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A B S T R A C T

Additive manufacturing (3D printing) enables the designing and producing of complex geometries in a layer-by-
layer approach. The layered structure leads to anisotropic behaviour in the material. To accommodate aniso-
tropic behaviour, geometrical optimization is needed so that the 3D printed object meets the pre-set strength and
quality requirements. In this article a material description for polymer powder bed fused also or selective laser
sintered (SLS) PA12 (Nylon-12), which is a common 3D printing plastic, was investigated, using the Finite
Element Method (FEM). The Material Model parameters were obtained by matching them to the test results of
multipurpose test specimens (dumb-bells or dog bones) and the model was then used to simulate/predict the
mechanical performance of the SLS printed lower-leg prosthesis components, pylon and support. For verification
purposes, two FEM designs for a support were SLS printed together with additional test specimens in order to
validate the used Material Model. The SLS printed prosthesis pieces were tested according to ISO 10328
Standard. The FEM simulations, together with the Material Model, was found to give good estimations for the
location of a failure and its load. It was also noted that there were significant variations among individual SLS
printed test specimens, which impacted on the material parameters and the FEM simulations. Hence, to enable
reliable FEM simulations for the designing of 3D printed products, better control of the SLS process with regards
to porosity, pore morphology and pore distribution is needed.

1. Introduction

Additive manufacturing (AM) has been used for prototyping cap-
abilities for a long time but it is now witnessing a greater utilisation in
the production of finalised products. The advantages of AM are that it
can produce geometries that were previously impossible or too ex-
pensive when using subtracting manufacturing and that it is easier for
customization.

Polymer powder bed fusion or selective laser sintering (SLS) is one
of the AM methods. In SLS, a laser is used to sinter a powdered material
into the desired geometry. This is done in a layer by layer approach.
The temperature of a layer is raised close to the melting temperature of
the material and the laser then adds the extra energy necessary to sinter
the selected parts together. The printing surface is then reduced cor-
respondingly to the thickness of the layer and a new layer of material
powder is applied. The process is repeated. A simplified schematic il-
lustration of the process is shown in Fig. 1. The benefits of SLS are that
it allows for a greater range of material choices, compared with other
AM methods, and it requires no dedicated support for protruding parts,

because the non-sintered powder acts as a natural support [1]. The
properties of the used but non-sintered powder will have changed,
when compared to the virgin powder [2] and, in the industry, this
powder is often mixed with virgin powder in a 50/50 mixture to keep
costs down [3].

This procedure gives the final product a layered structure with an-
isotropic behaviour in the material. It has been shown that, for a non-
composite material, this anisotropy is affected by the printing settings,
such as laser power, scan speed and scan spacing, but at the cost of
surface finish and printing time [4]. The printing direction in this report
coincides with the z-axis, so that the layers are oriented in the xy-plane
(as illustrated in Fig. 2), together with three orientations for printed
objects, viz. horizontal, vertical and tilted. The material is assumed to
be transversely isotropic. The z-direction is denoted with subscript L for
material parameters and with subscript T for material parameters in the
xy-plane.

Nylon-12 (PA12) is a polymer with good mechanical properties,
such as tensile strength and hardness, along with good qualities with
respect to abrasion resistance and water-sensitivity. PA12 has a low

https://doi.org/10.1016/j.addma.2018.10.009
Received 23 August 2018; Received in revised form 30 September 2018; Accepted 3 October 2018

⁎ Corresponding author.
E-mail address: li.yang@ri.se (L. Yang).

Additive Manufacturing 24 (2018) 577–586

Available online 30 October 2018
2214-8604/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2018.10.009
https://doi.org/10.1016/j.addma.2018.10.009
mailto:li.yang@ri.se
https://doi.org/10.1016/j.addma.2018.10.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2018.10.009&domain=pdf


melting point at 180 °C. It is used in the automobile, food and textile
industries [5]. The anisotropic behaviour of SLS printed PA12 has been
studied, for example, by [4,6–8]. Reference [6] found that the printed
material exhibited transversely isotropic characteristics between the
layers and the building direction, while reference [7] found that the
print was isotropic in all directions in the elastic range. This was also
investigated by [4] and [8], where the material properties were com-
pared with the density of the finished part. It was found that a higher
density in the finished part led to a stronger, stiffer and more isotropic
response when compared to a lower density.

Some material properties from different tests of PA12 are listed in
Table 1. Note that the testing methods and the amount of virgin powder
differ in the different tests. The RISE (Research Institutes of Sweden)

tests are the results of this study, which will be described in depth in
Section 2.3. Due probably to differences in porosity and pore char-
acteristics (size, morphology, and location), the obtained values of the
test pieces differed significantly from each other regardless of printing
direction.

The Finite Element Method (FEM) is frequently used to solve com-
plex industrial applications that are subjected to strict reliability and
safety constraints [13]. However, there has only been a few investiga-
tions into FEM for 3D-printing and they produced mixed results. For
example, Ajoku et al [14], investigated modelling of the behaviour of
the material by including evenly distributed pores. They reported a
reasonable estimation of the experimental tests in the initial stage, i.e.
linear behaviour, but failed to replicate the yield and failure of the SLS-
printed PA12. There are many possible reasons why the usual ways that
FEM is employed may not be applicable for 3D printed objects [2].
Inherent anisotropy of 3D printed parts is an obvious difference com-
pared to the parts produced by traditional methods. The quality of one
3D-printed part may differ significantly from another. This leads not
only to uncertain qualities in the 3D-printed parts but also an un-
certainty concerning the input of mechanical data required for FEM
simulation. What adds to the complexity are the different additive
manufacturing (3D printing) methods and the lack of test results using
these printing methods and, therefore, very little data about strength
[15].

Improvements in the mechanical performance of SLS printed objects
may be achieved through developments in the following aspects.
Firstly, better materials that can compensate the weakness caused by
the layered structure. Secondly, better control of the SLS process so that
the anisotropic grade and porosity can be minimized. Thirdly, smart
design and optimal printing arrangements, i.e. the weaknesses (aniso-
tropic nature) of SLS, have already been carefully dealt with in the
design step. The aim of this work was to study and demonstrate how
FEM can be used as a tool in the design and geometrical optimization of
SLS printed objects, using the lower-leg prosthetic components as ex-
amples.

2. Material

The material used in the models will be introduced, followed by
tests on the material and its corresponding parameters.

2.1. Material model

The characteristics of a linear elastic transverse isotropic material
can be described using five material parameters, viz. EL, ET , νLT , νTT and
GLT . The longitudinal direction (subscript L) is assumed to align with
the z-axis while the material displays isotropic behaviour in the trans-
verse xy-plane (subscript T) [16]. An approximation of GLT is done in
[7] for PA12, using Huber’s equation cited from [17]

=
+

G
E E

ν ν2(1 )LT
T L

LT TL (1)

which was found to be a reasonable approximation for PA12.
Due to anisotropy in the material, an anisotropic yield criterion had

to be used. Hill’s yield criterion was used. It states that yielding occurs
when

= − =σ σf σ σ( ) ( ) 0e Hill s, (2)

with σs being the yield stress and σσ ( )e Hill, the effective Hill’s stress
defined as

= σ D σσ [ ]e Hill
T

σ,
1
2 (3)

For a transverse isotropic material, the symmetric matrix Dσ con-
tains the directional yield limits σTs, σLs, σLTs and the reference stress σ ,s

which can be chosen arbitrarily. In this work it was set at equal to σTs

Fig. 1. The SLS printing process.

Fig. 2. The coordinate system with respect to the printing direction and or-
ientations of the SLS printed test specimens. Subscript L is used to denote the
material parameters in the z-direction and subscript T for the material para-
meters in the xy-plane.

Table 1
Mechanical parameters of SLS printed PA12 from literatures and this study,
where ET , EL are Young’s modulus and σUTS T, , σUTS L, the tensile strength.

Reference Material powder ET [MPa] EL [MPa] σUTS T,
[MPa]

σUTS L,
[MPa]

[6] PA 2200 1307 1420 34.3 44.5
[7] PA 2200 1650 1660 45.5 42.4
[4] PA 2200 2239 2171 50.1 51.2
[8] Duraform PA 2310 2310 – –
[9] Duraform PA 1825 1740 45 33
[10,11], EOS PA 2200 2080 2158 52 49
[12] Duraform ProX

PA
1770 1770 50 50

RISE test 1 Duraform ProX
PA

1510 1770 30.5 30.6

RISE test 2 Duraform ProX
PA

1600 1780 33.7 30.0
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[16].
To be able to calculate the plastic deformation, a hardening law and

flow rule were required. Because of the large spread in behaviour of the
material (as can be seen in Figs. 3 and 4) it was decided that a bi-linear
hardening law should initially be sufficient, then a power-law hard-
ening model would be fitted, when more material data from the second
test were available.

2.2. Material tests

A uniaxial tension test was carried out on ISO 3167 multipurpose
test specimens of SLS printed Duraform ProX PA, which is a type of
PA12 powder. A 50/50 mixture of used and virgin powder was used to
produce the test specimens, which were SLS printed in three different
orientations with respect to the printing direction. Then the specimens
were conditioned at 23 °C and 50% relative humidity for a week before
being tested. The orientations were vertical, horizontal and diagonal, as
was illustrated in Fig. 2. Firstly, an initial material test was carried out
on six horizontal and vertical test specimens, respectively. Additional
tests were later added with three test specimens in each of the or-
ientations, i.e. horizontal, vertical and diagonal. These were printed in
the same batch as the tested supports, which were used to validate the
Material Model.

2.3. Material parameters

The results from the two material tests can be seen in Figs. 3 and 4
together with the fitted Material Model and in Fig. 5 for the angled
specimens. Since not all material parameters could be determined from
the test data, some had to be approximated. The approximations used
are presented below. The Material Model parameters were evaluated
first using the initial test data giving Material Model 1. The parameters
were later re-evaluated with the results from both the initial tests and
the additional tests giving the parameters for Material Model 2. Both
Material Model parameters are presented in Table 2. Three of the new

test specimens broke at a significantly lower stress level than the other
test specimens; this could be attributed to defects or external damage.
These specimens were thus excluded from the calculations of the ma-
terial parameters.

For the material parameters in the model, averages of the test results
were used. From the data, Young’s modulus was determined using a
linear regression of the data for strains between 0.05% and 0.25%.
Poisson’s ratio was set using the estimates of [7] and [8]. The shear
modulus was estimated using Eq. (1). The yield stress was approxi-
mated as σ0,2, which corresponded to a 0.2% irreversible plastic strain.
The yield stress in shear τLTs was approximated as

= +τ
σ σ
6 6LTs
Ts Ls
2 2

(4)

for the first test, where it was assumed that the yield surface was
elliptical with σTs and σLs as the semi-minor and semi-major axes and
that the von Mises relation =σ τ3e still held. The data from the second
material test were estimated using the tilted sample as

= −
− −
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where σ S45, was the recorded yield stress of the 45-degree tilted spe-
cimen. The tilted specimen was also used to verify the estimated shear
modulus. Assuming that there was plane stress in the specimen, the
shear modulus GLT could then be estimated, using Mohr’s stress and
strain circle as

=
− + −( )( )

G 1
LT

ε
σ E E

ν
E

4 1 1 2
T L

LT
L

45
45 (6)

where ε45 and σ45 were the measured strain and stress in the tilted
specimen. This gave a shear modulus of 680MPa from tilted test spe-
cimen 1, which could be compared to the estimated 600MPa using Eq.
(1).

Fig. 3. Data from the vertically printed material tests and the Material Model 2
fitted to the measurement results.

Fig. 4. Data from the horizontally printed material tests and the Material Model
2 fitted to the measurement results.

Fig. 5. Data from the tilted material tests.

Table 2
Material parameters from the material tests.

Parameter Model 1 Model 2

ET [MPa] 1510 1600
EL [MPa] 1770 1780
νTT [−] 0.4 0.4
νLT [−] 0.4 0.4
GTT [MPa] 540 570
GLT [MPa] 580 600
σTs [MPa] 17.7 19.5
σLs [MPa] 20.9 21.2
τLTs [MPa] 11.1 16.3
σUTS T, [MPa] 30.5 33.7
σUTS L, [MPa] 30.6 30.0
σ0 [MPa] – 19.5
n [−] – 0.35
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To obtain a better estimation of the plastic behaviour of the mate-
rial, the isotropic bi-linear hardening model used for the first Material
Model was replaced with an isotopic power law hardening model,
stating that

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

σ
σ

σ
σ

G
σ

ε3 ˆy y pl
n

0 0 0 (7)

where σ0 was the initial stress yield, σy the current stress yield, G the
shear modulus, ε̂ pl the accumulated equivalent plastic strain and n a
hardening exponent. The initial yield stress σ0 was set to be equal to the
yield stress in the x-direction, so that it corresponded to the reference
stress used in Hill’s yield criterion. The shear modulus GLT , together
with test data, were used to estimate quantity n.

The results are given in Table 2, together with the parameters in
Hill’s yield criterion.

3. Method

Two components of a lower-leg prosthesis, pylon and support, are
introduced, followed by the corresponding testing setup and load cases,
which are defined by an ISO Standard. The FEM procedure at set up are
described, including the mesh and boundary conditions. Finally, the
concept of topology optimisation is presented, and the specific details
used for the pylon and support. A flow chart over the entire process is
shown in Fig. 6. Two Material Models 1 and 2 were applied in the
optimization and validation processes. The Material Model 1 was based
on the initial material test data while the Material Model 2 on both the
initial and the second material test data obtained from the standard test
specimens which were SLS printed in the same batch as the final SLS
printouts of designs A and B,

3.1. Lower-leg prosthesis

A lower leg prosthesis and its parts are illustrated in Fig. 7. The
pylon connects the ankle of the prosthetic foot through the fixture and
to the lower part of the support through another fixture. The upper part
of the support is in contact with the user. Existing pylon products are
made of either aluminium, carbon fibre prepreg or titanium [18].

3.2. Load cases

The prosthesis must be able to hold two different load cases, which
need to be taken into consideration when designing the structure. The
load cases (I and II) are defined by ISO 10328:2016 and their corre-
sponding tensile strengths are measured. Load case I corresponds to a
heel strike on the outside of the foot and load case II corresponds to the
force applied on the inner fore-front of the foot when the heel is raised
as is illustrated in Fig. 8. These load cases are not only compressive, but
they also give rise to bending and twisting. Relatively speaking, load

case II is more difficult to design against, because of the longer leverage
arm of the fore-foot when compared to the heel. The structure is sup-
posed to be able to move freely and should consequently not be con-
strained.

3.3. FEM procedure

For the FEM-analysis, software ANSYS® Academic TeachingFig. 6. Flow chart over the FEM optimization and validation processes.

Fig. 7. Parts of a lower-leg prosthesis.

Fig. 8. Illustration of the load cases I and II. The positions A and B were de-
fined by their coordinates, i j k, , , where the k axis is perpendicular to the
image plane.
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Mechanical, Release 18.1 was used.
The boundary conditions were enforced by applying a force at both

ends using remote force boundary conditions with placement, direction
and magnitude as previously described in Sec. 3.2. This allowed the
structure to move freely as is prescribed in ISO 10328:2016. To restrict
rigid body motion, the inbuilt weak springs function was enabled with a
spring constant of 1 N/mm and evaluated to ensure that they only
carried small forces. The weak spring forces were in the order of 10−6

N, which was small compared to the test force. These boundary con-
ditions worked well for evaluation assuming small deflections, but
convergence issues arose when large deflections were considered. Small
deflection analysis does not account for change in compliance due to
deformation and rotation of the structure (e.g. when it buckles), while
large deflection analysis does account for this phenomenon. One of the
remote forces was therefore changed to a fixed support and compared
with the previous solution using small deflections. The magnitude and
distribution of the stress were similar for the geometries tested, but the
deformation was larger for the fixed support solution. This might give
rise to higher stress in the solution with large deflections enabled, since
the structure became more deformed and more prone to buckling when
compared with the boundary conditions prescribed by the standard.

In the verification step of the optimised structures, it was evaluated
using both small and large deflections. Plasticity was tested using Hill’s
yield criterion, along with isotopic hardening. In the case of bi-linear
isotropic hardening (Material Model 1) using Hill’s plasticity, the plastic
slope was calculated as

=
−

E E E
E E

pl x t

x t (8)

in Ansys 18.1, where Ex is Young’s modulus in the x-direction and Et
is the tangent modulus, defined by the hardening input [19]. The
parameter Et was set to 490MPa, giving the plastic slope Epl a value of
726MPa. The structure was then evaluated for load cases I and II.

For the mesh the inbuilt automatic meshing tool was mainly used
with an added sizing of the elements between 2and 2.5mm. Quadratic
tetrahedrons elements was used for the support while hexahedrons
were used for the pylon. The sizing was generally chosen to give close
to the maximum permitted number of nodes for the particular software
license (258,000 nodes/elements), In cases of stress concentration, a
refinement of the mesh was added to those particular areas. The
number of elements was varied for some of the structures and iterations
in order to test whether the solution was relatively stable or not.

3.4. Topology optimisation

Topology optimisation is an optimisation algorithm used to find the
optimal geometry of a structure within a specified region. The known
quantities are the applied loads, boundary conditions and the design
space of the structure. The design space is the volume in which the
material can be removed [20].

The goal of topology optimisation is usually to minimise the com-
pliance of the structure. This often leads to concentrations of stress in
the optimised structure that may exceed the limit of the material,
leading to major additional changes in the topology, so that the struc-
ture remains admissible. Another strategy is to minimise the volume or
mass, given the constraint on the maximum stress allowed. There exist
three different methods regarding stress constraint, local, global, or
clustered. In the local method the stress constraint must be fulfilled in
all elements, leading to same number of constraints as that of elements.
In the global method one stress constraint is applied to the entire
model. A better approach is the clustered method where elements are
clustered together, and a stress constraint is applied to each cluster.
This approach has yielded good results and it speeds up the optimisa-
tion running time. The method of minimising mass with stress con-
straint has led to structures closer to a final design, compared to
minimising compliance under a mass constraint [21].

To find an optimised structure, an initial geometry of the available
design space was created and the topology was then optimised. A new
geometry was created, using the results of the optimisation as the guide.
The new design was a polished version of the optimisation result. It was
modified to be symmetrical even if the optimisation resulted in an
asymmetric design, so that the part could be utilised as left and/or right
leg prostheses. The new geometry was then validated as described in
3.3 and changed in an iterative manner to minimise the mass, while still
meeting the constraint levels.

For topology optimisation, the two load cases were created and
linked to a topology optimisation module. Since the topology optimiser
cannot handle non-linear effects, the behaviour of the linear elastic
anisotropic material together with the analysis of the small deflections
was used in this stage. The goal of the optimisation was set to minimise
the mass. The load condition gave rise to a main stress component in
the L or T direction depending on if the structure was vertically or
horizontally printed. The global von Mises stress constraint was then
introduced to equal the uniaxial yield stress corresponding to the main
stress component in the particular structure. The global von Mises stress
constraint in Ansys 18.1 corresponded to the clustered method in-
troduced above [22]. Certain areas and sections were set to be excluded
from the design space if they functioned as an interface with adjacent
parts of the prosthesis, to ensure that the optimised part could be as-
sembled with the existing prosthesis parts.

3.5. Investigation of the pylon

The first object investigated was the pylon. It was SLS printed with
an outer diameter of 30mm, an inner diameter of 25mm and a length
of 150mm. It was then tested in load case II, according to an ISO
Standard. The test results were compared with the FEM simulations,
using Material Models 1 and 2 that were introduced in Sec. 2.3 with a
simplified analytical model that transformed the load case into com-
pression, bending and twisting.

3.6. Investigation of the support

The second object investigated was the support. FEM analyses and
the optimisation of two different designs were carried out. They were:

A Topology optimisation for the vertical and horizontal printing di-
rections of a support with a wall thickness of 7mm.

B Shape optimisation of the wall and base thickness of the support
printed vertically, based on the existing geometry.

The design space of support A and the initial geometry of support B
before optimisation are shown in Fig. 9. The idea behind designs A and
B was to compare the topologically optimised structure with the shape
optimisation structure (equally strong), based on the existing design
geometry but excluding the thickness. The initial geometries were
therefore the same for both optimisation algorithms.

4. Results

This section presents the test results from the SLS printed prosthesis

Fig. 9. The initial geometry of supports A and B, with a wall thickness of 7mm;
i) angled, ii) from the side and iii) from the top. The outputs of the optimization
are shown in Figs. 11 and 12.
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components, the pylons, the optimised supports A and B and their
corresponding FEM simulations. Supports A and B were optimized, so
that they would have the same ultimate testing force similar to the
existing product made from polypropylene.

In the results below, Material Model 1 (see Table 2) has been la-
belled Mat.Mod.1 with Mat.Mod.2 representing Material Model 2.

4.1. Pylons

The pylons were horizontally and vertically printed and then tested
in load case II, combining compression with the bending and twisting of
each part. The test results can be seen in Table 3. They were compared
with FEM simulations and the analytical solution in Table 4. The lo-
cation of the break in the test is shown in Fig. 10. As shown, for most of
the tested tubes the lengths measured from the short edges of break
ranged from 45 to 50mm. The FEM simulations predicted failure at
53mm, Fig. 11. Hence, the simulations corresponded well with the test
results and were approximately one-third from the end of the tube
(150mm long). All the simulations with large deflections, apart from
the vertical with Material Model 1, ended due to an instability factor.
However, the stress levels were close to the ultimate stress.

4.2. Supports A and B

The volume and weight of the optimised designs of supports A and B
can be seen in Table 5. The volume is the optimised volume needed to
hold for load cases I and II. The weight percentage represents how
much the design weighed, compared to the existing support, whose

weight was set at 100%. The 3D-printed supports A can be seen in
Fig. 12, with support B in Fig. 13. As shown in Table 5, the volume and
the weight of support A, which met the optimization criteria, differed
for the various SLS printing directions.

4.3. Test and FEM results of supports A and B

Optimised supports A and B were SLS printed together with the
second material test specimens. They were tested for load case II to
verify the design and Material Model. The results were then compared
with FEM simulations, using Material Model 1 and the Material Model 2
data (see Table 2). The supports were fixed using conventional pros-
thesis parts and compressed using a continuous displacement at 2mm/
s, while measuring the resulting force. The fixed support in the testing
rig can be seen in Fig. 14.

The results from the tests are shown in Table 6, wherein experi-
mental values obtained from tested supports enumerated 1, 2, and 3 are
listed. The FEM simulated force at failure for the two Material Models
are shown in Table 7. It was found that, for support A, there was a large
difference in the force at break along with the location of the break,
when comparing the test with the simulation. This difference between
the test and the numerical simulation could possibly be attributed to the
use of a smaller fixture plate attached to the base of the support. This
fixture was designed for the existing support with a smaller diameter
and, therefore, did not cover the entire base of the two tested supports,
which had been assumed in the numerical simulations. Another pos-
sible cause was a misalignment for support A. The existing support
design and support B were almost rotationally symmetrical with only
three small holes in the base making it non-rotationally symmetrical,
while support A had only one symmetrical plane, due to cut-outs on its
sides. This made support A more sensitive to the misalignment. In ad-
dition, it was found in the setup of the test that there were no clear
indicators of the correct alignment, since this had not previously been
taken into consideration.

The two possible causes mentioned above were consequently fur-
ther investigated using FEM simulations. The results of the simulations
are listed in Table 8, which are closer to the test results. This indicated
that the size of the fixture plate and the misalignment factor definitely
had a strong impact on the test results. The simulation also pinpointed
the location of the failure for support A (see Fig. 15), with the con-
centration of the stress shown in Fig. 16.

Three SLS printed supports B were tested. All of them exhibited a
much higher ultimate stress when tested, i.e. more than 5000 N. In this
instance, none of the pieces tested were broken. However, all the tests
terminated, due to failures by other parts in the testing device. In Test 1,
a metal fixture plate underneath the support was broken during the test
and, in Test 2, the upper fixture was no longer able to hold the support
that was being tested. Yet, the force-displacement curves of the test had
started to flatten out, which indicated that the results being measured
were close to unusable, as can be seen in Fig. 17.

Table 3
Test results of the pylon.

Horizontal Magnitude of force at break
[N]

Vertical Magnitude of force at break
[N]

Test 1 237 Test 4 396
Test 2 277 Test 5 431
Test 3 432 Test 6 365
Mean 315 Mean 397

Table 4
FEM simulation results of the pylon in the case of small and large deflections.

Type Magnitude of force at
break, Small deflections
[N]

Magnitude of force at
break, Large deflections
[N]

Horizontal Mat.Mod.1 360 2201

Horizontal Mat.Mod.2 420 2301

Horizontal Analytical 310 –
Vertical Mat.Mod.1 400 255
Vertical Mat.Mod.2 420 2551

Vertical Analytical 370 –

1) Failure due to instability.

Fig. 10. Location of break for the pylons tested, those horizontally printed are on the left and those vertically printed are on the right. The lengths measured from the
short and long edges of break (in mm) are noted in the figure.
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5. Discussion

The Material Model adopted in this work was successful from the
following aspects. First, it identified the weak spots or the positions
where the highest concentration of stress took place and where failure
was most likely to occur for the pylon and support design A. Secondly,
the Material Model was successful when being applied in the design for
support B and for predicting its mechanical performance. It was tested
according to an ISO Standard for load case II. Moreover, the Material
Model produced reasonable estimations of the load needed for breaking
the SLS printed objects, when the influence of the boundary conditions
was taken into account.

It is important to be able to predict the mechanical performance of
an SLS printed object using FEM simulation. It is possible to avoid the

weakest spot in the geometrical structure or strengthen it in the design.
Even though the Material Model performed well in this work, it is im-
portant to point out that the performance of the Material Model de-
pends very much on the quality and/or reliability of the parameters of
the materials used in an FEM simulation. In the present work, the
material parameters were estimated from the averages of the material
tests. Due to the limited number of tests and the noteworthy variations
in the test results, more validation tests should be carried out.
Nevertheless, the model used here could still be used for finding weak
spots in a design and, in combination with safety factors, give an initial
indication of whether a structure will fail or not.

It can be seen from the test data on the material and the tests on the
pylon that there is a large spread in the properties of the material in the
printed parts. This variance could also be seen in the change in the
parameters of the material between Material Models 1 and 2. In the

Fig. 11. Simulation results for Hill’s effective stress at
break for the vertical Mat.Mod.1, just above the
breaking load, red indicates the stresses that are above
the ultimate strength; the orange and yellow areas in-
dicate that the material had yielded. The lower image
is a sectioned cut from the side though the plane that
underwent the biggest stress. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article).

Table 5
Results for supports A and B.

Support Printing
direction

Volume
[cm3]

Weight [g] Weight of existing
support [%]

A Vertical 139 132 131
A Horizontal 149 142 140
B Vertical 163 155 154

Fig. 12. 3D optimised printed topology supports A printed vertically with a
wall and base thickness of 7 mm.

Fig. 13. 3D-printed supports B printed vertically with a wall and base thickness
of 6mm.

Fig. 14. Test set-up for 3D printed Support B in load case II.

Table 6
Test results of support A and B.

Support A Magnitude of force at
break [N]

Support B Magnitude of force at
break [N]

Test 1 3712 Test 1 50521

Test 2 1886 Test 2 54361

Test 3 50101

Mean 2799 Mean 5166

1) The test terminated due to the metal fixture underneath the test piece
(support) was broken while the test piece remained in shape.

A. Lindberg et al. Additive Manufacturing 24 (2018) 577–586

583



vertical case, the test data from two test specimens were added, with
their responses being close to the average of the initial test. In the
horizontal case, the three added test specimens became the strongest,
second strongest and fourth strongest for that particular printing di-
rection, leading to a notable change in Young’s modulus, yield limit and
tensile strength. It can also be seen that apart from the yield limit, in the
horizontal direction there was a prominently bigger variance in the
material data than in the vertical direction.

The first material test was conducted 10 months prior to the second
one. The changes in material data between Material Models 1 and 2
could come from a combination of actual changes in the properties of
the material and/or the SLS process. The mean only for the additional

three tests in the horizontal direction was =Ē 1780T MPa, =σ̄ 22.9Ts
MPa and =σ̄ 39.9UTS MPa, respectively. Assuming that the material
properties were normally distributed, a Welch’s test could be conducted
to see if there is a statistical significance between the means of the first
and second tests on the material [23]. The test statistic tW was com-
pared with the t-distribution. Using a null hypothesis, i.e. that the
means of the distributions behind the material parameters are equal for
the first and second tests on the material and using a 0.05 significance
level, then it should be rejected for all three material parameters. This is
a strong indicator that the change was due to something other than
variability. The behaviour from the second material test was closer to
previous observations, in which the material was close to isotropic in
the elastic range, but anisotropic in the plastic range. This isotropic
material description showed a Young’s modulus for the material, which
was close to that quoted in the product description [12].

Due to the limited number of tests on the material and the large
variation in the data from the material that was measured, it was dif-
ficult to draw a definite conclusion as to whether an anisotropic
Material Model best describes the material or if an isotropic Material
Model is an adequate description for the elastic range. Assuming that
the material parameters are normally distributed, it is possible to use
the Welch’s test with a 0.05 significance level. The results that compare
the material data can be seen in Table 9. Comparing the results for all
the data from the material and only using the last three test samples for
estimating the transversely isotropic behaviour, there was a shift in how
the material behaved when it came to the linear range. Being isotropic
in the elastic range would be an advantage for general design purposes,
since a common design criterion states that no yielding should occur,
which would indicate that a simpler Material Model could be used.

The scattering in material data had been noted in previous studies.
The coefficient of variation (CV) in some of the properties of the ma-
terials obtained from [6] [7], and [24] are summarised in Table 10. As
seen, there is a large variation even when many samples are involved.

Variations and uncertainty in material data and mechanical per-
formance of the printed objects are the major limiting factors that
prevent SLS printing from being widely accepted as a production
technique, as significant variations may occur even amongst different
specimen within the same part [25]. Fatigue cracks and mechanical
failure often initiate on a pore close to the surface, independent of the
loading conditions and the stress [25]. Hence, process control to reduce
the overall porosity is important for reducing the variation. Moreover,
pore morphology and pore distribution can have a big impact on the
variations. Hence, it is essential to understand the relationship among
porosity, pore morphology, pore position and, furthermore, their origin
regarding varying process parameters, scan strategies and the material
characteristics of the powders [12–15]. It is obvious that the precision
or reliability of an FEM simulation will be improved when the

Table 7
FEM results for Supports A and B.

Type Load case II using small deflection [N] Load case II using large deflection [N]

FEM Support A Mat.Mod.1 5120 4570
FEM Support A Mat.Mod.2 5520 4970
FEM Support B Mat.Mod.1 5460 4670
FEM Support B Mat.Mod.2 5900 5020

Table 8
Results from the further FEM investigation into supports A and B.

Type Load case II using small deflection [N] Load case II using large deflection [N]

FEM Support A Mat.Mod.1 with smaller fixture 3400 3200
FEM Support A Mat.Mod.1 with 10° rotation 4870 4200
FEM Support A Mat.Mod.1 with -10° rotation 5220 4770
FEM Support B Mat.Mod.1 with smaller fixture 4630 4160

Fig. 15. Break during Test 1 of support A (left) and during Test 2 of support A
(right).

Fig. 16. Results from the FEM simulation of the influence of a smaller fixture
just above the break load, showing the Hill’s effective stress. Red indicates
stresses above the ultimate strength; orange and yellow indicate that the ma-
terial had yielded. N.B. there are concentrations of stress in the corners and at
the base (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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variations in the data on the materials are reduced.

6. Conclusion

The mechanical performance of 3D printed objects was studied by
combining an FEM simulation with experimental validation. Two SLS
printed lower-leg prosthesis components, pylons and supports were
examined in detail. It was shown that the Material Model gave a good
prediction of the location of a failure and it even yielded reasonable
estimates of the loads at failure when tested, according to ISO
Standards. Hence, an FEM simulation can be a useful tool, when it
comes to the optimal design of 3D printed objects and in predicting how
they perform mechanically. Nevertheless, it needs to be considered that
there may be large variations among 3D printed pieces, including dog
bones, from which the mechanical properties were obtained or derived.
The variations in the material properties (inputs to FEM simulation),
e.g. Young’s modulus, yield limit and tensile strength etc., could pos-
sibly make an FEM simulation less reliable. Therefore, it is essential to

have better control of the 3D printing process, which leads to reduced
porosity and a variation in the 3D printed objects, in order for an FEM
simulation of 3D printed objects to be reliable.
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