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Hierarchical Honeycombs with Enhanced Mechanical Properties
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Summary In this work, we have presented a systematic way to incorporate hierarchy in honeycomb structures. The hierarchical
organization is made by replacing the edges of a regular honeycomb structure with smaller regular honeycomb. This will be shown able
to exhibit a Young's modulus superior to that of its regular hexagonal counterpart of equal relative density.

Hierarchical Honeycombs

Hierarchical structures are found in many natural and man-made materials [1]. This structural hierarchy play an important
role in determining the overall mechanical behavior of the structure. It has been suggested that increasing the hierarchical
level of a structure will result in a better performing structure [2]. Besides, honeycombs are well known structures for
lightweight and high strength applications [3]. In this work, we have presented a systematic way to incorporate hierarchy in
honeycomb structures. The hierarchical organization is made by replacing the edges of a regular honeycomb structure with
smaller regular honeycomb. This will be shown able to exhibit a Young's modulus superior to that of its regular hexagonal
counterpart of equal relative density. This replacement procedure for three-edge vertices can be repeated at smaller scales to
achieve fractal-appearing honeycombs with higher orders of structural hierarchy. Figure 1A shows the evolution of a
hexagonal honeycomb cell as structural hierarchy is increased. The structural organization of the honeycomb at each level
of hierarchy can be defined by the ratio of the introduced hexagonal edge length (b for 1* order hierarchy and ¢ for 2" order
hierarchy), to the original hexagon’s edge length, a, as described in Figure 1A (i.e., y; = b/a and y, = c/a). We studied
the mechanical properties of honeycombs with hierarchical organization using theoretical, numerical, and experimental
methods. The hierarchical honeycomb samples were fabricated using 3D printing, as shown in Figure 1B. Our results
showed that honeycombs with structural hierarchy have superior properties compared to regular honeycombs. The results
show that a relatively broad range of elastic properties, and thus behavior, can be achieved by tailoring the structural
organization of hierarchical honeycombs, and more specifically the two dimension ratios. Increasing the level of hierarchy
provides a wider range of achievable properties. Further optimization should be possible by also varying the thickness of the
hierarchically introduced cell walls, and thus the relative distribution of the mass, between different hierarchy levels. These
hierarchical honeycombs can be used in development of novel lightweight multifunctional structures, for example as the
cores of sandwich panels.
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Figure 1 — Hierarchical Honeycombs. (A) Unit cell of the hierarchical honeycombs with regular structure and with 1* and
2" order hierarchy. (B) Images of honeycombs with a = 2 cm fabricated using three-dimensional printing. (C) Contour
maps of the effective elastic modulus of hierarchical honeycombs with 2™ order hierarchy for all possible geometries (i.e.,

admissible range of Y and ¥3).
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