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Abstract

This conference short paper presents a numerical design route for programmable
hyperbolic metamaterials formed by mixing chiral and achiral unit cells within a unified
parametric family. A regular 5 x 4 x 3 lattice assembly is parameterized and converted
into beam-based finite-element models for quasi-static compression, first-order modal
analysis, and PSD-based random-vibration evaluation. Based on 21 randomly generated
hybrid layouts with prescribed achiral fractions, the accessible performance space is
quantified in terms of equivalent stiffness, first-order natural frequency, and acceleration
root-mean-square (RMS). The results show that increasing the achiral fraction raises
stiffness and modal frequency but aggravates the random-vibration response, revealing
a pronounced stiffness—isolation trade-off. A binary genetic-algorithm framework is
then used to optimize the unit-cell distribution for stiffness maximization, first-mode
maximization, RMS minimization, and RMS minimization under a stiffness constraint.
The optimized layouts indicate that stiffness- and frequency-driven objectives favor
vertically continuous achiral load paths, whereas vibration-oriented objectives disrupt



those paths and, under stiffness constraints, evolve toward layered compromise patterns.
The study therefore provides a concise and reusable numerical route for programmable
performance allocation in lattice support structures.

Keywords: programmable metamaterials, hybrid lattice, stiffness—vibration trade-off,
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1 Introduction

Mounting and support structures in aerospace systems are frequently required to
satisfy two conflicting requirements: high static stiffness for load transfer and low
dynamic transmissibility for vibration protection [1-5]. Conventional solutions usu-
ally strengthen the structure by adding material or stiffeners, but this often shifts the
structure toward poorer isolation performance in broadband vibration environments.
Mechanical metamaterials offer a more flexible route because their effective behavior
is governed by geometry rather than chemistry alone [6-9]. Recent studies on pro-
grammable metamaterials have shown that unit-cell design can be used to tune stiffness,
damping, and low-frequency isolation performance in a controllable manner [10-12].

A limitation of single-topology graded lattices is that they inherit one dominant
load-transfer mechanism, so the accessible performance envelope remains bounded
even when geometric parameters are graded [13]. Hybrid lattices can enlarge that
envelope by combining multiple unit-cell topologies in one structure [14—16]. However,
practical use is often hindered by geometric incompatibility between different cells
and by the need for complex transition regions [17]. To overcome this difficulty, our
previous work introduced a hyperbolic metamaterial family in which chiral and achiral
cells are generated from the same parameterized template [18, 19]. This common
geometric language makes it possible to mix the two cell types without additional
interface design.

The present short paper condenses the numerical part of the full manuscript and
follows the route required for conference submission: geometric parameterization,
programmable performance-space verification, stiffness optimization, first-order modal-
frequency optimization, vibration-suppression optimization, and vibration-suppression
optimization under a stiffness constraint. Experimental validation is intentionally
omitted here and reserved for the full-length paper.

2 Unified Parametric Model of the Hybrid Hyperbolic
Lattice

2.1 Geometric parameterization

The hybrid lattice is assembled from two unit-cell variants belonging to the same
hyperbolic family, as shown in Fig. 1. Each cell consists of upper and lower polygonal
frames connected by inclined struts. The geometry is controlled by the polygon
side length a, cell height h, frame radius Ry, inclined-strut radius R;, polygon-edge
number 7, and a step-connection parameter ¢nc. By varying inc, the unit cell switches
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Figure 1: Unified parameterization of the hyperbolic unit-cell family. The chiral and
achiral variants are generated within the same geometric framework and can
therefore be mixed directly in one lattice assembly.

continuously between an achiral load-bearing topology and a chiral topology with
tension—torsion coupling. An additional middle hexagonal ring is introduced in the
chiral version to avoid self-locking during tessellation while preserving geometric
compatibility with the achiral cell [18].

In the present study, a regular 5 x 4 x 3 assembly is used, giving N, = 60 cell
positions. Each position is encoded by a binary design variable,

z;e{0,1}, i=12...,N, (1)

where x; = 0 denotes a chiral cell and x; = 1 denotes an achiral cell. Because both
variants share the same outer dimensions and tessellation rules, all candidate structures
preserve the same global envelope and relative density while changing only the internal
distribution of load paths.

2.2 Finite-element evaluation models

All numerical evaluations are performed with three-dimensional beam models because
the hyperbolic lattice is composed of slender struts. The base material is stainless steel
with £ = 206 GPa, v = 0.3, and a constant strut diameter of 0.5 mm. The bottom
surface is coupled to a reference point and fully clamped in all six degrees of freedom.
For quasi-static compression, the top surface is coupled to a second reference point
whose in-plane translations and rotations are fixed, while the out-of-plane displacement
is prescribed. For modal and random-vibration analyses, the same support pattern is
retained and a 5 kg tip mass is attached at the top reference point.

Three simulation models are used throughout this work: (i) quasi-static compression
to extract equivalent axial stiffness, (ii) eigenvalue analysis to obtain the first natural
frequency, and (iii) PSD-based random-vibration analysis to evaluate the acceleration
RMS at the top reference point. The random-vibration excitation follows the established
base-acceleration spectrum with breakpoints at 20, 80, 350, and 2,000 Hz, including
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Figure 2: Programmable performance space of the 5 x4 x 3 hybrid lattice obtained from
21 random configurations. Violin plots show the distribution within each
achiral-fraction group, white boxes indicate quartiles, and dashed black lines
connect the group means with one-standard-deviation error bars. Increasing
the achiral fraction improves stiffness and first-order frequency but also
increases vibration response, revealing a clear stiffness—isolation trade-off.

the plateau in the 80 Hz to 350 Hz band used in the full manuscript.

3 Programmable Performance Space Verification

To quantify how spatial distribution alone affects the structural response, 21 hybrid
configurations are generated automatically: seven random layouts for each prescribed
achiral fraction of 10%, 20%, and 30%. The resulting statistics are summarized in
Fig. 2 and Table 1.

Two observations are immediate. First, the three metrics are all highly tunable even
though the outer dimensions and total cell number are fixed. The mean equivalent
stiffness increases from 1,195.1 N/mm at 10% achiral fraction to 1,964.2 N/mm at
30%, which corresponds to a 64.4 % increase. The first-order natural frequency rises
even more strongly, from 93.4 Hz to 261.3 Hz, i.e., a 179.8 % increase. Second, this
improvement in load-bearing and dynamic stiffness is accompanied by a systematic
growth in vibration response: the mean acceleration RMS increases from 1.49 x 10° to
2.25 x 10° mm/s?, an increase of 50.3 %.

The dispersion within each group confirms that the structure is not controlled by cell
ratio alone. At the same achiral fraction, different spatial arrangements still produce
notable changes in all three metrics. This spread is especially clear for the 20 % stiffness
group and for the 30 % modal and RMS groups, showing that the through-thickness
connectivity and lateral clustering of achiral cells remain important design variables
even under a fixed cardinality constraint. Therefore, the mixed hyperbolic lattice
provides not merely a graded material fraction, but a broad programmable performance
space in which stiffness, resonance, and vibration transmission can be redistributed by

topology.



Table 1: Statistical summary of the programmable performance space for the 21 sam-
pled configurations.

Metric 10% 20% 30%
Equivalent stiffness (N/mm) 1195.1 +£38.5 1460.8 4+ 235.4 1964.2 £92.8
First modal frequency (Hz) 93.4+6.2 190.6 £ 25.2 261.3 +54.4

Acceleration RMS (mm/s?) 1.49 x 10° +£0.04 x 10° 2.03 x 10° £ 0.14 x 10° 2.25 x 10° + 0.27 x 10°

4 Optimization Framework and Numerical Results

4.1 Binary GA formulation

The unit-cell distribution is optimized with a binary genetic algorithm (GA). The
general optimization problem is written as

min F'(x)
stz e {0,1},  i=1,...,N,
N. 2)
in =K, K =round(vsN,),
=1

where vy is the prescribed achiral fraction when a fixed-ratio study is performed.
Depending on the design target, F'(x) is replaced by the negative equivalent stiffness,
the negative first-order natural frequency, the acceleration RMS, or the acceleration
RMS together with an additional stiffness constraint. The implemented MATLAB
solvers provided in the workspace were used directly. In the present conference version,
the stiffness, first-mode, and RMS single-objective cases are all reported under the
same fixed achiral fraction of vy = 20%, whereas the constrained vibration-suppression
case allows the ratio to evolve freely while satisfying the prescribed stiffness band.

4.2 Stiffness optimization
For displacement-controlled compression, the equivalent stiffness is defined as

_|R.(2)

|U0\

k’eff (CU)

: 3)

where R, is the resultant top reaction force and wug is the prescribed vertical dis-
placement. Maximizing kg yields the layout shown in Fig. 3(a). The achiral cells
preferentially stack along the loading direction and form vertically connected column-
like load paths. This pattern is mechanically intuitive: the achiral cell is more favorable
for axial force transfer, so continuous achiral chains strengthen the through-thickness
stiffness and reduce load redistribution through the more compliant chiral network.
The regenerated optimum from the workspace solver reaches k.g = 1.74 x 10* N/mm.



4.3 First-order modal-frequency optimization

The first natural frequency is optimized by solving
max fi(z), 4)

subject to the same binary encoding and cardinality constraint. After resetting the
cardinality constraint to the common 20% achiral fraction, the regenerated solver
optimum reaches 271.2 Hz. As shown in Fig. 3(b), the corresponding topology becomes
visually identical to the stiffness-optimized layout in the present study, indicating that
the dominant first mode is governed by the same vertically efficient achiral load path
that controls quasi-static stiffness. This consistency further supports the interpretation
that strengthening the through-thickness dynamic load-transfer chain is also the most
effective way to push the first resonance upward under the current boundary condition
and tip-mass setting.

4.4 Vibration-suppression optimization

For random vibration, the design target is the acceleration RMS at the top reference
point,

Frnax 1/2
aRMs<w>=< /f | Sa(f;w)df) , )

where 9, is the response PSD. Minimizing agys under the fixed 20 % achiral fraction
leads to the layout in Fig. 3(c). In contrast to stiffness maximization, the optimizer
suppresses long, vertically continuous achiral columns. The resulting topology keeps
most of the lattice chiral and confines the achiral cells to a more localized region, which
weakens direct transmission paths from the base to the top mass. The regenerated
optimum gives agns = 5.86 x 10* mm/s?.

4.5 Vibration suppression with stiffness constraint

A more practical formulation is to minimize vibration while preserving a minimum
load-bearing capability:

min agys(x)
s.t. 1.7 x 10* < keg () < 2.5 x 10" N/mm, (6)
x; € {O, 1}

The optimum in Fig. 3(d) no longer resembles either of the single-objective extremes.
Instead, it develops a layered compromise: an upper achiral-rich framework preserves
stiffness, while the lower region remains more chiral-dominated and compliant to
mitigate vibration transmission. The regenerated solution satisfies kg = 1.72 x 10*
N/mm and reduces the reported RMS to 4.26 x 10 mm/s?. This result highlights the
main advantage of the programmable hybrid lattice: once the chiral and achiral cells are
geometrically compatible, the optimizer can reallocate them to meet different design
goals without changing the external envelope.
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Figure 3: Representative optimization results obtained with the MATLAB solvers in the
workspace. Achiral cells are shown in blue and chiral cells in red. (a) Stiffness
maximization promotes vertically continuous achiral columns. (b) Under
the present 20% achiral-ratio constraint, first-mode maximization converges
to the same topology as stiffness maximization. (c) RMS minimization
suppresses through-thickness stiff chains and retains a chiral-dominated body.
(d) RMS minimization with a stiffness band produces a layered compromise
between load-bearing and vibration isolation.

5 Conclusions

This conference paper established a compact numerical workflow for designing pro-
grammable hyperbolic metamaterials by redistributing geometrically compatible chiral
and achiral cells within a fixed lattice envelope. The unified parametric model enables
direct mixing of the two unit-cell families without transition regions, while the 21-
layout verification study confirms that the hybrid lattice offers a broad programmable
space in equivalent stiffness, first-order frequency, and random-vibration response.
Increasing the achiral fraction systematically strengthens the structure and raises the
first modal frequency, but it also increases broadband vibration transmission, thereby



making the stiffness—isolation trade-off explicit at the structural level.

The four optimization studies further clarify the governing topology—performance
relation. Under the common 20% achiral-ratio constraint, stiffness and first-mode
optimization both favor vertically connected achiral load paths, whereas RMS mini-
mization suppresses continuous through-thickness stiff chains. When vibration reduc-
tion is pursued under a stiffness band, the optimal structure no longer follows either
single-objective extreme, but instead develops a layered compromise that preserves
load-bearing capability while limiting vibration transmission. Taken together, these re-
sults define the numerical core of the full study and show that programmable allocation
of cell topology can serve as an effective design lever for simultaneously managing stiff-
ness and vibration requirements in lattice support structures. Experimental validation
and manufacturing considerations will be reported in the full-length paper.
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