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Abstract

Mechanical metamaterials (MMMs) are periodic architectures engineered to achieve ex-
traordinary macroscopic mechanical properties. A primary objective in their design is
wave propagation isolation, achieved through the generation of phononic bandgaps. These
bandgaps are highly sensitive to the geometric features of the underlying unit cell, which is
frequently based on a lattice topology. While additive manufacturing has become the pre-
dominant approach for fabricating these MMMs, a persistent challenge remains: standard
finite element (FE) models based on nominal designs may differ from both the manufac-
tured geometry and its numerical representation. In this context, manufacturing-induced
geometric deviations and FE modelling discrepancies can both lead to dispersion charac-
teristics that diverge from the intended behaviour. The present work focuses on the latter
through a controlled numerical sensitivity study. This work assesses the impact of these FE
modelling errors on the dynamic response of lattice metastructures by simulating structural
deviations through conditional node addition and relocation. Specifically, we investigate
the influence of two distinct scenarios that lead to significantly different outcomes: nodes
subjected to Floquet–Bloch periodic boundary conditions, and interior nodes unaffected by
these boundary constraints. Finally, a quantitative threshold for the maximum permissible
modeling error is established for each case.

Keywords: additive manufacturing; mechanical metamaterial; dispersion diagram; vibration
attenuation; frequency bandgap; finite element analysis

1. Introduction
A primary challenge in structural engineering is designing devices, architectures,

and materials capable of controlling wave propagation [1]. In this context, mechanical
metamaterials (MMMs) offer tailored dynamic properties not commonly found in nature,
most notably phononic bandgaps. Dispersion diagrams (DDs) [2,3] are widely utilized
to characterize the dynamic behaviour of periodic systems—such as lattice-based me-
chanical metastructures [4,5]—and to evaluate these bandgaps. Typically generated using
Floquet–Bloch theory, DDs leverage geometric and material periodicity to simulate the
behaviour of an infinite array of unit cells with minimal computational cost. Although real
structures are inherently finite, the infinite-domain assumption remains highly accurate
provided the system contains a sufficiently large number of cells. Under this hypothesis,
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the DD reliably identifies the frequency bands where the physical structure will exhibit
significant vibration attenuation.

However, while dispersion diagrams, bandgap boundaries, and wave propagation char-
acteristics are traditionally computed from nominal CAD models, physical manufacturing
processes inherently introduce geometric imperfections that alter local stiffness, mass distribu-
tion, and structural connectivity. Consequently, understanding how these geometry-induced
deviations influence dispersion characteristics is crucial, particularly for metamaterials tailored
for additive manufacturing (AM) and real-world engineering applications.

Early investigations into lattice geometric imperfections revealed that manufacturing-
induced variations—such as strut waviness and thickness irregularities—significantly
reduce global stiffness and strength, demonstrating that local defects inherently alter
effective mechanical behaviour [6]. Although initially studied under quasi-static conditions,
this sensitivity to defect severity and location strongly implies a corresponding impact
on wave propagation. To model such localized disturbances, a reduced-order framework
demonstrated that isolated geometric or material perturbations distort frequency response
functions—particularly near resonances—and that the spatial position of the perturbation
critically dictates the overall dynamic response [7]. In metamaterials, these localized
deviations break the ideal periodicity assumed in Bloch-wave calculations, thereby altering
nominal dispersion relations.

To quantify these effects, probabilistic frameworks using Polynomial Chaos Expansion
have shown that propagating geometric uncertainty shifts predicted bandgap boundaries,
proving that deterministic dispersion calculations often overestimate actual performance
when manufacturing tolerances approach critical feature sizes [8]. Similarly, uncertainty
propagation in tunable systems highlights that bandgap migration depends heavily on the
unit-cell architecture, emphasizing the need to analyse the spatial distribution of defects
rather than just their global magnitude [9]. This discrepancy between digital designs and
fabricated reality is well-documented; micro-CT data and geometry-reconstructed finite
element (FE) models confirm that nominal CAD models consistently overestimate experi-
mental stiffness and strength, highlighting the necessity of embedding actual geometric
deviations into numerical frameworks to avoid overlooking critical wave propagation
distortions [10].

Complementing numerical models, experimental methods have successfully identified
local defects via shifts in resonant and vibrational signatures, proving that geometric
irregularities leave measurable fingerprints in the frequency domain [11]. Furthermore,
AM-specific investigations indicate that fabrication processes influence both geometry
and effective material behaviour, necessitating coupled considerations of manufacturing
deviations and wave phenomena [12].

Overall, the state of the art establishes that geometric imperfections profoundly mod-
ify the dynamic behaviour of periodic structures. However, existing literature focuses
primarily on defect magnitude, uncertainty propagation, and as-built reconstruction. To
the authors’ knowledge, no research has quantified how the specific location of a geometric
deviation within a unit cell influences the resulting dispersion diagram. Addressing this
gap is critical to identifying defect-sensitive regions in metastructures, ultimately enabling
robust, tolerance-aware optimization and automated workflows capable of maintaining
target wave propagation characteristics despite unavoidable fabrication flaws.

This work directly addresses this research gap. First, the application of Floquet–Bloch
theory to elastic wave propagation in periodic media and the formulation of dispersion
diagrams are summarized. Next, a representative case study is analysed to evaluate the
impact of both boundary and internal node deviations. Finally, key conclusions and design
insights are presented.
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2. Computation of Dispersion Diagrams from Finite Element Models
The Bloch theory takes advantage of the periodic nature of the material properties.

Let the primitive spatial periodicity vectors be ai, so the periodicity is characterized by
X = niai (Einstein convention applies) with ni ∈ Z. If x is the position vector, C is the
constitutive tensor of elastic constants—which may be anisotropic—and ρ is the density,
then C(x + X) = C(x) and ρ(x + X) = ρ(x), as any geometric characteristic. Then,
according to Bloch, if we denote by t the time, by ω the frequency and by j the complex
number, the problem may be analysed using solutions of the type

u(x, t; k) = ūk(x) exp(jk · x)︸ ︷︷ ︸
ū(x;k)

exp(−jωt) = ū(x; k) exp(−jωt) (1)

where ūk is a periodic function such that ūk(x + X) = ūk(x) and exp(jk · x) is the global
modulating wave with wavevector k. This latter function introduces a phase relation
between the nodes at x and nodes at x + X that only depends on k. The previous solution
can be inserted in the finite element equation of motion. If Ū(k) is the finite element
discretization of ū(x; k) in a basic periodic cell defined by the primitive vectors ai, the
(slave) degrees of freedom at x + X can be written as a complex function of those (master
Ū M) at x and eliminated from the global system by using a complex transformation of
the type Ū(k) = T(k)Ū M(k). With this transformation and its Hermitian conjugate T H ,
for each possible wavevector k, a general complex eigenvalue finite element equation
is obtained [

K̃ − ω2M̃
]
Ū M = 0 with K̃ = T HKT and M̃ = T H MT (2)

from which the m complex eigenvectors Ūm representing m waves ū(x; k) for each given
k and their m frequencies are obtained. In principle, this would need to be solved for
every possible wavenumber k, but for highly symmetric lattices, minima and maxima
are typically found along the edges of the Irreducible Brillouin Zone (IBZ), exploiting the
symmetries of the domain built on the contravariant or reciprocal vectors bi such that
k = kibi with bi · aj = 2πδij and k · ai = 2πki. However, previous work has shown
that restricting the analysis to the IBZ contour may overlook bandgap extrema in lattices
with lower symmetry, whereas accurate bandgap identification is generally achieved for
highly symmetric configurations [13]. A bandgap is identified between two consecutive
dispersion branches, n and n + 1, when the maximum frequency of branch n is lower than
the minimum frequency of branch n+ 1, for all k within the IBZ (evaluated in practice along
its boundary). In this case, no eigenfrequency exists within that frequency window for any
k. Dispersion Diagrams visually depict these frequency gaps, plotting all m frequencies
against the IBZ wavenumbers.

3. Impact of Modelling Discrepancies: Case Study
As detailed in the previous section, computing the dispersion diagrams that character-

ize the dynamic response of MMMs requires periodic boundary conditions to be applied
across matching pairs of boundary nodes. This requirement entails either a conforming
discretisation on opposite faces of the unit cell or a suitable post-processing procedure to
identify and pair the corresponding boundary nodes. While geometric symmetry is not
strictly required, highly symmetric unit-cell configurations simplify mesh generation, the
enforcement of periodic boundary conditions, and the definition of representative wavevec-
tor paths within the Irreducible Brillouin Zone. In contrast, the alternative approach can be
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particularly challenging for complex 3D architectures and remains heavily dependent on
the capabilities of the specific meshing utility.

Additionally, the intricate geometries typical of lattice-based MMMs often necessi-
tate AM. However, AM processes frequently exhibit lower dimensional accuracy than
conventional fabrication methods, inherently introducing significant deviations from the
nominal geometry. These discrepancies stem from various process-dependent sources,
including porosity, surface roughness, strut waviness, cross-sectional reductions, broken
struts, unmelted particles, and the gravitational sagging of horizontal members. Consistent
with their impact on other mechanical properties [14], these geometric deviations cause
the effective DDs of the physical metastructure to differ significantly from the idealized,
nominal design. The present work does not attempt to explicitly reproduce such man-
ufacturing defects from as-built characterisation techniques (e.g., micro-CT). Instead, it
focuses on controlled modelling perturbations that enable a systematic evaluation of the
sensitivity of dispersion predictions to geometric and discretization-related discrepancies.
This distinction is particularly relevant because dispersion analyses are themselves based
on idealized infinitely periodic FE models, which inherently differ from real finite struc-
tures. Therefore, the proposed deviations should be interpreted as representative modelling
errors that provide qualitative insight into the robustness of dispersion predictions.

Within numerical models, these imperfections manifest in two distinct scenarios
(Figure 1): the deviation of internal nodes (Figure 1 bottom), and the deviation of boundary
nodes subjected to Floquet–Bloch periodic constraints (Figure 1 top).

Figure 1. Influence of two distinct scenarios. Top (type 1): nodes subjected to Floquet-Bloch Theorem
at cell boundaries; tolerance: maximum allowed error wrt. element size 5% (left) and 0.1% (right).
Bottom (type 2): Geometric deviations within the cell interior; 80 voxels per cell side (left) and 320
voxels per cell side (right).

To decouple these two scenarios, a dedicated cubic unit cell with a side length of
20 mm was designed as a case study (Figure 2, left). This cell possesses triple symmetry
across the three orthogonal coordinate planes intersecting at its geometric centre, belonging
to the Pm3̄m space group according to the International Tables for Crystallography [15].
Structurally, the boundaries of the cell are composed of solid parallelepipeds, whereas the
interior features cylindrical bars. This specialized geometry enables the generation of a
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highly conforming mesh, allowing the numerical errors associated with each deviation
type to be controlled and analysed independently.

Figure 2. (Left) Unit Cell Geometry: outer members are parallelogram struts and inner members are
cylinders. (Right) One-eighth of the unit cell, used for fitted model.

Even though this specific cell could be modelled with simpler methods, based on the
cell symmetry and with the purpose of using generally applicable modelling methods,
the fitted mesh has been produced through an automatic mesh with second order solid
tetrahedral elements of one-eighth of the unit cell geometry and thereby obtaining the whole
cell applying the symmetries (Figure 2, right). The cell geometry has been intentionally
designed to be symmetric to facilitate this study, but it must be noted that not every lattice
has geometrical symmetries, and therefore the meshing requirements for imposing the
boundary conditions are not obtained directly with regular automatic meshing tools.

For considering a maximum error at the boundaries, type 1, two different meshers
readily available in any commercial finite element software to model any volume have
been used for meshing the unit cell, in this case also with second order tetrahedral elements.
The two meshing tools selected for this study are commonly employed in the aerospace
sector: Altair HyperMesh 2025.1 Tetra Delaunay (mesher A) and MSC Patran v2024.2 Auto
TetMesh (mesher B). Once the element size is selected and the geometry is meshed, the
non-fitted nodes subjected to periodic boundary conditions that exceed a maximum tolerance
value with respect to the element size (parameter also referred as t in Results Section 4.1)
have been identified and replaced by nodes that perfectly match the nominal position
Figure 3. The new nodes are connected to the surrounding finite-element mesh through
multi-point constraint (MPC) equations, whose weighting factors are obtained from the
shape functions of the corresponding host elements. In this way, periodic compatibility
is enforced without modifying the underlying mesh topology. The boundary geometry
remains unchanged with respect to the nominal configuration; therefore, the modelling
discrepancy investigated in this work is limited to deviations in the positions of the nodes
subjected to periodic boundary conditions.

For considering a maximum error within the cell, type 2, a different strategy, also
typically available to modellers, has been followed. In this case, the mesh the unit cell
is modelled with perfectly cubic hexahedral elements (which we shall refer to in this
document as voxels; all having exactly the same size along the lattice). The study has been
performed for first and second order elements. These elements can provide a perfect match
of the geometry at the boundaries while the error of the inner geometry is related to the
size of the voxel: the smaller the voxel size, the better the geometric fidelity of the model
(although for large voxel sizes, with the same dimension order of the characteristic length
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unexpected results may be obtained) Figure 4. With this method, the approximate induced
error is half the length of the major diagonal of the voxel.

Figure 3. Type 1. Induced numerical error at the boundaries. Tolerance: maximum allowed error wrt.
element size 15% (left) and 1% (right).

Figure 4. Type 2. Overview of meshes generated with voxel cubes, imposing positional error on
the interior nodes of each cell. Voxel characteristic sizes of 0.5 mm (top) and 0.25 mm (bottom)
correspond to imposed maximum errors of 0.43 mm and 0.22 mm, respectively.

The two types of deviation analysed in this work alter the hypothesis of infinite
arrays of metamaterial cells: all the deviations in the position are considered as an infinite
repeated deviation due to the imposed boundary conditions. Obviously, this differs from
real structures, so that the purpose is to acquire a qualitative knowledge of the different
sources of errors that must be considered when simulating the actual dynamic response
of lattice-based MMM in a second step simulation. The accurate characterization of these
geometric deviations in the response of the metastructure requires the simulation of the
real finite geometry without periodic boundary conditions and with the selected unit cell
(which is usually selected in a previous trade-off of different single-cells among a collection
of diverse options characterized through DD analysis) and their previously characterized
deviations applied randomly along all the cells and finally applying the load cases.
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4. Impact of Modelling Discrepancies: Results
The results are divided into two types of deviation: numerical errors at the boundaries

and numerical errors within the cell. For completeness and to facilitate the reproducibil-
ity of the results, Appendix B provides additional information regarding the numerical
model, including the mechanical properties of the material, the dimensions of the selected
topology, and the chosen path in the Irreducible Brillouin Zone for the wavenumber vector
k. Furthermore, dispersion diagrams for two representative case studies are included as
illustrative examples from which the information discussed in this section is derived.

4.1. Type 1: Numerical Errors at the Boundaries

Table 1 summarizes the subcases that have been analysed to assess the impact of the
numerical errors at the boundaries. Two different finite element meshers have been used
and different prescribed element sizes have been considered. To non-dimesionalise the
analysis, the errors (tolerances) were imposed as a percentage of the element size (ES).
The combinations considered are marked with ✓ in Table 1. The two element sizes were
selected following standard finite element modelling practice, balancing computational cost
and geometric representation accuracy. As shown in Figure 5, the fitted reference models
produce nearly identical bandgap frequencies for the discretisations considered, indicating
that the residual discretisation error is small compared to the modelling discrepancies
investigated in this study.

Table 1. Type 1. Overview of the evaluated subcases for numerical errors at the cell boundaries.

Tolerance as % of Element Size (ES) <0.1 0.1 1 5 10 15 20

Mesher A, ES = 0.25 mm (Fitted 1) ✓ ✓
Mesher A, ES = 0.15 mm (Fitted 1) ✓
Mesher B 2, ES = 0.25 mm (Fitted 1) ✓
Mesher A, ES = 0.25 mm (Non-fitted) ✓ ✓ ✓ ✓ ✓ ✓ ✓
Mesher A, ES = 0.15 mm (Non-fitted) ✓ ✓ ✓ ✓

1 The tolerance value does not affect the fitted models results, as illustrated by the two cases shown
in Figure 5. 2 A different mesher software has been used to generate the FE model associated to
this subcase.

As outlined in the previous section, fitted models are defined as those in which nodes
subject to Floquet–Bloch periodicity conditions are placed exactly at their corresponding
locations by construction, leveraging cell symmetry; these models are adopted as the
reference solution in this study. Conversely, non-fitted models correspond to meshes
automatically generated over the entire geometry, in which only the nodes whose deviation
exceeds a prescribed tolerance from their intended positions are replaced prior to imposing
the boundary conditions.

The various meshing approaches illustrated in the Figure 5 reveal the unavoidable
error inherent to discretization within the FE methodology; consequently, the differences
between non-fitted and fitted models can be regarded as negligible for tolerances (X axis)
below 1%.

The minima, maxima, and relative band widths (W) of the bandgaps obtained for
models with an element size of 0.25 mm are detailed in Figure 6; for clarity, only the
bandgap near 5000 Hz is reported. Corresponding results for models with an element size
of 0.15 mm are presented in Figure 7.
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Figure 5. Type 1: Convergence trend of bandgap width as a function of the tolerance value used.
Fitted-mesh results are shown as horizontal lines for clarity (where necessary). 1 Trend lines included
as a visual guide to facilitate interpretation.�����������	��
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Figure 6. Type 1. Bandgap deviation for the different subcases as a function of tolerance value.
MA: mesher A; MB: mesher B; F: fitted mesh; NF: non-fitted mesh; ES: element Size [mm]; t: tolerance.

4.2. Type 2: Numerical Errors Within the Cell

This section presents the results for the second deviation type studied: errors within
the cell. The analysed subcases are summarised in Table 2.

The analyses indicate that while the convergence trend approaches the target value,
the optimal result still exhibits a discrepancy that exceeds the intrinsic mathematical error
of the method. Achieving full agreement with the target would require a more refined
model; however, the minimum voxel size was constrained to prevent the total number of
degrees of freedom (DOF) from exceeding 10 × 106.
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Table 2. Type 2. Overview of the evaluated subcases for numerical errors within the cell.

Voxels per Cell Side Linear Hexahedral
Elements

Quadratic Hexahedral
Elements

39 ✓ ✓
40 ✓ ✓
80 ✓ ✓

120 ✓ ✓
160 ✓ ✓

200 1 ✓
320 1 ✓

1 Quadratic elements have not been used in these subcases due to their associated high number
of DOF.�����������	��
� �
�������

�
����������������
������ !�"��������� ��#$���
��!%%%���&��#$���
��!%%%���&!�
�������
������� 	�	
Figure 7. Type 1. Bandgap deviations for the different subcases as a function of tolerance value.
MA: mesher A; F: fitted mesh; NF: non-fitted mesh; ES: element size [mm]; t: tolerance.

The voxelization algorithm, which activates a voxel whenever material coincides with
its nominal center, directly governs the model’s geometric fidelity. As shown in Figure 8,
increasing the spatial discretization per cell side (reducing voxel size) enhances agreement
with the target volume. However, this convergence trend oscillates, shifting from positive
errors in coarser configurations to a negative error in the 80-voxel subcase. This sign
inversion critically affects the bandgaps displayed in DD due to the direct impact of mass
and stiffness alterations on the structural eigenmodes. Specifically, for this geometry, the
geometric overestimation in the inner bars leads to a higher mean bandgap value, effectively
compensating for the numerical errors present in the coarser subcases (39 and 40 voxels).

The minima, maxima, and relative band widths (W) of the bandgaps obtained for
first and second order voxel models are detailed in figures Figures 9 and 10. As detailed
in Appendix B, the fitted reference model exhibits a single isolated bandgap within the
analysed frequency range; consequently, no bandgap filtering was applied to the reference
solution. To ensure a consistent comparison, minor bandgaps outside the frequency range
of interest were excluded, where necessary, from a limited number of models affected by
numerical discrepancies, and the defining upper and lower modal branches were verified
to correspond to the same eigenmodes across all subcases. As expected, increasing the
number of voxels per lattice side enhances the agreement between the calculated bandgap
and the target value; the anomalies observed in the coarser models (39 and 40 voxels)
stem from the previously discussed volumetric sign deviation. Additionally, a second
major effect is identified: the use of second-order elements yields a lower mean bandgap
value. This reduction is highly consistent with the inherently lower stiffness characterizing
second-order formulations.
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as a function of the number of elements per cell side.
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Figure 9. Type 2: Linear hexahedral elements (the fitted model serves as the reference solution
analogous to Figure 6, using quadratic tetrahedral elements); ES: element size [mm]; VD: volume
deviation wrt. CAD geometry.
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Figure 10. Type 2: Quadratic hexahedral elements (the fitted model serves as the reference solution
analogous to Figure 6, using quadratic tetrahedral elements); ES: element size [mm]; VD: volume
deviation wrt. CAD geometry.
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Given an infinite geometry, the effect of the unit cell selection and the impact on the
DD results is shown in Appendix A.

5. Conclusions
In recent years, AM techniques have been increasingly adopted for fabricating lattice-

based mechanical metamaterials (MMMs). While AM offers unparalleled advantages for
producing intricate geometries, it also introduces inherent manufacturing deviations that
directly influence the dynamic response of these structures—specifically the accuracy of
phononic bandgaps crucial for vibration isolation. The present work focuses on controlled
FE modelling discrepancies and provides new insights into their influence on the reliability
of dispersion predictions. Crucially, when MMMs are deployed for vibration attenuation,
our findings indicate that unit cells susceptible to internal modelling deviations still deliver
satisfactory performance close to their nominal, idealized geometry (Type 2).

Another major outcome of this study directly impacts parametric analyses, which
are ubiquitous in lattice-based metastructure research where geometric features are tied
to design variables. Because these analyses typically rely on automated computational
workflows, researchers must carefully monitor the specific error sources within their nu-
merical models. Notably, node positioning errors at the lattice boundaries (Type 1) must be
strictly controlled, whereas errors within the cell interior are far less critical. This distinc-
tion justifies the strategic use of coarser meshes in the internal regions of the cell, thereby
significantly optimizing the required computational resources without sacrificing global
accuracy. Furthermore, the results presented in this work state that different selections
of the periodic unit cell produce negligible differences in the predicted bandgaps for the
geometry analysed. Nevertheless, minimizing the number of nodes subjected to periodic
boundary conditions may still be advantageous from a numerical robustness perspective,
as it reduces the sensitivity of the model to boundary-node mismatch errors.

In summary, this work highlights the drastically different effects on dispersion dia-
grams exerted by two distinct sources of geometric deviation:

• Type 1: Geometric deviations at cell boundaries. Where periodic boundary condi-
tions are enforced, numerical convergence to the true solution is highly sensitive to
node placement. Here, accurate dispersion characteristics are achieved only when the
maximum allowable positioning error of the boundary nodes remains below 1% of
the local element size.

• Type 2: Geometric deviations within the cell interior. The primary results demon-
strate that internal spatial errors up to 50% of the characteristic strut length can still
yield acceptable results for initial design screening, provided that the total volume de-
viation of the unit cell is maintained below 20%. These thresholds should be regarded
as practical guidelines derived from the present case study and may require further
validation before being extrapolated to other lattice topologies, relative densities,
material systems, or bandgap-generation mechanisms.
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Appendix A. Unit Cell Selection
The selection of boundaries for a specific geometry is not unique as different unit

cells can be selected offering an identical infinite geometry. For the selected unit cell, three
variants (Figures A1 and A2) have been studied in order to validate that this selection has
no impact on the obtained bandgap results.

Figure A1. Three variants of the unit cell selection generating a final identical infinite geometry. From
left to right: original; variant 1; variant 2.

The associated FE models to the different unit cells is equivalent (the same number
and type of elements is used in all cases), so that the main difference relies on the periodic
boundary conditions applied. The differences in the obtained bandgaps are negligible as
shown in Figure A3.
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Figure A2. FE models associated to the three variants of the unit cell selection. From left to right:
original; variant 1; variant 2.�����������	
��� 
���	�����
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Figure A3. Bandgaps associated to the three variants of the unit cell selection.

Appendix B. Numerical Model Parameters and Dispersion Diagrams
Additional information on the numerical models used in this study is provided to

facilitate the reproducibility of the reported results. The main parameters of the model are
summarised, including material properties, geometric dimensions, representative mesh
characteristics, and numbers of degrees of freedom, together with the path and sampling
considered in the Irreducible Brillouin Zone for the wavenumber vector k. In addition,
representative dispersion diagrams for two case studies are included to illustrate the data
from which the analyses presented in the main text are derived.

Selected FE models are available through the repository referenced in the Data Avail-
ability Statement, from which the corresponding unit-cell geometries, material properties,
and eigenmode computation parameters can be obtained. The unit cell considered for
this study is a cubic lattice with a characteristic side length of 20 mm. The lattice is com-
posed of edge struts with a square cross-section of 0.5 mm × 0.5 mm, and diagonal struts
with a circular cross-section of 1 mm diameter extending from the cube centre to each of
its vertices.

The material properties adopted in the FE models are reported in Table A1. These
properties are representative of a polymeric material for additive manufacturing.

The dispersion diagram for the reference solution considered in this study is presented
in Figure A4 as a representative sample of all the data used for this study. The path followed
has been selected to explore all the edges of the IBZ of a cubic lattice: Γ–R–M–Γ–X–R-M–X.
The wavevector-space coordinates in the Bouckaert-Smoluchowski-Wigner (BSW) notation
and the units per meter in the reciprocal base are Γ = (0, 0, 0), R = 1

2 (1, 1, 1), M = ( 1
2 , 1

2 , 0),
and X = (0, 1

2 , 0). For the computation of the dispersion relations, four equally spaced
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sampling points were considered between each pair of adjacent high-symmetry points in
the selected wavenumber vector path, allowing for the construction of the corresponding
dispersion branches. A total of 100 complex eigenmodes of the undamped system were
obtained for each value of the wavenumber vector k, covering frequencies up to approxi-
mately 36 kHz. Within this frequency range, only a single bandgap was identified for the
fitted reference model. However, only the modes below 10 kHz are shown in the dispersion
diagrams for clarity. This frequency range corresponds approximately to the first 30 modes
and encompasses the bandgap analysed in the present work. The three lowest branches in
the dispersion diagrams correspond to rigid-body modes of the unit cell.

Table A1. Material properties of the thermoplastic polymeric material employed in the finite-element
models available in the repository.

Property Value

Young’s modulus, E 1600 MPa
Poisson’s ratio, ν 0.4

Density, ρ 950 kg/m3
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Figure A4. Dispersion diagram for the fitted mesh, mesher A, element size 0.25 mm.

The dispersion diagram for the selected case exhibiting the largest Type 1 deviation
is shown in Figure A5. To enable a reliable comparison with the reference solution, the
mode shapes were inspected at several high-symmetry points along the selected wave
vector path. The two bandgaps reported herein were identified based on the similarity
between the lower band-edge mode at 4450 Hz and the upper band-edge mode at 6140 Hz
and their counterparts in the reference model. The bandgap splitting exhibited by this
case motivated its exclusion from Figure 5, as the results for tolerances up to 10% already
capture the rapidly increasing trend in bandgap width error.
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Figure A5. Dispersion diagram for the non-fitted mesh, mesher A, element size 0.25 mm,
tolerance = 20%.
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