1) £l BRFR A T e
2) Al BARSERAE R Tt 5emt
3) Al BAREREE T 5eRt
4) Gl BRFRFGE T e

STEMIBTHR/E Vol.23 (2023 £ 11 A), 33X No. 17231124

J oL 7aATILOEBFEAAKERENT

LARGE DEFORMATION ANALY SIS OF A NONRECIPROCAL GEL
UNDER CYLINDRICAL INDENTATION
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In this study, we investigate the large deformation analysis of a nonreciprocal gel under cylindrical
indentation. The nonreciprocity of the gel is modeled by extending the framework of anisotropic
linear elasticity [Wang et al., 2023. Mechanical nonreciprocity in a uniform composite material.
Science 380, 192—198]. Plane-strain finite-element analysis is performed by assuming the frictionless
between the gel and the rigid indenter, leading to reproducing the asymmetric response of the
nonreciprocal gel. It is found that severe large deformations cause non-convergence of incremental
calculations, which is resolved by introducing artificial viscosity and hourglass control. The
combination prevents the occurrence of hourglass deformation modes around the area directly below
the indenter as well as obtains converged solutions in efficient incremental calculations. The use of
larger values of the two parameters causes the increase of computational efficiency and the decrease

of computational accuracy. Parametric studies elucidate the existence of the proper region of the two
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Fig. 1 The x;-x,-x3 orthonormal coordinate prescribed as the
material’s principal directions with the x;-x, plane parallel to the
nanosheets in the NR gel® (i.e., nanosheets are aligned
perpendicular to the x3-direction).

1 u=0mm — 3mm
® Cylinder ¢ 2mm

Fig. 2 Initial configuration (u = 0) and boundary conditions of
the plane-strain finite-element model of the NR gel under
cylindrical indentation. The numbers of nodes and elements are
2,652 and 2,525, respectively.
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Fig.3 Deformed configurations and shear strain distributions ¥,
at u =1, 2, and 3 mm, respectively, for G =1 MPa and c =
1075 s7!. Asymmetric deformation is enhanced by the increase of
u because of the non-reciprocity and non-linearity of the NR gel.
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Fig. 4 Effect of damping factor ¢ on reaction force F with
G =0 (i.e., without hourglass stiffness). Reaction force error is
defined by (F — Fy)/Fy x 100 (%) at u =1 mm, where F; is
the reaction force obtained with ¢ =0 and G = 0.
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Fig. 5 Effect of hourglass stiffness G on reaction force F with
¢ =1075 s7!. Reaction force error is defined by (F — Fy)/Fy X
100 (%) at u =1 mm, where F; is the reaction force obtained
with c =0and G =0.
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Fig. 6 Diagram of computational accuracy (i.e., reaction force
error) as a function of damping factor ¢ and hourglass stiffness G.
Symbol e shows the computational points obtained by finite
element analysis whereas symbol /A shows the cases that causes
hourglass deformation modes.
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Fig. 7 Diagram of computational efficiency (i.e., N/Ny) as a
function of damping factor ¢ and hourglass stiffness G. Here N
is the total number of increments needed to obtain u = 3mm,
whereas N, is the intermediate number of increments needed to
obtain u =1 mm for c =0 and G = 0. Symbol e shows the
computational points obtained by finite element analysis whereas
symbol A shows the cases that causes hourglass deformation
modes.
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Fig. 8 Comparison of surface profiles at u =3 mm (a) for G =
1 MPa and ¢ = 1076~10"* s and (b) for G =0.1~10 MPa
and ¢ =105,
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