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Fig. 2(a) Schematic diagram of natural leather with two fiber families M4 and Mg. (b) The probability
densities of two fiber families of natural leather specimens over a unit sphere.

L =C:(M;AM,), i=4,6 ,andi,=C:(M,AM,) (6)
respectively. A decoupled form of the strain energy function ( was adopted, which can be decoupled.
Y(C,H)=¥°(3)+¥,(C)+ a¥a(C.H) 7
i=4,6
where Y, and Y,,; are the isotropic part and anisotropic part of the volumetric preserving term of Q.
Thus, the corresponding decoupled form of second Piola—Kirchhoff stress tensor S is given by

s=2"Y -5, pJC™, (8)
ucC

where the deviatoric part of second Piola—Kirchhoff stress tensor is calculated as
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And p denotes the hydrostatic pressure with p=dy°(3)/dJ.

Application to extension behavior of natural leather specimens

This section focuses on the tensile behavior of natural leather. A schematic diagram of natural
leather is illustrated in Fig. 2(a), where U represents the in-plane uniaxial stretch angle. According to
the uniaxial tensile data of natural leather from our previous study [4], the structural parameters were
determined and summarized in Table 1. The probability densities of the two fiber families of natural
leather represented on the unit sphere are shown in Fig. 2(b). It can be seen that the out-of-plane fiber
dispersion of natural leather specimens is characterized by a high degree of concentration.

A specific form of Y, in Eq. (7), which was modeled after the Yeoh model, is defined as

YiSO(C)=C1(I1—3)+(;2(I1—3)2+(;3(I1—3)3 (10)

where Ci, i=1, 2, 3 are the material parameters associated with isotropy. The form of Y, , as follows:

Ky

ValCH)=2E + DE BaEr a6 (11)
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99.83% and 99.87%, respectively, indicating a good fit to the experimental results.

The above anisotropic theoretical framework was imported into a finite element (FE) program, and
FE simulations were performed for the same conditions. The experimental, theoretical, and FE results
for = 0° and 90° are represented in Fig. 3(a). It is observed that the FE results are in exact alignment
with the theoretical results. Further uniaxial extension was simulated for (0 = 30°, 60°, 51° and 129°,
and the corresponding FE results are presented in Fig. 3(b). It can be seen that as the extension
direction approaches the main direction of the fiber family, the stiffness of the natural leather
increases. The greatest strength is observed when the stretching direction lies in the main direction of
the fiber family (i.e., when G = 51° and 129°). The three-dimensional equivalent stress distributions at
(=0°and 90° are illustrated in Fig. 4(a). It can be observed that the stress distributions are symmetric
about the symmetry axis of the two fiber families of natural specimen. The three-dimensional
equivalent stress distributions at (i = 30°, 60°, 120° and 150° are represented in Fig. 4(b), all of which
exhibit asymmetric in-plane equivalent stress distributions and three-dimensional deformation,
exhibiting high equivalent stresses as U approaches the main direction of the fiber family.

Effect of out-of-plane fiber dispersion of natural leather specimens

The effect of out-of-plane fiber dispersion of natural leather specimens is evaluated in this section.
FE simulations of equibiaxial stretch of natural leather specimens along U = 30° were conducted. The
relevant parameters listed in Table 1 were applied, with the exception of the out-of-plane dispersion
parameter 9op. Three cases with different values of 8, are detailed in Table 2.

Table 2 Three cases of out-of-plane fiber dispersion of the natural leather specimens.

Case Out-of-plane fiber dispersion | Out-of-plane dispersion parameter op
I Isotropy dop=1/3
I Less concentration 9op = 0.417
11 High concentration 9op = 0.499
Stretch ratio 4,(-) Stretch ratio A,(-)
(c)
Case | Case II Case III
B | [ | [ s
0.00MPa 90.00MPa

Fig. 5Plot of FE results versus stretch (a) @1 and (b) a2 for Cases I, II and III. (c) Equivalent stress
distributions of natural leather specimens stretched equibiaxially to & = 1.3 for Cases I, Il and I11.






