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Abstract

Fused deposition modelling (FDM) processed parts behave as composite laminate structures. Therefore,
mechanics of composite laminates can be adopted for the characterization of mechanical behavior of the printed
parts. In this study, the flexural properties of the 3D printed laminates are investigated experimentally, analytically
and numerically. Each layer of the printed specimens is treated as an orthotropic material. The elastic moduli of
a lamina are calculated by considering the mesostructure of the printed laminate in finite element simulation of
tensile testing. These elastic moduli are employed in a constitutive matrix for the calculation of flexural stiffness
of the laminate using classical laminate theory. Then 3-point bending tests are conducted on the printed laminates
to calculate their flexural stiffness. The influence of road/ fiber size and lamina layup on the flexural properties
are also investigated. Furthermore, failure phenomena of printed laminates under bending loads is investigated.

Introduction

In recent times additive manufacturing (AM) techniques have risen in popularity [1] and these techniques
have broad applications in the field of mechanical, aerospace and biomedical engineering [2]. AM techniques
lack the limitations on fabricating parts with complex geometry in contrast to subtractive or conventional
machining processes. However, the maximum size of the part remains a limiting factor when building using these
advanced fabrication methods at present. The metal additive manufacturing industry has already found a way in
the mass production of jet engines parts [4]. In near future, these AM processes will responsible for a major
change in the design of materials as well as components. Traditionally, parts have been designed with
manufacturability being a major consideration. Because of the limitation on complexity, the geometry of
constructed parts was limited to what was reproducible using traditional manufacturing methods. Modern AM
techniques allow for manufacturers to tailor the material properties by designing the microstructure of a material.
The material properties of the final printed part differ from initial material properties. The change in the
mechanical properties of a material of the printed parts is addressed in [5]. The difference in the material
properties is due to changes in the microstructure of a material that is taking place during layer by layer printing
while building a 3D part. The variation in the mechanical properties should be taken into consideration when
measuring the final properties, which are useful in the design and analysis of the parts.

Fused deposition modeling is an AM technique, in which a 3D part is fabricated by deposition of material
one layer at a time. FDM is one of the most popular and widely used processes among all additive manufacturing
techniques for 3D printing of parts. In the FDM process, hot molten filament material is extruded from the nozzle
and deposited on a bed. The filament on the bed is referred to as the road. Subsequent roads are deposited side by
side and will have a bond with previously deposited road to form a single layer, then the next layer is deposited
on the previous layer to build a 3D part. Each layer in a printed part behaves as an orthotropic material even
though the initially filament material is isotropic [7]. The layers can be treated as a unidirectional fiber reinforced
lamina in laminated composite structure. This means, the roads in a layer act as fibers in a lamina and several
layers together with different printing orientations behave as laminated composite structures [16]. Therefore, parts
printed via FDM can be considered laminated composites for the purposes of the characterization of their
mechanical behavior. In this paper, the mechanical behavior of the printed laminated parts under bending load is
investigated. Researchers [6-8] have been working towards the characterization of mechanical behavior of printed
parts. It is revealed that the process parameters of the FDM process influence the mechanical properties by
researchers [9-11] and further these are cause for introducing anisotropy in the printed part. The effect of different
process parameters such as printing direction, layer thickness, gap between the adjacent fibers on the mechanical
properties is investigated by [12]. It is found that the printing direction has a profound effect on the final properties
of the printed part. The printing chamber temperature influences the bonding strength between adjacent fibers in
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the part while printing [13-15]. Additionally, the boding strength between the roads has an effect on the final
properties of the part. Kulkarni and Dutta [16] adopted the laminate theory for the characterization of FDM
printed parts and then researchers [17,18] further worked on implementing the CLT for the FDM parts. The
mesostructure of FDM printed parts influences the mechanical properties of the part. Alaimo et al. [19] carried-
out experimental investigation to study the influence of the mesostructure and the composition of the filament on
the mechanical properties on FDM printed parts. Furthermore, the CLT and laminate failure theory was adopted
for studying the mechanical behavior of the printed parts. The filament material used in FDM process for printing
parts is typically plastic; mainly PLA and ABS. Since the plastic material does not have better mechanical
properties when compared to metals, researchers are working to improve the properties of FDM printed parts by
adding reinforcements in the plastic filament material [20]. Composite filaments using carbon nanotubes as
additional reinforcements in the thermoplastic materials have been developed [21,22] for better mechanical and
electrical properties. These composite filament materials are broadening industrial applications of FDM
processes, increasing adoption in for example biomedical industries [3].

The FDM printed parts behave in an anisotropic nature, therefore the failure in such parts is complex. Failure
phenomena of FDM printed parts under tensile, compressive and bending loads should be investigated. Ziemian
et al. [23] studied influence of printing direction/raster orientation on the mechanical properties and conducted
failure analysis of FDM printed parts under tensile, compressive, flexural and impact loads. Furthermore, damage
analysis of FDM printed parts under fatigue load is investigated in [24]. Hart and Wetzel [25] studied the fracture
behavior of the fused deposited parts, where brittle behavior and ductile response were observed. They found that
the facture behavior depends on the lamina orientation.

The present paper mainly focuses on the flexural behavior of the laminates fabricated via fused deposited
modeling. The elastic moduli in stiffness matrix of printed lamina are calculated by accounting the mesostructure
of the FDM processed laminates in the finite element models. For this, three different types of FE models are
developed and simulated to find the elastic moduli. Then the elastic moduli of lamina are used in the classical
laminate theory flexural behavioral characterization of the laminates. Also, flexural stiffness of the laminates is
calculated for four different lamina layups. Then the 3-point bending tests are conducted on the printed laminate
to find the flexural stiffness of the laminates. The stiffness values obtained from experiments are validated with
analytical results obtained using CLT. Furthermore, the failure surface of cross ply laminates is characterized.
Failure modes happened under bending loads that are discussed.

Methodology

Parts printed via FDM resemble unidirectional fiber reinforced laminated composite structures, therefore
mechanics of laminated composites are adopted for the analysis of the printed laminates. The behavior of printed
laminate with different printing direction in each layer is an anisotropic. Furthermore, the layer/lamina in the
laminate behaves as an orthotropic material. The material behavior of the laminate is accounted for in the analysis
by considering the constitutive matrix of the lamina in it. Therefore, the stiffness/constitutive matrix of lamina is
required to find to the material behavior of the laminate in the characterization of their mechanical behavior. This
section initially describes the FE procedure to calculate the stiffness matrix of lamina. The stiffness matrix is
calculated from FE simulations. Then the following sections after that explain analytical flexural behavior
characterization of the printed laminates using classical laminate theory and finally experimental characterization
is done.

Constitutive matrix of a lamina: Numerical
The FDM process fabricates the parts by layer upon layer deposition of material, each layer acts a

unidirectional fiber reinforced lamina. The lamina is a thin layer and therefore it can be treated as plane stress
case. The strain-stress relation for the lamina for a plane stress case is written as
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Numerical suffix denotes coordinate system, 1 is along the fiber and 2 is across the fiber orientation. The
coefficients of compliance matrix S are available in Eq.2.
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The plane stress reduced constitutive relation for an orthotropic material is obtained by inverting Eq.1
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where the Q; are coefficients of the plane stress reduced stiffness matrix Q, and given by
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Note that the reduced stiffness matrix’s components involve only four independent material constants, E;,E,,v,,
and G,, . That means the number of elastic constants of orthotropic material for a plane stress case reduced to four.
These elastic constants are required to characterize the mechanical behavior of the FDM processed parts, which
resemble laminates. These unknown constants can be obtained by conducting finite element simulation on three
different tensile test specimens, explained below. All tensile test specimens considered in this paper follow
standards mentioned earlier and elasto-static analysis is carried-out initially on these specimens using the finite
element method.

Let us consider a first case, where the fiber (road) is oriented along the axis of the loading in test specimen. The
test specimen is subjected to uniaxial tensile loading, as shown in Fig. 1a. The elastic modulus E; and v;, of lamina
can be calculated from this case. For a uniaxial tensile testing case, using stress-strain relation and strain-
displacement relation, the strain energy is written as

2

U= % E, (%) Vv (5)
The fiber orientation and type of loading in this case is replicated in the finite element model of the tensile test
specimen after which the simulation is carried out. The strain energy (U) and displacement sl along the axis of
the load are obtained from finite element simulation. The length between grips | and volume of member that
undergone deformation V are given. The only unknown, E, is calculated from Eq. 5. The Poisson’s ratio given
as v, =—¢&, /€, , where ¢, is lateral strain. The lateral strain is calculated by later displacement upon the original
width in gage area of tensile member.

Now a second case, where the fiber is oriented across the axis of loading in the test specimen and is subjected to

uniaxial tensile load as shown in Fig. 1b. From this test the unknown elastic modulus E, of the lamina is
calculated. The total strain energy in this case is given as
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Let us take a case where the fiber is oriented off axis at 45 to the axis of loading in the tensile test specimen. The
uniaxial load is applied to test specimen as shown in Fig. 1c. This test is conducted to find the unknown shear
modulus G, of the lamina. The total strain energy for this case is obtained from area under stress-strain curve
and is given by

1_(aY

U==E|—|V 7
(7] ™)

The fiber orientation in the tensile specimen is replicated in the FE model and the strain energy (U) and

displacement Sl along axis of the load are obtained from simulation. The unknown E, is calculated from Eq. 7.

The relation between the principal 1-2 coordinates and non-principal x-y coordinates established through the
transformation matrix, which is useful in this case to calculate the shear modulus G, and the results is given by

T4 1 1 v, ®)

For further details about the procedure for calculation of elastic constants of the unidirectional fiber reinforced
lamina refer to [27].

Summary of linear finite element simulation procedure:

a) Develop three CAD models of the tensile test specimen with three different mesostructures (3 cases
mentioned earlier, shown in Fig.1) that would be obtained from FDM process.

b) Mesh the CAD models with three dimensional finite elements.

c) Apply boundary and load conditions to simulate the tensile testing of each case.

d) Carry out the linear finite element analysis to find the strain energy and displacement that would be
obtained from the simulation of each case.

e) Calculate the elastic moduli (E,;,E,,v;,,G,,) of the lamina from three cases using Egs. 5, 6 and 8, as

explained above.
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Figure 1. Dimensions of tensile specimens (a) fiber orientation along x-axis, (b) fiber orientation along y-axis,
(c) fiber orientation 45° to x-axis.
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Figure 2. Mesostructures (a) mesostructure of printed part via FDM (b) finite elements modeling of mesostructure

The strain energy is the energy stored by a member during the deformation and this can be calculated using
finite element analysis. The calculation of strain energy of the FDM processed tensile test specimen subjected to
uniaxial load is explained here and it is useful for finding the elastic constants of the layer(lamina). The uniqueness
of this analysis is that the mesostructure of the material of the part that is obtained from FDM is replicated in
finite element model of the tensile test specimen. This is how one can realistically simulate the FDM-processed
materials to capture their mechanical behavior from the microscale level. The tensile test specimen and its cross-
section with internal mesostructure obtained from 0" raster orientation to the x-axis in FDM are shown in Fig. 2a.
The tensile test specimen is as per ASTM D3039 and it is subjected to uniaxial tensile loading, P along the x-axis.
All dimensions of the tensile test specimen shown in Fig. 1 are in millimeters. Each road in a layer is treated as a
fiber and is modeled using 3D linear finite elements as shown in Fig.2b. This means that the 3D constitutive
relation for isotropic material is accounted in the finite element analysis. Elasto-static uniaxial tensile tests were
carried out in the commercially available finite element software, Hyperworks.

() (b)

Figure 3. Fiber orientation 0°/90° in a mesostructure of the printed part using FDM Stratasys [ print plus machine
(a) 0.330 mm, (b) 0.254 mm layer thickness.

The mesostructure of the printed part is shown in the Fig. 2a. The width of the road is larger than the height
of the road, the height of the road is equal to the layer thickness (t). The road takes on an elliptical cross section
during deposition and solidification of the material [17,26]. The dimension of cross section of the road is equal
to the layer height and its major axis is double the layer height. Let us consider an example mesostructure with a
layer height of 0.330mm. This mesostructure is replicated in the FE models of tensile specimens. The specimens
are subjected to uniaxial tensile load at one end and other end is fixed. In the present cases, the unit displacement
() as a tensile load along x axis is applied at one end. Then finite element simulations are carried out on the three
tensile models. The strain energies for three cases are taken from the finite element simulations. The total strain
energy of the tensile specimen in which the fibers are along the x-axis is 271.68 N-mm. 462.06 N-mm is the strain
energy for the case where the fibers oriented along the y-axis. The strain energy of the specimen for the last case
is 213.72 N-mm. The elemental strain energy contour plots for the three cases are shown in Fig.4. The elastic
moduli are calculated by inserting strain energies in the equations 5, 6 and 8, and are presented in the Table 1.
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Figure 4. Strain energy plots of the uniaxial tensile specimens (a) fibers oriented along the load (b) fibers oriented
transverse to the load (c) fibers off axis to load

The mesostructures of the printed parts using Stratasys p print plus printer for two different cases are shown
in Fig.3. Similarly, a mesostructure with a layer height of 0.254 mm is replicated in the FE models of the tensile
specimens and then simulations are carried out to calculate the elastic moduli for this case. The elastic moduli for
this case are presented in the Table.1. The present numerical results are compared with existing experimental
results. The difference between the experimental and present results could be due to the variance in mesostructures
present in the experimental tensile coupons by the researchers. However, the present numerical results are
comparable with results of the experiments. The elastic moduli for layer thickness 0.330 and 0.254 are nearly
same. This means that the layer thickness on elastic moduli is not greatly influenced in the present analysis.
However, the elastic moduli in direction 2 could be improved if the layer thickness is further reduced. The reason
for this is because the volume of the void areas between the adjacent roads would be reduced.

Table 1. Lamina properties of the FDM processed part

Elastic Experimental Present Numerical
Moduli Lietal [17] | Rodriguez et al [9] | Ziemain et al [24] | t =0.330 mm t=0.254 mm
E,, MPa 2030.9 1972 1820.5 2205.1 2205.7
E,,,» MPa 1251.6 1762 1103.2 1456.3 1485.4
Viz 0.34 0.37 - 0.34 0.34
G, MPa 410.0 676 - 673.9 651.1

The elastic moduli of a layer obtained from the previous section would be useful in the constitutive matrix
of a lamina for the analysis of laminated composite parts. In the next section, the elastic moduli are used in the
characterization of the flexural behavior of the 3D printed parts using classical laminate theory.
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Classical laminate theory for flexural behavior study: Analytical

In FDM, the filament is melted in the extruder and the molten liquid is pushed through the nozzle to deposit
on the substrate in the x-y plane. Then the molten material on the substrate cools and solidifies into what is referred
as ‘road’. Depositing a number of roads side by side forms a single layer. Several layers together act as a laminate.
Such fabricated parts are considered as unidirectional fiber reinforced laminates. A two-layer plate fabricated
with FDM process with an orientation of the roads in layer 1 and 2 at 0°and 90° to x-axis of the plate, respectively
is shown in Fig. 3.

The process parameters of the FDM influence the mechanical properties of the printed part. The raster
orientation while depositing molten material in each layer can be defined by the user. Different orientations of
road in layers lead to anisotropy in the properties of the printed parts. Process parameters such as the gap between
two adjacent roads and the percentage of infill while printing governs the strength of the part. The internal
architecture of a part fabricated using FDM is not significantly different from that of fiber reinforced laminate
structure. Therefore, the laminate theory for analysis of composite laminate can also be used for analysis of FDM
parts. The FDM processed parts resemble laminate structures and therefore these parts can be characterized with
classical laminate theory. The constitutive relation for a lamina is available in Eq.8 and is rewritten here

Oy Q, Q O &n
Oy (= Q12 sz 0 € (9)
Ty 0 0 Q|7

The global coordinate system (x,y,z) for a laminate plate and local coordinate system (1,2,3) for a lamina are
considered. Strains of the laminate from classical laminate theory is written as

0
SXX g)()( k XX

€y 1= 1Ew [ 27Ky (s [e}={e*}+2{k} (10)
7><y }/Sy kxy

where ¢ and ¢, are mid-plane strains in the laminate; »; is the mid-plane shear strain in the laminate; k, and
k, are bending curvature in the laminate; k,, is the twisting curvature in the laminate and z is the distance from
the mid plane in the thickness direction.

The constitutive relation for a laminate is written as

O 611 612 0 E

0y 1=|Q Qu 0 &, {o}=[Q]{e} (11)
Ty 0 0 Qull%

XX

where Q, are transformed material constants, the elements of Q, are given as
[Q]=[T]"[QI[T]” (12)

where [T] is a transformation matrix, T is given as

2 2

c S 2cs
[T]=] s* ¢* -2sc (13)
—cs ¢s c’-¢°

where ¢ is cose and s is sin@ and ¢ is the fiber orientation in anticlockwise direction to the x-axis.
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The resultant force and moment per unit width for a laminate with N number of layers are expressed as

O,

XX h/2 XX N M XX N M

Ny, = j o, dz:kZJ o, dz, {N}:Zf{o}dz (14)
- E k=1

ny h/2 7, B 7, ], B
M xx hi2 | Ox N P [T N Pest
M,, t= J o, zdz:ZJ o, ¢ 2dz, {M}:Zf{o-}zdz (15)
M ~h/2 k=1 h, r k=1 p

Xy Xy X

Using Eq.10 and 11, and Eq. 14 and 15 become

N} :g[a]{hzl{&}dz +h;Jj{k}zdz} (16)
(N} =[Ale"} + Bk 17
o013 (0] T1erene frazer 19
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where N, and Ny, represent the normal forces in the x and y directions (per unit width); N,, is shear force; M,, and
M,, denote the bending moments in the yz and xz planes; M,, is the twisting moment; [A], [B] and [D] are the
extensional stiffness matrix, coupling stiffness matrix and bending stiffness matrix for the laminate, respectively.
The matrices [A], [B], [D] are functions of each lamina stiffness matrix [Q] and the distance from mid plane of
the laminate to the laminas.

The mid-plane strains and curvatures can be calculated from Eqg. 17 and 19, once we know the normal force and
moment acting on a lamina. A symmetric laminate layup will have identical plies (including material, thickness
and orientation) located at an equal distance above and below midplane of the laminate. For a symmetric laminate
coupling matrix, [B]=[0] and therefore there is no extension-bending coupling. Therefore, the strains for a
symmetric laminate subjected to only transverse loads are given from Eq.17 as

(20)

Xy Xy

In the 3-point bending test, the load is applied in the z direction and for laminate thickness h, M,, #0, M,,=0 and
M,,=0. The relationship between flexural stress and stiffness is written as E/ = o/ /¢! , using these above relations
the flexural modulus of elasticity of the laminate along the x direction is given as follows

- 12

SNCENS )

For instance, if the E| of the laminate is calculated from Eq. 21, it is required to have the lamina’s elastic moduli
such as E;, E,, Gy, vi.. These constants are found from the FE simulation of tensile testing mentioned above.
Using these constants, the matrix [D] can be obtained, and then E; of the laminate calculated using Eq. 21. To

validate the calculated E/of the laminate, experimental work is carried out to find E'from the load versus
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deflection curve of the bending test. The flexural stiffness of four different lamina layups is calculated using Eq.
21 and are presented in Table 3.

Flexural analysis of printed laminates: Experimental

This section describes about the flexural behavior of the printed laminates. The influence of fiber orientation
and fiber thickness on the flexural stiffness is also studied using 3-point bending test. The FDM processed parts
behave as a composite laminate structure, therefore mechanics of the composite laminates can be employed in
their analysis. The flexural strength and stiffness of the laminate depends on several factors such as fiber
orientation and type of lamina layup. Therefore, the influence of such factors on the flexural stiffness of the
laminates should be investigated. The delamination, one of the major failure mode, in the laminates is due to
bending loads. Therefore, it is important to study the flexural characteristics of the FDM processed parts for
reliable design. In the present experimental investigation, a 3-point bending test, ASTM D7264 standard for the
composite laminates is considered. The dimensions of the bending test specimen are shown in the Fig. 5. All
dimensions of the specimen are presented in millimeters. To perform the test, the specimen is placed on two
supports and then quasi-static transverse load is applied to the testing coupon at the center, as shown in the Fig.
5.

Load
[T T T T T T T T T T T T T T T T T T T T T T T TR e e e ST T 1 r————~
b _Dendngtestcopon
0 )
L+30%L | ‘ 13

Figure 5. Bending testing of printed laminate and its dimensions

The specimens are printed using ABS-P430 supplied by the machine supplier and are built on a Stratasys p
print plus with default process parameters. Here, four different lamina layup are considered for two different
cases. The layer size is different in both cases; 0.330 mm is the layer height in case a and 0.254 mm in case b.
The dimensions of the printed laminates are available in Table 2. For each lamina layup, six samples are printed
on a FDM machine that means 24 for each case. The orientation of fiber in four different laminates are provided
in Table 3. Then, bending test are conducted on all specimens. The load versus deflection curves obtained from

the tests are provided in the Fig.6 for case a and Fig.7 for the case b. The flexural stiffness ( EXf ) and its standard

deviation (SD) are calculated using standard equations available in the ASTM D7264 standard. The experimental
results for the case a and case b are provided in the Table 4 and 5, respectively.

Table 2. Printed laminate dimensions

Fiber size, mm | Laminate thickness (t), mm Number of layers Span length, mm
Case. a 0.330 4.3 13 137.6
Case. b 0.254 4.3 17 137.6

Table 3. Elastic constants of a layer and symmetric lamina layup of the tensile specimen

| | Elastic moduli of a layer for Case. a, | Elastic moduli of a layer for Case. b
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E1=2205.1 MPa, E2=1456.3 MPa, E1=2205.7 MPa, E2=1485.4 MPa, v12=0.34,
v12=0.34, G12=673.9 MPa G12=651.6 MPa
Layup 1 |[0°90°,0°90°,0°90°0°]s [0°,90°,0°,90°,0°,90°,0°,90°0 °]s
Layup 2 | [15°-75°15°,-75°,15°-75°,15°]s [15°,-75°,15°,-75°,15°,-75°,15°,-75°,15°]s
Layup 3 | [30°,-60°,30°,-60°,30°,-60°,30°]s [30°,-60°,30°,-60°,30°,-60°,30°,-60°,30°] s
Layup 4 | [45°,-45°45° -45° 45° -45°, 45 °]s [45°,-45° 45° -45° 45° -45° 45° -45°, 45 °]s
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Figure 6. Load-deflection curves for a thick layer laminates (a) Layup 1, (b) Layup 2, (c) Layup 3, (d) Layup 4.
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Figure 7. Load-deflection curves for a thin layer laminates (a) Layup 1, (b) Layup 2, (c) Layup 3, (d) Layup 4.
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Thinner layer laminates have higher loading capacity when compared to thick layer laminates. Furthermore,
these thinner layer laminates possess higher flexural stiffness than that of thick layer laminates. However, both
thick and thin layer laminates have nearly same maximum deflection. This shows that the thickness of the
fiber/road size or layer height influences the flexural stiffness, loading bearing and deflection of the laminate. The
printing direction/fiber orientation of a lamina in the laminate also affected its flexural behavior. The flexural
stiffness of the four different lamina layups calculated from CLT and experiments are provided for thick and thin
layer laminates in the Tables 4 and 5, respectively. The flexural stiffness is higher for the case of layup 4 and
lower for the layup 1 of laminate. Also, the layup 4 is undergone more deflection before failure when compare to
the layup 1. For the thin layer laminates, some of the test coupon of the layup 4 laminates are not failed even at
higher deflection. The flexural stiffness of the layup 4 type laminates is higher for the printed parts in contrast to
the stiffness calculated using the classical laminate theory. The trend of stiffness of the laminate layup 1 to 3
calculated from experiments and CLT is decreasing, but for the laminate layup 4 is higher for the printed parts
compared to the CLT results.

Table 4. Flexural modulus of elasticity of the laminate from classical laminate theory for thick layers

Efx, MPa Analytical, CLT Experimental £SD Difference, %
Layup 1 1923.1 1942.3+32 0.98
Layup 2 1888.5 1867.9+£53 -1.10
Layup 3 1814.7 1779.4+40 -1.98
Layup 4 1754.5 1903.5+42 7.82
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Table 5. Flexural modulus of elasticity of the laminate from classical laminate theory for thin layers

Efx, MPa Analytical, CLT Experimental +SD Difference, %
Layup 1 1914.9 2074.0+£34 7.67
Layup 2 1870.6 2013.5+43 7.09
Layup 3 1782.0 1997.8+40 10.8
Layup 4 1723.2 2069.8+29 16.7

Failure analysis of 3D printed coupons under bending load:

The failure phenomena observed in the printed laminates is the fiber breaking and debonding of adjacent
fibers. A laminate subjected to pure bending load and its crack surface are shown in the Fig.8. Failure mode in
the laminate is ductile failure and the laminate layup 4 has higher ductility when compared to the laminate layup
1. The fiber breakage seen in a lamina, in which fibers are oriented at angle or along the x-axis and debonding is
also seen in subsequent lamina, in which fibers are printed perpendicular to the orientation of fibers in previous
lamina. Therefore, the crack surface is perpendicular to the fibers in the top or bottom surface layer of a symmetric
laminate. The failure surface of a cross ply laminate is shown in Fig.8c. The layers of a laminate subjected to pure
bending load and undergo tensile stress, if they are below the mid-plane and compressive load if they are above
the mid plane. The load distribution in the fibers of a cross ply laminate is shown in Fig 8b., the fibers in bottom
layers subjected to tension (T) and the fibers on top surface subjected to compressive (C) load. In case of the
laminate layup 4, the fiber breaking is seen in all layers of the laminate. This is because the fibers in each lamina
are subjected to same quantity of load, where as in other lamina layups the fibers oriented in layers along or at an
angle to the length of the test coupon are subjected to higher tension load and the fibers in the subsequent layer
the same laminate are subject to lower tension.

layer 2 —
road(fiber)
layer 1 ——
L

S

- |
L fiber breakage

Figure 8. Printed laminate subjected to three point bending load (a) 0°/90° laminate (b) load on the fibers in a
laminate (c) failure surface of cross ply laminate.

Conclusion

The parts fabricated via FDM processes are treated as laminated composite structures. The mechanics of
laminated composites are adopted for the chracterization of mechanical behavior of the parts. The finite element
procedure is presented to calculate the elastic moduli of a lamina of a printed laminated via FDM. The elastic
moduli are used in the stiffness matrix for calculating the flexural stiffness of a printed laminate using classical
laminate theory. Then the laminates of four different lamina layup with different layer thickness are printed. The
effect of layer thickness and layup/printing oreintation on the flexural bhavior is investigated nummerically and
experiemtnally. Thin layer printed laminates have maximum load bearing capacity and also higher energy
absorption when compare to that of thick layer laminates. The FE procedure presented in this study can be used
to find stiffness matrix of a printed lamina. Furthermore, it is confirmed with the experimental results that the
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classical lamiante theory can be adopted for the characterization of mechanical behavior of the FDM printed
laminates.

References

[1] Bourell, D.L., 2016. Perspectives on Additive Manufacturing. Annual Review of Materials Research, 46, pp.1-
18.

[2] Guo, N. and Leu, M.C., 2013. Additive manufacturing: technology, applications and research needs. Frontiers
of Mechanical Engineering, 8(3), pp.215-243.

[3] Wang, X., Jiang, M., Zhou, Z., Gou, J. and Hui, D., 2017. 3D printing of polymer matrix composites: A review
and prospective. Composites Part B: Engineering, 110, pp.442-458.

[4] General Electric report 2016, http://www.ge.com/ar2016/assets/pdf/GE_AR16.pdf

[5] Kotlinski, J., 2014. Mechanical properties of commercial rapid prototyping materials. Rapid Prototyping
Journal, 20(6), pp-499-510.

[6] Ahn, S.H., Montero, M., Odell, D., Roundy, S. and Wright, P.K., 2002. Anisotropic material properties of
fused deposition modeling ABS. Rapid prototyping journal, 8(4), pp.248-257.

[7] Bellini, A. and Giigeri, S., 2003. Mechanical characterization of parts fabricated using fused deposition
modeling. Rapid Prototyping Journal, 9(4), pp.252-264.

[8] Durgun, I. and Ertan, R., 2014. Experimental investigation of FDM process for improvement of mechanical
properties and production cost. Rapid Prototyping Journal, 20(3), pp.228-235.

[9] Rodriguez, J.F., Thomas, J.P. and Renaud, J.E., 2001. Mechanical behavior of acrylonitrile butadiene styrene
(ABS) fused deposition materials. Experimental investigation. Rapid Prototyping Journal, 7(3), pp.148-158.

[10] Tymrak, B.M., Kreiger, M. and Pearce, J.M., 2014. Mechanical properties of components fabricated with
open-source 3-D printers under realistic environmental conditions. Materials & Design, 58, pp.242-246.

[11] Dawoud, M., Taha, I. and Ebeid, S.J., 2016. Mechanical behaviour of ABS: An experimental study using
FDM and injection moulding techniques. Journal of Manufacturing Processes, 21, pp.39-45.

[12] Domingo-Espin, M., Puigoriol-Forcada, J.M., Garcia-Granada, A.A., Lluma, J., Borros, S. and Reyes, G.,
2015. Mechanical property characterization and simulation of fused deposition modeling Polycarbonate
parts. Materials & Design, 83, pp.670-677.

[13] Bellehumeur, C., Li, L., Sun, Q. and Gu, P., 2004. Modeling of bond formation between polymer filaments
in the fused deposition modeling process. Journal of Manufacturing Processes, 6(2), pp.170-178.

[14] Zhou, X., Hsieh, S.J. and Sun, Y., 2017. Experimental and numerical investigation of the thermal behaviour
of polylactic acid during the fused deposition process. Virtual and Physical Prototyping, pp.1-13.

[15] Coogan, T.J. and Kazmer, D.O., 2017. Bond and part strength in fused deposition modeling. Rapid
Prototyping Journal, 23(2).

[16] Kulkarni, P. and Dutta, D., 1999. Deposition strategies and resulting part stiffnesses in fused deposition
modeling. Journal of manufacturing science and engineering, 121(1), pp.93-103.

[17] Li, L., Sun, Q., Bellehumeur, C. and Gu, P., 2002. Composite modeling and analysis for fabrication of FDM
prototypes with locally controlled properties. journal of Manufacturing Processes, 4(2), pp.129-141.

1003



[18] Casavola, C., Cazzato, A., Moramarco, V. and Pappalettere, C., 2016. Orthotropic mechanical properties of
fused deposition modelling parts described by classical laminate theory. Materials & Design, 90, pp.453-458.

[19] Alaimo, G., Marconi, S., Costato, L. and Auricchio, F., 2017. Influence of meso-structure and chemical
composition on FDM 3D-printed parts. Composites Part B: Engineering, 113, pp.371-380.

[20] Singh, R., Singh, S. and Fraternali, F., 2016. Development of in-house composite wire based feed stock
filaments of fused deposition modelling for wear-resistant materials and structures. Composites Part B:
Engineering, 98, pp.244-249.

[21] Shofner, M.L., Lozano, K., Rodriguez-M acias, F.J and Barrera, E.V., 2003. Nanofiber-reinforced polymers
prepared by fused deposition modeling. Journal of applied polymer science, 89(11), pp.3081-3090.

[22] Ning, F., Cong, W., Qiu, J., Wei, J. and Wang, S., 2015. Additive manufacturing of carbon fiber reinforced
thermoplastic composites using fused deposition modeling. Composites Part B: Engineering, 80, pp.369-378.

[23] Ziemian, C., Sharma, M. and Ziemian, S., 2012. Anisotropic mechanical properties of ABS parts fabricated
by fused deposition modelling. INTECH Open Access Publisher.

[24] Ziemian, C.W., Ziemian, R.D. and Haile, K.V., 2016. Characterization of stiffness degradation caused by
fatigue damage of additive manufactured parts. Materials & Design, 109, pp.209-218.

[25] Hart, K.R. and Wetzel, E.D., 2017. Fracture behavior of additively manufactured acrylonitrile butadiene
styrene (ABS) materials. Engineering Fracture Mechanics.

[26] Tekinalp, H.L., Kunc, V., Velez-Garcia, G.M., Duty, C.E., Love, L.J., Naskar, A.K., Blue, C.A. and Ozcan,
S., 2014. Highly oriented carbon fiber—polymer composites via additive manufacturing. Composites Science and
Technology, 105, pp.144-150.

[27] Jones, R.M., 1998. Mechanics of composite materials. CRC press.

1004



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



