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Introduction
3D printing allows the rapid development of complex objects of polymers, metals, and 
ceramics [1]. Though in the initial phase, applications of 3D printing were limited to pro-
totypes for testing and experimental purposes; currently, 3D printing is being explored 
in a wide spectrum of industrial design education and medical research [2–4]. Notably, 
3D printing has distinct advantages of high precision, customization, fast fabrication, 
lower waste, lower energy consumption, and lower cost over conventional manufactur-
ing processes [5].

Polymers are the most commonly used material in 3D printing and can be processed 
using different 3D printing technologies. Fused deposition modeling (FDM) is one of the 
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Accurate simulation of mechanical properties of 3D-printed objects can provide critical 
inputs to designers and manufacturers. Polylactic acid, a biodegradable polymer, is par-
ticularly important in this regard due to its excellent print quality and a wide range of 
applications. Herein, an accurate uniaxial stress–strain profile simulation of 3D-printed 
PLA is reported. Nonlinear Finite Element Analysis (FEA) was used to simulate the 
uniaxial tensile test and build a material model for the prediction of the stress–strain 
response. 3D model for this nonlinear FEA study was built in SolidWorks, and sev-
eral measures were taken to simulate the nonlinear stress–strain response with high 
accuracy. Von Mises stress, resultant displacement, and strain plots were produced. 
Comparison with experimental data extracted from the literature was done to validate 
the FEA model. Fracture behavior was predicted by FEA stress distribution. Deviations 
between the stress–strain plot obtained by FEA from the experimentally obtained plot 
were minimal. The entire curve, except the failure zone, could be precisely simulated. 
Furthermore, the developed von Mises plasticity material model and the boundary 
conditions also captured the behavior of specimen under uniaxial tension load and 
the deviation between experimental results was minor. These results suggest that the 
developed material model could be useful in non-linear FEA studies on 3D printed PLA 
objects which are expected to withstand tensile stress.
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most promising 3D-printing technologies used for polymers. Polylactic acid (PLA) is a 
biodegradable thermoplastic made from renewable resources and offers good physical–
mechanical properties and 3D printability by FDM [6–9]. Excellent biocompatibility and 
biodegradability coupled with good mechanical properties and processability make PLA 
a promising candidate for biomedical applications. PLA has been extensively explored 
for biomedical applications such as medical implants, scaffolds for tissue engineer-
ing, orthopedic and drug delivery devices and guided tissue regeneration. Indeed, 3D 
printed PLA structures are envisaged to play a key role in biomedical applications [10]. 
However, one of the concerns inherent in 3D printing of PLA is significant variations in 
the mechanical properties of 3D printed PLA objects in comparison to bulk PLA. Such 
issues are even more critical in 3D printed objects that are designed for load-bearing 
applications [11].

The infill density and internal shape have been reported to significantly affect the 
mechanical properties of 3D printed PLA specimens [7, 12]. It was found that the ten-
sile strength and elasticity were directly proportional to infill density and that specimens 
with concentric internal-shaped specimens had the highest tensile strength and elastic-
ity among specimens with internal shapes of line, lattice and crystal [13–15]. Song et al. 
performed tensile, compression and fracture tests on 3D printed PLA samples in differ-
ent material orientations and found that specimens were tougher when loaded in the 
extrusion direction compared to the transverse direction [16]. After performing uniaxial 
tensile tests for PLA specimens, Noori et al. found that deposition height is a key param-
eter for the energy required for interlayer fracture [17]. It was also found that the tensile 
residual stress and interlayer contact area affect the fracture energy significantly.

A large variation in the mechanical properties of 3D printed PLA from the bulk PLA 
has promoted designers to develop simulation strategies for the prediction of mechan-
ical properties of 3D printed objects. Several testing techniques are generally used to 
determine the mechanical properties of a material. The most common mechanical tests 
include a uniaxial compression test, a plane-strain compression test, and a uniaxial ten-
sile test. The uniaxial tensile test is the most commonly used mechanical test, providing 
accurate values of key mechanical parameters such as Young’s modulus, yield strength, 
ultimate tensile strength, elongation at break and Poisson’s ratio. Provaggi et al. recently 
employed finite element analysis (FEA) to predict mechanical properties of 3D printed 
polymers under compression and concluded that inputs provided by FEA could be 
potentially useful for reducing product design and development time [18]. Their work, 
which was focused on the linear elastic region, suggested that in 3D printed PLA speci-
men with 100% infill density, maximum Von Mises stresses was considerably higher than 
the compressive yield strength. Pastor-Artigues et al., on the other hand, conducted FEA 
studies on 3D printed under tension, compression as well as bending condition [19]. 
However, they concluded that currently used procedures for the mechanical property 
evaluation of 3D printed objects do not guarantee a coherent set of results that could 
be effectively used in numerical simulations. Simulation of the mechanical test of 3D 
printed objects was also attempted by several other authors [20–22]. All these studies 
point out the challenges associated with the accurate simulation of mechanical proper-
ties of polymers, underscoring a need for more research in the direction of FEA based 
simulation for the prediction of non-linear behaviors under tension [23–26].
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Herein, a nonlinear FEA model is devised to simulate the stress–strain response of 3D 
printed PLA. Mesh control and mess size sensitively analysis was conducted and von 
Mises stress, resultant displacement, and strain plots were also produced. Furthermore, 
the developed model was validated on the uniaxial stress–strain data of 3D-printed PLA 
reported in the literature.

Materials and methods
3D model for the specimen was built using SolidWorks® software to match the test 
specimen geometry (Fig. 1). As the 3D printed PLA specimen is thin-walled, a mid- sur-
face model was used for simplification, reducing solution time and avoiding potential 
meshing problems. A curvature-based mesh, which has more nodes than a standard 
mesh, was assigned to get highly accurate results. The strain rate was set at 3 mm/min. 
The model was set to have the tension load applied to the specimen from the top and 
have the bottom section fixed to simulate the relative uniaxial motion between the upper 
and lower grips of a tensile testing machine. The numerical method with meshing and 
boundary conditions is presented in Fig.  2. A custom material model was created in 
SolidWorks Simulation® module. von Mises plasticity material model was used to define 
the nonlinear material behavior [27]. The material model was built by using the mechan-
ical and physical properties listed in Table 1 and the stress–strain curve data extracted 
from literature [28]. The yield strength was determined based on a 0.2% offset strain. To 
account for large deformation and strain, a large-strain model was applied.

The experimental data published by Farbman and McCoy [28] was used for the vali-
dation of the Finite Element model developed in this work. Farbman et al. conducted a 
detailed tensile testing study on 3D printed PLA test specimens. Mechanical tests were 
conducted according to ASTM code B557-06 at a crosshead velocity of 3 mm/min at a 
maximum load of 1000 N. Data from the experimental stress–strain curve obtained in 
ref [28] was extracted using GetData Graph Digitizer [29].

Results and discussion
Finite element analysis

FEA was used to simulate the tensile load on the specimen up to the point just 
before the failure. Mesh sensitivity analysis was performed to evaluate the effect of 
mesh size on von Mises stress and resultant displacement. From the analysis sum-
marized in Fig. 3, it can be observed that results for stress and displacement did not 

Fig. 1  The dimension of the tensile test specimen used in FEA (in mm)
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vary significantly within the mesh element range of interest, which means that results 
for both parameters are reliable. As expected, the maximum von Mises stress varied 
slightly over the resultant displacement results. Mesh parameters were determined 
and summarized in Table  2. To analyze the mesh quality, mesh plots (Fig.  4) were 
created and the results showed that the mesh quality was acceptable when the aspect 
ratio was less than 3. These results indicate that element edge lengths are close to 
each other. On the other hand, the Jacobian chart showed positive values, indicating 
that the analysis did not yield distorted elements. It can also be noted that the maxi-
mum stress point was located at the specimen centerline within the necking zone as 

Fig. 2  FEA model showing mesh and boundary conditions

Table 1  Mechanical properties for PLA [34]

Property Value

Density, ρ 1240 kg/m3

Elastic modulus, E 973 MPa

Poisson’s ratio, υ 0.36

Yield strength 15.7 MPa

Ultimate tensile stress 46.18 MPa
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shown in Fig.  5. As SolidWorks could not simulate the fracture behavior, expected 
fracture behavior shown in Fig.  6 could be predicted based on the maximum stress 
spot, which was expected to develop a crack initiation point. The model shows that 
the maximum resultant displacement and strain are 2.227 mm and 1.615e−2 respec-
tively (Fig. 7a, b).

Validation

The experimental stress–strain curve and FEA simulated stress–strain curves are shown 
in Fig.  8. As expected, the uniaxial stress–strain curve of PLA started with an elastic 
zone wherein tensile stress has a linear dependence on the applied strain. The linear 
zone indicates the stress–strain range in which the material will regain its original shape 
after the removal of the applied stress or strain. The linear-zone continues to yield point, 
beyond which plastic deformation takes place in the specimen and it cannot regain orig-
inal shape even after the removal of applied stress/strain [25]. The plastic deformation 
zone continues until the rapture of the specimen. Ultimate tensile stress was 46.18 MPa 
and the yield strength, which was evaluated using the 0.2% offset method, was 15.7 MPa. 
FEA simulated stress–strain profile and experimentally obtained stress–strain pro-
file were almost overlapping and exhibited similar slopes and trends all over the range 
(Fig. 8). The yield and ultimate tensile strength values were very close to each other. To 

Fig. 3  Mesh sensitivity analysis results for maximum von Mises stress and maximum resultant displacement

Table 2  Mesh parameters used in FEA

Property Value

Mesh size 1.85 mm

Mesh type Curvature-based

Element type Shell element

Mesh quality High
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estimate the accuracy of FEA results, the deviation between FE and experimental results 
for yield and ultimate tensile strengths were computed (Table  3). It can be seen that 
there is only a ~ − 2% error in the prediction of yield strength and the ultimate tensile 
strength has only error of ~ 7%. These results indicate validation of the FEA model [12, 
16, 24, 30–33].

Conclusion
This study simulated a uniaxial tensile test for a 3D printed PLA using nonlinear FEA. 
FEA developed in this work could successfully capture the specimen behavior under 
uniaxial tensile load. Deviations between experimental and simulated results were 
minimal and the maximum error was 6.7%. The developed material model, therefore, 
could be used for the prediction of the uniaxial tensile behavior of 3D printed PLA 
parts covering the nonlinear region before failure.

Fig. 4  Mesh control charts used in FEA: aspect ratio (left), Jacobian (right)
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Fig. 5  von Mises stress distribution for the uniaxial tensile test (in MPa)

Fig. 6  Expected fracture response of specimen under uniaxial stress
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Fig. 7  Simulated (a) strain (b) displacement plots of the specimen

Fig. 8  Uniaxial tensile Stress–Strain plots of 3D printed PLA (A) FEA simulated profile, (B) Experimental profile
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