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Abstract: This study investigates the mechanical behavior of ASTM D638-02a standard
uniaxial tensile test specimens fabricated from 3D-printed acrylonitrile butadiene styrene
(ABS) using fused deposition modeling (FDM) with a grid infill pattern at varying densities
of 20%, 40%, 60%, and 100%. The research aims to provide a deeper understanding of how
infill density influences the mechanical properties of FDM-printed ABS, an area critical for
optimizing structural performance in additive manufacturing applications. Experimental
uniaxial tensile tests reveal that as the infill density increases from 20% to 60%, the strain at
break decreases from 4.7% to 3.9%; however, at 100% infill, the strain at break rises to 5.8%.
Meanwhile, the average Young’s modulus exhibits an exponential increase from 513.78 MPa
at 20% infill to 2394.8 MPa at full density, indicating greater stiffness with higher infill. Due
to the inherent nonlinear elastic deformation of 3D-printed ABS, this study further explores
the material’s behavior through finite element analysis (FEA) using Ansys Mechanical. Four
hyperelastic material models—Neo-Hookean, Mooney-Rivlin (two-parameter), Mooney—
Rivlin (three-parameter), and Yeoh (third order)—were evaluated using inverse analysis
to determine material constants. The results indicate that while all models exhibit good
correlation with experimental data, the three-parameter Mooney-Rivlin and Yeoh models
achieve the highest accuracy (higher R? values) across all infill densities. However, the
Neo-Hookean model, despite being a single-parameter approach, demonstrates a consistent
trend where its parameter value increases with infill density. This study provides novel
insights into the nonlinear elastic properties of 3D-printed ABS and establishes a foundation
for selecting appropriate hyperelastic models to accurately predict mechanical behavior in
FDM-printed structures.

Keywords: ABS; infill density; hyperelastic models; finite element analysis; additive
manufacturing

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is a very flexible technology
that has many benefits over conventional manufacturing techniques, like forging, milling,
turning, etc. Its capacity to produce intricate geometries that are challenging or impossible
to produce with conventional methods, such as molding or machining, is one of its main
advantages. This flexibility allows for highly customized designs and rapid prototyping,
reducing the time from concept to production. Unlike traditional methods that often require
extensive tooling and setup, 3D printing enables on-demand production, significantly
lowering costs for small batches. Additionally, AM reduces material waste by using only
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the necessary material to build each part layer by layer, which is especially valuable for
industries like aerospace and automotive, where lightweight products are critical. The
applications of 3D printing span a wide range of fields, from producing lightweight, high-
performance parts for aerospace and automotive industries to custom medical implants
and prosthetics and even creating architectural models and consumer products. This
technology continues to revolutionize manufacturing by offering efficiency, precision,
and customization capabilities not achievable with traditional methods [1-6]. Various 3D
printing technologies are available to produce diverse shapes and models, with applications
expanding beyond prototyping into a broad range of product development [7]. Over the
past few decades, different 3D printing techniques have evolved based on the specific
application and complexity of the models being created [8,9].

The behavior of 3D-printed materials under different loading circumstances, including
bending, tensile, and torsional forces, has been the focus of a sizable amount of research.
Key factors, such as infill density, build orientation, layer height, print speed, and nozzle
temperature, have been identified as critical parameters that influence the structural in-
tegrity and durability of 3D-printed parts [10-12]. Using bound metal deposition (BMD)
3D printing, Khanafer et al. [4] investigated how build orientation angles and directions
affected the mechanical characteristics of 316L stainless steel. Specimens were printed both
horizontally and vertically in the 0°, 45°, and 90° directions. In addition to hardness and
microstructure investigation, mechanical properties such as Young’s modulus, elongation at
break, and ultimate tensile strength were measured. Their findings demonstrated that while
the 45° and 90° orientations demonstrated a substantial influence on build direction, the
tensile strength and elongation at 0° and horizontal builds were equivalent to the original
material. Further, Young’s modulus was found to be notably lower in 3D-printed samples.
Alhazmi and Backar [13] performed an experimental tensile study on 15 3D-printed PLA+
specimens. These were printed with varying infill densities (20%, 40%, 60%, 80%, and 100%)
and three flat orientations (4+45°, 45°, and 0°) to assess directional effects on mechanical
properties. Using a universal testing machine, dog-bone-shaped specimens were tested to
determine yield strength, ultimate strength, and breaking strength. The findings revealed
that both infill angle and printing orientation significantly affected Young’s modulus, frac-
ture location, and fracture angle. Infill percentage affects compressive strength, impact
resistance, and overall structural integrity of the printed components [14]

Es-Said et al. [15] conducted a study to investigate how various layer orientations
affect the mechanical properties of ABS-printed samples. In comparison to components
with various raster orientations, their results showed that components with raster orien-
tations parallel to the loading axis had higher tenses and bending stiffness. To assess the
effect of different infill densities on the tensile and impact strength of PLA specimens,
Tanveer et al. [16] carried out an experimental investigation. Their findings indicated
that samples with varying infill densities demonstrated superior tensile strength com-
pared to single infill density. Additionally, the specimens with varying infill densities
were lighter than those with a solid infill or 100% infill, leading to material savings.
Aloyadi et al. [17] used compression and low-velocity impact (LVI) tests to examine how
infill patterns affected the mechanical characteristics of PLA specimens. The results showed
that the triangular infill pattern achieved the highest energy consumption in the LVI test
due to enhanced shear and contact layers. In contrast, the grid infill pattern revealed
the highest compressive strength, attributed to better alignment of infill layers during
compression. Traditional linear elastic models (e.g., Hooke’s law) are valid for small strain
and assume constant stiffness, Young’s modulus, Poisson’s ratio, etc. Moreover, these laws
are suitable for metals and ceramics. However, hyperelastic models can be implemented in
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large deformation and nonlinear material applications [4]. Moreover, instead of a single
material constant, hyperelastic models require multiple empirical coefficients.

Hyperelastic behavior refers to the ability of certain materials, particularly elastomers,
and some thermoplastics, to undergo large elastic deformations under stress and return to
their original shape upon unloading. Thermoplastic materials like PLA and acrylonitrile
butadiene styrene (ABS) exhibit this hyperelastic behavior to varying degrees, influenced
by their molecular structures and processing conditions. PLA, known for its biodegradable
properties and good mechanical performance, can demonstrate hyperelastic characteristics.
On the other hand, ABS, a commonly used thermoplastic 3D printing, combines the rigidity
of acrylonitrile and styrene with the toughness of butadiene, allowing it to withstand signif-
icant deformation without permanent damage. The hyperelastic nature of these materials
makes them suitable for various applications. Understanding the hyperelastic behavior
of PLA and ABS is crucial for optimizing their performance in applications that require
significant flexibility and resilience, particularly in the context of additive manufacturing.
Anisotropic hyperelasticity in PDMS polymers with additively manufactured surface pat-
terns was modeled and applied in a work by Lee et al. [18]. Their study concentrated on
the impact of 3D-printed micro-surface patterns on the mechanical characteristics of PDMS
polymers, which is a crucial issue in numerous engineering applications. The impact on ma-
terial properties was then analyzed using an anisotropic hyperelasticity model, providing
insights into how additive manufacturing can alter mechanical behavior. Afshar et al. [19]
studied the nonlinear material modeling of 3D-printed PLA polymer with varying infill
densities. The findings showed that the nominal strain at break dropped from roughly
2.1% to 1.2% as the infill density rose from 10% to 100%. This suggests that the material
was more ductile at lower infill densities, most likely because of the infill pattern altering
the microstructure. Additionally, the authors proposed that a hyperelastic material model,
such as the Neo-Hookean, Mooney-Rivlin, or Yeoh model, would best fit the mechani-
cal behavior of PLA. Liu et al. [20] investigated the hyperelastic material properties of
3D-printed thermoplastic elastomers across various infill percentages. Regression studies
were performed to investigate the link between the percentage of infill and the related
material properties, and nonlinear stress-strain curves were fitted using the Ogden hyper-
elastic model. These known parameters were then used in finite element analysis (FEA)
simulations of the tensile tests.

The literature’s lack of focus on the hyperelastic characterization of 3D-printed ther-
moplastic materials—specifically, the lack of quantified hyperelastic material properties
for 3D-printed ABS—is a significant research gap. To close this gap, this study uses the
extrusion-based FDM process to create a hyperelastic model that captures the nonlinear
behavior of 3D-printed ABS at different infill levels. The Neo-Hookean, Mooney-Rivlin
(with two and three parameters), and Yeoh material models will be used for mechanical
modeling and numerical analysis across specimens with varying infill densities to validate
the experimental results.

2. Materials and Methods

Uniaxial tensile tests were performed on 3D-printed ABS samples with varying infill
densities to determine their hyperelastic material parameters. This section outlines the
specifications of the test samples, setup, manufacturing parameters, tensile test settings,
and the resulting data.

2.1. Specimens and Experiment

Solid Works 2024 was used in this investigation to create the dog-bone geometry for
the 3D-printed tensile samples (ABS) according to ASTM D638-02a standard (Type IV
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specimen), as shown in Figure 1. Infill structures (e.g., hexagonal, rectilinear, and gyroid)
create localized variations in material stiffness. In this study, ABS dog-bone parts were
printed in 0° grid pattern orientations and different infill densities using FDM. Studies in
the literature indicate that infill density significantly influences the hardness and modulus
of elasticity of 3D-printed materials [21,22]. The specimen was printed using a Stratasys
F370 CR Printer (Eden Prairie, MN, USA), as shown in Figure 2. The manufacturing
parameters utilized in 3D printing are compiled in Table 1.

453 ALL DIMENSIONS ARE IN IPS UNIT
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Figure 1. Schematic diagram of ABS ASTM D638-02a standard dog-bone specimen.

Figure 2. Stratasys F370 CR (FDM-based 3D printer).

In this study, the FDM process was selected as the 3D printing method. FDM is a 3D
printing technique that creates objects by melting a thermoplastic filament and extruding
it through a heated nozzle. The material is deposited layer by layer, following a digital
design that has been sliced into thin cross-sectional layers. As the nozzle moves along
programmed paths, the semi-liquid filament cools and solidifies, gradually forming the
complete structure. FDM is widely used due to its cost-effectiveness, simplicity, and compat-
ibility with diverse materials like PLA, ABS, and PETG. This technology finds applications
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in industries such as automotive, aerospace, and healthcare, where it is employed for pro-
totyping and producing functional components. Three-dimensional printing builds parts
in discrete layers, leading to directional material properties (i.e., anisotropy). This results in
weaker interlayer bonding (Z-direction) compared to in-plane directions (X-Y). However,
its ability to create complex geometries and lightweight structures with minimal waste
makes FDM a key player in the additive manufacturing industries [23]. The mechanical
tensile tests were carried out using an INSTRON machine (Norwood, MA, USA), following
ASTM D638 standards, as depicted in Figure 3. A 50 kN load cell with a frame capacity
of 200 kN was utilized for the tests. The nominal crosshead speed applied to the samples
was 100 mm/min, and the test ended with a rupture. The extensometer model used during
the testing was the INSTRON 2630-100 series clip-on type. For each infill percentage, at
least three test specimens were produced with a standard deviation varying from 0.14 to
0.21 for tensile testing, with the median result chosen as the representative value for each
infill level.

Table 1. Three-dimensional printing parameters for test specimen fabrication.

3D Printing Parameter Value
Nozzle diameter 0.254 mm
Layer thickness 0.254 mm
Infill pattern Rectilinear
Infill density 20%, 40%, 60%, 100%
Extruder temperature 300 °C
Bed temperature 110 °C
Printing speed 4.56 mm3/s

Extensometer

Figure 3. Instron 2630-100 series uniaxial tensile testing machine with extensometer.
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Strain Energy Density Calculation

The primary measurable quantities in this uniaxial tensile test are displacement and
force. Figure 4 shows an example graph of tests that were performed for an ABS material
with a 20% infill density. Calculated in the elastic zone, the average Young’s modulus, also
known as the average modulus of elasticity, is 513.78 MPa for a 20% infill density. Figure 4
makes it clear that the material response is nonlinear; as a result, a hyperelastic constitutive
equation is needed to describe the behavior of the material. However, the measurement of
stress-strain should have certain limitations due to significant deflection, and instead of
using this, stored energy density computation is required [24].
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Figure 4. Experimental graph for 20% infill density in uniaxial tensile tests: (a) stress vs. strain;
(b) force vs. stretch; (c) strain energy density vs. stretch.

Based on force, F, and displacement, u, an inverse analysis (curve-fitting process) is
used, according to Yeoh [24], to determine strain energy density W:

1 1
W—VO/qu—A—O/FdA (1)

Here,
the initial volume is Vy (Material is isochoric, so volume does not change);
the initial length is Ly;
stretch A = LL and dA = ‘i—”;
0 0
cross-sectional area is Ay.
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The stored energy is computed using Equation (1) and every step is shown in Figure 4.
Figure 4c depicts the strain energy density-stretch relation.

This is a generic methodology that can be used for any infill ratio and strain energy
density calculation, even though the strain energy density, W, calculation graph is displayed
in this section for a sample of 20% ABS infill density (Figure 4).

2.2. Three-Dimensional Geometrical Model with Infill for Numerical Analysis
2.2.1. Three-Dimensional Geometrical Model with Infill

For numerical analysis in Ansys Mechanical, ASTM D638-02a standard dog bone with
different infill densities was created using Solid Works 2024 by obeying a similar design
for experiments. In this design, four infill densities were created. They are 20%, 40%, 60%,
and 100%. Figure 5 shows all the dog bones with five different infill densities with grid
patterns, which were designed in Solid Works.

Figure 5. Three-dimensional designed model (in Solid Works) of ASTM D638-02a standard dog-bone
with different infill densities.

2.2.2. Numerical Analysis Method

The numerical analysis was conducted in Ansys Mechanical, and it utilized the finite
element analysis (FEA) method for analysis. Further, the designed model in Solid Works
was imported to Ansys Mechanical and a tetrahedron mesh for 20%, 40%, and 60% in-
fill densities and rectangular mesh for 100% were generated with a mesh size of 1 mm
(Figure 6).

One end of the dog bone was left stationary in Ansys Mechanical, while the other
end was loaded at a rate of 100 mm/min, which is an experimental crosshead speed. For
each infill density, four numerical analyses were conducted, incorporating Neo-Hookean,
Mooney-Rivlin with two and three parameters, and the Yeoh third-order hyperelastic
model. Experimental data were added to Ansys Mechanical’s engineering data section
before the simulation ran. Additionally, for each infill density, four distinct hyperelastic
models (Neo-Hookean, Mooney—Rivlin with two and three parameters, and Yeoh third
order) were included to run simulations.
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Figure 6. Generated mesh on dog-bone specimen: (a) tetrahedron mesh (for 20%, 40%, and 60% infill
density); (b) rectangular mesh (for 100% infill density).

2.3. Hyperelastic Material Modeling

Hooke’s law is widely used in engineering material characterization, providing accu-
rate results in the elastic region (approximately 0.1% strain) for most engineering metals,
where stress and strain exhibit a linear relationship. However, for rubbers, elastomers,
and other soft materials, large-strain behavior is better described by hyperelasticity, a
nonlinear elastic material model [25]. Polymers and hyperelastic materials typically exhibit
significant deflection with nonlinearity. Afshar et al. [19] noted that polymers undergo
large strains, making a linear model inadequate. Hyperelasticity in polymers represents a
nonlinear stress-strain relationship, where Yavari and Goriely [26] describe deformation
energy density—also known as strain or stored energy—by combining deformation tensor
invariants. Hyperelastic models often assume isotropy, which may not hold in anisotropic
AM lattices and fiber-reinforced polymers. The frame-invariant notion of anisotropic ma-
terial response is naturally supported by hyperelastic materials since they only exhibit
anisotropy in the potential, W [27]. As a result, strain energy function (SEF) solely depends
on the strain invariants, represented by Iy, I, and I3. Thus, the SEF becomes

W =W (I, I, I) )
Here,
L=Y=3A;
j,i=3
L= Ei',j':l Aidj;
L =TI5 A%

Here, A1, Ay, and A3 are principal stretches. As strain invariants depend on principal
stretches A1, Ay, and A3 and strain-energy functions, the SEF equation may also be written as

W =W (A1, Ay, A3) 3)

Steinmann et al. [28] summarize 14 models for comparison. Among these models, we will
consider the Mooney—-Rivlin models (with two and three parameters), the Neo-Hookean
model (Neo), and the Yeoh model (Yeoh).

2.3.1. Neo-Hookean Model

This model is the modified version of the Hookean model to be applied to hyperelastic
materials. Small strains in the material were good for this model’s performance [29] and
were about 30% [30]. The SEF of the Ogden model [31] can be presented as

Wit = Cro (I —3) + Dilu —1)2 4)
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Here,
Cio= %, Ho is the initial shear modulus.
Dy is the compressibility (material constant).

2.3.2. Mooney-Rivlin Model

Out of all the complete polynomial models, the Mooney-Rivlin model is the most
basic. This model is obtained by raising Neo-Hookean to a higher order. Hence, a general
SEF of the Mooney-Rivlin model for incompressible materials is given below [19],

Wur = Y7, j=0 Gif(l = 3)' (1~ 3) (5)

Here, Cij is an unknown material constant that can be determined from experimental
data, which is also a great disadvantage. This model is usually valid for the nonlinear
behavior of rubber-like material according to the work of Mooney [32] and Rivlin [33]. The
most popular Mooney—Rivlin two-parameter SEF model is presented by Mooney [32] and
Rivlin [33] as

1
Wumr2 = Cio(I1 —3) + Co1(I2 — 3) + E(I —1) (6)

Here, C1g and Cy; are material constants. This model is perfect for 100 percent tensile

strain with good curve fitting. However, the fitting will be more complicated if the number
of parameters increases [34]. The five-parameter Mooney—Rivlin SEF model is

Wmrs = Cio(l1 — 3) + Co1(I2 — 3) + Cy1(I1 — 3) (Io — 3) ()

Here, Cy9, Cp1, and Cy; are material constants that can be determined from experimen-
tal data.

2.3.3. Yeoh Model

Yeoh [24] described that the Yeoh model is based on only the first invariant (I1).
A higher-order term of I; applies to the Neo-Hookean model to generate a reduced polyno-
mial model, and SEF becomes [35,36]

3 i 3 1 ;
Wyeon = ) ., Cio(I1 —3)'+) ., 5(] —- 1)
1

1

5 U- 1)* 8)

3
Wygon = Cio (I —3) 4+ Coo (1 —3) +Cao (L —3) +) .,

Here,

Cio= %, Ho is the initial shear modulus.

Dy is the compressibility (material constant).

We conducted an inverse analysis of all the models to evaluate their respective perfor-
mances in terms of how well they fit the experimental data.

3. Parameter Determination in Hyperelastic Material Models for Uniaxial
Tensile Testing

Hyperelasticity is a fundamental model that effectively represents the deformation
behavior of polymers based on underlying micro-mechanisms [37]. The hyperelastic
material model parameters are often determined using deformation energy [19]. This study
follows the methodology of [38], outlined briefly below, using conventional summation
notation for repeated indices and continuous mechanical notation. As stated by Youssef [39],
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the higher-order deformation gradient tensor represents the displacement gradient relative
to the initial reference placement:

F;

i = 9xj +0ij )

where §;; is the Kronecker delta or the identity tensor. However, in linear algebra, the
Kronecker delta is the identity matrix [40]. Here,

1,i=]
Sii — 1
g {01175] (0)

From Fij, B = FFT and C = F! F are obtained, which are the left Cauchy-Green deformation
tensor and the right Cauchy—Green deformation tensor, respectively. According to the
Hamilton—Cayley theorem, a three-dimensional tensor has three invariants: 11, I, and Is.
The invariants of the left and right deformation tensors are the same. The invariants are
linked to the measurable stretch in a planned experiment, like a uniaxial, biaxial, or triaxial
tensile test, in the following manner, utilizing the stretch ratio in one, two, or three axes,
A @E=1,2,3):

L =tr(C)=tr(B) = A1 + Ap + A3, (11)
- %(tr(C))2 ~ tr(C?) :% ((B)? —tr(BY) = MAat Aads+Ashi (12)
I; = det(C) = det(B) = AApA3 (13)

We assume I3 = 1, which corresponds to a volume-preserving deformation. This as-
sumption, commonly referred to as incompressibility or isochoric deformation, implies that
det(C) represents the volumetric change during deformation. For the uniaxial tensile test,

)\1:)\; )tzZ/\?,:L

\/)\

Hence, the deformation gradient and deformation tensor become

A0 0 A2 0 0
p:OﬁO,B:O%o (14)
0 0 ﬁ o o 1
Thus, the invariants become
11=A2+%,’
I =2\ + 35;

Iz =1 (for incompressible materials).

The ABS material is regarded as incompressible in this article. Since I3 displays a
constant value, it can be disregarded. SEF is therefore solely dependent on I; and I,. Thus,
the SEF can also be written as

W=W(,I) (15)

Yavari and Goriely [26] employed a deformation energy density, also called strain
energy or stored energy, which is obtained by combining the invariants of the deformation
tensors. However, ellipticity restricted the dependency of invariant (I, I, and I3) so that
the deformation gradient (continuity of F) was assured to be smooth [41].
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Inverse Analysis

To determine model parameters, we use a standard inverse analysis technique. Due
to nonlinearity, the Levenberg—-Marquardt method is commonly applied for nonlinear
regression [42]. However, the success of this approach, particularly for hyperelastic models,
depends on accurate initial parameter estimation [39]. Afshar et al. [19] set Cgp = 0 as
the initial parameter in the Mooney-Rivlin model. The optimal parameters minimize the
squared error between measurements and estimates. Despite the nonlinear material model,
the method results in a linear regression problem, yielding a unique set of coefficients. The
following sections present the linear regression results, where solid-colored lines depict the
fit curve, and black dotted lines represent experimental data. Model accuracy is assessed
using R-squared (R?), a statistical measure defined below:

R2=1- 2o (16)
Stotal
Using the total sum of squares, Sy, and the residual sum of squares, Sy, i.e.,
Stotal = Zi(yi - y*)z; Sres = Zi(yi - fl)z (17)

where f; symbolizes the fitted data for a data set with n values marked by y;...y;. . .y,, and

the mean value is 1
n

yi= i Yi (18)
A comparison of all applied hyperelastic models and their corresponding R? values
with the figure are shown in subsequent sections.

4. Validation

In this section, the experimental tensile results for PLA+ materials found by Alhazmi
and Backer [13] were used first for validation by developing hyperelastic models and
then used in numerical analysis. Experimental analysis was conducted by Alhazmi and
Backer [13] for PLA+ materials with a standard ASTM D638-10 dog bone. Tensile testing for
the dog-bone specimen was executed at 100 mm/min crosshead speed. In their study, two
angle orientations (0° and 45°) were considered to incorporate 20% and 40% infill densities
for each angle orientation.

We assessed the strain energy density—stretch results between the experimental
data [13] and the present results using numerical simulations and the developed hyper-
elastic models for the PLA+ material. Table 2 summarizes the parameters for different
hyperelastic models (Neo-Hookean, two-parameter Mooney-Rivlin, and third-order Yeoh).
As can be seen from Figures 7 and 8 and the stated value of R? in Table 2, all three models
show sufficient agreement with the experimental data. In contrast, the Mooney-Rivlin
model’s two parameters and Neo-Hookean’s one parameter are fewer than those of the
Yeoh model’s three parameters, justifying their superiority. The Neo-Hookean model also
has the benefit of having just one parameter, which rises monotonically with infill density.

The Neo-Hookean model with one parameter has an R? value equal to or more than
0.96, indicating that the SEF models’ material response has a very reasonable fit. However,
Mooney-Rivlin (two parameters) has an R? of 0.98 for 0° and 45° infill orientation for
all cases, which is a reasonable fit for the Neo-Hookean. The third-order Yeoh has an R2
of 0.99 for all cases except 0° angle orientation and 40% infill density. Thus, third-order
Yeoh predicts slightly better results compared to the Neo-Hookean and two-parameter
Mooney-Rivlin models. From the inverse analysis and the results discussed in Section 3,
we can confirm that all three models depict very good agreement with the experimental
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analysis for PLA+. Any model can be used for analysis in the future for any PLA+-like
materials such as ABS. However, as the Neo-Hookean model has only one parameter, Iy, it

will be easier for the calculation to determine the materials’ constant value.

Table 2. Material parameters of three hyperplastic models for two infill ratios.

Infill Ratios
I\:Z(t)?;ill Parameters 0-Degree Orientation 45-Degree Orientation
20% Infill 40% Infill 20% Infill 40% Infill

Neo- Cyo [MPa] 0.000368 423.16 234.75 295.16
Hookean R? 0.96 0.99 0.97 0.98
Mooney— Cyo [MPa] —0.0010679 —992.41 144.46 —238.79
Rivlin (two  Cy; [MPa] 0.0011803 1114.8 —87.892 319.08
parameters) g 0.98 0.98 0.98 0.98
Cyo [MPa] 0.00010649 117.43 54.947 78.469
Third-order  C20 [MPa] —9940.5 —10485 2478.2 —2322.9
Yeoh Csp [MPa] 1,426,200 1,902,300 —427,000 252,460
R? 0.99 0.98 0.99 0.99
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Figure 7. stress-strain experimental and numerical validation graph of different hyperelastic models:
(a) 0° infill orientation and 20% infill; (b) 0° infill orientation and 40% infill; (c) 45° infill orientation
and 20% infill; (d) 45° infill orientation and 40% infill.
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Figure 8. Strain energy density-stretch experimental and numerical validation of different hyperelas-
tic models: (a) 0° infill orientation and 20% infill; (b) 0° infill orientation and 40% infill; (c) 45° infill
orientation and 20% infill; (d) 45° infill orientation and 40% infill.

5. Results and Discussion
5.1. Experimental Analysis

In this study, ABS material was used for the uniaxial tensile test. The dog-bones were
3D-printed with 0° grid infill orientation and a constant layer thickness of 0.254 mm. After
the uniaxial tensile test, the stress-strain graph and other related properties were obtained.
The stress-strain curves of all dog-bone printed samples after tensile testing are shown
in Figure 9. It is evident from the tensile test results shown in Figure 9 and the attributes
listed in Table 3 that the infill density has a major impact on the ABS printed samples’
tensile strength.

Figure 8 and Table 3 data show that the tensile stress at yield and Young’s modulus
increase in proportion with an increase in infill density from 20% to 100%. However, as
the infill density rises from 20% to 80%, the tensile strength at break decreases. On the
other hand, tensile strain at break has the highest value of 5.8% for the 100% infill density.
At 100% infill, the printed structure is nearly fully dense, meaning it has fewer voids
or internal gaps compared to lower infill percentages and improved stress distribution,
enhanced layer adhesion, and suppression of premature crack formation. These fac-
tors collectively result in a more ductile failure mode compared to lower infill densities
(e.g., 20%, 40%, and 60%), where stress concentrations and weak interfacial bonds lead to
early fracture. By following the methodology described in Section 2.1, strain energy density
can be obtained for all four infill densities (20%, 40%, 60%, and 100%), and it is shown
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in Figure 10. By following the methodology described in Section Strain Energy Density
Calculation, strain energy density can be obtained for all five infill densities (20%, 40%,
60%, and 100%), and it is shown in Figure 9.
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< ——40% infill
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0
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Figure 9. Experimental stress-strain graph for varying infill densities.
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Figure 10. Experimental strain energy density—stretch graph for different infill densities.

Table 3. Mechanical property of the ABS specimen after tensile testing.

) Infill Density
Properties 20% 40% 60% 100%
Average Young’s modulus [MPa] 513.78 1731.04 1867.32 2394.81
Tensile stress at yield [MPa] 2.1 6.766 7.365 11.8

Tensile strain at break [%] 4.7 4.266 4.33 5.8
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Figure 10 shows that 100% infill density has the highest strain energy density for
similar stretch values. Strain energy density values of 40%, 60%, and 100% are closer, though
20% infill density has the minimum value, and it is far less than the other infill densities.

5.2. Curve Fitting for the Hyperelastic Model

Young'’s modulus describes the properties of a material and is regarded as the material
property for linear elasticity. However, Young’s modulus is unable to characterize the prop-
erties of the hyperelastic material model; instead, the material constant of the hyperelastic
model describes the properties of rubber-like materials [42]. These coefficients cannot be
measured directly by any means, though they can be measured by fitting experimental
data for different hyperelastic models. Bhuiyan et al. [4] also determined the parameters
of the different hyperelastic models for PLA+ from curve fitting, and the R? value of that
fitting was good enough. The curve fitting for several hyperelastic models for 20%, 40%,
60%, and 100% infill densities is displayed in Figure 11, Figure 12, Figure 13, and Figure 14,
respectively. After integrating experimental stress-strain data, these curve-fitting figures
were acquired from Ansys Mechanical’s engineering data department.
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Figure 11. Curve fitting of different hyperelastic models for 20% infill density.
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Figure 12. Curve fitting different hyperelastic models for 40% infill density.
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Figure 13. Curve fitting different hyperelastic models for 60% infill density.
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Figure 14. Curve fitting of different hyperelastic models for 100% infill density.

Even though the Neo-Hookean model shows a little less fit at a higher infill density, it
can be assumed that all the curves have reasonable fitting against the experimental data after
analyzing all the curve fitting. As a result, any hyperelastic models can undergo numerical
analysis. Based on the curve fitting displayed in Figures 11-14, all four hyperelastic models’
parameters were acquired, and they are listed in Table 4.

Table 4. Material parameters of four hyperplastic models for different infill ratios.

Infill Ratios
Material Model Parameters
20% 40% 60% 100%
Neo-Hookean Cq0 [MPa] 74.11 236.465 281.525 343.195
Mooney-Rivlin (two Cqo [MPa] —1032.1 —2400.5 —4707.5 —4486.1

parameters) Co1 [MPa] 11285 2688.1 5079.3 4917.4
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Table 4. Cont.
Infill Ratios
Material Model Parameters
20% 40% 60% 100%
Cqp [MPa] 507.51 —1074.8 3960.5 6640.5
Mooney-Rivlin (three ™~ "\ oo gp331 1356.7 36498 62865
parameters)
Cq1 [MPa] —7383.7 —8471.3 —45,753 —59,236
Cqo [MPa] 85.733 268.55 269.26 380.22
Third-order Yeoh Cyo [MPa] —3240.3 —8871.3 —9808.2 262.73
Czp [MPa] —593,570 —2,226,500 —1,926,100 —9,335,700

5.3. Numerical Analysis

The experiments conducted in Section 2, as shown in Figure 4, allow for a comparison
using stress vs. strain and strain energy density vs. stretch. Several hyperelastic models are
employed, with all computational results summarized in this section. It is important to note
that all hyperelastic models were evaluated using the parameters specified in Table 4. As a
result, it is difficult to determine why one model performs significantly better than the others.

5.3.1. Finite Element Analysis Results

Finite element analysis was conducted in Ansys Mechanical. Figures 15 and 16 show
the FEA results for 20% and 40% infill densities, respectively, for the four hyperelastic
models. It can be seen from Figures 15 and 16 that the four corners of the narrow section
have the highest stress for every case, and the whole narrow section experiences more
stress compared to the other parts of the specimen. Uniaxial tensile tests of AM hyperelastic
materials often show directional variation (anisotropy). Due to mesh dependency in
different printing directions, in Z-direction loading, standard hyperelastic models may
overpredict stiffness. However, in X-Y plane loading (parallel to layers), simulations often
align well with experiments. In this study, a uniaxial tensile loading condition was applied,
which is identical to Z-direction loading. To overcome overprediction and directional
variation, fine meshes were introduced in the FEA with adaptive refinement in high-strain
regions to improve accuracy.
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Figure 16. FEA results for 40% infill density.

It can be seen from Figure 17 that changes in mesh size have a very negligible effect
on simulation. Though mesh size changes from 0.5 mm to 3 mm, there are no significant
changes in the trend of stress-strain. Thus, a small or very fine mesh can stabilize results
but will increase computational cost significantly.
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Figure 17. Sensitivity analyses related to the mesh size for the Neo-Hookean model and 20%
infill density.

5.3.2. Curve Fitting of FEA Results

After numerical simulation, stress-strain data were obtained from Ansys Mechanical
for four infill densities (20%, 40%, 60%, and 100%). Based on these data and the methodol-
ogy described in Section 2, Equation (1), Strain Energy Density Calculation, strain energy
density—stretch graphs were obtained for each infill density and the four hyperelastic models.
Figures 18-21 show the stress-strain and corresponding strain energy density-stretch graphs.
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Figure 18. Comparison of numerical and experimental analysis results for 20% infill density
(a) stress-strain comparison and (b) Strain Energy Density-stretch comparison.
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As shown by Figure 18 through Figure 20 and the R? value in Table 5, all three models
exhibit a sufficient degree of agreement with the experimental data. From Figures 18-21 and
Table 5, it can be assumed that three-parameter models (three-parameter Mooney-Rivlin
and third-order Yeoh) performed better than the one-parameter Neo-Hookean and two-
parameter Mooney-Rivlin models, as they have higher R? values for every infill density.
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Figure 19. Comparison of numerical and experimental analysis results for 40% infill density
(a) stress-strain comparison and (b) Strain Energy Density-stretch comparison.
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Figure 20. Comparison of numerical and experimental analysis results for 60% infill density
(a) stress-strain comparison and (b) Strain Energy Density-stretch comparison.

Table 5. R? values for different hyperelastic models in comparison with experimental and numerical
analysis with changing infill densities (Figures 18-21).

Infill Density
Hyperelastic Model
20% 40% 60% 100%
Neo-Hookean 0.9357 0.9261 0.9295 0.931
Two-parameter Mooney-Rivlin 0.9999 0.9995 0.9515 0.9992
Three-parameter Mooney-Rivlin 1 0.9998 1 0.9996
Third-order Yeoh 1 0.9999 1 1
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Figure 21. Comparison of numerical and experimental analysis results for 100% infill density
(a) stress-strain comparison and (b) Strain Energy Density-stretch comparison.

The Mooney-Rivlin model with two parameters offers an advantage over the Yeoh
model and the three-term Mooney—Rivlin model due to its lower complexity. The Neo-
Hookean model has only one material parameter, C;9, making it computationally efficient
and easy to implement. In contrast, the Mooney—Rivlin and Yeoh models involve addi-
tional parameters, increased computational complexity, and increased runtime in finite
element analysis (FEA). More complex models require higher numerical stability and can
introduce convergence issues in nonlinear FEA solvers, particularly in large deformations.
Thus, the Neo-Hookean model is suitable for small-to-moderate deformations and nearly
incompressible materials (e.g., soft biological tissues and rubber at low strains). However,
the Mooney-Rivlin model is more accurate for rubber-like materials, particularly when
biaxial or shear deformations are present. In uniaxial loading, the Neo-Hookean model
can show reasonable results with higher accuracy. The Neo-Hookean model is useful in
early-stage design evaluations where qualitative trends are more important than precise
stress-strain predictions. Consequently, the neo-Hookean model was selected to fit its
parameter Cyg across different infill densities, with the resulting fitted curve displayed
in Figure 21. Additionally, the neo-Hookean model, requiring only a single parameter,
provides a notable advantage, as this parameter increases consistently with infill density.
A second-order polynomial can define the fit function for the C;g parameter regarding the
infill ratio (x):

C1o(x) = —547.34x2 + 978.46x — 90.868 (19)

The second-order polynomial can also produce a reasonably good result, with an R?
value of 0.9761. Afshar et al. [24] also considered second-order polynomials for the fit
function of Cyg of the Neo-Hookean parameter. However, in this research, third-order
polynomials provide more accurate results, with an R? value of 1. A third-order polynomial
can define the fitting function for the Cyg parameter regarding the infill ratio (x):

Cio(x) = 1684.6x> — 3487.7x% + 2432.7x — 286.4 (20)
Figure 22 shows the fitted curve for the Neo-Hookean parameter Cjy with changing
infill densities.

Thus, it can be assumed that a third-order polynomial will generate a very good, more
accurate Cyg than a second-order polynomial will, upon changing the infill ratio. Thus,
Equation (20) can be used in the future to determine C;y values with high accuracy. This
equation will require less computational effort for determining Cyg and will speed up
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material prototyping and bulk manufacturing for any infill densities ranging from 20%
to 100%.
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Figure 22. Curve fitting for Neo-Hookean parameter Cjg with a third-order polynomial.

6. Conclusions

Using both experimental and numerical techniques, this work examined the nonlinear
mechanical characteristics of 3D-printed ABS specimens with grid infill patterns and
different infill densities. The results of the uniaxial tensile tests showed that the infill density
has a major impact on the material’s mechanical performance. Young’s modulus increased
exponentially with increasing infill density, reaching a maximum of 2394.8 MPa at 100%
density. At the same time, strain at break displayed a non-monotonic trend, peaking at 5.8%
for 100% infill density. Moreover, numerical simulations in Ansys Mechanical validated the
experimental findings and highlighted the concentration of stress in the narrow sections of
the specimens, correlating well with the observed fracture patterns. Hyperelastic material
modeling using Neo-Hookean, Mooney-Rivlin, and Yeoh models effectively captured
the nonlinear deformation behavior of the specimens. Among these, the three-parameter
Mooney-Rivlin and third-order Yeoh models demonstrated superior fitting accuracy across
all infill densities, as evidenced by higher R? values. However, it is proposed that the
Neo-Hookean model can be used because of its one-parameter model, and parameters
can be determined by using a third-order polynomial equation for any infill density. The
proposed hyperelastic models provide a robust framework for predicting the mechanical
behavior of 3D-printed ABS parts with different infill densities. This research advances our
understanding of nonlinear hyperelastic material modeling with different infill densities
and mechanical behaviors, which offers valuable insights into optimizing design and
manufacturing processes in additive manufacturing applications. Future research could
build upon these results by exploring more complex infill geometries, multi-material
printing, multi-axial loading conditions, and dynamic loading conditions to further enhance
the predictive capabilities of hyperelastic modeling. Additionally, expanding the study to
include other thermoplastic, polymeric, and composite materials could provide a broader
understanding of the interplay between infill patterns and mechanical behavior, paving the
way for advanced additive manufacturing applications.
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