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Abstract: Additive manufacturing (AM) or 3D printing technology creates a tangible object
by adding successive layers of materials. Nowadays, 3D printing is used for developing
both metal and non-metal products. In the advancement of 3D printing technology, material
specimen design, modification, and testing become very simple, especially for non-metal
materials, such as hyperelastic, thermoplastic, or rubber-like materials. However, proper
material modeling and validation are required for the analysis of these types of materials.
In this study, 3D printed poly lactic acid (PLA+) material behavior is analyzed numerically
for validation in the counterpart of experimental analysis to evaluate their behavior in both
cases. The specimen was designed in SolidWorks by following ASTM D638 dimension
standards with proper infill densities and raster angle or infill orientation angle. These
infill layer densities and angles of orientation play an important role in the mechanical
behavior of the specimen. This paper aims to present a numerical validation of five infill
densities (20%, 40%, 60%, 80%, and 100%) for a £45-degree infill angle orientation by
incorporating a nonlinear hyperelastic model. Results indicate that infill densities affect the
mechanical behavior of PLA+ material. The result also suggested that neo-Hookean and
Mooney-Rivlin are the best-fitted hyperelastic material models for these five separate linear
infill densities. However, neo-Hookean is easier to analyze, as it has only one parameter
and a new equation is developed in this study for determining the parameter for different
infill densities.

Keywords: additive manufacturing; infill density; hyperelastic; PLA+; strain energy function

1. Introduction

Additive manufacturing (AM), commonly known as 3D printing, has transformed
the manufacturing landscape by offering unparalleled flexibility in design and production.
Unlike traditional subtractive manufacturing methods, which involve material removal
to shape products, 3D printing constructs objects layer by layer using materials such as
polymers, metals, and ceramics. This layer-by-layer approach enables complex geometries
and customization, which are unattainable with traditional manufacturing techniques [1].
Applications span industries like aerospace, automotive, healthcare, and consumer goods,
where the technology is valued for its ability to shorten lead times, reduce tooling costs, and
enable rapid prototyping [2]. Moreover, 3D printing facilitates the creation of lightweight
structures, such as lattice designs, which maintain strength while minimizing material
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usage, making it especially advantageous for industries prioritizing energy efficiency [3]. A
wide array of materials is available for 3D printing, including polycarbonate (PC), acryloni-
trile butadiene styrene (ABS), PC-ABS blends [4], polylactic acid (PLA), polystyrene (PS),
polyamide (PA), and polyethylene terephthalate (PET) [5]. Among these, PLA+ (polylactic
acid plus) has garnered attention for its enhanced mechanical properties compared to stan-
dard PLA. It is easier to print, more durable, and is highly versatile, making it suitable for a
broad spectrum of applications [6]. PLA+’s improved toughness and flexibility, combined
with its availability in various colors, have made it a popular choice among hobbyists and
professionals [7]. Being a thermoplastic polymer [8], PLA+ exhibits significant deflection,
making it suitable for hyperelastic material modeling. Its superior mechanical properties
compared to standard PLA render it highly effective for producing durable, high-quality
prints. Furthermore, research has extensively explored the effects of varying fused material
orientation angles on the mechanical properties of 3D printed products [9].

The study of hyperelastic models for 3D printed materials, particularly PLA+ with
varying infill densities, has become crucial due to its applications in additive manufacturing
and materials science. These models, combined with material advancements, open new
opportunities for designing lightweight and durable components [10]. Such innovations
enable 3D printing to meet the demands of high-performance engineering solutions [11].
This research emphasizes optimizing 3D printed structures using materials like PLA+
while considering both mechanical performance and material efficiency. Infill patterns,
orientations, and densities have been rigorously analyzed, with findings indicating that
higher infill densities enhance mechanical strength and stiffness, whereas lower densities
improve material flexibility [12,13]. These results align with studies like [14,15], which
highlighted the role of linear infill densities in optimizing the mechanical performance of
PLA+ under various loading conditions. Additionally, higher infill densities demonstrated
better alignment between experimental data and FEA simulations, especially when employ-
ing the Gent model, which accounts for material stiffening at larger strains. Recent studies
further underscore the need for refining hyperelastic models to capture the complexities of
3D printed materials like PLA+. Lin et al. [16] conducted an in-depth study of nine hypere-
lastic models, revealing that models such as Mooney—Rivlin and Gent outperform others in
predicting the nonlinear mechanical behavior of 3D printed polymers. Khaniki et al. [15]
reviewed the dynamic response of hyperelastic structures, emphasizing the critical role
of accurate constitutive laws for modeling materials undergoing large deformations. To
validate hyperelastic modeling, numerical analyses like finite element analysis (FEA) are
frequently employed in recent research. The choice of element type, mesh density, and
boundary conditions in FEA simulations significantly affects the accuracy of these models,
necessitating rigorous numerical validation [16]. Studies by Lin et al. [16] and Khaniki
et al. [17] demonstrated that models like Mooney—Rivlin and Yeoh are well-suited for large
deformations, whereas the neo-Hookean model performs more effectively under small
strain conditions. Their research has advanced the predictive capabilities of hyperelas-
tic models by comparing experimental data with numerical predictions across various
hyperelastic formulations.

Several recent studies have investigated the mechanical behavior of PLA+ materials
under uniaxial tensile testing. Among them, Alhazmi and Backer [11] examined the me-
chanical behavior of PLA+ using five infill densities (20%, 40%, 60%, 80%, and 100%) and
three infill angle orientations (0°, +45°, and £45°). However, their study did not incorpo-
rate hyperelastic modeling or numerical analysis to validate the results. Furthermore, no
subsequent research has attempted to validate their findings. This study seeks to address
this gap by validating the experimental results from the literature [11] for the £45° infill
angle orientation and the five infill densities using hyperelastic curve fitting and finite
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element analysis (FEA). The £45° infill angle orientation was selected for validation due to

its greater complexity compared to the other two orientations and its stress—strain charac-

teristics, which closely resemble those of a solid infill structure. This makes it particularly

relevant for practical applications. Despite existing research on PLA+ materials, no study

has simultaneously incorporated linear infill densities in dog bone specimens for both

experimental uniaxial tensile testing and numerical validation using hyperelastic modeling.
This research aims to fill this critical gap to achieve the following objectives:

e  Determine the strain energy behavior from the stress—strain curve obtained through
experimental analysis.

e Identify the hyperelastic material constants for various hyperelastic models using
curve fitting techniques.

e  Perform numerical simulations in Ansys Mechanical to generate the stress—strain
curve and convert it into a strain energy density vs. stretch curve.

e  Compare the numerical strain energy density results with the experimental data to
assess the model’s accuracy.

e  Identify the most suitable hyperelastic model for PLA+ material, incorporating linear
infill densities, based on the uniaxial tensile test results.

e  Develop a new equation to determine material constants for the neo-Hookean model.

e  Conclude with a discussion on the implications of the findings and provide recom-
mendations for future research.

The research methodology and procedures are summarized in Figure 1 and are detailed
in the next sections.

3D geometrical model creation 5 different infill incorporated in Extract experimental Stress-
in Solid Works by following the model to generate 5 Strain data

D63E-10 Type V  tensile different model with same outer

specimen standard dimension

Convert  Stress-Strain  graph Numerical simulation in Ansys Carve ﬁ!ﬂng for diﬂ."'n'.'n'
info Strain Energy Density- mechanical to get Stress-Strain hyperelastic ~ model  with
Stretch graph to compare with distribution on the testing experimental  data by
experimental result and specimen and graph emplc)j.ng inverse analysis to
determine R* value determine matenals constant

A novel equation development
for MNeo-Hookean model to
determine materials constant

Analysis of most suitable
hyperelastic model for this
analysis

with varying infill density

Figure 1. A summary of the research procedure and methodology.

2. Model and Methodology
2.1. Three-Dimensional Geometrical Model

For uniaxial tensile testing numerical analysis in Ansys Mechanical, a tensile specimen
dog bone geometry for the 3D printed tensile samples was designed using the SolidWorks
2024 version. Figure 2 illustrates the dimensions of the main specimens according to ASTM
D638-10. As shown in Figure 3, infill orientation (£45°) was tested, along with five different
infill densities of 20%, 40%, 60%, 80%, and 100%. All figures represent an infill line pattern
and a width of 0.15 mm.
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TOP VIEW RIGHT HAND SIDE VIEW

Figure 2. Schematic representation of standard specimens for mechanical testing (ASTM D638-10 [18]
Type V tensile specimen) with relevant dimensions in mm.

-

100%

Figure 3. Different infill densities with +45-degree infill orientation.

2.2. Experimental Data

In this study, the mechanical behavior and characterization of PLA+ are studied and
validated numerically by using the experimental analysis available in the literature [11].
Figure 4 shows the experimental result for +45-degree infill orientation with 5 infill den-
sities (20%, 40%, 60%, 80%, and 100%). Furthermore, Figure 4 shows that the 100% infill
density has the highest stress tolerance and the 20% infill density has the lowest.

35

30

25

20

15

Stress (MPa)

10

—20% Infill
——40% infill
—60% infill
—380% infill
—100% infill

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Strain (mm/mm)

Figure 4. Experimental analysis graph for +45-degree angle orientation and different infill
densities [11].
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2.3. Numerical Analysis Procedure

The numerical analysis was conducted in Ansys Mechanical and utilizes the finite
element analysis (FEA) method. FEA usually breaks the whole structure into smaller
pieces (such as triangles, squares, rectangles, etc.), solves the governing equations for each
element, and at the end, combines all the outcomes to evaluate the overall behavior of the
structure under several boundary and loading conditions. In this study, the designed model
in Solidworks® 2024 was exported in Ansys Mechanical as an IGS file, and a triangular

mesh was generated with a mesh size of 1 mm (Figure 5).

Displacement

Figure 5. Generated mesh 3D designed tensile test dog bone specimen.

In Ansys Mechanical, one end of the dog bone was kept fixed, and another end was
loaded with 100 mm/min, a similar crosshead speed used by Alhazmi and Backer [11].
Experimental data were incorporated in the engineering data section of Ansys Mechanical to
fit the curve of four hyperelastic models (neo-Hookean, Mooney-Rivlin with 2 parameters,
Yeoh 3rd-order, and the Gent model) for each infill density (Figure 3) before defining
boundary conditions. Ansys Mechanical solves a bunch of equations to calculate stress and
strain in different sections of the dog bone specimen, and the result is shown in Section 4.

2.4. Strain Energy Density Calculation Methodology from Experimental Data

In this uniaxial tensile test, stress and strain are the primary measured quantities. One
sample graph of conducted tests is depicted in Figure 5 for 20% infill density for PLA+. The
average modulus of elasticity is 451.48 MPa for 20% infill density [11], which is calculated
in the elastic region. It is obvious from Figure 6 that the material response is nonlinear and,
consequently, a hyperelastic constitutive equation is required for defining the material’s
behavior. However, because of large deflection stress—strain, measurements should have
some flaws, and instead of using this, stored energy density computation is needed [9].
According to Yang et al. [9], an inverse analysis (curve fitting procedure) is employed based
on force, F, and displacement, s. The strain energy density W becomes

1 1
W—V—O/Fds—A—O/FdA (1)

where

Initial volume, Vy;

Initial length, Ly;

Stretch, A = LL and dA = #;
0 0

Cross-sectional area, Ag.
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Figure 6. Uniaxial tensile test experimental graph for 20% infill density: (a) stress vs. strain; (b) force
vs. stretch; (c) strain energy density vs. stretch.
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Herein, we assume that the material is isochoric, i.e., the volume remains the same
throughout the deformation. In Figure 6c, the stored energy was calculated using the
described method. Though in this section, the strain energy density and the W calculation
graph was shown for 20% infill density of PLA+ as a sample; this method can also be
employed for 40%, 60%, 80%, and 100% infill density.

2.5. Hyperelastic Model

From Hook’s law, we know that stress is proportional to strain within the elasticity
limit. But this is not true for all materials. Rubber-like materials show large deformation
during the tensile test and the stress—strain curve of those materials is nonlinear. The
hyperelastic model helps to describe the behavior of materials that undergo large elastic
deformation. Many models driven by phenomenology and micro-mechanics have been
developed in the literature to describe the elastic and (roughly) incompressible mechanical
behavior of such rubber-like materials [19,20].

The strain energy function (SEF) is the fundamental component of a hyperelastic
material model and varies based on the material or class of materials being studied [21].
However, the strain energy function (SEF) depends on the strain invariants which are
denoted by I3, I, and I3. Thus, the SEF expressed by Yavari and Goriely [22] is

W=t (Il/ I, 13) (2)

Here, I, I, and I3 are the function of A1, Ay, and A3. Thus, the function can also be
written as
W=f ()\1/ )\2/ )\3) (3)

In this study, four hyperelastic material models will be studied. They are neo-Hookean,
Mooney-Rivlin (2 parameters), Yeoh (3rd-order), and the Ghent model. Details of these
models are described below.

2.5.1. Neo-Hookean Model

One of the simplest models is the neo-Hookean model, which just relies on the first
invariant I;. In the neo-Hookean model, the strain energy function (SEF) for incompressible
materials is

Wneo = C1o(I1 —3) 4)

where C1g = % and p is the initial shear modulus. This model performed well when the
material had small strains (30%) [23]. Additionally, the neo-Hookean model provides a
reliable estimation [19].

2.5.2. Mooney-Rivlin Model

According to Mooney [24] and Rivlin [25], the Mooney-Rivlin model effectively
predicts the nonlinear behavior of rubber-like materials. Its general energy density function
for incompressible material is

Wmr = ZZOJ:O Cii(Il - 3)i(I2 - 3)j (5)

where C;; represents experimentally determined material properties. By truncating the
series, the commonly used two-parameter Mooney-Rivlin model is obtained:

Wyrz = Cio(Iy —3) + Co1(I2 — 3) (6)

where Cjg and Cy; are material constants. This model demonstrates accuracy over a
wide range of deformations. Zhang et al. [26] have shown that the Mooney—Rivlin model
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performs well in simulating thermoplastic deformation and provides excellent accuracy in
predicting the nonlinear behavior of 3D printed components.

2.5.3. Yeoh (3rd-Order) Model

The polynomial-based Yeoh model depends only on the first invariant I;. The third-
order Yeoh model is expressed as

Weoh = Cro(T1 —3) + Coo (I1 = 3) + Cao (11 — 3)° )

where Cyp, Cy9, and Cz are material constants. This model is widely used for materials
experiencing moderate-to-large deformations. It provides a better fit than the neo-Hookean
model, as shown by Barforooshi and Mohammadi [27], and it is also applied to modeling
large deformation contact and impact problems [28].

2.5.4. Gent Model

In 1996, Gent introduced a simple two-parameter phenomenological model for hyper-
elastic isotropic incompressible materials. Based on limiting chain extensibility, the Gent
model defines the strain energy density function to have a singularity at a limiting value
Im of the first invariant. The strain energy function is

Weent = _H]Tmln (1 - Il]_ 3) (8)

where [, is a material parameter related to the limiting stretch and y is the shear modulus.
The Gent model accurately predicts large nonlinear deformations in soft biological tissues
such as arteries and skin [29].

3. Parameter Determination in Hyperelastic Models

The main objective of this study is to evaluate various nonlinear hyperelastic models
and perform numerical validation for 3D printed PLA+ material with different linear infill
densities. The strain energy density function W, which defines the stored energy per unit
volume as a function of deformation, reflects the nonlinear stress—strain relationship of
these materials [30]. We follow the methodology outlined by Yang et al. [8] and briefly
describe it here. The deformation gradient F is given by

8ui

+ djj )
as per Ogden [31], where X represents the reference (undeformed) configuration, U denotes
the current (deformed) configuration, and ¢ is a Kroneckerdelta tensor.

1,i=j
ij = {O,iyéj (10)

The strain energy density function for isotropic hyperelastic materials is typically for-
mulated in terms of the invariants of the right Cauchy-Green deformation tensor C = F'F
or the left Cauchy-Green deformation tensor B = FF'. According to the Hamilton-Cayley
theorem, a tensor in three-dimensional space has three invariants, namely Iy, I, and I3 [32].
Both the left and right deformation tensors share these invariants. For incompressible
materials, the first two invariants, [; and I, are commonly used. In experiments such as
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uniaxial, biaxial, or triaxial tensile tests, the stretch ratios A; (where i = 1,2, 3) relate the
invariants to the observed stretches as follows:

I, = tr(C) = tl‘(B) =M+AM+A3 (11)

b= 3 (r(C))? — 1r(B) = 2 ((1r(B) — r(B%) = Mda + Mads + sk (12)

N —

I3 = det(C) = det(B) = MAA3 (13)

Assuming incompressibility, we have I3 = 1. For a uniaxial tensile test, this becomes

1
M=AN=A= 7 (14)
Hence, the deformation gradient and deformation tensor are
A0 0 A2 0 0
_ 1 — 1
F_Oﬁ?,B—OX(l) (15)
0 0 Vi 0 0 5
The resulting invariants are
2 1
L=NM+IL=2A+,=1 16
1 +3k t20l (16)

In this paper, PLA+ material is considered as incompressible. Thus, I3 can be ignored,
as it shows a constant value. As a result, SEF depends on I; and I only.

3.1. Inverse Analysis

Each model is analyzed by using inverse analysis and comparing their accuracy
in fitting experimental data. The Levenberg-Marquardt approach, which is a nonlinear
regression, is commonly used to determine the parameters due to the nonlinearity [33].
The linear regression findings are shown in Figure 7, where the experimental data are
represented by the black dotted line and the fit curve by the red dotted line. R-squared (R?)
is what we use to gauge how accurate the fit curve is. It is defined as a statistical measure
as follows:

RE 1 Jres (17)
Stotal

Using the total sum of squares, Sia1, and the residual sum of squares, S, i.e.,

Stotal = Zi(xi - X*)z; Sres = Zi(xi - fi)z (18)

where f; symbolizes the fitted data for a dataset with n values marked by x;. .. xj. .. Xn, and

the mean value is 1
n

X>|< = HZiZl Xj (19)
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Figure 7. Experimental and numerical stress—strain comparison for different hyperelastic models:
(a) 20%, (b) 40%, (c) 60%, (d) 80%, (e) 100% infill density.

3.2. Curve Fitting for Hyperelastic Model

For linear elasticity, Young’s modulus is considered as the material property, and it
defines the characteristics of the material. However, for the hyperelastic materials model,
Young’s modulus cannot define the material’s properties; rather, materials constant of the
hyperelastic model characterize the materials properties for rubber—like materials. These
coefficients cannot be measured directly by any means, though they can be measured
by fitting experimental data for different hyperelastic models. Figure 7 shows the curve
fitting for different hyperelastic models for 20%, 40%, 60%, 80%, and 100% infill density,
respectively. These curve fitting graphs were obtained from the engineering data section of
Ansys Mechanical after incorporating experimental stress—strain data. After analyzing all
the curve fitting, it can be assumed that all the curves have reasonable fitting against the
experimental data, though neo—Hookean depicts slightly less fit at a higher infill density.
Thus, all the numerical analyses can be performed for all the hyperelastic models. All the
parameters of the four hyperelastic models were obtained based on the curve fitting shown
in Figure 6 and are accumulated in Table 1.

Table 1. Materials constant for different hyperelastic models.

Material Model Parameter Infill Ratio
20% 40% 60% 80% 100%
Initial shear
modulus, p 157.96 314.32 437.28 599.67 722
Neo Hookean (mpa)
Cio (mpa) 78.98 157.16 218.64 299.84 361
Mooney-Rivlin Cio (mpa) —331.51 —1597.57 —2274.6 —4079.4 5617.5
(2 parameters) Cop1 (mpa) 419.69 258,599 2528.3 4443.1 6051.5
Cyo (mpa) 80.75 176.54 232.18 310.03 425.79
(3rdye(;)rl:1er) Cyo (mpa) 1667.94 —15,306.7 —720.63 31,615 —116,085
Cap (mpa) 076 x 10° 24 x10° —83x10° —32x107 561 x 107
Initial shear
modulus, p 169.92 349.19 481.35 682.87 811.14
Gent (mpa)
Limiting value —0.0208 —0.00728 —0.00618 —0.00478 —0.00376
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4. Results and Discussion
4.1. Finite Element Analysis (FEA)

The numerical analysis in the study was conducted using the commercial software
program Ansys (R2024) as an FEA tool. Numerous engineering specialties can benefit from
the usage of the robust, multifunctional Ansys application [34]. Ansys utilizes the finite
element analysis (FEA) method, which essentially breaks down a complex structure into
smaller, simpler elements (like tiny triangles or squares or other shapes) and solves the
governing physics equations for each element, then assembles the results to determine the
overall behavior of the structure under applied loads and boundary conditions. In this
study, the designed dog bone specimen in SolidWorks was imported to Ansys Mechanical,
and material properties were obtained from Section 3.2. After running the simulation,
Ansys Mechanical solved a system of linear equations to calculate stresses and strains
across the structure. For instance, Figure 8 shows the simulation result for the 20% infill

density for four hyperelastic models.

(a) Stress (Max: 13.15 MPa, Min: 5.97 x 103 MPa) (b) Strain (Max: 0.027, 1.33 x 104)

(g) Stress (Max: 13.423 MPa, Min: 6.14 x 10) (h) Strain (Max: 0.029, Min; 1.26 x 104)

Figure 8. Numerical simulation for 20% infill density for four different hyperelastic models.
(a,b) Neo-Hookean; (¢,d) Mooney-Rivlin 2—parameter; (e,f) Yeoh 3rd—order; (g,h) Gent model.

After analyzing Figure 8, it can be said that all the stress is concentrated around the
narrow section (gauge length) of the dog bone. However, more stress is found on the
middle of the narrow section. Thus, it can be assumed that it broke down at the middle of
the narrow section. In Figure 8, maximum stresses and strain are almost like experimental
values (Figure 4) which validate the simulation result of four hyperelastic models. In
this study, possible numerical validation was conducted by stress—strain comparison and
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strain energy density—stretch comparison for four hyperelastic models. Both analyses are
described in the next section.

4.2. Numerical Validation with Stress—Strain Comparison

Numerical simulation was conducted using PLA+ material using different infill den-
sities (20%, 40%, 60%, 80%, and 100%) with four different hyperplastic models, namely
neo-Hookean, Mooney-Rivlin two-parameter, Yeoh third—order, and the Gent model, for
comparison with the experimental results. Figure 9 shows the comparison of stress—strain
with the hyperelastic model and experimental data.

From Figure 9, it can be concluded that all the hyperelastic models are generally a
good fit for the numerical analysis of stress—strain behavior, with results closely aligning
with experimental observations. At lower infill densities, the material exhibits a higher
percentage of voids and a more open cellular structure, which deforms more uniformly
under applied loads. This structure leads to a stress—strain response that is linear or
only mildly nonlinear, making it easier for most models to approximate the behavior
accurately. However, for 40% infill density (Figure 9b), noticeable variations are observed
between simulation results and experimental data. The Mooney-Rivlin two-parameter
model demonstrates superior performance under these conditions, as it is particularly
suited for moderate-to-large deformations. This model offers improved accuracy over
the neo-Hookean model, especially under uniaxial stress, due to its ability to account for
more complex material behavior. In contrast, the Gent model shows significant deviation
at this infill density. The deviation arises because the Gent model’s accuracy depends
heavily on the precise determination of J;;;, the material parameter representing the limiting
chain extensibility. The experimental data for the 40% infill density lacks a consistent
trend, making it challenging to accurately determine J;;. This limitation impacts the curve
fitting process and, consequently, the simulation results. Additionally, the Gent model is
less reliable for small deformations compared to the neo-Hookean and Mooney-Rivlin
models, as its strain energy density formulation becomes less linear in this regime. The neo-
Hookean and Mooney-Rivlin models, on the other hand, align better with the assumptions
of linear elasticity and provide a more accurate representation of the material’s behavior for
small strains. These findings highlight the importance of selecting appropriate hyperelastic
models based on the deformation range and the accuracy of input parameters, particularly
for materials with intermediate infill densities.
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Figure 9. Experimental and numerical stress—strain comparison for different hyperelastic models:
(@) 20%, (b) 40%, (c) 60%, (d) 80%, (e) 100% infill density.

4.3. Numerical Validation with Strain Energy Density—Stretch Comparison

Strain energy density is defined as the energy stored in a body per unit volume
due to deformation. Using the method described in Section 2.3, a strain energy density—
stretch graph was obtained and is depicted in Figure 10 to compare experimental and
numerical results.
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Figure 10. Experimental and numerical strain energy density—stretch comparison for different
hyperelastic models for (a) 20%, (b) 40%, (c) 60%, (d) 80%, and (e) 100% infill density.

Figure 10 depicts comparisons for different hyperelastic models fitting in correspon-
dence to experimental data. All the results show a very good fit with experimental data,
though 40% infill density (Figure 10b) has more variation in data compared to others. Using
the method described in Section 3.1, R? values were obtained from Figure 10 and shown

in Table 2.

Table 2. R? values for different hyperelastic materials model.

DIer;f;Iilty Neo-Hookean Mo;::aynilt‘; lrm 2 Yeoh 3rd Order Gent
20% 0.990 0.990 0.995 0.999
40% 0.965 0.97 0.96 0.90
60% 0.99 0.995 0.999 0.999
80% 0.97 0.999 0.999 0.98
100% 0.97 1 1 1

For the 20% infill density, all four hyperelastic models exhibit a very close fit to the
experimental data, demonstrating their capability to accurately represent the material’s me-
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chanical behavior under low-density conditions. However, slight deviations are observed
at higher stretch levels, which are negligible and do not significantly impact the overall
agreement between the models and experimental results. This alignment can be attributed
to the relatively uniform and open cellular structure of the material at 20% infill density,
which allows for a predictable and linear or mildly nonlinear stress—strain response. In the
case of the 40% infill density, all models show a close fit to the experimental data at lower
stretch levels, reflecting their ability to accurately capture the material’s behavior in the
initial deformation range. However, deviations become more pronounced at higher stretch
levels, with the Gent model showing the most significant divergence. Specifically, after a
stretch of approximately 1.01 mm/mm, the Gent model begins to deviate noticeably from
the experimental data. The model predicts a stretch of up to 1.023 mm/mm, whereas the
experimental data indicate a stretch of 1.021 mm/mm. This discrepancy arises because the
Gent model is inherently designed to capture strain-stiffening effects that occur at signifi-
cant deformations by incorporating the limiting stretch parameter (J,;), which represents
the material’s finite extensibility. At smaller deformations, where the material is far from its
limiting stretch, J,, holds limited physical relevance. As a result, the Gent model tends to be
less precise in this range compared to the neo-Hookean or Mooney—Rivlin models. These
latter models are better suited for small deformations due to their simpler strain energy
formulations, which align more closely with the assumptions of linear elasticity. At 60%
infill density, all models closely match with the experimental values. The neo-Hookean and
Mooney-Rivlin models continue to exhibit strong performance, accurately modeling the
energy density without significant deviations. Good predictions were also shown by the
Yeoh and Gent models, which are commonly used to capture nonlinear elastic behavior.
These models suggest that at higher infill densities, the material’s reaction is more uniform
and simpler to mimic using standard hyperelastic models.

However, all models continue to show a good fit with the experimental data at 80%
infill density. The neo-Hookean model though predicts the energy density well; it deviates
with a small amount after a stretch value of 1.008. After this, the neo-Hookean model
underestimates the experimental values by a small amount. For 100% infill density, the
performance of all four models was nearly identical, with each model closely matching
the experimental data throughout the stretch range. This consistency suggests that at full
density, the material behaves in a more predictable and uniform manner, making it feasible
to use any of the four models for high-density PLA+ samples.

The Yeoh model relies solely on the first invariant (I;) of the deformation tensor,
which represents the primary deformation while avoiding more intricate interactions. The
inclusion of higher-order terms, such as (I; — 3)? and (I; — 3)3, enables the Yeoh model
to accommodate mild nonlinearities. This flexibility allows it to perform well across a
wide range of conditions, including low-density infills under moderate deformations
and high-density infills under significant deformations. As a result, the Yeoh third-order
model demonstrates superior performance irrespective of infill density. However, the
addition of higher-order terms increases the complexity of the model, making parameter
determination more challenging. The neo-Hookean model assumes that the strain energy
is a function of only the first invariant (I;) of the deformation tensor. This simplification
makes it particularly effective for materials with uniform deformation, such as those
with low-density infill, where the material’s structure is more open and less constrained.
However, at higher infill densities, the material exhibits a more rigid network and nonlinear
interactions under tensile loading. These characteristics limit the neo-Hookean model’s
ability to account for strain-stiffening and localized effects, reducing its performance.
Despite this, the neo-Hookean model still shows reasonable agreement with experimental
results in the current analysis, particularly for scenarios involving smaller deformations.
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The Mooney—-Rivlin two-parameter model extends the capabilities of the neo-Hookean
model by incorporating both the first (I;) and second (I) invariants of the deformation
tensor. This inclusion enables the model to capture a broader range of deformations,
making it well-suited for moderate to large deformations. Its two-parameter formulation
provides improved accuracy over the neo-Hookean model, particularly under uniaxial
stress, as it better accounts for the complex interactions present in materials with higher
infill densities.

The findings show the simplicity of the neo-Hookean and Mooney—Rivlin models,
which effectively capture the mechanical behavior of PLA+ across a variety of infill densi-
ties. These findings highlight the importance of considering infill density when selecting
hyperelastic models for tensile test simulations of PLA+. According to the analysis, at 40%
and 80% infill density, the choice of model can impact the accuracy of the results, with
neo-Hookean and Mooney-Rivlin being more reliable. However, 20%, 60%, and 100% infill
densities do not show any variation and the material’s response becomes more uniform,
allowing for greater flexibility in model selection. Moreover, between neo-Hookean and
Mooney-Rivlin models, neo-Hookean is more reliable for easier analysis, as it has only
one parameter I1 and one materials constant C1p. According to this study, the materials
constant (Cqp) of the neo-Hookean model can be determined from Equation (20). Equation
(20) was obtained from the curve fitting of Figure 11 with an R? value of 0.9983, which
shows a very close approximation.
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Figure 11. Neo-Hookean model’s parameter (Cyg) for different infill densities.

By using a simple second-order polynomial, the fit function for Cyo parameter regard-
ing infill ratio is
C1o(x) = —0.0026x? + 3.8403x + 3.951 (20)

Here, x is the percentage (%) of infill densities. This function can be used to determine a
functional gradient infill ratio hyperelastic material. This equation can be used to determine
the Cy9 value for the neo-Hookean model under varying infill densities. This equation
significantly reduces computational efforts, like extracting experimental data, curve fitting,
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neo-Hookean equation solving, etc., for every infill density, as materials constant Cj can
be directly determined from Equation (20), which is crucial for large-scale model fitting.

5. Conclusions and Future Work

PLA+ dominates the 3D printing raw materials in the market because of its non-toxic
and relatively low-temperature manufacturing capability. In this study, earlier experimental
research available in the literature was validated by stress—strain comparison and strain
energy density-stretch comparison with numerical analysis for £45-degree infill orientation.
The numerical validation result shows that experimental and numerical analysis depict
almost the same result with ignorable variation. Both experimental analysis and numerical
analysis helped to understand the effects of built direction and infill density on different
mechanical properties. For successful material modeling, uniaxial tensile test data were
collected from the literature, leading to the necessity of a nonlinear material behavior. In
this study, four hyperelastic material models are discussed, as well as a novel method for
determining the material parameters. Specifically, a hyperelastic material model of the PLA
is used to fit the nonlinear material relation. Namely, neo-Hookean, Mooney—Rivlin, Yeoh
third-order, and Gent models have been used for different infill densities. All four models
are adequate and show a very good fit for all infill densities. On the other hand, the Gent
model at 40% infill densities showed a very large deviation from experimental data. Thus,
it is advised to use the neo-Hookean model or the Mooney-Rivlin model because both
showed a good fit with experimental data, and they have a smaller number of parameters
compared to the other two. However, neo-Hookean is simpler and easier to analyze, as it
has only one parameter. A new equation was also developed at the end of the analysis to
determine the neo-Hookean parameter for different infill densities. This equation can be
implemented to determine the material’s constant irrespective of density.

Moreover, one of the advantages of 3D printing is that different types of hollow
structures can be created with different infill densities. Thus, materials waste can be
reduced based on special applications. For instance, 60% and 80% infill densities showed
almost similar strain energy density and maximum stress. So, 60% infill can be used in
a similar application to 80% infill with less materials. There are many scopes to enhance
and extend the current research. Additional hyperelastic models can be included, such as
Ogden or Arruda-Boyce, to determine if they offer improved predictions for PLA+ with
varying infill densities. Viscoelastic or thermomechanical effects can also be investigated
in the material models to account for time-dependent or temperature-related behaviors
of PLA+. Our study did not include any printing parameters such as layer height, nozzle
temperature, and printing speed effect. So, the influence of printing parameters has an
impact on the performance of PLA+. Multiaxial loading conditions or fatigue tests can also
be incorporated to understand the material behavior under real-world applications.
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