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Abstract—Fused deposition modeling (FDM) for additive
manufacturing is constantly growing as an innovative process
across the industry in areas of prototyping, tooling, and
production parts across most manufacturing industry verticals
such as Aerospace, Automotive, Agricultural, Healthcare, etc.
One such application that is widely used is for tooling on the
shop floor e.g. for pick-off tools, assembly fixtures etc. For
tooling applications printing the solid fill component with +45/-
45 raster is common practice. There is a requirement for finite
element analysis to validate the strength of 3D printed
components for some specific applications in tooling, but due to
the anisotropic behavior of 3D printed parts and the
unavailability of all mechanical properties FE analysis of 3D
printed parts is sometimes challenging. Advance approaches
like multiscale modeling approach requires specialized & costly
analytical tools. So, to understand the behavior of additively
manufactured parts the team has conducted a few tests and
compared the results. In this work, solid-filled dog-bone tensile
test and three-point bending test specimens were printed with
+45/-45 raster orientation and tested in the lab. Tensile test
specimens were built with flat, on-edge, and up-right
orientations and tested to determine the directional properties
of young’s modulus. Using mechanical properties from the
tension test 3 points bending test is simulated in FE software-
ANSYS. The FE modeling was done in two ways, in first model
orthotropic properties were assigned to the specimen, and for
second model isotropic properties were assigned. For isotropic
modeling least value of young’s modulus is used. Simulation
results of three-point bending test shows that in the linear region
of force-deflection curve, deformation values from FE model
with both orthotropic and isotropic modeling are in good
agreement with the experimental results. Also, the difference in
stress results between isotropic and orthotropic FE model is
almost negligible. To support this observation, study is
performed for various conditions. The specimens were printed
with ABS material on Ultimaker® and ASA material on
Stratasys® Fortus 360mc™ machine with T12, T16 and T20
nozzle settings. Study shows, for tooling applications if the 3D
printed solid-filled components are designed with a certain
factor of safety then validating its strength with isotropic
material properties will give acceptable results. The advantage
of this approach is getting the isotropic mechanical properties is
easy and modeling with FE modeling will be simple.

Index Terms—3D-printing, additive = manufacturing,
mechanical properties of materials, Finite Element Analysis
(FEA).
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I. INTRODUCTION

FDM is the most common techniques used for 3D printers
and has become one of the most popular rapid prototyping
techniques in the last decade. It involves the melting and
extrusion of a filament material at specific intervals and
predetermined locations where it cools and solidifies, one
layer at a time. Because of rapid prototyping 3D printing is
finding wide application in tooling on the shop floor. Finite
Element Analysis (FEA) helps validate the strength of 3D
printed components for specific applications. Due to the
layer-by-layer building mechanism, part orientation plays a
significant role in the mechanical properties, dimensional
accuracy, and surface finish. In addition, other building
parameters in FDM, such as raster angle, also contribute to
the anisotropic material properties [1]. Several research on the
elastic properties have been carried out on many FDM-printed
polymer materials such as Acrylonitrile Butadiene Styrene
(ABS) [2], polycarbonate (PC) [3]. However, to get full
orthotropic properties of 3D-printed materials, various
mechanical testing needs to be performed. Cost and time
involved in these testing is considerable. Hence, we find
limited usage of designing of 3-D printed structural
components using computer simulation. For tooling
applications printing the solid fill component with +45/-45
raster is common practice. In this work, to deduce the elastic
constants of the 3D printed material, solid filled dog-bone
tensile test and three-point bending test specimens were
printed with +45/-45 raster orientation and tested in the lab.
Dog-bone specimen were tested to determine the directional
properties of Young’s modulus properties. Using mechanical
properties from the tension test we have simulated 3 points
bending test in FE software-ANSYS. The FE modelling was
done in two ways, in first model orthotropic properties to the
specimen were assigned, and for second model isotropic
properties were assigned. For isotropic modelling least value
of Young’s modulus is used. Simulation results shows that in
linear region, deformation values from FE model with both
orthotropic and isotropic modelling are in good shown
agreement with the experimental results. Also difference in
stresses results between FE model orthotropic and isotropic
models is almost negligible. To support this observation,
study is performed for various conditions. Study had shown,
if we design solid filled 3D printed components with certain
factor of safety then validating the strength of the component
with isotropic material properties will give acceptable results.
The advantage of this approach is modelling with isotropic
material properties is simple to use of mechanical properties
is easily available.
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Il. THEORY
The strain-stress relationships of an orthotropic material
can be written in terms of a compliance matrix C;;
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Hence to model 3D printed the orthotropic behavior of the
3D printed part in FE software we need 9 independent
material constants. The constants are needed to derive from
the lab tests of the standard specimens.

I11.  SPECIMEN DESIGN AND FABRICATION

A. Specimen Design

Materials tested in this study were ASA and ABS. ASA
samples were printed on Stratasys® Fortus 360mc™ 3D-
printer and ABS samples were built on Ultimaker® 2 3D-
printer. On Stratasys® 3D-printer ASA samples were printed
with two different nozzle settings with T16 model tip and
other with T20 model tip. The specimen geometries for
tension test followed specifications outlined in ASTM D-638
for the Type IV tensile specimens. Specimen dimensions are
shown in Fig. 1 with thickness of 4mm.
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Fig. 1. Schematic representation of ASTM D638 Type IV tensile specimen
with relevant dimensions in mm.
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The entire list of machine parameters set for building ASA
and ABS samples are listed in Table I. The raster orientation
selected was [+45/-45]. This raster orientations were selected
as majority of 3D-printers using an alternating raster pattern
as the default printing scheme.

TABLE I: 3D-PRINTING PROCESS SETTINGS FOR THE STRATASYS® FORTUS
AND ULTIMAKER®

Stratasys® Fortus 450 mc Ultlmakgr® 2
Parameters ASA Material machine
ABS Material
T16 Nozzle  T20 Nozzle
Air gap (mm) 0.0 0.0 0.0
Slice height (mm) 0.1 0.1 0.1
Extrusion width 04 04 04
(mm)
Nozzle size (mm) 0.4 0.4 0.4
Fill (%) 100 100 100

Tensile test samples were built in three orientations. These
orientations are based upon which plane the front face of the
specimen resides and were named accordingly. The three
orientations investigated were flat (XY plane), on-edge (XZ
plane), and up-right (ZX plane) and for clarification purposes
are illustrated in Fig. 2 along with the raster orientation.

Printer bed orientation

Printing raster direction
Printing X

raster -45
direction

[+45/-45] upright

[+45/-45] flat
Printer bed orientation

Fig. 2. Graphic representation of the printer bed orientations (flat, on-edge,
and up-right) [4].

IV. TEST RESULTS

A. Tensile Test Results with ASA Samples

On Stratasys® 3D-printer ASA samples were printed with
two different machine settings one with T16 model tip and
other with T20 model tip. The tension specimens were tested
in batches of five printed for each orientation and the results
for all five tests averaged to find the mechanical properties.
Results reported from tension tests are Young’s modulus,
Tensile Strength, and strain at failure. Fig. 3 shows stress-
strain curve graphs for the each of the tests performed of T16
nozzle setting samples. Similar graph we got for T20 nozzle
setting samples as well (which are not shown here because of
space constrain). Mechanical properties derived from the
tension tests are listed in Table II.

TABLE Il: TENSILE TEST PROPERTIES FOR ASA SPECIMENS

T16 Nozzle T20 Nozzle
Orientation Orientation
_ [+45/  [+45/- [+45/  [+45
[Z‘S’ 45]  45] [_’:1‘;?’ 45]  /-45]
Property Flat on- up- Flat on- up-
X) edge right ) edge  right
(Y) (2) (Y) @)
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Young's
Modulus
(MPa)
Ultimate
Strength
(MPa)
Strain at
Failure
(%)

1746 1668 1666 1890 1743 1668

17.7

2566 2542 1894 29.26 29.16 6

6.34 8.39 1.50 580 583 133

These mechanical properties will further be used in
performing 3-point bending test simulation

Fig. 3. Stress-strain curve for ASA samples with T16 nozzle.

TABLE Ill: TENSILE TEST PROPERTIES FOR ABS SPECIMENS [4]

Orientation
: [+45/-45]  [+45/-45]
Property [;?ast/(fg] on-edge up-right
49) @
Young's Modulus (MPa) 2040 2020 1960
Ultimate Strength (MPa) 30.3 30.0 29.9
Strain at Failure (%) 8.89 5.41 1.84

B. Tensile Test Results with ABS Samples

ABS samples were built on an Ultimaker® 2 3D-printer.
The tension specimens were tested in batches of five printed
for each orientation and the results for all five tests averaged
to find the mechanical properties. From the tensile tests we
were expected to get results for Young’s modulus, Tensile
Strength, Strain at failure. However, because of limitation of
lab test set up appropriate data for the Young’s modulus was
not collected. For this reason, we have compared the ultimate
strength data from the actual test and literature [4]. While
doing this it is ensured that the 3D printer machine parameters
for lab test samples and literature data samples are same.
Ultimate tensile strength values from the lab test are 32.2
MPa, 30.9 MPa and 28.1 MPa for flat, on-edge and up-right
orientation, respectively. Since these ultimate strength values
are matching closely with literature data [3], mechanical
properties for ABS sample are referred from the literature.
Table 11l enlists the results mechanical properties from
tension test for ABS samples.

V. FINITE ELEMENT SIMULATION OF 3-POINT BENDING
TEST

Using mechanical properties from the tension test we have
simulated three-points bending test in FE software-ANSYS.
Specimen dimensions and test fixture dimensions for three
point bending test are shown in Fig. 4.
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Fig. 4. Schematic representation of Three-point bending test specimen [5].

128 mm

The FE simulation of three point bending test modelling
was done in two ways, in first model orthotropic material
properties were assigned, and for second model isotropic
properties were assigned. For isotropic modelling least value
of Young’s modulus is used which is observed with up-right
orientation.

A. Results for ASA Samples with T16 Nozzle

For three-point bending test five samples with ASA
material were printed all with flat orientation and in 45¢/—45¢
raster configuration. Fig. 5 shows deformation and stress
plots from the FE simulation results with orthotropic and
isotropic material assignment along with mechanical
properties used in FE model. Here Young’s modulus values
are referred from actual tensile tests as explained in previous
section whereas Poisson’s ratio and shear modulus data is
referred from literature [5].

Orthotropic Modeling Results Isotropic Modeling Results

St 458 g 11
et uconty

Mechanical Properties Considered for Analysis:
Ex=1746 MPa, Ey=1668 MPa, Ez=1666 MPa, jixy=0.39, nyz=0.39,
uxy=0.38, Gxy=756 MPa, Gyz =791 MPa, Gxz =756 Mpa
Fig. 5. Deformation and stress results from FE model for ASA sample

printed with T16 nozzle.

Mechanical Properties Considered for Analysis:
E=1666 GPa, 1u=0.39

Simulation and experimental results are compared using
the force—deflection relations in Fig. 6. Table 1V shows the
percentage difference in deflection results from FE model
with lab test results. It is observed that in the linear region of
force-deflection curve, deformation results from FE model
with both approaches shows good correlation with lab test
results. The percentage difference between the deflection
results from orthotropic and isotropic model is only 5%.
Table V shows the comparison of the principal stress results
with isotropic and orthotropic models, which shows that the
principal stress results with both the approaches are matching
within 1%.
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Force vs. Deflection

FEA Isotropic
—e—FEA Ortholropic
Lab Test

20 30 40 B0

Deflection (mm)

Fig. 6. Force—displacement responses comparison of T16 ASA specimens
for three-point bending.

TABLE IV: COMPARISON DEFLECTION RESULTS FOR T16 SPECIMEN ASA

Load (N) Lab Test FEA FEA Diff
Deflection Isotropic Orthotropic between
(mm) Deflection Deflection FE results
(mm) (mm)
3.3 15 1.26 1.19 5%
6.7 2.7 2.53 2.4 5%
10.7 4.13 4.04 3.84 5%
14.7 5.52 5.55 5.28 5%
18.7 7.01 7.08 6.72 5%
22.7 8.62 8.64 8.21 5%
26.7 10.41 10.26 9.76 5%

TABLE V: COMPARISON PRINCIPAL STRESS RESULTS FOR T16 SPECIMEN

Simulation and experimental results are compared using
the force—deflection relations in Fig. 8. Table VI shows the
percentage difference in deflection results from FE model
with lab test results. It is observed that in the linear region of
force-deflection curve, deformation values from FE model
with both approaches are similar with that of lab test results.
The percentage difference between the deflection results from
orthotropic and isotropic model is only 14%. However,
percentage difference between principal stress results with
isotropic and orthotropic models is within 1% as shown in
Table VII.

Foree vs. Deflection

FLA Tsotropic
—e—FEA Orthotropic

Lab Test

Delleetion (mm)

Fig. 8. Force—displacement responses comparison of T20 ASA specimens
for three-point bending.

TABLE VI: COMPARISON DEFLECTION RESULTS FOR T20 SPECIMEN ASA

ASA Load Lab Test FEA FEA Diff

Load (N) FEA lIsotropic FEA Diff between (N) Deflection Isotropic Orthotropic between

Stress (MPa) Orthotropic FE results (mm) Deflection Deflection FE results

Stress (MPa) (mm) (mm)
33 3.06 3.07 -0.1% 37 12 141 1.24 14%
6.7 6.15 6.15 -0.1% 75 2.25 2.84 25 14%
10.7 9.82 9.84 -0.2% 12.0 35 453 3.99 13%
14.7 13.47 13.49 -0.1% 16.5 476 6.23 5.49 14%
18.7 17.14 17.13 0.0% 21.0 6.02 7.97 7.00 14%
227 20.85 20.85 0.0% 255 7.38 9.76 8.55 14%
26.7 24.62 24.65 -0.1% 30.0 8.83 11.64 10.18 14%
) TABLE VII: COMPARISON PRINCIPAL STRESS RESULTS FOR T20 SPECIMEN
B. For ASA Samples with T20 Nozzle ASA
For three-point bending test five samples with ASA Load (N) FEA Isotropic Omfc'if; pic  Diff between
material were printed all with flat orientation and in 45¢/—45¢ Stress (MPa) oo (Mpa) T resulls

raster configuration. Fig. 7 shows deformation and stress 3.7 3.45 3.45 -0.1%
plots from the FE simulation results with orthotropic and 7.5 6.92 6.93 0.0%
isotropi terial assignment along with mechanical 129 ot o7 0%
Isotropic - mater g 9 16,5 15.14 15.17 -0.2%
properties used in FE model. Here Young’s modulus values 21.0 19.30 19.28 0.1%
are referred from actual tensile tests as explained in previous 255 2351 2348 0.1%
30.0 27.85 27.77 0.3%

section whereas Poisson’s ratio and shear modulus data is
referred from literature [5].

Orthotropic Modeling Results Isotropic Modeling Results

Mechanical Properties Considered for Analysis:
Ex=1890 MPa, Ey=1743 MPa, E2=1668 MPa, 1ixy=0.39, jyz=0.39,
uxy=0.38, Gxy=756 MPa, Gyz =791 MPa, Gxz =756 Mpa

Fig. 7. Deformation and stress results from FE model for ASA sample
printed with T20 Nozzle.

Mechanical Properties Considered for Analysis:
E=1668 GPa, ;=0.39
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C. For ASA Samples with T12 Nozzle

For this study actual lab test were not performed and
material data is referred from the literature [5]. Fig. 9 shows
deformation and stress plots from the FE simulation results
with orthotropic and isotropic material assignment along with
mechanical properties used in FE model. Here all mechanical
properties data is referred from literature.

Simulation and experimental results are compared using
the force—deflection relations in Fig. 10. Table VIII shows the
percentage difference in deflection results from FE model
with lab test results. It is observed that in the linear region of
force-deflection curve, deformation values from FE model
with both approaches are similar with that of lab test results.
The percentage difference between the deflection results from
orthotropic and isotropic model is only 11%. However,
percentage difference between principal stress results with
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isotropic and orthotropic models is within 1% as shown in
Table IX.

Orthotropic ling Results Isotropic ling Results

A A

Mechanical Properties Considered for Analysis:
Ex=2148 MPa, Ey=2148 MPa, Ez=1945 MPa, 1ixy=0.39, uyz=0.39,
uxy=0.38, Gxy=756 MPa, Gyz =791 MPa, Gxz =756 Mpa

Fig. 9. Deformation and stress results from FE model for T12 ASA sample.

Mechanical Properties Considered for Analysis:
£=1945 GPa, pu=0.39

Force vs. Deflection
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Deflection (mm)

Fig. 10. Force—displacement responses comparison of T12 ASA specimens
for three-point bending.

TABLE VIII: COMPARISON DEFLECTION RESULTS FOR T12 SPECIMEN ASA

Load Lab Test FEA Isotropic Orﬂf(l)ztﬁ)pic Diff
N) Deflection Deflection Deflection between
(mm) (mm) (mm) FE results
3.3 0.89 1.08 0.97 11%
6.7 1.93 2.16 1.95 11%
10.7 3.02 3.47 3.13 11%
14.7 4.2 4.76 4.29 11%
18.7 5.5 6.05 5.47 11%
22.7 6.68 7.37 6.64 11%
26.7 7.9 8.72 7.85 11%

TABLE 1X: COMPARISON PRINCIPAL STRESS RESULTS FOR T12 SPECIMEN

ASA
. FEA .
Load (N) FSEt;tSISS?,t\;ﬁg; Orthotropic Dllzfé ?::Nmi:n
Stress (MPa)
33 3.06 3.06 0.0%
6.7 6.14 6.15 -0.1%
10.7 9.85 9.87 -0.2%
14.7 13.48 13.53 -0.3%
18.7 17.13 17.87 -4.1%
22.7 20.81 20.84 -0.1%
26.7 24,53 24.55 -0.1%

D. For ABS Samples

For three point bending test five samples with ABS
material were printed with flat orientation and in 45°/—45¢
raster configuration. Fig. 11 shows deformation and stress

60

plots from the FE simulation results with orthotropic and
isotropic material assignment along with mechanical
properties used in FE model. Here all mechanical properties
data is referred from literature.

Isotropic ing Results

ic Modeling Results

Mechanical Properties Considered for Analysis:
Ex=2040 MPa, Ey=2020 MPa, Ez=1960 MPa, jxy=0.36, jiyz=0.38,
1uxy=0.38, Gxy=740 MPa, Gyz =610 MPa, Gxz =670 Mpa

Fig. 11. Deformation and stress results from FE model for ABS samples.

Mechanical Properties Considered for Analysis:
E=1960 GPa, u=0.36

Simulation and experimental results are compared using
the force—deflection relations in Fig. 12. Table X shows the
percentage difference in deflection results from FE model
with lab test results. It is * that in the linear region of force-
deflection curve, deformation values from FE model with
both approaches are similar with that of lab test results. The
percentage difference between the deflection results from
orthotropic and isotropic model is 4%. However, percentage
difference between principal stress results with isotropic and
orthotropic models is within 1% as shown in Table XI.

Force vs. Deflection
00
&0.00
RUXUH
40.00

Spevimen 3 Lah T
1

Force (N)

FEA Isatmopie
—8—FEA Orthotopic

10

000

000 500 10,61 15,00 20400 2500 30,000 35K 40010

oo
Deflection (mm)

Fig. 12. Force—displacement responses comparison of ABS specimens for
three-point bending.

TABLE X: COMPARISON DEFLECTION RESULTS FOR ABS SPECIMEN

i Diff
Load Lab Te_st FEA ISOtrOplc FEA Orthotropic
Deflection Deflection . between
(N) Deflection (mm)
(mm) (mm) FE results
5.0 15 1.28 1.24 4%
10.0 2.7 2.58 2.49 4%
16.0 4.0 411 3.98 3%
22.0 5.3 5.65 5.47 3%
28.0 6.7 7.21 6.97 3%
34.0 8.2 8.81 8.53 3%
40.0 9.7 10.48 10.16 3%

TABLE XI: COMPARISON PRINCIPAL STRESS RESULTS FOR ABS SPECIMEN

Load (N) FEA Isotropic  FEA Orthotropic Diff between
Stress (MPa) Stress (MPa) FE results
5.0 4.28 4.22 1.4%
10.0 8.51 8.45 0.7%
16.0 13.53 13.50 0.2%
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22.0 18.52 18.49 0.2%
28.0 23.57 2351 0.3%
34.0 28.66 28.62 0.1%
40.0 33.84 33.83 0.0%

VI.

3 Point bending test of ABS samples shows, results for
deflection and stress with isotropic and orthotropic material
properties are closely matching and are in good agreement
with test results. For ASA Samples we observe that T12 and
T16 nozzle setting samples shows good correlation compared
to T20 nozzle setting samples. Also, one more thing we
observe here is that the mechanical properties of T20 nozzle
setting samples are better than T16 samples.

To summaries study, we suggest that for the tooling
component where we generally design the component with
certain factor of safety, FE modeling with least isotropic
material properties (Z-direction) can give fairly the
acceptable results. The proposed approach in this paper is
more efficient & requires less input data than detailed
approach. However, it still provides good level of correlation
with detailed approach. Similar study can be performed on
other material like Nylon and to check the same approach is
applicable.

Important consideration

Samples considered for this study are ABS and ASA

samples: with +/-45 printing orientation and solid filling

Only pure bending load case is considered here hence the

conclusion made from this study are applicable only for
bending or tensile load.

For complex loading conclusions made in this study may

not be valid

For Ultimaker® machines where parts are exposed to

environment while printing, mechanical properties may
vary from sample to samples
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