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Abstract
A comprehensive understanding of process–structure–property relationship of 3D printed parts is currently limited. In the present
study, we investigate the influence of the mesostructure on the overall mechanical behavior of the parts synthesized via fused
filament fabrication. In particular, characterization of anisotropic behavior is carefully studied by performing mechanical testing
on the printed parts. The printed parts are treated as laminates and are characterized using laminate mechanics. Test coupons of
thick layered and also thin layered unidirectional as well as bidirectional laminates are printed with polymeric material for tensile
and bending tests. Test results revealed that the process parameters govern the mesostructure and therefore the material behavior
of the parts. Mechanical behavior of the bidirectional printed laminates is studied in detail. The properties are significantly
influenced by the layer thickness and layup order of the printed parts. Mechanical behavior of the printed parts can be charac-
terized using laminate theory. The effect of lamina layup and layer thickness on the flexural properties of the laminates is
significant. Furthermore, the first ply failure theory is employed for the finite element failure analysis of the printed parts. The
results provide insights in the relationship between mesostructure–mechanical properties of the printed parts.

Keywords Laminates . Mechanical properties . Laminatemechanics . Mechanical testing . 3D printing

Nomenclature
L Length of specimen
W Width of specimen
T Thickness of specimen
TL Tab length
l Span length of specimen
θ° Raster angle (Fiber angle, printing direction)
t Layer(lamina) thickness of specimen (t1 or t2)
E1 Young’s Modulus of lamina in direction 1
E2 Young’s Modulus of lamina in direction 2
G12 Shear modulus of lamina in plane 1–2
ν12 Poisson’s ratio
Xt Longitudinal strength of lamina in tension
Yt Transverse strength of lamina in tension
S Inplane shear strength of lamina
Ex Young’s modulus of laminate in direction x

Ut Ultimate tensile strength of laminate
εt Strain to failure of laminate
σply Principal stress of lamina
εply Elastic strain of lamina
Ef

x Flexural stiffness of laminate in direction x
Uf

x Flexural strength of laminate in direction x

Introduction

Additive manufacturing (AM) techniques, or 3D printing, allow
fabrication of any complex geometric three-dimensional parts
through layer-by-layer deposition of material, while enabling
rapid prototyping, minimal material wastage, efficient design
of materials, and fabrication of functionally graded material
parts [1]. Different multi directional preforms for composites
can be designed and fabricated via AM techniques [2]. A pri-
mary concern related to these techniques is the inconsistency of
the material properties of the printed part, as the material prop-
erties of the final printed part are not the same as those of the
material used in the manufacturing of the part [3]. That means
the anisotropy in the properties is introduced during the deposi-
tion of the material and it is because of a change in the
mesostructure of the part while it is being printed. The compos-
ite materials used to print the parts also promote anisotropic
behavior [4]. Further, the failure behavior of the printed parts
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is not exhibited consistently because of the presence of anisot-
ropy in the properties of materials. Moreover, no single failure
mode is responsible for the ultimate failure of the part [5, 6]. The
complex failure behavior and anisotropic properties of the final
printed material complicate the design of the parts for 3D print-
ing. Therefore, understanding the final material properties of the
printed part and its failure behavior will allow for the effective
design and analysis of the part for 3D printing.

A material extrusion AM technique, fused filament fabri-
cation (FFF), printed parts are considered for the investigation
in the present study. This process is also known as fused de-
position modeling (FDM), developed by Stratasys. Process
parameters such as raster angle, layer thickness, infill pattern
and density, printing speed, and air gap influence the mechan-
ical properties of the printed parts [7–9]. The properties of the
parts are significantly influenced by the raster angle and layer
thickness. These parameters govern the mesostructure of the
printed part and therefore the properties of the part.

Furthermore, the build orientation of the model significantly
influences the mechanical behavior of the printed part
[10–13]. The effect of process parameters and build orienta-
tion results in the anisotropic nature of the part. The mechan-
ical behavior of FDM printed parts resembles that of laminate
structures [3, 14–17]. Such material behavior is mainly due to
the orientation of fibers and the deposition of layers while
printing the part. The printing direction, layer thickness, and
orientation of the model influence the mechanical behavior of
the printed parts [18–20]. The bonding between the layers as
well as adjacent fibers governs the performance of the part
[21], and the strength of bonding can also be affected by
process parameters [22]. Pores in the microstructure of the
printed parts were inherited from the printing process and such
pores influence the mechanical properties of the parts. A real
time detection of pores while printing parts using non-
destructive techniques [22, 23] is useful for the evaluation
their material properties and also to aid in certifying the parts.

Fig. 2 Test coupons (a) tensile test (b) flexural test coupon

Fig. 1 3D printing of a part by
layer upon layer deposition of the
material via fused filament
fabrication method
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The failure behavior of the printed parts is complex and is due
to the anisotropic behavior of the material. The fracture devel-
opment and the mechanical behavior of the printed composite
laminates is addressed in [24, 25]. The performance of printed
parts and analysis of their damage under fatigue loads has
been investigated [26]. Failure behavior of composites subject
to different loads can be characterized using micro computed
tomography (μ-CT) as well as digital image correlation (DIC)
[27, 28] The μ-CT and DIC can also help in identifying the
damage mechanism of the parts. The presence of carbon fiber
reinforcements in the polymer filament affects the mechanical
failure behavior of the printed parts [29]. The failure behavior
investigation of unidirectional printed parts is addressed in
[30, 31]. Further exploration of the various mesostructural
aspects of printed parts is needed to establish that the mechan-
ical behavior of the printed parts is the same as that of the
laminate structures.

In the present work, experimental test coupons with poly-
meric filament material were printed via FFF machine for

tensile and bending tests. Parts with different raster orientations
and two different layer thicknesses were printed to investigate
the resulting mechanical behavior of the parts. We also exam-
ined the mechanical behavior of the printed test coupons under
uniaxial tensile and bending loads. The influence of printing
direction in each layer i.e., the effect of lamina lay-up on the
mechanical behavior of the printed laminates subjected to loads
was investigated. The mechanics of laminates was employed to
characterize the mechanical behavior of printed parts. Failure
analysis of the printed parts was then carried out using finite
element method. Furthermore, a DIC setup was employed to
characterize the failure behavior of the parts.

Methodology

In FFF, a polymeric filament material is melted in the extruder
and then the molten material is extruded through the fine noz-
zle to deposit on the substrate. The three dimensional part is
obtained by layer upon layer deposition of the material. The
fabrication process of the method is shown in the Fig. 1. The
parts printed via FFF resemble laminate structures and further
the parts can be printed with different layer thicknesses (t) and
fiber orientation (θ°). Therefore, the printed parts also termed
as printed laminates in the following sections. Further, the
layers of a printed part are referred to as laminae and the
extruded polymeric material is described as fibers, shown in
Fig. 1. The fibers are extruded from a circular cross-section,
but they take an elliptical shape after deposition on the

Table 1 Dimensions of the test coupons

Laminates Layup No. L W T TL

Tensile test coupon dimensions, in mm

Unidirectional 1 to 4 190 12.7 2.54 38

5 127 25.4 2.54 19

Bidirectional 6 to 8 200 25.4 2.54 30

Flexural test coupon dimensions, in mm

Bidirectional 9 to 11 T = 3.17, W = 13, l = 32 T, L = l + 30%l

Table 2 Laminate lay-up and
layer thickness used for printing
laminate test coupons

Laminate Lay-up No. Layer thickness (t)

Raster angle (θ°) t1 = 0.317 t2 = 0.158

Unidirectional 1 0° × ×

2 30° × ×

3 45° × ×

4 60° × ×

5 90° × ×

Bidirectional 6a [0°/90°]2S × –

6b [0°/90°]4S – ×

7a [45°/−45°]2S × –

7b [45°/−45°]4S – ×

8a [(45°)2/(−45°)2]S × –

8b [(45°)2/(−45°)2]2S – ×

Bidirectional 9a [0°/90°/0°/90°/0°]S × –

9b [0°/90°/0°/90°/0°]2S – ×

10a [45°/−45°/45°/−45°/45°]S × –

10b [45°/−45°/45°/−45°/45°]2S – ×

11a [(45°)2/(−45°)2/45°]S × –

11b [(45°)2/(−45°)2/45°]2S – ×
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substrate [32–34]. The size of the fibers is governed by the
thickness of the layers defined for printing a part. For instance,
if t is the layer thickness defined for printing and then, the size
of deposited fibers equal to t as shown in the mesostructure of
(Fig. 2(a)). The following section describes the mechanical
test procedures and materials adopted for experimental inves-
tigation on printed laminates. Also, the process parameters
employed for fabricating different type laminates are
discussed.

Mechanical Testing

The parts were printed using commercially available isotropic
thermoplastic material (ABS). The filament material spool
was purchased from filament manufacturer 3DXTech (Byron
Center, Michigan, USA) and the diameter of filament is
2.85 mm. Layer thickness and raster angle are two significant
process parameters governing the mesostructure of the printed
laminates. The raster angle defines the fiber orientation (angle)
for the laminate lay-up, and the layer thickness represents the
thickness of the lamina of the printed laminates and also the
cross-sectional size of the fibers. Different types of unidirec-
tional and bidirectional laminates are printed by varying these
process parameters. The lamina lay-up in the printed bidirec-
tional laminates is balanced and symmetric. Laminates of two
different layer thicknesses are printed and the thickness of
lamina (t2) of thin layered laminate is half of the thickness of
lamina (t1) of thick layered laminate, However, the thickness
of all layers within a laminate is the same. The mechanical
behavior of the printed laminates under two different loads
cases, uniaxial tensile and bending, were investigated. The test
coupons were printed as per ASTM D3039 for tensile testing
and ASTM D7264 for flexural testing. The printed parts be-
have as laminate structures, and therefore the ASTM test stan-
dards for laminate composites were adopted in the present
work, and the mechanics of laminates were employed in ex-
perimental analyses.

The dimensions of the test coupons for the tensile and
flexural cases are presented in Fig. 2 and Table 1. The laminate
test coupons printed for mechanical testing using different
lamina lay-ups and process parameters are presented in
Table 2. The x, y, and z coordinates represent the global system
for a laminate. Local coordinate system for a lamina is repre-
sented with 1, 2, and 3, where 1 denotes the fiber direction,
and 2 and 3 are transverse to the orientation of the fibers, and
this can be seen in (Fig. 2(a)).

For each test case, five coupons were printed. For instance,
the lay-up 1 laminate can be of two different layer thicknesses
(t1 and t2), resulting in a total of 10 coupons being printed for
this case alone, as presented in Table 2. The raster angle rep-
resents the orientation of fibers in the layers of the laminate
along the x-axis of the test coupon. This means that the fibers
in unidirectional laminate lay-up 1 are oriented only along the
axis of loading, and in the other cases the fibers are off-axis to
loading. The difference in the bidirectional laminates of the
same lay-up order is in the thickness of their layers. For ex-
ample, the bidirectional laminate layup 6a and 6b have same
layup order but of different layer thicknesses, it can be seen in
the Table 2 that the layers of the laminate 6a are thicker than
the laminate layup 6b. Three different layup types; cross ply
[0°/90°]n, angle ply [45°/−45°]n, angle ply [(45°)2/(−45°)2]n
bidirectional laminates were considered for investigation. The

Fig. 3 Mechanical properties of unidirectional laminates: (a) Ex – θ° and (b) Xt – θ° for thick-layered (t1) laminates, and thin-layered (t2) laminates

Table 3 Mechanical properties of a lamina of the printed laminates

Thick lamina (t1) Numerical [11], (t1) Thin lamina (t2)

E1, MPa 1757.7 ± 29.5 2025.1 2023.6 ± 96.8

E2, MPa 1587.3 ± 28.7 1660.2 1637.6 ± 129.1

G12, MPa 612.6 ± 25.1 674.3 744.7 ± 13.9

ν12 0.35 ± 0.05 0.34 0.32 ± 0.06

Xt, MPa 39.1 ± 0.33 – 39.6 ± 0.8

Yt, MPa 21.1 ± 1.1 – 22.9 ± 2.9

S, MPa 16.1 ± 2.5 – 21.3 ± 1.4
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other process parameters used for printing were as follows: an
extruder temperature of 235 °C, a substrate temperature of
80 °C, a printing speed of 50 mm/s, 1 shell, an overlap be-
tween adjacent fibers of 15%, and an infill density of 100%. A
total of 80 coupons were printed for tensile testing and 30
coupons for flexural testing on an Ultimaker printer.
Laminate test coupons for lay-ups 1 to 8 were subjected to a
uniaxial tensile load along x-axis (Fig. 2(a)), and lay-ups 9 to
11 were subjected to a transverse load (Fig. 2(b)).

The mesostructure of the printed laminates is mainly de-
fined by the materials used for printing, the size of the fibers,
the thickness of the layers, and the orientation of the fibers.
These elements determine the mesostructure of the printed
part and in turn govern the mechanical properties of the part.
Therefore, a detailed investigation of different aspects of the
mesostructure of the printed part can help to characterize the
mechanical behavior of the parts using laminate mechanics.
Test results reveal the mechanical properties of the printed
laminates and also the behavior of the laminates under tensile
and flexural loads. Furthermore, test results are useful for
studying the influence of mesostructure on mechanical prop-
erties, which are in turn governed by the printing process. The
elastic moduli of the stiffness matrix of the lamina can be
calculated from the tensile test results and also its strength
parameters. The flexural properties of the laminates and be-
havior can be found from the flexural test results. Finally, the
results are useful for characterizing the mechanical behavior
of the printed parts and also design and analysis of the printed
parts using finite element method.

Results and Discussion

Tests were conducted on an MTS testing machine equipped
with a 10 kN load cell for measuring load. The displacements
of the test coupons during deformation were recorded using a
laser extensometer. A digital image correlation setup
(LaVision GmbH) was employed during tensile testing of cer-
tain coupons to measure strain. Tests were carried out at a
quasi-static loading rate of 1 mm/min. Let us consider the
tensile tests results of unidirectional and bidirectional printed
laminates. The variation in the mechanical properties of thick-
layered unidirectional printed laminates as well as thin-
layered printed laminates is shown in Fig. 3. The x-axis of
the graphs indicates the fiber orientation of the unidirectional
laminates with respect to the x-axis of the laminate. The stiff-
ness (Ex) and tensile strength (Xt) of the thin layered laminates
is higher than that of thick layered unidirectional laminates.
The laminates with fibers oriented along the loading axis have
higher stiffness and strength than the laminates whose fibers
are off-angle to the loading axis. Lay-up 1 laminates have
higher stiffness and strength than lay-up 5 laminates, whose
fibers are not oriented along the loading axis. This means that
the printed parts will have directional properties and their fi-
bers are the main load-taking members of the part.

The results for laminate lay-ups 1, 3, and 5 can be used to
calculate the mechanical properties of the lamina. The layers
of the printed parts behave as unidirectional fiber reinforced
lamina. The elastic moduli and strength parameters of thick-

Table 7 Flexural properties of bidirectional laminates

Efx, MPa CLT Ef
x, MPa Uf

x, MPa

Thick layer (t1)

Lay-up 9a 1818.1 ± 49.5 1698.2 41.4 ± 0.7

Lay-up 10a 1813.9 ± 17.8 1645.5 41.1 ± 1.1

Lay-up 11a 1965.6 ± 18.0 1645.1 48.1 ± 0.4

Thin layer (t2)

Lay-up 9b 2382.7 ± 74.0 1875.6 50.5 ± 1.4

Lay-up 10b 2324.5 ± 34.3 1884.7 52.7 ± 0.8

Lay-up 11b 2426.6 ± 3.50 1884.4 57.5 ± 0.4

Table 5 Mechanical properties of the angle-ply (lay-up 7) laminates
under tensile loading

Thick lamina (t1) Thin lamina (t2)

Ex, MPa 1790.7 ± 16.4 1911.1 ± 20.9

Ex, MPa (CLT) 1645.6 1885.2

Ut, MPa 28.0 ± 1.3 32.1 ± 0.7

σply, MPa (FE) 25.5 31.8

εt 0.0435 ± 0.0049 0.0592 ± 0.0081

εply (FE) 0.0143 0.0158

Table 6 Mechanical properties of the angle-ply (lay-up 8) laminates
under tensile loading

Thick lamina (t1) Thin lamina (t2)

Ex, MPa 1795.7 ± 1.3 1935.9 ± 1.7

Ex, MPa (CLT) 1645.6 1885.2

Ut, MPa 31.5 ± 0.3 34.9 ± 0.1

σply, MPa (FE) 25.5 31.8

εt 0.0612 ± 0.0012 0.0839 ± 0.0059

εply (FE) 0.0143 0.0158

Table 4 Mechanical properties of cross-ply laminates under tensile
loading

Thick lamina (t1) Thin lamina (t2)

Ex, MPa 1783.9 ± 2.7 1953.8 ± 55.8

Ex, MPa (CLT) 1673.0 1832.4

Ut, MPa 29.7 ± 0.7 35.7 ± 0.6

σply, MPa (FE) 25.2 30.3

εt 0.0367 ± 0.0135 0.0498 ± 0.0004

εply (FE) 0.0135 0.0143
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layered laminates and also, thin-layered laminates are present-
ed in Table 3. Strain data for the calculation of Poisson’s ratio
were measured using a digital image correlation setup. The
strength parameters of the lamina, denoted Xt and Yt, are the
tensile strengths longitudinally and transversely, respectively,
and S is the in-plane shear strength. The properties E1, ν12 and
Xt were calculated from results of lay-up 1, and E2 and Yt were
obtained from the results of lay-up 5. The results of lay-up 3
laminate were used for the calculation of G12 and S [35]. The
elastic moduli of thick layered laminate were validated with
existing numerical results [11] and the numerical results were
obtained by replicating the mesostructure of a printed part in a
finite element model used to calculate the elastic moduli via
the homogenization technique. The discrepancy in the results
is due to that the bonding between adjacent fibers is assumed
perfect in that numerical analysis, but it is not true in the actual
printed parts. These mechanical properties are useful for the
stress analysis of the printed parts using the finite element
method.

Next, bidirectional laminates with three different lay-up
orders were tested: cross-ply laminate (lay-up 6) and angle-
ply laminates (lay-ups 7 and 8). The laminates with lay-ups

6a, 7a, and 8a are thick-layered laminates and those with lay-
ups 6b, 7b, and 8b are thin-layered laminates. The tensile
properties of the bidirectional laminates are presented in
Table 4 for cross-ply laminates, Table 5 for angle-ply lami-
nates of lay-up 7, and Table 6 for angle-ply laminates of lay-up
8. The tensile modulus (Ex) of the laminates was validated
using the classical laminate theory (CLT), see Appendix A,
and results were in good agreement. The calculations for ten-
sile modulus of a laminate based on CLT employ the elastic
moduli of a lamina available in Table 3. Also, ultimate tensile
strength (Ut) and the strain to failure (εt) are presented in
Tables 4, 5 and 6. The difference in the results of the thick-
and thin- layered bidirectional laminates is due to change in
the aspects of their mesostructure. Further, tensile testing of
the laminates was modeled with 2D PCOMPG finite elements
(FE) in Hyperworks, Altair and then simulated for the failure
analysis. The first ply failure theory, Tsai-Hill failure criterion,
was used for failure analysis. The principal stress (σply) of the
first ply failure and the corresponding elastic ply strain (εply)
of the laminates are also reported in the Tables 4, 5 and 6. The
tensile modulus obtained using CLT and the ply failure stress
from FE analysis are less than the corresponding experimental

Fig. 4 Load versus deflection curves of (a) thick-layered laminates and (b) thin-layered laminates

Fig. 5 Stress–strain curves of unidirectional laminates for (a) thick layered laminates, and (b) for thin layered laminates
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results of the laminates. This difference in the results is mainly
due to the elastic moduli (Table 3) that were used in the CLT
and failure theory. The elastic moduli in Table 3 were calcu-
lated from the tensile test results of the unidirectional lami-
nates. Such test results of unidirectional laminates were sig-
nificantly influenced by bonding at the interface of layers
when compared to bidirectional laminates [22, 33]. Influence
of bonding at interface of the layers of unidirectional and the
bidirectional laminates on their properties is discussed in de-
tail in later part of the section.

Flexural Results

Three-point bending tests were conducted on cross-ply and
angle-ply printed laminates. The lay-up order of the laminates
for bending tests is presented in Table 2. The laminates with
lay-up 9a, 10a, and 11a are thick-layered laminates, and those
with lay-up 9b, 10b, and 11b are thin-layered laminates.
Flexural properties of the laminates are presented in Table 7.
The flexural stiffness of the laminates calculated from the test
results was validated with analytical stiffness. The analytical
calculations for the stiffness of the laminates are based on
classical laminate theory, see Appendix A. The elastic moduli
of the lamina from Table 3 were employed for calculating
flexural stiffness of the laminate using classical laminate the-
ory. Experimental and analytical stiffness values of the

laminates were in good agreement. The difference between
the experimental and analytical results for the printed lami-
nates indicates that the laminate theory under predicts flexural
stiffness. This inaccuracy due to the elastic moduli of the
lamina from Table 3 were employed in the calculation of stiff-
ness using CLT. The flexural stiffness (Ef

x) and flexural
strength (Uf

x) of thin-layered laminate lay-up types is higher
than that of thick-layered laminate. Load versus deflection
curves for the laminates are shown in Fig. 4. The curves illus-
trate that the angle-ply laminates undergo more deflection
than the cross-ply laminates with the same layer thickness.

Next, the effect of lamina lay-up and layer thickness on the
failure behavior of the laminates under tensile and flexural
loads is discussed. The stress–strain curves of the unidirec-
tional laminates made of two different layer thicknesses are
shown in Fig. 5. Two types of failure modes, namely fiber
breakage and fiber debonding, were seen in the laminates
under these loads. Failure modes of the unidirectional lami-
nates can be seen in Fig. 6. The lay-up 1 laminates saw these
two failure modes, and the other unidirectional laminate lay-
ups saw only the debonding failure mode under tensile loads.
This difference is owing to the orientation of the fibers in the
other unidirectional laminates being off-axis to loading, and
therefore a significant amount of load was shared by the in-
terface of the fibers in the laminate layer. The interface has a
lower bonding strength than the fiber and therefore, the inter-
face experiences early failure before breakage of the fibers.
This can be observed in the stress–strain curves that the lam-
inates with layup 2 to 5 subjected to early failure compared to
layup 1 laminate. Therefore, the properties of the lamina ob-
tained from these tests are not very accurate because of signif-
icant influence of the bonding in such laminates on contrast to
the bidirectional laminates. The mesostructure of the unidirec-
tional and bidirectional laminates, captured using microscope
BX41M-LED from Olympus Corporation, are shown in
Fig. 7.

The mesostructure of the printed part will contain voids
inherited from the printing process. The difference in the re-
sults for thick-layered laminate and thin-layered laminate lay-
ups is due to variation in the size of the voids in the laminates’

Fig. 7 Mesostructure of printed
laminates, (a) unidirectional
laminate, (b) bidirectional cross-
ply laminate

Fig. 6 Fracture lines of the printed laminates subject to uniaxial tensile
loading
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mesostructure. The size of the voids in the thin-layered lami-
nate is smaller than those in the thick-layered laminate, and the
bonding is stronger between the fibers for laminates with a
smaller void size and density. Void size affects the mechanical
behavior of the unidirectional laminates more than that of the
bidirectional laminates. This effect could explain the differ-
ence in the stress–strain curves of the thick- and thin-layered
unidirectional laminates as well as bidirectional laminates.
The stress–strain curves of the bidirectional laminates are
shown in Fig. 8. The size of the voids can be minimized by
lowering layer thickness and increasing overlap between the
fibers. The variation in the results for different laminates is
mainly due to changes in various aspects of their

mesostructure, including size of the fibers, thickness of layers,
and orientation of the fibers.

The strain distribution just before propagation of the crack
in the thick-layered laminates subjected to tensile loading is
shown in Fig. 9. The failure strain of the thick layered lami-
nates is lower than that of the thin layered laminates. Also,
failure strain is higher for angle-ply laminates than for cross-
ply laminates. The angle-ply bidirectional laminates experi-
enced fiber breakage only, whereas the cross-ply laminates
saw both failure modes. This is means that the interaction of
fibers between the adjacent layers of the laminate played a role
in sharing the applied load. The thin-layered laminates are
stronger and stiffer than the thick-layered laminates. This is

Fig. 9 Strain distribution in the laminates during tensile testing. Thick layered laminates: (a) lay-up 6a, (b) lay-up 7a, and (c) lay-up 8a. Thin layered
laminates: (d) lay-up 6b, (e) lay-up 7b, and ( f ) lay-up 8b

Fig. 8 Stress–strain curves of bidirectional laminates: for (a) thick-layered laminates and (b) thin-layered laminates
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because of bonding between the fibers as well as between the
layers is stronger in thin-layered laminates than in thick-
layered laminates.

The first ply failure criteria can be adopted for preliminary
design and analysis of the printed parts. More importantly, the
properties useful in the design and failure analysis of the parts
need careful evaluation, since the properties such as elastic
moduli and strength parameters are calculated from experi-
mental results of unidirectional printed laminates. Following
this work, a detailed damage analysis of the printed laminates
can be carried out using computational methods. The compu-
tational multiscale models [36] can account for the different
mesostructural aspects of the printed parts for material model-
ing and also damage modeling of printed laminates. The com-
putational multiscale models for 3D printed laminates can
allow for effective design of the mesostructure and also stress
analysis of the printed structures.

Conclusions

In this work, the role of aspects of the mesostructure on the
overall mechanical properties of 3D printed parts was inves-
tigated experimentally. In particular, we studied influence of
orientation of fibers, layer thickness and lamina layup on the
properties of the printed parts. The aspects of the
mesostructure are defined by process parameters, and in turn
these parameters govern the mechanical behavior of the
printed parts. Tensile tests were conducted on unidirectional
laminates of different layer thicknesses test coupons. Then, in-
plane elastic moduli and the strength parameters of a lamina of
the printed parts are calculated using laminate mechanics from
the tensile test results of unidirectional laminates. These prop-
erties of lamina are useful in the finite element analysis of the
printed parts. Then tensile and flexural tests were conducted
on three different lamina layup bidirectional laminates to char-
acterize the mechanical behavior of the printed parts. The
classical laminate theory was employed for the validating
the experimental results of bidirectional laminates subject to
tensile and bending loads. Analytical results are in good agree-
ment with experiment work for bidirectional laminates.
Further, FE analysis was carried out for failure behavior of
the laminates. The validation of experimental results by ana-
lytical and FE findings reveals that the laminate mechanics
works better for characterizing the mechanical behavior of
printed parts. The influence of lay-up and layer thickness on
the tensile properties of unidirectional laminates is higher in
contrast to bidirectional laminates. Furthermore, the effect of
lamina lay-up and layer thickness on the flexural properties of
bidirectional laminates is relatively higher than their effect on
tensile properties. The bidirectional laminates subjected to
tensile and flexural loads exhibit higher plasticity and follow-
ed by ductile failure. Preliminary design and analysis of the

parts for 3D printing via FFF can be done using the first ply
failure theory. Finally, insights gained from relation of
mesostructure–properties–performance of printed parts in the
present study will help for effective design and analysis of
structural parts for 3D printing.
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Appendix A

Classical Laminate Theory

The constitutive relation of a lamina is written as

σ11

σ22

τ12

8
<

:

9
=

;
¼

Q11 Q12 0
Q12 Q22 0
0 0 Q66

2

4

3

5
ε11
ε22
γ12

8
<

:

9
=

;
in short σf g ¼ Q½ � εf g

ð1Þ
where

Q11 ¼
E1

1−ν12ν21
;Q12 ¼

ν12E1

1−ν12ν21
;Q22 ¼

E2

1−ν12ν21
;Q66 ¼ G12

ð2Þ

Strains of the laminate is written as

εxx
εyy
γxy

8
<

:

9
=

;
¼

ε0xx
ε0yy
γ0xy

8
<

:

9
=

;
þ z

kxx
kyy
kxy

8
<

:

9
=

;
; in short εf g ¼ ε0

� �þ z kf g ð3Þ

where {ε0} are in-plane strains; {k}are curvatures of the lam-
inate; z is distance from mid plane in the thickness direction.
The constitutive matrix for a lamina in global coordinate sys-
tem is given as

σf g ¼ Q
h i

εf g ð4Þ

where Qij is written as Q
� � ¼ T½ �−1 Q½ � T½ �−T and [T] is a trans-

formation matrix. The resultant force and moment per unit
width for a laminate with N number of layers are expressed as

Nf g ¼ ∑
N

k¼1
∫
hk

hkþ1

σf gdz ð5Þ

Mf g ¼ ∑
N

k¼1
∫
hk

hkþ1

σf g zdz ð6Þ

Using (equation (3), (4)), and (equation (5), (6)) become

Nf g ¼ A½ � ε0
� �þ B½ � kf g ð7Þ

Mf g ¼ B½ � ε0
� �þ D½ � kf g ð8Þ
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where A½ � ¼ ∑
N

k¼1
Q
� �

k zk−zk−1ð Þ, B½ � ¼ 1
2 ∑

N

k¼1
Q
� �

k z2k−z2k−1
� �

,

D½ � ¼ 1
3 ∑

N

k¼1
Q
� �

k z3k−z
3
k−1

� �
.

The [A], [B] and [D] are stiffness matrices for the laminate.
The [B] = [0] for a symmetric laminate. The mid-plane strains
and curvatures can be calculated from (equation (7), (8)), once
we know the normal force and moment acting on a lamina.
Strains for a symmetric laminate subjected to only in-plane
forces are given from (equation (7)) as

ε0xx
ε0yy
γ0xy

8
<

:

9
=

;
¼ A½ �−1

Nxx

Nyy

Nxy

8
<

:

9
=

;
ð9Þ

Strains for a symmetric laminate subjected to only trans-
verse loads are given from (equation (8)) as

kxx
kyy
kxy

8
<

:

9
=

;
¼ D½ �−1

Mxx

Myy

Mxy

8
<

:

9
=

;
ð10Þ

Uniaxial tensile loading along x-axis: In the uniaxial ten-
sile test, the load is applied in the x direction and for laminate
thickness h, Nxx = hσxx Nyy = 0 and Nxy = 0. The stress-strain
relation for uniaxial tensile test is σxx ¼ Exxε0xx, using the re-
lation (equation (9)), the modulus of elasticity along the x
direction of the laminate is calculated as follows

Exx ¼ 1

A−1� �
11h

ð11Þ

Flexural loads: In the 3-point bending test, the load is
applied in the z direction and for laminate thickness h, Mxx ≠
0, Myy = 0 and Mxy = 0. The relationship between flexural

stress and stiffness is written asE f
x ¼ σ f

xx=ε
f
xx, using the (equa-

tion (10)), the flexural modulus of elasticity of the laminate
along the x direction is given as follows

E f
x ¼ 12

D−1� �
11h

3 ð12Þ

The elastic moduli such as E1, E2, G12, ν12 of the lamina
found from the experimental tensile test results are used for the

calculation of matrices [A], [B] and [D]. Then, Exx and E f
x of

the laminate can be calculated using (equation (11), (12)),
respectively. More details about the laminate theory available
in [35].

Tsai-Hill Failure Criterion

The failure criterion for a planar stress is written as

σ2
1

X 2 −
σ1σ2

X 2 þ σ2
2

Y 2 þ
τ212
S2

¼ 1 ð13Þ

The lamina properties available in Table 3 are useful in the
failure analysis of the printed laminates. The nonlinear quasi-
static finite element failure analysis of the laminates was done
in Hyperworks. The first ply failure stresses and correspond-
ing strains are reported in the results when the laminate just
met the failure criterion. More details about the nonlinear qua-
si static analysis and finite element modeling of composites
laminates can be found in the Hyperworks manual.
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