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Phononic metamaterials offer unprecedented control over wave propagation, making them essential for appli-
cations such as vibration isolation, waveguiding, and acoustic filtering. However, achieving scalable and pre-
cisely tunable bandgap properties across different length scales remains challenging. This study presents a user-
friendly design framework for phononic metamaterials, enabling ultra-wide bandgap tunability (B/w, ratios up
to 172 %) across multiple frequency ranges and scales. Using finite element simulations of a Yablonovite-inspired
unit cell, we establish a comprehensive parametric design space that illustrates how geometric parameters, such
as sphere size and beam diameter, controls bandgap width and frequency. The scalability and robustness of the
framework are validated through experimental testing on additively manufactured structures at both macro (10
mm) and micro (80 um) scales, fabricated using Stereolithography and Two-Photon Polymerization. Trans-
mission loss measurements, conducted with piezoelectric transducers and laser vibrometry, closely match sim-
ulations in the kHz and MHz frequency ranges, confirming the reliability and consistency of the bandgap
behavior across scales. This work bridges theory and experiments at multiple scales, offering a practical meth-
odology for the rapid design of phononic metamaterials and expanding their potential for diverse applications
across a broad range of frequencies.

1. Introduction in the w-k dispersion space, making these materials highly sought after

for applications in structural acoustics, telecommunications, and signal

Phononic metamaterials have garnered significant attention due to
their unique ability to control and manipulate acoustic waves, a prop-
erty that has enabled breakthroughs in vibration damping, sound insu-
lation, and waveguiding applications [1,2]. These materials are defined
by bandgaps, frequency ranges where wave propagation is blocked in
certain directions, inhibiting the transmission of sound or vibrations
[3-5]. Bandgaps are characterized by the absence of phonon-like modes
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processing [6-9]. Initially, bandgaps have been associated primarily
with electronic and phononic structures in solid crystals. Advances in
material design, however, have demonstrated that bandgaps can be
engineered across a range of length scales, from microscopic to macro-
scopic. Phononic metamaterials exhibit remarkable scalability, enabling
their application across a wide range of length scales and frequency
domains. At the microscale, they play a crucial role in surface acoustic
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wave (SAW) filters, which are widely used in wireless communication
systems to enhance signal selectivity and filtering precision [10,11].
Recent work has also demonstrated their potential in biomedical ultra-
sound applications, where metamaterial-based designs can enhance
acoustic transmission through high-impedance contrast layers,
improving the efficiency of ultrasonic imaging and therapeutic appli-
cations [12]. At the macroscale, phononic metamaterials have proven
effective for vibration isolation, reducing mechanical noise and struc-
tural vibrations in precision engineering and aerospace applications
[13-16]. Additionally, they are widely utilized for noise reduction and
sound absorption in architectural acoustics, automotive sound insu-
lation, and industrial environments, where their tailored bandgaps help
mitigate unwanted noise [17-21]. Advances in 3D printing and nano-
fabrication have further expanded their potential, enabling the devel-
opment of broadband metamaterial absorbers and high-performance
acoustic wave manipulation devices [22,23]. These capabilities make
phononic metamaterials a promising platform for next-generation
acoustic technologies, spanning from high-frequency medical applica-
tions to large-scale structural noise control.

The formation of bandgaps in phononic metamaterials fundamen-
tally relies on the periodicity of their structural design [24]. Periodicity
alters the governing wave equation, allowing transformations into
Fourier space, where dispersion relations for each phonon mode are
derived. Bandgaps arise through mechanisms like Bragg scattering [25]
and resonant modes [26] depending on the geometric configuration and
material properties of the unit cells [27-29]. These mechanisms enable
to block wave transmission within bandgap frequencies, thus providing
robust control over vibration propagation. In early phononic meta-
material designs, researchers primarily used simple 2D geometries, such
as rods or holes. These designs were constrained by the scalar acoustic
wave equation, which describes pressure waves with a single degree of
freedom [24,30]. The advent of elastic bandgap metamaterials intro-
duced designs governed by the full elastic wave equation, allowing for
three degrees of freedom in each direction. This development enabled
the manipulation of both transverse and longitudinal waves, supporting
the creation of customized bandgaps for specific wave modes, including
bending, tensile, and shear waves [31]. Moreover, the introduction of
anisotropic and auxetic metamaterials has allowed for selective bandgap
formation by contrasting auxetic, non-auxetic and directional proper-
ties, highlighting the versatility of phononic metamaterials [32-35].

Modern computational tools, particularly finite element analysis
(FEA), have revolutionized the design of phononic metamaterials,
allowing for precise simulation of wave propagation and bandgap pre-
diction. Dynamic tunability has further expanded the operational range
of these materials through reconfigurable geometries, local resonators,
and inertial amplification techniques, which enhance their elastody-
namic properties [7,31]. However, while these methods have been
successfully implemented at larger scales and lower frequencies,
extending their functionality to the microscale and high-frequency re-
gimes (hundreds of kilohertz to megahertz) remains a challenge due to
fabrication and scalability constraints [36]. These limitations restrict
their application in high-frequency domains, such as medical ultrasound
[12], high-resolution imaging systems, non-destructive testing, and
compact acoustic signal processing devices, where precise wave control
is critical [37-39].

To overcome these challenges, advancements in additive
manufacturing methods have emerged as transformative solutions,
enabling the realization of complex ym-scaled metamaterials with un-
precedented precision. Techniques such as Two-Photon Polymerization
(2PP) and Digital Light Processing (DLP) offer high resolution and
scalability, allowing for complex geometries suited for high-frequency
phononic applications. 2PP, with its sub-micron resolution, has proven
particularly effective for creating complex 3D geometries suitable for
high-frequency phononic applications, making it an indispensable tool
for scaling designs [40-42]. Alongside these fabrication techniques,
recent diagnostic advancements, such as laser vibrometry and laser-
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induced spectroscopy, have further facilitated the experimental char-
acterization of wave propagation at the microscale, bridging the gap
between numerical predictions and real-world performance [39,43,44].
Transmission loss measurements and laser vibrometry analyses have
confirmed the presence of elastodynamic bandgaps, demonstrating the
reliability of these advanced fabrication and characterization method-
ologies [9,45-48].

The design of phononic metamaterials often requires extensive
parametric optimization of unit cells, with existing methods broadly
categorized into direct parameter tuning and computational optimiza-
tion. Traditional direct tuning approaches rely on prior knowledge of
bandgap formation mechanisms, such as Bragg scattering and local
resonances, systematically adjusting structural parameters to generate
bandgap maps. For example, Muhammad et al. [13] proposed mono-
lithic phononic metastructures that achieved ultrawide bandgaps of up
to 160 % for low-frequency vibration isolation in the kHz range, vali-
dated experimentally using laser vibrometry. Similarly, Li et al. [29]
utilized Hoberman spherical metamaterials optimized for local reso-
nances, achieving broad bandgap coverage specifically in low-frequency
regimes. An et al. explored geometric reconfigurations to achieve
tunability, such as adjusting the spacing between inclusions or altering
chiral lattice angles, resulting in variable bandgap distributions [15].
Additionally, other research efforts have proposed and experimentally
validated 2PP metamaterials that demonstrate unique functionalities,
such as ultra-wide bandgaps in the MHz range [48] or serving as phonon
polarizers for specific applications [39]. Further approaches have
leveraged the coexistence of Bragg scattering and local resonances to
achieve tunable bandgaps. For instance, Jia et al. [49] demonstrated
that hexagonal structures can achieve bandgap widths reaching up to
100 % in the kHz range by carefully combining these two mechanisms.
Similarly, Olsson et al. [50] designed phononic crystals by precisely
matching Bragg and Mie scattering inclusions within silicon-based
substrates, achieving an average bandgap width of 46 % in the MHz
range. Other work has explored geometric reconfigurations for
tunability, where the spacing between square inclusions was adjusted
through rotational transformations, resulting in tunable bandgaps
ranging from 0 % to 80 % [51]. Auxetic metamaterials incorporating
high-density inclusions have also been developed to modify the Pois-
son’s ratio of unit cells, achieving bandgap widths of up to 30 %
[52-54]. While these methods have proven effective in various sce-
narios, they often require extensive trial-and-error processes, are limited
in scalability, or only cover specific frequency ranges, thereby limiting
their practical application in a broader range of high-frequency
technologies.

To address these limitations, modern computational optimization
frameworks have emerged, allowing for automated bandgap tuning.
Among these approaches, topology optimization has been widely
employed to maximize bandgap width and minimize transmission loss
[55,56]. For instance, Zhang et al. [56] used genetic algorithms to
iteratively widen the bandgap regions of multifunctional metamaterials,
achieving tunable bandgaps up to 60 %. Other advanced methods
integrate parametric maps with resonance effects to achieve bandgap
control over a broad frequency spectrum, with experimental validation
at the microscale [43]. Additionally, genetic algorithms have been
widely employed to refine bandgap properties [57], while topology
optimization strategies have successfully minimized transmission loss
and expanded bandwidths [58,59]. Recent research has introduced
classification-based methods that categorize unit cells based on
complexity to refine bandgap engineering. Additionally, artificial
intelligence-driven inverse design techniques, such as generative and
reinforcement learning, have been developed to achieve more precise
and automated designs [60-63]. While these computational methods
offer greater design flexibility, they remain highly resource-intensive,
requiring significant computing power and often resulting in intricate
geometries that are challenging to fabricate, thereby limiting their
feasibility for practical applications.
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In contrast, our framework provides a scalable, computationally
efficient, and experimentally validated alternative by eliminating the
need for iterative inverse design and complex topology optimization.
Rather than relying on predefined physical heuristics or computation-
ally expensive inverse design techniques, we establish a precomputed
parametric design space using a non-dimensionalized scaling law,
making it inherently adaptable across different length scales and fre-
quency regimes. Unlike previous methods that require extensive
computation for each new unit cell design, our approach enables rapid
bandgap tuning by adjusting geometric scaling parameters independent
of the specific unit cell configuration.

Our methodology is built upon FEA simulations of a Yablonovite-
inspired cubic unit cell [64], selected for its inherent symmetry and
compatibility with diverse manufacturing methods. By incorporating
spherical mass elements, we fine-tune bandgap frequencies, creating a
versatile design space adaptable to different frequency ranges and
scales. Central to this study is the development of a non-dimensionalized
scaling law that generalizes bandgap design across orders of magnitude
in unit cell size. With the established design space, bandgap properties
can be easily tailored by adjusting geometrical scaling parameters.

A key differentiator of our work is the experimental validation of
bandgap tunability across multiple length scales. To demonstrate the
robustness and scalability of our approach, we fabricate optimized de-
signs at both the millimeter scale (10 mm) using Stereolithography
(SLA) and the microscale (80 pm) with a custom-built 2PP setup.
Experimental validation through piezo actuation and laser vibrometry
transmission loss measurements confirm not only the feasibility of our
framework but also its ability to maintain consistent performance across
orders of magnitude in unit cell size. Moreover, our approach offers a
broader range of tunability, encompassing most previous designs at
various scales, covering frequency ranges from kHz to MHz. The ability
to systematically scale phononic metamaterials while preserving
bandgap characteristics is crucial for applications in vibration isolation,
acoustic waveguiding, and ultrasound technologies. While GHz-range
nanoscale phononic materials [65] remain an area of interest, their
development is currently constrained by fabrication and measurement
limitations. However, our parametric design framework lays a founda-
tion for potential extensions to nanoscale phononic metamaterials,
contingent on future advancements in manufacturing and character-
ization techniques.

2. Materials and methods
2.1. Unit cell selection

The initial unit cell configuration for this study is based on a
Yablonovite structure [64,47] characterized by rods capped with
spheres arranged in a simple cubic lattice. This design was selected after
a detailed exploration of several configurations and offers multiple
advantages:

First, the simple cubic arrangement enhances the symmetry of the
unit cell, which simplifies the interpretation of results and facilitates the
design process by providing a straightforward k-path in the Brillouin
zone to calculate bandgap properties. This symmetry allows for efficient
computation of dispersion relations and ensures predictable phononic
behavior. Second, the selected unit cell design offers scalability and
adaptability across different manufacturing techniques, such as SLA and
2PP, allowing for experimental validation at micro and millimeter scales
without compromising performance. Lastly, the unit cell’s bandgap
properties can be easily tuned by modifying parameters such as beam
thickness (Dp) and sphere diameter (Dg) [43,66], making it versatile for
various acoustic, ultrasonic and mechanical applications, enabling pre-
cise design adjustments based on specific requirements.

To determine the most effective unit cell design for our framework,
we systematically evaluated multiple mass-beam configurations,
including center mass, corner mass, and edge mass designs. Our analysis,
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shown in Supplementary Information (SI) Fig. S4, revealed that the
center mass configuration exhibited a significantly smaller bandgap
range with poor tunability, whereas both the corner mass and edge mass
configurations provided broader, more tunable bandgap properties.
Based on these findings, we selected the edge mass configuration as the
basis for our design framework to streamline the process and provide a
simplified, yet comprehensive, user-friendly design space. Beyond these
configurations, we investigated other well-known beam architectures,
including octet trusses, face-centered designs, and body-centered de-
signs, commonly studied in mechanical metamaterials [67,68]. How-
ever, simulations confirmed that these geometries did not exhibit
phononic bandgaps in the frequency ranges of interest, making them
unsuitable for our objectives. Furthermore, we prioritized simpler ge-
ometries over highly intricate designs to ensure scalability and manu-
facturability across different length scales. Pursuing overly complex
geometries would contradict our focus on practical applicability and
user accessibility.

Fig. 1 presents an overview of our study, illustrating the design,
simulation, and validation process, from initial FEA simulations and
predictive modeling (A) to fabrication at two distinct scales and exper-
imental validation (B).

2.2. Bloch-wave analysis and Transmission loss simulation

We conducted simulations in COMSOL Multiphysics 6.0, using the
Solid Mechanics module for frequency domain analysis. Alternative ray
models exist in the literature [69] but we chose the solid mechanics
equation analysis to exclude errors introduced by such approximations.
Bloch-wave analysis within the finite element framework provided the
dispersion relation and a numerical measure of longitudinal rod-wave
velocity for all lattice designs. Due to the symmetry of the braced-
cubic unit cell, we used a cubic symmetric irreducible Brillouin Zone
[70]. To enable exploration of phonon-like solutions, Bloch-Floquet
periodic boundary conditions were applied. The structure was meshed
with quadratic tetrahedral elements, ensuring at least four divisions
across each strut’s thickness for accuracy. For the bandgap diagrams, we
assigned material properties specific to the SLA macrostructure and 2PP
microstructure, as detailed in the fabrication section. To isolate bandg-
aps that arise from the geometry alone, we assumed the unit cell was not
immersed in a liquid medium, thereby avoiding potential acoustic
impedance mismatches. An infinite impedance mismatch was imposed
between air and polymer, effectively excluding air from the calculations
[71].

For the transmission loss simulations, we modeled the fabricated,
finite 5 x 5 x 5 structures. The solid mechanics solver computed ve-
locity at the top plate in response to a unit displacement applied at the
bottom plate. Transmission loss was calculated over a range of fre-
quencies, with the wave transmission curve along the excitation direc-
tion, measured in decibels (dB), calculated as:

TL = 20log;,avg (twp)

2.3. Fabrication

Macroscale samples were fabricated using digital light processing
(DLP) 3D printing technology with Anycubic Photon D2 printer (ANY-
CUBIC Technology Co., Ltd). The materials employed for the SLA
macrostructure included ANYCUBIC DLP Craftsman resin, chosen for
their high precision. Printing parameters were set as recommended by
the manufacturer on their website (Layer thickness: 0.05 mm, Exposure
time: 2.5 s, Light-off time: 1 s, Z lift distance: 5 mm, Z lift speed: 3 mm/
s). Density, Youngs modulus and Poisson ratio of the base material were
found to be: p = 1.1 g/cm?, E = 1100 MPa, v = 0.49. SLA fabrication
offers a broader range of material choices, typically photopolymers,
which are cost-effective and sufficiently stiff for experimental
validation.
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Fig. 1. Framework for the design and validation of scalable phononic bandgap metamaterials. A) Schematic of a parametrized Yablonovite-inspired unit cell
featuring spherical masses connected by struts, with tunable geometric parameters. FEA simulations explore various parametric Dg, Dy combinations, mapping the
design space for achieving phononic bandgaps. B) Predictive unit cell design. Users specify desired bandgap properties, such as frequency range and width, which can
simply be achieved by scaling the unit cell parameters. We demonstrate this scaling in two distinct scales and provide experimental validation of bandgap properties
in macro and micro scale conducted using piezoelectric transducers and laser vibrometry transmission loss measurements.

The microlattice structures were fabricated using a polymer resin
(IP-DIP Photoresin, Nanoscribe) with a density of p = 1.2 g/cm?, well-
suited for 2PP. 2PP is limited to a smaller selection of resins optimized
for two-photon absorption. Furthermore, fabrication time increases
significantly for large or intricate structures, making multi-unit cell ar-
rays more challenging to produce at high throughput. Fabrication was
carried out using a custom-built 2PP system. This system employs a
tightly focused, near-infrared femtosecond laser beam (InSight® X3+,
Spectra-Physics) with a peak wavelength of approximately 800 nm, a
pulse width of 100 fs, and an 80 MHz repetition rate. The beam is
focused within the resin using an oil immersion 25X objective lens (NA
0.8, Carl Zeiss) to achieve a voxel resolution with lateral dimensions of
500 nm and an axial resolution of 3.46 ym under Abbe diffraction limit
conditions. The high photon flux (~1 TW/cm2) generated by the
femtosecond pulses induced localized cross-linking of the polymer resin,
facilitating precise structure formation through the 2PP process. A two-
axis galvanometer mirror scanner (Excelliscan 14, ScanLAB) directs the
laser laterally at a scan speed of 100 mm/s with 0.25 pm hatching, while
a linear z-stage adjusts the vertical positioning in 1 ym increments be-
tween layers. Post-fabrication, the printed structures are immersed in a
propylene glycol monomethyl ether acetate (PGMEA) bath for 1 h to
dissolve any unpolymerized resin. This is followed by a 1-hour rinse in
isopropanol to remove residual solvent, leaving a clean, stable micro-
lattice structure ready for experimental analysis. Under these printing
conditions the Young’s modulus of the base resin was found to be E =
1400 MPa.

2.4. Wave transmission experiments

To experimentally validate the theoretical dispersion and

transmission loss simulations, we conducted vibration experiments
using 5 x 5 x 5 arrays of the phononic metamaterial, each with thin
covering plates on the top and bottom.

For the SLA macroscale structures, the bottom plate was secured to a
piezoelectric transducer (Thorlabs, Item: PC4QM) with a clear epoxy to
minimize damping effects. The top plate served as the measurement
plane for the laser scanning vibrometer (Polytec GmbH, PSV-500).
During testing, a sinusoidal wave frequency sweep was applied
ranging from 1-90 kHz over a 64-second sweep time, with an amplitude
voltage of 10 V and a sampling frequency of 215 kHz.

For the 2PP-fabricated microscale structure, the bottom plate was
attached to a different piezoelectric transducer (APC International, LTD,
Item: 70-3000) using an epoxy. The top plate again served as the
measurement plane for the laser vibrometer. Frequency sweeps for this
structure covered 0.5 to 8 MHz, with a sweep time of 64 s, an amplitude
voltage of 10 V, and a sampling frequency of 16 MHz.

To ensure adequate vibration absorption, we utilized five-unit cells
per dimension, as vibrations are attenuated exponentially per cell within
the designated bandgap. The laser vibrometer is used to measure the
velocity spectrum of a vibrating point. First, the vibrometer captured
baseline velocity data of the piezoelectric surface v; and then velocity
data of the sample with the structure affixed on top v;. The resulting
spectrum was plotted on a logarithmic scale to illustrate the trans-
mission losses, calculated using the formula:

TL = 20log,, (?)

A detailed schematic and a photograph of the experimental setup have
been included in the SI (Fig. S7a, S7b). Laser focusing and calibration
were conducted prior to each measurement to ensure precise and
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repeatable data acquisition. Given the small unit cell size in microscale
samples, careful laser spot alignment was necessary to ensure the vibr-
ometer’s focal point accurately targeted the structure, minimizing po-
tential measurement artifacts.

To obtain accurate frequency-dependent transmission loss, FFT
analysis was applied to the raw velocity data, converting the time-
domain signal into the frequency domain. The resulting transmission
loss spectrum quantified the attenuation of wave amplitude, serving as a
direct experimental validation of the phononic bandgap behavior.

3. Results
3.1. Design framework

The dispersion relation w = w(k) represents a set of curves (modes)
describing vibration propagation in a unit cell. In the (w,k) graph, re-
gions devoid of modes, known as bandgaps, signify frequencies where
wave propagation is inhibited. A bandgap is characterized by its fre-
quency width, B = o, —®;, where w, and w; are the upper and lower
frequency bound of the bandgap, and its center frequency w. =
(wy + @y)/2. The primary design objective is to engineer unit cells with
specific bandgap widths and positions to effectively eliminate undesir-
able vibrations within targeted frequency ranges. To achieve this, we
utilized FEA in COMSOL Multiphysics to calculate dispersion curves for
a cubic-symmetric, Yablonovite-inspired unit cell (Fig. 2a) under the
assumption of infinite periodicity in all directions. Our design frame-
work introduces tunability through the addition of spherical masses of
varying diameters within the lattice, as well as adjustments to strut di-
mensions. These modifications enable scalable and manufacturable
metamaterial designs applicable across multiple length scales.

Fig. 2b presents the simulated dispersion diagram for a unit cell,
featuring the parameters L = 10 mm, Dg = 1.875 mm, and Dg = 5 mm.
Along the irreducible Brillouin zone path for cubic-symmetric structures
(I'-X-M-I'-R-X-M-R) [70], the structure exhibits a first bandgap centered
at o, = 35kHz, with upper and lower bounds w, = 47kHz and w; =
23 kHz.

The bandgap formation mechanism is primarily driven by resonance,
as indicated by the agreement between the simulated modes (Fig. 2b)

A ;w mm B g0
N [ —
- - < Lol
- L 60
>
2
T 40}
>
o
(0]
T 20F
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and classical phonon dispersion solutions [72] along k = '-X. Previous
studies have attempted to model the bandgap formation mechanism
using a similar approach, as seen in [73,74]. A concise explanation of
this mechanism is provided in the SI (Fig. S1-S3). The analytical
framework for phonon propagation serves as the foundation for deriving
the dispersion relation presented in Eq. (1).
i=4

0*=A+ Z a;cos(ink),

i=1

ke(—1,1) ¢))

where A and o; are fitting coefficients. Notably, the first bandgap spans
the entire k-space, effectively blocking oscillations in all directions and
serving as the primary absorber for undesirable vibrations. To generalize
the design across scales, the dispersion relation w =w(k) is non-
dimensionalized as (Eq (2)., [75]):

p=ot, k=K @
where L is the size of the unit cell, and c represents the speed of sound for
transverse or longitudinal waves. This scaling law predicts bandgap
properties for different frequency ranges by varying the unit cell di-
mensions. For example, a unit cell size L' scales the bandgap position and
width as follows (Eq. (3):

L

. L
B =B— o

L’ W, = W

3
Thus, bandgap position inversely scales with unit cell size, offering
precise tunability for different frequency ranges. To tailor and optimize
bandgap characteristics, we performed parametric simulations by sys-
tematically varying the sphere and beam diameter to length ratios (Ds/L
and Dp/L) while maintaining constant material properties, such as
Young’s modulus and Poisson’s ratio.

Fig. 3a displays a resulting colormap of the Bandgap size (B) to
bandgap center frequency (w,) ratios across these parameter combina-
tions, with L = 10 mm. To further enhance user accessibility, Fig. 3b and
3c illustrate how bandgap center frequency (@) and bandgap width (B)
vary independently across the same parameter space. Increasing sphere
diameter increases mass, which widens the bandgap, whereas larger

Dpg=1.875 mm

Cubic Lattice Brillouin zone:
(M-X-M-T-R-X-M-R)

)
Z\x

Increasing Frequency )

Fig. 2. Illustration of the Yablonovite-inspired unit cell structure and its phononic bandgap behavior. A) Schematic of the unit cell structure featuring tunable
parameters: lattice constant L = 10 mm, beam diameter Dy = 1.875 mm, and sphere diameter Ds = 5 mm, as utilized in FEA simulations. B) Corresponding simulated
bandgap diagram along the Brillouin zone path (I"-X-M-I'-R-X-M—R), showing a bandgap centered atw, = 35 kHz with boundsw, = 47 kHz andw; = 23 kHz. The
dispersion relation w = w(k) highlights the frequency ranges (bandgaps) where no vibrational modes are present, effectively blocking wave propagation in this range.
C) Mode shapes corresponding to increasing frequency, illustrating the physical deformation patterns within the unit cell at selected points across the spectrum.
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Fig. 3. Colormaps illustrating the effects of varying design parameters on bandgap size and characteristics in the unit cell design space. A) Colormap
displaying the normalized ratio of bandgap size to center frequency (B/w.) as a function of different sphere-to-length (Ds/L) and beam-to-length (Dp/L) ratios for a
unit cell with L = 10 mm. The design space spans B/, ratios from 0 to 1.72, offering a wide range of tunable bandgap behaviors. B) and C) Colormaps showing how
the bandgap center frequency w, and bandgap size B vary individually across the parameter space. Increasing sphere diameter widens the bandgap, while larger beam
diameter narrows the bandgap and increases @.. D) Colormap depicting the volume fraction of parameterized geometries, illustrating the relationship between
geometric scaling and phononic bandgap properties. Visual annotations and comments guide users through the four-step process of tailoring specific bandgap
characteristics: (1) Calculate desired B'/w, ratio, (2) selecting a matching Dgs/L, Dp/L design point, (3) retrieving o, for chosen design, and (4) scaling the unit cell
length (L = 10 mm) by the w./w, ratio to match the desired operating frequency. This framework enables rapid design customization for targeted applications,
highlighting the interplay between geometric scaling and phononic bandgap properties.

strut diameters shift to higher frequencies while reducing bandgap
width. Additionally, Fig. 3d shows the volume fraction of different
parameterized geometries. Volume fraction is a key metric in archi-
tected materials, influencing both mechanical performance and manu-
facturability. These colormaps provide a comprehensive understanding
of how geometric variations impact both structural mass distribution
and phononic characteristics.

The design space parameters, limited by structural stability and
manufacturability, support bandgaps with B/w, ratios from 0 to 1.72. At
low B/w, ratios, adjacent modes in the dispersion relation can overlap or
have insufficient separation, reducing the ability to form distinct
bandgaps. This occurs when the contrast between stiffness and mass is
too small, limiting Bragg scattering and local resonance effects. At high
B/w, ratios, structural stability and manufacturability become limiting
factors. Large B/w. values often require thin struts and large masses,
which can lead to mechanical instability, such as buckling or deforma-
tion. For instance, unit cells with the highest B/w, ratios in our design
space feature large spherical masses and thin connecting struts, making

them highly susceptible to structural failure under external loading.
The colormaps in Fig. 3 enable users to design bandgaps with
tailored widths and positions, guided by a straightforward scaling law.
The process starts by defining a target bandgap size B’ and center fre-
quency w,. For example, if the target frequencies are B= 3.0 MHz and
, = 4.375MHz, frequencies suitable for biomedical ultrasound appli-
cations or for wireless communication in the HF region [12,76], we
calculate the ratio B'/w, = 0.69. This ratio is then used to locate corre-
sponding design points on the colormap (Fig. 3a). Since multiple
parameter combinations can yield the same ratio, additional factors like
mechanical strength or size constraints can guide the final selection.
Once a design point is chosen, the associated center frequency is
retrieved from Fig. 3b. For this example, the selected parameters Dy/L =
0.5 and Dg/L = 0.1875, correspond to a center frequency of w, = 35 kHz
for a standard unit cell size of L = 10 mm. Using the scaling law to align
with the desired frequency, the unit cell length is adjusted: @, /wC =

35kHz

— 1
4.375MHz —

135 yielding a scaled unit cell length of L'= 1/125-10 mm =
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80 pm. Simulations (Fig. S6) confirm that this final design retains its
target bandgap properties. This framework allows for the effortless
customization of bandgaps to meet specific frequency requirements,
bypassing the need for additional simulation or optimization.

3.2. Properties of fabricated samples

To validate the theoretical and simulation results, we fabricated two
sets of samples using two distinct fabrication techniques: SLA for the
larger structures (10 mm unit cell size) and 2PP for the microscale
structures (80 um unit cell size). These methods were chosen for their
precision and ability to replicate the complex geometries required at
both scales. Bandgap formation is influenced not only by geometric
parameters but also by material properties such as Young’s modulus.
Due to differences in material stiffness, additional simulations were
conducted to account for the 25 % higher Young’s modulus of the 2PP
polymer compared to the SLA resin, which was evaluated through
compression experiments. This variation directly influences the pre-
dicted bandgap properties, as an increase in Young’s modulus results in
a proportional shift in the bandgap center frequency, as demonstrated in
SI Fig. S6. For the fabricated 2PP structure with parameters L = 80 pm,
Dy/L = 0.5 (Ds = 40 pm) and Dg/L = 0.1875 (Dg = 15 pm) the adjusted
bandgap width and center frequency are predicted as B'= 3.2 MHz and
®, = 5.4MHz.

For experimental testing, we fabricated sample arrays witha 5 x 5 x
5 unit cell configuration to balance fabrication time and performance.
While simulations assume infinite periodicity, the finite size of the
fabricated sample arrays (5 x 5 x 5 unit cells) was sufficient to
approximate bulk material behavior. Wave interactions and bandgap
effects were observed to stabilize after a sufficient number of repeated
unit cells, with minimal edge effects. These edge effects had a negligible
impact on the dominant wave propagation within the interior of the
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material, confirming that the sample size was large enough to maintain
the accuracy of the bandgap performance for the bulk material. This
choice of sample size is supported by previous work, where longitudinal
and transverse bands for tessellations with > 5 repeating unit cells were
found to be in agreement within the long-wavelength limit [39,44].

Images of the SLA and 2PP samples are presented in Fig. 4, with
additional SEM images included in SI (Fig. S8) to provide further in-
sights into the fabricated structures. Visual inspection confirmed the
geometric accuracy of the fabricated unit cells, with all samples main-
taining the intended design parameters derived from the parametric
simulations. Additionally, the structures exhibited no significant defor-
mation or defects. This confirms the fidelity of the fabrication process
and supports the validity of the scaling law across different size scales
and material properties. The images also highlight the high surface
quality of the top surfaces, which provides a stable and reliable foun-
dation for laser vibrometer measurements. Smooth surfaces can reduce
measurement noise and improve the accuracy of velocity data acquisi-
tion during transmission loss experiments.

3.3. Experimental analysis

Theoretical bandgap properties of phononic metamaterials are often
derived from dispersion diagrams, however dispersion curves w(k) are
challenging to measure experimentally, particularly for complex three-
dimensional structures. Dispersion diagrams provide critical insight
into wave propagation and bandgap formation but require sophisticated
equipment and complex procedures, such as scattering experiment
[77,65,44], to directly measure the w-k relation. Given these practical
limitations, transmission loss measurements serve as a more accessible
and effective method for experimental validation. Transmission loss
quantifies the attenuation of wave amplitude as vibrations pass through
a structure, offering a direct indicator of bandgap behavior. Within a

Fig. 4. Fabricated phononic metamaterials at micro- and macro-scales. A) Scanning electron microscope (SEM) images of a 5 x 5 x 5 array of unit cells
fabricated using 2PP. The unit cell size is 80 pm, with detailed views highlighting the high-resolution features and precision of the microstructured lattice. Isometric,
top-down, and close-up views demonstrate the fidelity of the fabrication process. B) Isometric and close-up views of a 5 x 5 x 5 array of unit cells fabricated using
SLA. The unit cell size is 10 mm, representing the macroscale counterpart. This dual-scale fabrication demonstrates the versatility of the design framework, enabling
the realization of phononic metamaterials across a wide range of scales for diverse applications.
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bandgap, the structure significantly attenuates wave propagation,
resulting in higher transmission loss. This indirect approach reliably
correlates with the bandgap regions predicted by dispersion simulations.

To simulate the transmission loss, we used the solid mechanics
module in COMSOL Multiphysics. A sinusoidal input displacement (u;;,)
was applied to the bottom surface of the 5 x 5 x 5 unit cell structure
over a harmonic frequency sweep. The wave transmission curve along
the excitation direction, measured in decibels (dB), was calculated as:

TL = 20log,, (l:f—“) , where u,, is the output displacement at the center

point of the top plate. These simulations provided theoretical trans-
mission loss values for comparison with experimental results. For
experimental validation, we conducted transmission loss measurements
on both macroscale (10 mm SLA unit cell) and microscale (80 um 2PP
unit cell) samples. Each sample was excited from the bottom using piezo
transducers, while the vibrational response across a frequency sweep
was recorded at the top of the structure using a laser vibrometer. For the
macroscale structure, transmission loss data were gathered over a fre-
quency range of 1 to 90 kHz, while the microscale structure data were
collected from 0.5 to 8 MHz. The vibrometer recorded velocity data,
which were then processed using a FFT to obtain velocity magnitudes
across frequencies. First, the piezo transducer’s response was measured
without any structure attached (Vpie;o). Then, the measurements were
repeated with the structures mounted on the transducer (Vsgycuure). The
velocity FFT was measured at the center of the top surface of the
attached structure, and experimental transmission loss was calculated
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as: TL = 20log;, ("""—“”‘f)

Vpiezo

Fig. 5 compares theoretical and experimental transmission loss dia-
grams for both the macroscale and microscale structures. Both structures
exhibit distinct regions of reduced transmission corresponding to the
predicted bandgap frequencies. The macroscale structure shows a sig-
nificant drop in transmission within the bandgap range of 23-47 kHz,
while the microscale structure exhibits similar behavior between
3.8-7.0 MHz. These results confirm the structures effectively block wave
propagation within the desired frequency ranges, with the observed
transmission loss peaks closely aligning with those predicted by simu-
lations. The close agreement between the experimental and simulated
results supports the robustness of the proposed design framework,
though minor discrepancies were observed and attributed to fabrication
tolerances, material variations, boundary effects, measurement noise
and measurement error.

To further investigate these discrepancies, a quantitative error
analysis was conducted using statistical metrics and additional simula-
tions incorporating fabrication-induced variations. For the 80 ym 2PP
structure (Fig. 5d), we observed a Median Absolute Error (MedAE) of 15
dB and a Pearson Correlation Coefficient of 0.786 between simulations
and experiments, indicating a strong correlation despite expected de-
viations. Similarly, for the 10 mm SLA structure (Fig. 5a), we found a
MedAE of 12.9 dB and a Pearson Correlation Coefficient of 0.64, further
reinforcing the consistency between theoretical predictions and
measured transmission loss. While minor variations exist, these results
confirm that the overall bandgap characteristics remain largely

Transmission loss
10mm SLA Design

——Simulation
—— Experiment

0 _-20 -40 -60 -80
Transmission loss [dB]

80um 2PP Design

—Simulation
—— Experiment

-100

0 -20
Transmission loss [dB]
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Fig. 5. Comparison of theoretical and experimental transmission loss curves for phononic metamaterials at macro- and micro-scales. A) Simulated band
structure for waves propagating through the 10 mm unit cell fabricated using SLA. B) Transmission loss simulations (blue) and experimental measurements (red) for
the 10 mm SLA structure. Both curves show significant attenuation within the bandgap range of 23-47 kHz, with close agreement between simulated and exper-
imental results. C) Simulated band structure for waves propagating through the 80 pm unit cell fabricated using 2PP. D) Transmission loss simulations (blue) and
experimental measurements (red) for the 80 pm 2PP structure. Both show strong attenuation within the bandgap frequency range of 3.8-7.0 MHz, with a high degree
of alignment between theoretical predictions and measured results. For both structures, the regions of transmission loss match well with the predicted bandgaps,
validating the modeling approach and confirming the ability of the structures to effectively block wave propagation within the anticipated frequency ranges.
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preserved.

A primary source of deviation arises from fabrication imperfections,
particularly in 2PP-fabricated microscale structures, where sub-micron
to micron-scale geometric inaccuracies can influence the periodicity of
the unit cell and alter resonance characteristics. To assess the impact of
manufacturing-induced distortions, additional simulations were per-
formed to evaluate Z-voxel elongation, a common artifact in 2PP
printing. In these simulations, the originally spherical masses were
modeled as ellipsoidal masses, where the major radius in the Z direction
was increased by a factor of 1.5 while maintaining the unit cell volume
fraction. The resulting modified bandgap range of 3.95-6.8 MHz closely
aligned with both the original predicted range (3.8-7 MHz) and the
experimental laser vibrometry measurements. The error metrics for
these adjusted simulations yielded a MedAE of 11 dB and a Pearson
Correlation Coefficient of 0.8, confirming that fabrication-induced
geometric distortions play a significant role in shaping the experi-
mental results. Despite these variations, the defect-adjusted simulations
retained strong qualitative agreement with experimental transmission
loss trends, reinforcing the predictive accuracy of the numerical
modeling. These findings suggest that even with small manufacturing
deviations, the overall phononic bandgap behavior remains robust,
reinforcing the scalability of the proposed design framework.

Beyond systematic geometric distortions, localized defects were also
considered. To evaluate their influence, we conducted additional sim-
ulations in which two random single beam elements were removed from
the 5 x 5 x 5 array to simulate a non-repeating structural defect, such as
a broken beam. The results showed a high correlation coefficient (0.98)
and a small median absolute deviation of 2 dB between the transmission
loss curves of defected and non-defected structures. This suggests that
while localized defects may cause minor wave propagation variations at
specific locations, their overall impact on the bandgap characteristics is
minimal when compared to systematic distortions. A detailed compar-
ison of transmission loss across original simulations, experimental re-
sults, and defect-adjusted simulations is presented in SI Fig. S10.

Furthermore, variations in material properties influence the experi-
mental results. Those disparities may stem from variations in the degree
of polymerization [78]. The degree of conversion (DOC), which is
influenced by the structuring laser intensity during fabrication, can
significantly alter mechanical properties such as Young’s modulus as
well as optical characteristics. Lower DOCs may lead to incomplete
polymerization, resulting in softer or less rigid structures that deviate
from simulation assumptions. This phenomenon has been extensively
reviewed in the literature [79] and can lead to shifts in the bandgap
frequency range, as mechanical stiffness directly influences the propa-
gation of elastic waves, as shown in SI Fig. S6.

In addition to fabrication and material variations, measurement
uncertainties also contributed to the observed deviations. A key factor is
the accuracy of laser vibrometry, particularly at high frequencies, where
reduced signal-to-noise ratios can compromise measurement precision.
Environmental fluctuations, including temperature and humidity vari-
ations, may also potentially affect bandgap behavior. Furthermore,
solid-body motion artifacts, particularly in the microscale setup, can
arise from the use of large piezo transducers, influencing the recorded
transmission loss. While directly quantifying these effects remains
challenging, experimental conditions were carefully controlled to
minimize external influences. Additionally, FFT filtering was applied to
mitigate low-frequency noise from external vibrations and environ-
mental fluctuations, ensuring a more reliable analysis of transmission
loss measurements.

Despite minor deviations attributed to the discussed factors, the
overall agreement between simulated and experimental transmission
loss data confirms the robustness of the proposed design framework. The
combination of error analysis, defect-adjusted simulations, and material
property assessments provides a comprehensive understanding of the
sources of discrepancies, reinforcing the scalability and robustness of the
designed geometries in achieving targeted bandgap performance. Future
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work should refine error quantification for environmental effects and
boundary conditions to further enhance measurement reliability.

4. Discussion

This study introduces a scalable design framework for phononic
bandgap metamaterials, offering an adaptable and practical approach to
tuning bandgap properties through unit cell scaling. By focusing on the
lattice constant as the primary parameter while allowing for secondary
adjustments to strut and sphere dimensions, the framework simplifies
the manipulation of bandgap properties and offers precise control over
wave propagation.

Our framework enables highly tunable phononic bandgaps,
achieving B/w, ratios up to 172 %, a level of tunability comparable to
that achieved using highly complex unit cells and advanced optimiza-
tion methods [13,29,48,55,56]. However, unlike other approaches,
which often rely on computationally expensive topology optimization,
genetic algorithms, or intricate resonator-based designs, our methodol-
ogy remains intuitive, computationally lightweight, and easily scalable.
By parameterizing the lattice constant as the primary tuning variable
while allowing for controlled adjustments to strut and sphere di-
mensions, our framework provides a straightforward yet powerful
means of tailoring bandgap properties across multiple frequency
regimes.

A key component of our work is the experimental validation of
bandgap tunability across multiple scales. While previous studies have
primarily focused on either theoretical predictions or single-scale
experimental validations, our approach bridges this gap by fabricating
and testing optimized unit cells at both macroscale (10 mm, SLA) and
microscale (80 pm, 2PP), confirming bandgap tunability across multiple
orders of magnitude. The close agreement between experimental
transmission loss measurements and theoretical simulations confirms
the effectiveness of the design framework in guiding phononic meta-
material development.

While experimental and simulated transmission loss data showed
strong agreement, minor discrepancies were identified, particularly at
the microscale. As argued in the previous section, these deviations can
be attributed to a combination of factors, including fabrication-induced
distortions, material property variations, and measurement un-
certainties. One of the primary sources of deviation stems from sub-
micron to micron-scale geometric distortions inherent to 2PP fabrica-
tion. Defect-adjusted simulations incorporating these distortions yielded
similar fit as experimental measurements to original simulation,
underscoring that systematic fabrication artifacts significantly influence
bandgap properties. These challenges are not unique and have been
reported in previous studies [3,29,39,47,48], reinforcing the need for
continuous improvement in fabrication techniques and measurement
precision. Post-fabrication treatments like UV curing and heat treatment
have been shown to enhance material uniformity and mechanical sta-
bility in similar 2PP applications [80,81], suggesting that such treat-
ments could standardize Young’s modulus across structures fabricated
with different laser parameters, thus improving scalability and perfor-
mance predictability.

Beyond fabrication-induced distortions, measurement uncertainties
contributed to the observed deviations. Optical limitations of the laser
vibrometer, particularly at higher frequencies, likely introduced back-
ground noise that affected measurement accuracy. Reduced signal-to-
noise ratios at MHz frequencies in laser vibrometry can impact veloc-
ity measurements, making it challenging to resolve finer details of wave
propagation. In addition, solid-body motion artifacts, particularly due to
large piezo transducers in the microscale setup, contribute to experi-
mental variability. These effects were mitigated through FFT filtering
and controlled environmental conditions, yet further refinements in
experimental setup could significantly improve measurement precision
and reproducibility.

Despite these challenges, the overall strong agreement between
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experimental and theoretical results confirms the scalability and accu-
racy of the proposed design framework. As a control, an octet structure
with comparable relative density and lattice constant to the original 10
mm unit cell was tested, and measurements (Fig. S9) confirmed the
absence of a bandgap, as expected, further supporting the accuracy of
the predicted bandgap behavior in our design and experimental
framework.

Our framework’s broad applicability and scalability stand out, of-
fering a more computationally efficient alternative to conventional
optimization methods. While emerging techniques such as machine
learning-driven inverse design and multi-objective optimization offer
promise for addressing nonlinear relationships between design param-
eters and bandgap properties, our parametric design framework pro-
vides a more accessible, intuitive, and effective tool for understanding
how specific design choices influence bandgap characteristics. The col-
ormaps presented in the study suggest new opportunities for advanced
predictive modeling to complement the intuitive framework offered by
the scaling law. Moreover, integrating material-specific speed-of-sound
adjustments into the scaling law would improve its applicability across
diverse materials and fabrication techniques, particularly given the
distinct mechanical properties of microscale printing resins and
macroscale materials. By leveraging 2PP’s unparalleled precision and
flexibility in fabrication of virtually any desired structural geometry,
advanced predictive modeling can be directly translated into intricate
physical designs, bridging the gap between theoretical predictions and
experimental realizations.

5. Conclusion

This study presents a scalable and experimentally validated frame-
work for designing phononic metamaterials with tunable bandgap
properties across multiple length scales. By leveraging a parametrically
controlled unit cell design, we demonstrated that bandgap characteris-
tics can be systematically adjusted using a straightforward scaling law,
enabling precise frequency tuning in both macroscale (SLA-fabricated)
and microscale (2PP-fabricated) structures. Experimental validation
confirmed the presence of bandgaps in the designed structures and their
absence in control geometries, reinforcing the accuracy and robustness
of our approach. While minor discrepancies between simulations and
experiments were observed, these variations were within expected tol-
erances, primarily due to fabrication limitations, material property dif-
ferences, and measurement constraints. The strong agreement between
theoretical predictions and experimental results highlights the frame-
work’s reliability and adaptability. Beyond validating the scalability of
phononic bandgap engineering, this research provides a foundation for
future developments in metamaterial design. The framework offers a
practical and computationally efficient methodology that can be
extended to more complex unit cell geometries, alternative material
systems, and diverse wave manipulation applications. With continued
advancements in fabrication precision and computational modeling, this
approach has the potential to accelerate the adoption of tunable pho-
nonic metamaterials in fields such as vibration isolation, waveguiding,
and energy transfer, broadening their impact in engineering and applied
physics.
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