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A nonreciprocal gel consisting of hydrogel and nanosheet exhibits mechanical nonreciprocity, which
has potential applications in mechanical engineering. An earlier study has revealed that this
mechanical nonreciprocity is triggered by the tension-compression asymmetry resulting from the
microscopic buckling behavior of nanosheets during compressive deformation, but the relevant
influencing factors remain unknown. In this study, we investigate the microscopic buckling behavior
and the resultant tension-compression asymmetry in a nonreciprocal gel subjected to uniaxial
conditions. Eigenvalue buckling and post-buckling analyses equipped with computational
homogenization are performed on a unit cell modeled as an elastic bilayer for which ratios of Young’s
modulus and thickness are parameterized. The results confirm that selecting a dilute microscopic
buckling with the characteristic wavelength or a non-dilute microscopic buckling with the infinite
wavelength hinges on the ratios of Young’s modulus and thickness, which is consistent with the
theoretical solution for the buckling behavior of a layered composite. We also elucidate that the

tension-compression asymmetry is more pronounced as the Young’s modulus ratio increases or the

thickness ratio decreases.
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Fig.1 Unit cell of a NR gel.
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Fig.2 Numerical model of a unit cell with boundary condition.
Macroscopic force and displacement are applied to the
numerical model via an external node (black marker) connected
with the boundary surfaces of the numerical model by multiple

point constraint.
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Fig.3 Normalized buckling stress, oc/Es, as a function of the
normalized wavelength, L/Hs, in the cases of (a) Es/Eg=10,
Hy/H=100 and (b) EJ/Ez=10°, Hy/H=300. While the priority
wavelength, Lei/Hs, is undetermined in the case (a), Le/Hs has

the characteristic value of 158 in the case (b).
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Fig.4 Deformed configurations of buckled unit cells in the cases
of (a) EJE~10°, HyH~=100 (Non-dilute system) and (b)
EJE~10°, Hy/H=300 (Dilute system). The global buckling
pattern emerges in the non-dilute system, whereas the nanosheet

is only buckled in the dilute system.
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Fig.5 Classification of microscopic buckling into dilute and non-
dilute systems for each combination of Young’s modulus ratio,
Es/Eg, and thickness ratio, Hg/Hs. The blue line indicates the
theoretically predicted boundary between dilute and non-dilute
systems using Egs. (1), (2). Numerical results are in good
agreement with the theoretical prediction except for the case of
EJE~10%, Hy/H:=300.
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Fig.6 Comparison of priority wavelength, Le/Hs, of a unit cell
in the dilute system between theoretical solution and numerical
results for each combination of Young’s modulus ratio, Es/E,
and thickness ratio, Hg/Hs. Numerical results are in good

agreement with the theoretical solution.
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Fig.7 Comparison of buckling strain, ec, of a unit cell in the
dilute system between theoretical solution and numerical results
for each combination of Young’s modulus ratio, Es/Eg, and
thickness ratio, Hy/Hs. Numerical results are in good agreement

with the theoretical solution.
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Fig.8 Deformed configurations with the distributions of the
microscopic horizontal axial strain, emic, for the unit cells with
the wavelength, L=158, subjected to (a) compressive and (b)
tensile axial macroscopic strains, |¢|=(0.1,0.2), in the non-dilute
system.
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Fig.9 Deformed configurations with the distributions of the
microscopic horizontal axial strain, emic, for the unit cells
subjected to (a) compressive and (b) tensile axial macroscopic

strains, |¢]=(0.1,0.2), in the dilute system.
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Fig.10 Normalized macroscopic axial stress, o/Es, as a function of the macroscopic axial strain, ¢, for the cases of (a) Es/E¢=10°, Hy/Hs=100,
L/Hs=(158, 1000) in the non-dilute system and (b) Es/Eg=10°, He/H=300, L/Hs=158 in the dilute system. The inset in the figure (a) shows

the relationship between o/Es and ¢ in the vicinity of buckling points. Due to the microscopic buckling of a unit cell, o/E;s takes a small

value on the bifurcated path, leading to the emergence of the tension-compression asymmetry of a NR gel.
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Fig.11 Quantification of the tension-compression asymmetry by
the ratio between instantaneous Young’s moduli, Kt and Kc, of
a unit-cell in the dilute system subjected to macroscopic tensile
and compressive axial strains, |¢]=(0.1,0.2), K1/Kc, for each
combination of Young’s modulus ratio, Es/Eg, and thickness
ratio, Hg/Hs.
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