PEER-REVIEWED ARTICLE b | oresources.com

Finite Element Analysis of Compressive Stress-Strain
Relations in Elastic Materials for Seat Foundation
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Elastic materials for seat foundations come in a variety of materials,
shapes, and dimensions. However, it is difficult to measure the stress-
strain relationships of many elastic material combinations by conventional
uniaxial compression tests. This study investigated the stress-strain
relations of elastic material combinations for foam foundations using finite
element analysis (FEA). First, the stress-strain relations of single-layer
polymer foams and a combination of double-layer polymer foams with
covering were quantified by uniaxial compression tests, and axial tensile
tests quantified the properties of the covering material of the fabric. Then,
based on the Ogden foam and Ogden constitutive equation of Ansys
Workbench 19.2, the test data of single-layer polymer foams and covering
were fitted by a non-linear least square method, and a combination of
double-layer polymer foams with the covering is predicted by FEA. When
the strain was 10% to 65%, the stress error between FEA and test results
dropped from 95.68% to -5.08%.
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INTRODUCTION

The combination of elastic materials used for the seat foam foundation determines
the sitting experience (Hu et al. 2015; Li 2018; Hu et al. 2020). Common elastic materials,
such as polymer foams, springs, bandages, and fabrics, are widely used in the applications
of furniture, automobile, and many other industries. Regarding the combination of elastic
materials, seat manufacturers and designers have long relied on uniaxial compression tests
and workers’ experience. However, it is difficult to systematically quantify the stress-strain
relations of a wide range of elastic material combinations through conventional uniaxial
compression tests. In recent years, finite element analysis (FEA) has become famous for
its intuitive and timely application in modeling engineering mechanics. Through creating
many simulation models, FEA can solve boundary value problems in different operating
situations (Chen and Cai 2018; Zeng et al. 2021). However, analysis of one such
combination trace can replace many tests in determining seat foundation curves.

Several studies on seat comfort have used finite element development programs or
fitting tools to generate constitutive model parameters and then simulate the mechanical
behavior of single-layer polymer foams for automobile seats (Du et al. 2013; Gao et al.
2019; Zhang et al. 2019). Kumar et al. (2019) developed the hyperelastic model parameters
representing the stress-strain curve of single-layer polymer foam for compressive loading.
Then, various other parameters, such as stiffness and thickness were considered to
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investigate seat comfort using FEA (Schrodt et al. 2005). Schrodt et al. (2005) simulated
the stress-strain relations of a single-layer polymer foam by the parameters of the second-
order strain energy function. Briody et al. (2011) used the non-linear least-squares
optimization program in Abaqus. They fitted the compression test data of single-layer
polyurethane foam using the strain energy equation of the hyperfoam (Ogden) model. Chou
et al. (1995) investigated the stress-strain relations of single-layer foam with various foam
models of LS-DYNA 3D; numerous simulations were carried out for foams subjected to
different loading conditions. By combining the advanced measurement techniques, non-
traditional experimental setup, numerical modeling (FE model) and inverse analysis one
can capture all nine elastic properties of single-layer polymer foam from just two or three
tests (Chuda-Kowalska et al. 2015). Although FEA has well evaluated the mechanical
properties of single-layer foams, studies on the mechanical properties of double-layer or
multi-layer foams are limited.

Polymeric foam and coverings belong to the elastomer category. The hyperelastic
constitutive model is widely used in simulation to characterize the stress-strain relations of
elastomers (Fernandez et al. 2018; Heczko and Kottner 2018; Masrar and Ettaouil 2021).
The non-linear stress-strain relations of elastic materials, such as seat cushions and
hyperelastic foams, are often described by the Ogden model based on stretch ratio (Ogden
1972, 1984). Liu and Subhash (2005) developed a five-parameter constitutive model for
the foam in single and multiple compression tests. They used the non-linear least square
approach to fit the test data. The results showed that the five-parameter constitutive model
could accurately predict the overall stress-strain response of the polymer foam (Liu et al.
2004; Liu and Subhash 2005). Studies have been performed on the stress-strain response
of polymer foam using the crushable foam model and the low-density foam model; these
approaches made it possible to calculate the force-deformation under compression loads
and unloading (Ozturk and Anlas 2007, 2010). Mills and Gilchrist (2000) used the Ogden
model to predict the polyurethane foam response for both plane strain indentation and the
axisymmetric indentation force deflection (IFD), and the results showed that the relative
indentation forces were about 20% lower than the experimental values.

Many researchers have presented the stress-strain constitutive model and the
corresponding parameter-matching method for elastic materials, such as polymer foam, in
the field of automobile seats, but few methods for elastic materials have been used in seat
foundations of furniture. In addition, more attention has been paid in the literature to the
compressive yield of single-layer polymer foam under uniaxial compression or multiaxial
compression, but FEA research on multi-layer polymer foam foundations is limited. This
study investigates the stress-strain of single-layer polymer foams and combination of
double-layer polymer foams with covering under uniaxial compression tests. It examines
the stress-strain relations of elastic materials on seat foundations using FEA.

EXPERIMENTAL

Materials

Polymer foams and coverings are most commonly used for seat foundations. To
analyze stress-strain of the seat foundation, the polyurethane foam, polyether-polyol foam,
and fabric were chosen in experimental tests. The polyether-polyol foam is designated as
Foam A (Fa, density of 24.88 kg/m?), and the polyurethane foam is designated as Foam B
(Fs, density of 38.76 kg/m?). The tested elastic materials are listed in Table 1. The size of
single-layer polymer foams is 100 mm x 100 mm x 50 mm (length, breadth, and thickness),
and 740 mm x 740 mm x 200 mm (length, breadth, and thickness) for double-layer polymer
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foams with covering. In addition, a layer of 25-mm-thick silk wadding was inserted
between the polymer foams and covering in the combination of seat foundation elastic
material process, as depicted in Fig. 1.
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Table 1. Tested Elastic Materials for Foam Foundations

Foam Foundation Type Implication Combinations Abbreviations
Single-layer polymer foams Fa,
(Small size foam) / / Fe

Double-layer foams

Double-layer polymer
foams with covering

covered with silk
wadding and fabric
covering

Foam A + Foam B +
Fabric

Covering

Fig. 1. The combination of double-layer polymer foams, silk wadding, and covering

Experimental Tests

In accordance with the American Society for Testing of Materials polymer foam
test standard (ASTM D3574-B1 (2003), the uniaxial compression tests with an aluminum
disk with a diameter of 200 mm were performed on Fa and Fs with a dimension of 100
mm x 100 mm x 50 mm (length, breadth, and thickness) on the HD-F750 type mechanical
tester (Haida, Dongguan, China) with three replicates of each. In addition, according to EN
1957 (2000), FABF with dimensions of 740 mm x 740 mm x 200 mm (length, breadth,
and thickness) on the TST-CDO0O01 type mechanical tester (TST, Fujian, China) were tested
with three replicates of each. An aluminum disk with a diameter of 350 mm was used for
the tests, and the specimen was compressed to 65% of the thickness at a uniform speed of
100 mm/min. The stress-strain relation (Elastic modulus: Ei1, E2, E3) of Fa and Fs were
investigated based on a previously reported methods (Hu et al. 2020), as shown in Table 2
and Fig. 2. The stress values of strain (the ratio of compression amount to thickness of the
specimen) for 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, and 65%
were selected, and the results are reported in Table 5.

Table 2. E1, E2, and E3z Values for Stress-Strain Relation of Faand Fgs

Foam E1 (KPa) Ez (KPa) Ez (KPa)
0% to 5% strain 5% to 50% strain 50 to 70% strain
Fa 26.4 1.7 315
Fs 59.2 4.5 26.4
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Fig. 2. The stress-strain relation of Fa and Fs

Based on GB/T 3923.1 (2013), the axial textile tests were conducted for the fabric
covering specimens with dimensions of 100 mm x 25 mm were performed using a
CMT5967 materials testing system (INSTRON, Norwood, MA, USA). The two ends of
the fabric specimens were fixed with clamps to ensure that the covering specimens did not
slip. The axial tensile rate during loading was 100 mm/min, and the maximum load was
200 N. Each covering specimen was tested five times. The stress-strain curves of the

covering are shown in Fig. 3.
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Fig. 3. Stress-strain curves of fabric materials
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Finite Element Analysis of Elastic Materials for Seat Foundation
Definition of polymer foam

The stress-strain relations of polymer foam can be described in Ansys Workbench
19.2 by the Ogden Foam constitutive model (Zhang et al. 2005). In this model, the potential
energy W of elastic deformation was used to represent the elasticity of the material. The
volume term and the partial term are completely connected due to the almost complete
compressibility of the elastic foam. The strain energy potential was derived by Eq. 1, which
was based on the principal stretches of the left Cauchy-Green tensor (ANSY'S Workbench
Help), as follows:
w =iﬂu I 1 7" +%“‘)—3)+ii(3'“‘/f 1)
= ai o af (1)

The parameters (i = 1, 2,...,n) are defined as follows: Ui, ai is the fundamental
parameter of the material, Si is the compressible coefficient, J is the elastic volume ratio, Ai
is the principal stretches, and N is the order of the model. To ensure that the calculation in
the Ansys Workbench 19.2 is stable, ui - ci should be greater than zero.

The initial shear modulus u is defined by:

N

u=-L% )
2
The transverse stretches 4 and Aswere negligible during the uniaxial tensile test.
Therefore, the derivative of the strain energy potential W in the direction of the main stretch
is calculated using the simplified Eq. 1. As a result, the nominal stress in the load direction
can therefore be calculated as follows:
N

2Ui ail3 4ui ail3 a Ui —aifi
=V (2 gas I gas e 2 3
¢ ;‘w 3% ) ®)

In Eq. 3, the principal stretch can be expressed as:

_L+AL

=1 l+¢

(4)
The stress-strain should be defined as negative because the single-layer polymer
foam was evaluated under uniaxial compression in this study. The stretching quantity in
the A1 and Asdirection of the polymer foam is also insignificant for extremely compressible
foam materials with a Poisson’s ratio of zero (Briody et al. 2011, 2012) resulting in A=A
and A1 = A3=1. The elastic volume ratio is given by Eq. 5:

J = hlajs (®)
The compressible parameter s is defined as:
, Vi
pi= 1-2vi (6)

Because Poisson’s ratio vi of the polymer foam is zero, the compressibility
coefficient Si is also defined as zero. The elastic volume ratio J can be defined as the stretch
ratio in the direction of A2 of the uniaxial compression test. This gives Eq. 7,

Yo _ L-AL
v L (7)
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where vo is the volume (mm?) of the polymer foam specimen after deformation, v is the
original volume (mm?3) of the polymer foam specimen, L is the original length (mm) of the
polymer foam specimen, and AL is the axial pressure (mm) of the polymer foam specimen.
The stretch ratio in the direction of A2 under uniaxial compression of polymer foam can
alternatively be expressed as:

L-AL
=1l-¢
L (8)

To calculate the derivative of strain to obtain the stress-strain relations of polymer
foam under uniaxial compression, Eqs. 7 and 8 are substituted into Eq. 1 to assist the
establishment of the connection with the test data as follows:

A=A=

oW N 2Ui 24 4U| -1 e
7_2(_7 1-¢)° -—-(1- )3 +Ui-(l-g)™ ™
| 8)

In the present work, a second order (i.e., N = 2) strain energy Ogden foam potential
function is used, which gives:

. a,y . éoa 1 5 {szl ) iaz—l
a(H):—%-(l-gV 4;‘ (1-¢)® +u-(l-g) ™" - 2; (1-¢)3 4%-(1-5)3 +U - (1-g)

(9)
The parameters cannot be predicted from the polymer foam properties, the foam
density, and the deformation mechanisms. Instead, they must be calculated by curve-fitting
experimental data (Fig. 2). The Ogden foam model of second order (Mohanty and

Mahapatra 2014; Maiti et al. 2019) is sufficient to fit the experimental data (Fig. 4), and
the model parameters are shown in Table 3.

Table 3. Foam Properties of Ogden Foam 2" Order for Faand Fs (Eg. 9)

uz (kPa) o | p uz (kPa) o Ji2 Goodness of Fit (R?)
Fa 1.786 202.4 | O 0.7071 0.9901 0 0.85
Fs 1.056 0.045 | 0O 3.665 163.9 0 0.92
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Fig. 4. Fitting curves for Fa and Fs were calculated using Eq 9.
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Definition of covering materials

In general, the Ogden constitutive model is well suited to solving the problem of
large strains of elastic materials. The Ogden hyperelastic constitutive model was used in
this study to describe elastic material in Ansys Workbench 19.2 (ANSYS Inc., Canonsburg,
PA, USA). The strain energy potential function Eq. 10, similar to Eq. 1, is also based on
the principal stretches of the Zuocchi-Green strain tensor, and its form is defined as
follows:

N U ,—a —a —ai N 1 2k
W= —(A +4 +4 -3)+) —(J -1
;ai édk (10)
The dk in EqQ. 9 is the incompressible coefficient. Hyperelastic materials are
incompressible materials, which means that their volume does not change during
compression. Consequently, J = 414243 =1 . The deformation of Ogden's hyperelastic
constitutive model is defined as follows:

N o . .
W = Z”%(M" + 2" " -3
i-1 Qi (11)

The experimental stress-strain data for fabric is imported into the Ogden
hyperelastic constitutive model, and the test data are fitted using the fitting tool (Error norm
for fit) in Ansys Workbench 19.2 (Table 4). The incompressible coefficient dk is defined
as 0 in the fitting process as shown in Eq. 11.

Table 4. Foam Material Properties of Ogden 1st Order for Covering

Type of Covering u1 (kPa) o d:
Fabric(N = 1) 72.4 33.974 0

Model construction of seat foundation

The compression behavior for the FasF is a large non-linear deformation. When
calculating the large deformation of the composite compression in FEA, the shear stress
generated at the contact point between the polymer foam sidewall and the covering can
easily lead to problems of stress singularity or non-convergence of the results. Defining
proper boundary conditions and adjusting the mesh size in FEA can solve this problem.
The covering on the side of polymer foam has little effect on the seat support ability and is
therefore ignored in the simulation. In addition, a layer of 50-mm-thick elastic foam (u1 =
1000 Pa, a1 =1, p1=0) is constructed to replace the compressibility of the silk wadding.

Mesh division and boundary conditions

The hexahedral mesh was used to improve the accuracy of simulation results in this
study (Fig. 5). The contacts of the covering, polymer foam, and aluminum disk are set as
bonded (glue connection between polymer foam) in the FEA, which means that the contact
surfaces remain in initial contact with each other and there is no relative sliding or no
separation. The bottom of the foam foundation is fixed support from all directions, and the
aluminum disk is designed to achieve a compressive strain of 65% combination thickness.
In order to analyze the influence of mesh size on compressive stress value in FasF, the
sensitivity of mesh size (65 to 45 mm) of polymer foam was simulated. Table 5 shows that
the stress error corresponding to 0.1 to 0.65 strain of polymer foam is not more than 5.10%.
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Displacement

Aluminum disk

\l/ Covering
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Fixed [ Silk wadding
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Fig. 5. Finite element model of FasF

Table 5. The Influence of Fa (Fs) Mesh Size on Simulation Results in FasF

Stress (kPa)
Strain Mesh size of Fa (Fg)

(mm/mm) 65 mm 60 mm 55 mm 50 mm 45 mm
0.1 2.72 2.76 2.78 2.69 2.68
0.2 4.16 4.1 4.13 4.04 4.04
0.3 5.88 5.58 5.69 5.64 5.56
0.4 7.93 7.65 7.81 7.58 7.61
0.5 10.34 9.94 10.10 9.89 9.99
0.65 13.44 13.11 13.27 12.88 13.14

Maximum error = (5.88 - 5.58)/5.88*100% =5.10%

Comparison of Simulation Results and Test Results

Figure 6 shows the FEA predicting method for stress-strain of FasF. The compression
stress-strain curves of the foam foundation in Fig. 7 can be predicted using fitting
parameters of Fa, Fs, and fabric. The detailed information of stress-strain values between
simulation and test results are shown in Table 6.

Derivation of Stress-strain of covering,

equation
Fa, and Fg

[ ]

|

Fitting test data by least square method in fitting tool

l

The strain energy function parameters pi, i (8i= 0)

The stress-strain of FagF were predicted in
Ansys Workbench 19.2.Displacement

Comparison of Simulation results

Fig. 6. FEA for predicting indentation stress-strain for FasF
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Table 6. Mean Comparison of FEA Results with Test Results for Stress Values at Each Strain for FasF

Combination % Diff. % Diff. % Diff. % Diff. % Diff. Perce
of different Test FEA Test FEA Test FEA Test FEA Test FEA Test FEA nt diff.
elastic
material 10% Strain 15% Strain 20% Strain 25% Strain 30% Strain 35% Strain
FasF 139 | 272 | 95.68 | 3.60 | 339 | -583 | 576 | 416 | -27.78| 6.66 | 501 | -2477 | 760 | 588 | -22.63 | 861 | 6.90 | -19.86
Combination % Diff. % Diff. % Diff. % Diff. % Diff. Perce
of different Test FEA Test FEA Test FEA Test FEA Test FEA Test FEA nt diff.
elastic
material 40% Strain 45% Strain 50% Strain 55% Strain 60% Strain 65% Strain
FasF 9.51 \ 7.93 | -16.61 | 10.36 9.30 | -10.23 | 11.36 | 10.34 | -8.98 | 12.28 | 11.41 | -7.08 | 13.17 | 12.37 | -6.07 | 14.25 | 13.44 | -5.08

The positive and negative signs of individual errors are taken into account when computing the mean Error
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Fig. 7. Comparison between FEA results and test results of FasF
(Elements number: 2274; Element quality (average): 0.878; Mesh size of Fa (Fs) is 65 mm)

2023/5/7 145

133.93 Max

10417

SAER

1.08880-15 Min

Fig. 8. Deformation mechanism of FasF (T = T1 + T2)

As shown in Fig. 7, the variation trend of the stress-strain curve in the FEA is
consistent with the test results. In addition, Table 6 (FasF) illustrates how the stress
inaccuracy decreases from -27.78% to -5.08% when comparing the strain results of 20%
to 65%. This might be due to the results of the shear stress (Fig. 8, T2) being disregarded
in the simulation during the deformation of polymer foam when the disk is pressed down.
When the disk is forced down on a polymer foam, the shear stress (Fig. 8, T2) during the
deformation of the polymer foam causes it to deform (Todd et al. 1998).

Generally, the stress values typically depend upon the deformation stress of its
microunit for elastic materials. Because the Fa or Fs with dimensions of 100 mm x 100
mm x 50 mm (length, breadth, and thickness) were completely covered by the loading head
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with a diameter of 200 mm, the experiment data for Fa and Fs through uniaxial
compression tests only indicate the foams' axial stress-strain relation (T1), (Fig. 8).
However, for the combination of FasF, the dimension is much larger than the compression
loading head. In other words, the stress deformation for FasF occurred at different angles,
including T1and T2 (Fig. 8).

In addition, other original images that caused errors are as follows:
(1) Polymer foams are elastically anisotropic and have complex failure mechanisms.
(2) The FEA material models for polymer foams have the limitations of assuming material
isotropy, and the commencement of yielding occurs in a similar manner under a variety of
stress states.
(3) The porosity, pore size, and material properties are all crucial in relation to the stress-
strain of the polymer foams.

As shown in Table 6 (FasF), the stress error drops from 95.68% to -5.08%,
comparing the strain results of 10% to 65%. The maximum error between finite element
analysis and experimental testing occurs in the 10% of the strain, and after the first 20% of
the strain, the errors gradually stabilized (Fig. 7). This shows how the Ogden model can be
used to somewhat predict the elastic behavior of foam seat foundation.

In addition, because the silk wadding was difficult to model and specify in FEA, a
layer of low-elasticity foam (50 mm) was used as a substitute at the bottom of the FasF. It
has been observed that the FEA results are higher than the test results before 15% strain of
the FasF happened in Fig. 7. This is because the thickness and property of silk wadding of
simulation for FasF is not exactly 50 mm. The stress-strain prediction results of the double-
layer polymer foam with covering combination demonstrate the method's logic for the
overall trend of curve variation.

CONCLUSIONS

This study quantified the stress-strain relations of single-layer polymer foams and
double-layer polymer foam with covering combination by a uniaxial compression test and
FEA.

1. The test data of small polymer foams and covering were fitted by a non-linear least
square method based on the Ogden foam and Ogden constitutive equation of Ansys
Workbench 19.2, and FEA was used to estimate the stress-strain behavior of foam seat
foundation.

2. The stress errors between FEA and test results of foam foundation decreased from
95.68% to -5.08% , when the strain is 10% to 65%.This shows that the variation trend
of the stress-strain curve in the FEA is consistent with the test results.
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