963 by Hashin and Shtrikman (HS) using the vibrational principles approaches.
Based on these theories, they developed better mathematical laws than VR bounds for

isotropic microstructures. For a two-phase composite, we have:

. p
k™ =km+ T N 30 =) (2)
Ki—Km ' (3Km+ 4Gm)
1 —
k* = ki + P 3)
1 4 3p
Km—Ki T (3Ki + 4G0)
. p
GO =Gmt— N 6(1 —p)(Km + 2Gm) (4)
Gi—Gm  5Gm(3Km+4Gm)
1-p
+ — .
G =Gt 6p(Ki + 2GD) ®)

Gm —Gi ' 5Gi(3Ki + 4GD)

Where ki, Gi and km, Gm are the bulk and shear moduli for the particles

[13%4]
1

and matrix
“m”, respectively, while p represents the volume fraction of particles. The symbol “+ and —
indicates the upper and lower bounds. Finally, having the value of bulk and shear moduli, the

Young’s modulus of the composite can be bounded using this equation:
gt 9K* )
~ 3KE+G*
The third order bounds (30B) are the most sophisticated analytical bounds for the

estimation of mechanical properties of particles reinforced polymers. These bounds depend on

the properties of each phase, the volume fraction of the reinforcements, the shape and the

distribution of the particles, and the morphological function & which describe the distribution
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of particles. These bounds were proposed by Beran et al. [125] and Milton et al. [126] and

summarized by Torquato et al. [130] for different types of composites.

In this section, we have used the Torquato notation and before presenting the 30B, it is

useful to introduce some notation for any arbitrary variable X:
<X>=X10.+ Xo,  (7)
<X>=X1¢0, + X204 (8)

<X >e=X161+ X8 (9)
<X >77= Xlnl + inz

Where {; = 1 — &, and; = 1 — 1, are the morphological functions with mathematical

expressions defined in [131]. The simplified forms of the 30B on the effective bulk and shear

moduli are given by equations:

1 1,1
1 ¢1¢2(k _k_)z
k™ =|<z>-— 11 (10)
<=>4< >
k, —kq)?
k= < ko> —Prdalka ) (11)
<k>+<G >
and
1 1,1
1 ()’
G~ =|<z>- 12 1 (12)
<=>+4=
>t
G, — G,)?
o= |<g> 0Pl 0) (13)
<G>+06
@_[2<k>€<6>2+<k>2<6>n] 14
B <k+2G> 14
_ 1 1
:.:2<E>E+<E>n (15)

In order to determine the Young’s modulus bounds with 30B, the equation (16) was used.
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E* = oK” 16
- 3K*+G* (16)

4.1.2. Direct analytical models for particles reinforced polymers

Mechanical properties of 3D printed polymer composites can be calculated using direct
analytical estimates of Mori-Tanaka (MT) model. Using MT formulations, bulk and shear

moduli as obtained as below:

KMT = km <1 4 p(Ki — Km) ) (17)

Km+ a(1l—p)(Ki — Km)

GMT = Gm <1 + p(Gi — Gm) ) (18)

Gm+ b(1—p)(Gi — Gm)

3Km 6(Km+2Gm)
a=——— and b =
3Km+4Gm 5(3Km+4Gm)

(19)

In 1979 Christensen and Lo [132] developed an elegant equation to determine the elastic
moduli of two-phase composites. The formulation was proposed for bulk and shear moduli of
composites and can be used for 3D printed polymer reinforced with rigid particles. For shear
modulus, the estimated properties by generalized self-consistent (GSC) is the solution of the

equation (20):
GSC

Gm

GSC

A
( G

)2+B< >+c=0 (20)

A=8 (f—m - ) (4= Svmps — 2 (63 (f—m - 1)nz + 2n1n3) P+

252 ((f—m - 1) NP — 50 (GG—m — 1) (1 = 12V, + 8v,2Inzp + 4(7 =

10V, )n2n;s (21)
G; 10 Gi z
B=—-4 (a— )(1— 5V, )P 3 +4(63 (;- 1)112 +2ﬂ1ﬂ3)P3 -
. 5 .
504 (2 — 1) n,p5 + 150 (5 = 1) (3 = Vi) Vunap + 3(15v, -
ALPUE (22)
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C=4 ((f—m —1) By - Hnps -2 (63 ((f—m —1)n, +2n.m5) pi+

252 (GG—m - 1) 12ps + 25 ((f—m - 1) (Vin® = 7Mzp — (7 + 5v;n)n2ns (23)
Gi Gi
N, = (a - ) (49 = 50v;v,0) + 35 (Vi — 2v) + 35(2viv)  (24)
N, = (GG—) (7 + 5v,) + 4(7 — 10v;) (25)
5= () = 10v) + (7=5v,)  (26)

For the bulk modulus, we have:

kGSC — km + p (kl - km) (27)
(km + §Gm)

4.2. Unidirectional fibers reinforced polymer composites

There are several analytical models for predicting the mechanical properties of 3D printed
long unidirectional (UD) fibers reinforced polymer composites. These composites were
considered as transversely isotropic materials, Figure 13. The stiffness tensor is defined in the
elastic part by five independent constants. The mechanical properties were calculated from

those of constituents.

Figure 13: Example of 3D printed UD fiber composites [133].
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Different researches have been interested to the prediction of the mechanical properties of
such composites. Halpin and Tsai [134] developed a famous theory for UD fiber composites,
in which, the longitudinal moduli El1, transverse moduli E22 and other properties are

expressed as:

( E;1 =pEi+ (1 —-p)E,

Ei 4
1+pnd E,
E, =E ( ) , _ Em 28
] B2z m\ 1 — pn n Ez_( (28)
Em
1+pnd
\GlZ_Gm<1—pn>

Where { is a shape parameter dependent on the geometry of the fiber and 7 is given by:

The Chamis model [135] proposed an analytical model which gives a formulation for all
five elastic properties of UD composites. It is noticed that in this model, E11 is also predicted

in the same manner of the Halpin-Tsai model.

( E;1 =pEi+ (1 —p)E,

E
Eypp = —2—
V12 = pYipi + (1 —p)I
JVi2 =P 1ZLG+( P)Um (29)
Giy = m
ey
G
Gz = m
B -wa-y

The Hashin and Rosen [136] model is another well-known theory that used to estimate the
mechanical properties of UD fibers. The mechanical properties of these composites were

expressed as:
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( 4(v; — V)2
E11=EiP+Em(1—P)+1_ —— 129(1_29)
p,pP , 1
ki km Gm
Cir= C (Gi(1+P)+Gm(1—P)>
2 MG -p) + 61 +p)
_ 1-p
B W 7E ¢ (30)
Gm—G; 7 2G(ki+ G;)
< v = v (7=~ )
812 =vip + V(1 = p) + 7= —5—pr(1-p)
p,pP , 1
K kTG
p
k= k,,+
" 11 +_(d=p)
Kickn + 3 (G — ) km+%Gm
_k—mng_ . _ 19%2
1923_]”‘—771623’ with m—1+4kE—11
\ Epp =2(1+923)G23
Ej Em

Where k; = dk

are the bulk moduli of the fiber

2(1-29;)(1+9)) and Bm = 2(1-2m)(1+9y)

and the matrix, respectively.

4.3. Laminate composites

In order to predict the behavior of 3D printing composites, it is necessary to define the
constitutive model that governs its mechanical behavior. Linear elasticity of laminate is
described by the Hooke’s law which gives the relationship between stress and strains. For an

orthotropic 3D printed material, the compliance matrix has only nine terms and defined as:

1) (S Siz Si3 Sie Sis Sie o1
&0 S2o S23 So4 Sos Sog 255}
£33 | _ 533 534 S35 S36 |_| O3
Y2 Sas Sas Sae rp | GOV
2% Ss5 Ss6 123
Va1 Se6 731
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Where ¢ is the deformation, y is the shearing strain, T is the shearing stress and o is the
normal stress. Considering the conventional engineering constants, the equation (31) can be

writing in terms of Young’s modulus, Poisson ratio and shear modulus as:

&1 (VEyW —d2/Ey —d3/Ep 0 0 0 911
& 1/Eyy —d3/Ery 0 0 0 5%
&3 | 1/ Exs 0 0 0| |om
Vio | /Gy 0 0| |1y |G
Va3 1/G3 0 123
Y31 1/Gy ) \731

The compliance matrix is obtained by inverting the stiffness matrix, and we have:

011 Ch1 Gy CG3 Gy Gs Gg &1
0 Cy Cyz Cy Cys5 Cyg| | €2
g33 | _ C33 (34 G35 C36 |_| €33
T2 Cas Cys  Cye Vo | G
I3 G55 Cse V23
31 Ceo Y31
Where
_ (S22-833 — 5%3) _ (S11-S33 — 5%3)
Cll - S y W22 — S ) C33
Si1.5,, —S?
— ( 11 22 12) (34)
S
_ (523'513 - 512'533) _ (512'523 - 522'513)
ClZ - S » Y13 — S 1623
S15.8512 —51.5
— ( 12-913 11 23) (35)
S
Cos = - Cee = 1 Cp = ! 36
S = 511522533 + 2512523513 - 51?3522 - 5223511 - 51?3533 (37)
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4.3.1. Classical laminate theory

The classical laminate theory is an extension of the classical plate theory with some
modifications to reflect the inhomogeneity in the thickness of composites. The classical
laminate theory is applicable to all 3D printed composites that exhibit an orthogonal behavior.
In this section, we present a summary of this theory. The stiffness tensor of each ply can be

described as [137]:

Q11 Q2 0
Qij =[Q1z Q22 0 (38)
0 0 Qe
Where
Ef, E11E3; 912E11E27

Q11 = Qa2 = , Q12 = , Q66 = G12 (39)

——11 _EB11822 1
Ell_ﬁ%zEzz E11—19%2522 E11—912E22

The relation between stress and strain in the global axis and stress and strain in local axis

can be obtained using transformation matrix as follow [137]:

Qij = T_lQijT (40)

m n 2mn
Where T =| n? m2 —2mn (41)
—-mn mn m‘—n

In which, m = cosf,n = sinf and 6 is the angle of the fiber. The elements of the
transformed matrix are:

@11 = Qu1m* + Qzon* + 2(Q12 + 2Q6)m*n?

Qy, = Quin* + Qzom* + 2(Q1; + 2Qs6)m?n?
< 5_12 = (Q11 + Q22 — 4Qss)Mm*n? + Q1,(m* 4+ n?)

Qe = (Q11 — Q22 — 2Q66)m*n — (Q22 — Q12 — 2Qge)mn’
526 = (Q11 — Q12 — 2Q66)m*n — (Q22 — Q12 — 2Q¢s)nM®
\ 566 = (Q11 — Q22 — 2Q1; — 2Qg)M*n”* + Qg (M?* + n?)

(42)

Then, coupling and bending stiffness tensors can be obtained by:

Ay =301 Qx (Zy — Zy—y) (43)
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Bij = 1/2 %=1 Qu (2 — Z}-1) (44)
Dyj =1/3%k=1 Qe (Z§ — Zy) (45)
Where z represents the vertical position in the composite ply.

The connection between the applied loads and the associated strains in the printed

laminate was obtained as follows:
=15 pll] (6)

Where N is the normal stress resultant, €° is the strain term in the midplane, M is the

moment resultant and k is the twist of the laminate.

The [A], [B], and [D] tensors are called the extensional, coupling, and bending stiffness
tensors, respectively. Finally, the resultant force and the moment can be obtained in terms of

the midplane strains and curvature as:

Nel A A, A& ] [Bu Bz Biel[kx
Ny | =141, Ay Ay 53? +|Bi2 By Bag|| ky 47)
Nyy A1z Aze  Ased |y, Biz Bys Besl|kyy

and
0
M, Bi1 Biz Bie 896 Di; Dy, Dygl| Kk
My | =By, Bj; B € |+ D12 Diz Dy ky (43)
M, Bis Bis Bes y,?y D13 Dys Degel |k

If the thermos-elastic strains are taken into account, the stress-strain relation of 3Dprinted

composites can be written as follows:

Ox Qi1 Q12 ?xAT
[Gy] = [Q12 Q22 Q26 X [ ] ay AT (49)
Txy yxy

Qe Q6 0Q ey AT

Where

24



a, = aym? + a,n?
a;n? + a,m? (50)

Ayy = 2(ay — az)nm

Ay

By integrating the stress through the laminate thickness, the resultant force and moments
are obtained as follows:
N 0 AT
MEFEE I (51)
M B Dllk M
According to [138] in order to avoid out of plane heat induced distortion, symmetric
laminates have to be used. In fact, the B matrix vanishes. In the case of symmetric laminates

under only thermal loading, N matrix also vanishes and therefore the strain expression can be

obtained from the equation (51):
g0 = A7INAT (52)

The laminate thermal expansion coefficient can be obtained:

0 A—lNAT

a = E = —AT (53)

Considering the thermal behavior in the x-direction, the expression of the thermal

expansion coefficient was obtained from the equation (43) and (53):

Ay = Aﬂl Zzzo(Qna_x + lea_y + Q_16a_xy) (Zy — Zy—1) +
A3 Tico (Quay + Quay + Q26xy) (Zie — Zi—1) + Ad Xitoo(Quelx +

Q_26a_y + Q_66a_xy) (Zy — Z-1)
(54)

Where the tensor A is defined in the equation (43) and the expression of the [A]! terms
are [139]:
—Aq;

A2z AD3 = A =0 (55)
(A11A22 - A%Z) (A11A22 - A%Z)

A7t =

Additionally, the classical laminate theory can be used to evaluate the elastic constants of

the 3D printed composites. In general case, the printed composite is associated with the void
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formation which needs to be considered in the modeling of mechanical behaviors. Melenka et
al. [140] developed an analytical model for 3D printed composites taken into account the

voids formation. The expression of this model is:

( Eyy =1 —-p)E
Eypp=(Q1- P?'S)E
(1-p)(1—pp*°
(1—=py) + (1 —p)
V12 = (1 —p)Y
\ 021 = (1 = pi®)¥

4 Glz =G (56)

Where E, G and v are the elastic modulus, the shear moduli and Poisson ratio of the polymer.

4.3.2. MESOTEX model for 3D printed composites

MESOTEX model is an analytical model initially proposed by Scida et al. [141] with an
objective of predicting 3D elastic properties of several ordinary laminate composites. Based
on the classical laminate theory, the MESOTEX was used to analyze plain-weave, twill-
weave and satin-weave (of 5 or 8) composites and their hybrid equivalents. It is proposed in

this study for predicting the mechanical properties of 3D printed composites.

In this model, the periodicity of woven composites allows us to isolate a repeating unit-
cell. In the unit-cell, each strand is described by a sinusoidal path for an undulating portion
and the mechanical properties of composites are determined by discretizing each strand. The
stiffness matrix [C] of each infinitesimal slice (strands and the resin element) is written as a

summation of the stiffness of warp strand, fill strand and the resin [141]:
—I
Ci(6y) = ) Vi Qyy),  @j=1 to 6) (57)
1
—I
Where Q; i is the transformed stiffness matrix, the ‘I’ refers to fill strand, warp strand and

—I
matrix and Vris the /" element volume fraction in the slice. The 6x6 elements of the Q, ;

matrix are evaluated for the ‘I’ element as follows:
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Q11 Qi Qiz 0 0 0]
Qél Qéz Q£3 0 0 0
Q4 Qi Q& 0 0 0
Qi = 31 32 33 1 (58)
0O 0 0 Q 0 0
0 0 0 0 Q% o0
L0 0 0 0 0 Qi
In which
Q! = Léy%z 0L, =Ql, = 921 + 93393 _ 91, + 93,913 (59)
W EIpIar ez A ELEIAI EIEIA!
Ql — L{?’ﬂél Q[ — Q] — 19§2 + 19{2"-9§1 _ 19%3 + 19£1‘L9{3 (60)
22 EIpIpr ez w2 EIELA! EIEIA!
QI — L{Zﬁél I —_nl — ﬂél + ﬂélﬂéz — 19{3 + 19{219£3 (61)
33 EIgIar 13 3t ELEIAI EIEIAI
41}4 = 653: Qés = 6{3; Qée = Giz (62)
and Al = 191,951 —93,053—01395, 291395, 93, (63)

E1{E;E3

In equation (63), the terms E{ JE é, E 3{ are the three-dimensional elastic properties for the

‘I” elements (matrix, fil or warp strand). The transformed stiffness matrix is calculated as:

—I
[Q;,1 = [T{17 Qi [[R1| TS [ [Ri1~* (64)

Where R and T are the Reuter matrix and the stress transformation matrix. These two

matrices were given in [141].

—I
Once the [Q..] terms are calculated, the [C;;] stiffness tensor can be evaluated for each

ij
slice using Equation (57). Consequently, the [C;j]410pq1 matrix referred to the stiffness matrix
averaged over the unit cell, including warp and fill strands and matrix regions, can be written

as:

27



Cp Go Gz 000
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Finally, the effective Young’s modulus, shear moduli and Poisson’s ratios of the 3D

printed composite can be obtained as:

A A
Ei1 = JEy, = , E
U (A Ay —A3)" T R(An Ay — AT;)
-~ (66)
h(A11422 — A%Z)
_ _A13A23 — Ay3 433 _ _A12A23 — Ay345; 9
¥ AjpAzs — A%a T AjpAzs — A%3 , e
A,A; —A{A
_ 12413 112 23 (67)
A1 433 — A7,
Age Ass Ay
Cop =T Ge=77 Gu=7 (68)
Where h is the composite thickness and
A = A1147,A33 + 2413413453 — A%3A22 - A%2A33 - A§3A11 (69)

5. Finite element modeling of 3D printed composites

Finite element method (FEM) is particularly interesting for modeling 3D printed
composites due to its capability to analyze different complex shape at micro and macroscales.
This method was used for different types of composites namely, spherical and ellipsoidal
particles reinforced polymer matrix [142, 143, 144, 145], natural aggregates reinforced the
PLA polymer [146], short and long fibers reinforced composites [147, 148, 149], laminate

composites [150, 151, 152], polymeric membrane [153] and nanoparticles reinforced

composites [154, 155].
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The primary distinction of 3D printed composites is the void formation during the
manufacturing process and that needs to be incorporated into FE model based on the
representative volume element (RVE) approach. This approach can be implemented and used
for different 3D printing technology. The RVE is a cubic unit cell with single or multiple
particles (inclusion, ellipses or fiber) embedded randomly or uniformly in the polymer matrix
with a certain volume fraction similar to those of the printed composite. Generally, the unit
cell (or RVE) depends upon the microstructures of materials. To generate this RVE, different

algorithms were implemented in order to define a distribution of the particles in the space.

To model the RVE of a 3D printed polymer reinforced with particles, different
investigations present various kinds of models adapted for these cases. Random Sequential
Adsorption (RSA) algorithm and the Poisson process were the main used algorithm to create
the RVE for modeling the behavior of composites reinforced with particles. Using these
algorithms, the particles with certain shapes are randomly and sequentially distributed into
polymer matrix space with or without overlap. First, random coordinates were generated for
the center of one particle with a defined radius and deposited in the space. The next generated
coordinates of particle centers were checked for non-overlapping condition with previously
deposited particles. This process will be finished when the desired volume fraction is
achieved. Figures 14, 15 and 16 give an example of generated microstructures, or RVE, for
the numerical modeling of composites. This RVE can be used for the case of 3D printed
composites. RVEs depend upon the microstructure parameter. Some common types are short
fibers reinforced polymers, UD fibers reinforced particles and 3D braided microstructures.

These techniques can be used for 3D printed polymer composites.
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(b) RVE generated with Poisson process for different types of microstructures [142, 143, 159]

Figure 14: RVE models for particles reinforced 3D printed polymer composites.
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ZRVE

Binder

Figure 16: RVE models for 3D braided composites [160].

Another used approach for modeling of composites is multiscale RVE based on the real
microstructure of SEM or u-CT. This technique can be applied for 3D printed composites.
Microscopic analysis using these techniques can increase the accuracy of the model, but is
often too expensive. Figure 17 shows an example of the real RVE for numerical modeling of

polymer composites.
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(a) SEM microstructures [ 146] (b) u-CT microstructures [161]

Figure 17: RVE models based real microstructures for modeling polymer composites.

6. Case study and future works

One of the main drawbacks of 3D printing technology is the void formation of printed
parts. The created porosity can thereby reduce the mechanical performance of printed
composites. The concentration of these voids depends mainly on the process. For example,
using FDM process, the formation of voids is more common and considered as the main
factor that results in the reduction and anisotropic mechanical properties of composites which
favorites the delamination between layers of printed materials. Also, the anisotropic behavior
was caused by the nature of layer by layer printing. The change in the texture and the
morphology in the transverse direction of printed composites results in higher strength
compared to the longitudinal direction. This phenomenon was observed for 3D printed
polymers [162-163] and other materials [164]. For instance, the anisotropic of a 3D printed
polymer composite can be achieved by controlling the formation and the distribution of the

pores.

In this section, and for our future works, we are interested to study the effect of pores
formation in the mechanical properties of 3D printed polymer composites. The mechanical
behavior of the composites was determined using the homogenization technique based on the
RVE notion. The RVE is constructed with the help of Poisson process or RSA algorithm. The

pore volume fraction “p” in the 3D printed composite was determined from the SEM

morphology using the pixel technique via the equation:
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n
g
=1%1
p=—c— (70)
Slw

Where S; is the area of pores and Sj,, is the area of an SEM image and n is the number of
pores in the SEM images. A schematic representation of the microstructure of 3D printed
composite including the distribution of pores is depicted in Figure 18. Micrographs of 3D
printed composites typically show a clear distribution of pores (random, rectangular or
hexagonal distribution). In general cases, the random distribution of pores was considered. It
is assumed that the particles are randomly distributed in the polymer. The number of the pores

‘n’ in the RVE can be obtained via the equation:

V,
n = pV RVE (71)
pore

A
Rectangular Skewed
pattern pattern
A
(a) Rectangular distribution (b) Hexagonal distribution

Figure 18: morphology of 3D printed polymers with different distributions of pores [165].

In this section, the Poisson process was used to create the RVE with a random distribution
of the pores. By using this process, pores are consecutively added into the matrix of the RVE
by randomly generated coordinate center, and then it is checked to avoid the overlap scheme
for the hard model or with intersection for the case of Boolean model. The repulsion distance,
or the minimum distance between two neighboring pores, is defined in the algorithm in order
to create an adequate finite element mesh. Not that, the contour of pores is not very close to
boundaries of RVE in order to avoid the occurrence of distorted finite elements. Therefore,
the pore is accepted only when the center distance between the ith pores and other pores
accepted previously has not exceed the minimum distance and the fixed volume fraction.
Using the Poisson process, it is not possible to create a volume fraction up to 28% without
overlapping of pores. The microstructure is controlled by three principal morphological

parameters as: pore volume fractions, number and size of pores. Figure 19 shows an example
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of porous polymers created with the Poisson process. These RVEs can be used for numerical

modeling of mechanical properties of 3D printed composites.

(b) Lower density of pores (b) Higher density of pores
Figure 19: RVEs of 3D printed polymer composites generated with a Poisson process

based a random distribution of pores.

For example, in an FDM process, the polymer was heated up to the melt state and then
extruded through a nozzle. The extruded polymer is then deposited on the previous layer as
shown in Figure 20, creating a uniform distribution of pores trough 3D printing polymers. For
the case of uniform distribution of pores, different RVEs are possible namely; square
arrangement and hexagonal arrangement. There are two configurations for the square RVE:
(1) square RVE with four pores at the corners and one pore at the middle and (2) square RVE
with four pores at the corners. For the hexagonal arrangement, six pores are placed at the

corners of the hexagon RVE and one single pore is placed at the middle of the RVE.
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Figure 20: Different RVEs possibilities for the case of the uniform distribution of pores.
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The generated RVEs by Poisson process can be used in order to model the effect of pores
on the mechanical properties of 3D printed polymer composites. Analysis of the SEM
microstructures of 3D printed polymer composites at different temperatures shows that the
increasing flow liquid polymer with increasing the temperature changes the form and the
distribution of created pores and voids. The interlayer boundaries of composites are still
weakened due to the formation of pores during the process. Figure 21 shows an example of
the SEM microstructure for 210°C and 250°C. From these images, voids on specimens made
at elevated temperature have smaller areas. For this reason, the increase in the temperature
during the printing process leads to an increase of the strength with the diminution of the pore
volume in printed polymers. At 250°C the mechanical properties increases due to an increase

in the cohesion surface between layers of composites.

Figure 21: Distribution of the pore in 3D printed polymer composites at different temperatures

[166].

Owing to their ability to print different complex shapes of composites, it is of great
interest to use the numerical model, with the help of simulation software, in order to simulate
the effect of parameters process on the mechanical properties of 3D printed composites.
Despite the potential applications of 3D printed polymer composites, numerical simulation on
such processes and materials are essentially nonexistent. No scientific studies were found on
the open literature concerning this area. Edited by Hannah Mason [167] on 11/14/2018, an

AM process simulation tool for predicting the concentration of stress and the distortion of the
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specimens during the printing process will be launched with January 2019. This software uses
a digital twin to simulate the effect of process parameters and automatically generating the
corrected part to compensate the distortions. A new numerical technique for modeling the AM
process of fibers reinforced polymers using FDM process was presented in [168]. This
approach was based on the coupling between SPH and DEM techniques. This approach
demonstrates also its capability for modeling short and continuous fibers reinforced 3D
printed polymer composites. Figure 22 shows a schematic representation of the simulation of
printing processes as proposed in [168]. The dimension of the head and nozzle were given in
the figure. The short fibers were randomly oriented and distributed parallel to the wall, while
the continuous fibers were positioned at the center of the print head perpendicular to the wall.
The printing speed of 400 mm/s was used. In figure 23, it can be seen that the distribution of
fibers becomes random. In the zones where the fibers are close to the walls, the velocity of the
polymers is noticeable due to the effect of boundary, therefore the orientation of fibers in
these zones changes significantly and move parallel with wall boundary. In the middle of the
printing head, the orientation of fibers changes slightly. For example, in order to simulate
FDM process for improving the mechanical properties, the process and the quality of 3D
printed composites, a thorough understanding of the technique is essential. Figure 24 shows
the important physical phenomena which are considered in the numerical model of 3D
printing process. The representative geometry of the nozzle of FDM process and its

dimension are given in Figure 25.
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(a) Short fibers reinforced polymer composites
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(b) Long fibers reinforced polymer composites

Figure 22: Initial configuration for the 3D printing process of polymer composites [168].

37



x10-* m/s

2.00
1.80
1.60

1.40
1.20
1.00
8.00
6.00
4.00
2.00
0.00

P ERd N Tl
'%.{;-}_E# o

A Y R . e "
=t e T
TR A Pt i

Figure 23: Distribution of the fibers during 3D printing process and velocities of polymers

[168].
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Figure 24: Physical phenomena associated with the simulation of FDM process.
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'{

]

In addition to the formation of voids during 3D printing of polymers, and the complexity
to simulate the 3D printing process, other several limitations need to be overcome and

challenged at all levels:

* Machine level: existing machines are too slow and limited. It is difficult to print
large parts. New 3D printing techniques with fast processing of composites
should be developed. Another limitation concerns the feedback machines, i.e., if
an error occurs during printing of composites, the process needs to be stopped,
causing the waste of materials and time. A build in feedback system should be
developed. Calibrating of the 3D printing machine is still a quite complex task
and requires proper training with a dedicated staff.

* Materials: Selected polymers for 3D printing of composites are limited. Only,
thermoplastic polymer with a low glass transition temperature and appropriate
melting viscosity could be used. The future effort might need to be focused on the
possibility of using other polymers. Bio-polymers with medical applications need
also to be developed in order to reduce the environmental impact. These
techniques have a great promise in the printing of 3D tissues. Only a few of bio-
printed tissues have achieved. Many challenges need to be overcome in this area.

e Performance: the objective of 3D printing was the fabrication of the composites

with excellent properties compared with polymer composites manufactured by the
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traditional process, but most of the printed composites still have a low mechanical
strength. A main factor for the reduction of the mechanical properties is the
presence of voids in printed parts and their molecular orientation. The percentage
of porosity increase with the addition of reinforcement because of poor interfacial
bonding with the polymer. Therefore, the efforts can focus on the elimination of
voids during printing and ensure good interfacial bonding between the
reinforcement phase and the polymer.

Advanced Modelling: traditionally, the characterization and the modelling of 3D
printed polymer composites focus on different length scales. This requires a
multiscale analysis that is based on the fundamental laws of nature and links the
electronic structure through the atomistic and mesoscale length to the
macroscopic material behavior. Figures 26 and 27 show some examples
demonstrating the scale analysis of the polymer composites. In each scale, a
number of different physical phenomena are considered for the characterization of
the printed part. For example, on the atomistic nanometer scale this is the
molecular dynamics technique that introduces the polymer atoms interaction and
move and their effect on the mechanical properties. Molecular dynamic
simulation of 3D printed polymers provides a fundamental view on part
deformation describing the fracture mode, diffusion and other physical
mechanisms cannot be reached by experimental techniques. The concept is to
calculate the dynamic trajectory of each atom by considering their interaction
potentials and solving the equation of motion. The chemical and structural
properties of atoms affect the properties of 3D printed polymers [169-171]. The
role of the molecular modeling of 3D printed polymers is to enable engineering

design at the component and systems application.
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(c) Materials scale [174-175] (d) Structure scale [176-178]

Figure 26: Different scales of polymer composites.
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Figure 27: Hierarchical modeling of 3D printed composites.
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* Advanced fields: the efforts of additive manufacturing can be conducted on the
sensing field with different applications in medical and aeronautic structures. It
consists to implant sensors within structure, using AM, in order to analyze the
data change during operational conditions. The majority of the conventional
actuators were fabricated using multistep manual fabrications with a less
flexibility in the reproducibility of final products. Using AM, the sensing element
is embedded within printed part and it can be used to sense different types of
physical loads like force and deformations. Various investigations have been
discussed the implantation of sensors into traditional structures [179-180], but the
used of AM remains a challenge. 3D printed polymer composites are able to
function as electronic components and an example was fabricated by Simon et al.
[181] through FDM printing of carbon black reinforced PCL polymers. Similarly,
the 3D printing of CNT reinforced epoxy has also been studied for various
applications in printed electronic components [182]. Utilizing this
nanocomposites, a sensor with a high electromechanical sensitivity was realized
(gauge factor of 22). These functional sensors demonstrated the promising
application of 3D printing technology on electronic devices. The embedding of a
sensor allows an end user the ability to monitor specific critical regions. AM
techniques print material layer by layer, thus have a great potential to accelerate
process by embedding actuators into specimens. Clearly, this point deserves

further study.

Despite numerous limitations, 3D printing technology is developing in a fast paste. This
development was proven by numerous published articles and various printed parts in medical,
aeronautics, electronics, automotive and other fields. 3D printers are not yet capable to
manage the volumes required by the industrial demands. This technique must evolve further
in order to outmatch some traditional manufacturing process. This paper presents a way for
which further researchers will investigate more, in terms of materials, process and the

performance of the product.
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