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ABSTRACT
Triply periodic minimal surface (TPMS) lattices offer a framework for integrating load-bearing capacity and functional response

within a single architected material. However, existing studies have largely focused on compression and treated mechanical and

acoustic properties independently. Here, we map the coupled mechanical and acoustic performance of TPMS architectures across

relative densities of 15%–75%, combining simulations and experiments, including a dedicated shear testing methodology.

We show that commonly used descriptors, including Gibson–Ashby scaling and load-aligned solid fraction, fail to predict shear

and bulk stiffness, despite their proven validity for the same TPMS under compression. This reveals a fundamental limitation of

existing models when extended to shear, where stiffness is governed by connectivity, cross-sectional heterogeneity, and complex

strain distribution pathways that are not captured by either the Gibson–Ashby scaling or the load-aligned solid fraction.

Acoustically, a transition occurs at 25% relative density: below this threshold, all architectures exhibit broadband absorption

governed by viscothermal losses, whereas at higher densities, constrictions generate coupled neck–cavity elements that induce

distributed resonance. The peak absorption scales with cavity-to-neck ratio. Density grading tunes absorption while preserving

overall mass and thickness. These results establish TPMS lattices as a platform for multifunctional, load-bearing acoustic

materials.

1 | Introduction

Modern engineering systems increasingly demand materials that
do more than carry load. In applications ranging from transpor-
tation and aerospace to building technologies and industrial equip-
ment, structural components are often required to simultaneously
provide mechanical stiffness, stability under complex loading, and
effective control of noise and vibration. Traditionally, these func-
tions are achieved by combining separate materials or adding
auxiliary layers, leading to increased weight, complexity, and
manufacturing cost. Architected metamaterials and metamaterials
offer an alternative approach, enabling mechanical and acoustic
functionalities to be embedded directly into the material architec-
ture itself [1–4]. In this context, triply periodic minimal surface

(TPMS) lattices have emerged as promising candidates, as their
continuous and interconnected geometry naturally couples struc-
tural integrity with the ability to manipulate sound through con-
trolled porosity and internal cavities.

TPMS are surfaces in R3 which have the necessary condition to
have zero mean curvature. They repeat infinitely in the three
directions, filling up space, and dividing it into two geometrically
disconnected labyrinthine domains, thus also termed space par-
titioners [5]. TPMS can be represented as periodic nodal or zero-
level potential surfaces and are commonly described using a
level-set function ϕðx, y, zÞ= t [6–8], allowing for the generation
of 3D structures. One approach, followed in the present work, is
to to define the region occupied by the solid phase, for instance,

© 2026 Wiley-VCH GmbH.

Advanced Engineering Materials, 2026; 28:e70951 1 of 14
https://doi.org/10.1002/adem.70951

Advanced Engineering Materials

www.aem-journal.com

RESEARCH ARTICLE

https://orcid.org/0000-0001-8697-8621
https://orcid.org/0000-0001-5142-1989
https://orcid.org/0000-0002-1604-250X
https://orcid.org/0000-0002-0724-138X
mailto:luciadoyle@uax.es
https://doi.org/10.1002/adem.70951
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.70951&domain=pdf&date_stamp=2026-05-30


as negative, ϕðx, y, zÞ− t< 0, or as positive,ϕðx, y, zÞ− t> 0. Lattices
obtained following this methodology can be found termed strut-
based, network-based, skeletal solid, or tubular [9]. Combining the
positive and negative lattices results in a solid cube, for TPMS of
cubic symmetry. An alternative approach to generate 3D lattices is
to thicken the surface into solid walls by offsetting it on both sides
by a distance t, expressed as ðϕ− tÞðϕ+ tÞ< 0. TPMS lattices pro-
duced this way are commonly referred to as sheet, shell, double,
or walled [9]. Each structure exists only within a specific t range;
outside this interval, one phase breaks into disconnected regions
(pinch-off ), defining the achievable relative density range. The
cross-sectional variability of lattice members strongly influences
this range, with important implications for mechanical and func-
tional performance.

Despite growing interest in TPMS lattices and their recognized
multifunctional potential [10], studies to date remain scattered.
Mechanically, most work has examined only the compressive
response of a few architectures [11–17], with shear and bulk
behavior largely unexplored.

Functional studies, such as sound absorption [18, 19], phononic
bandgaps [20, 21], or flow resistivity [22], have been limited to only
two or three architectures and primarily focused on characteriza-
tion, providing little insight into structure–property relationships.
Our recent study began to address this gap by reporting uniaxial
compression for 36 architectures [23], providing the most exten-
sive mechanical dataset to date. Yet, a comprehensive, systematic
mapping of mechanical and acoustic behavior across architectures
and relative densities is still lacking. The present work fills this gap
by combining shear, bulk, and acoustic characterization, revealing
the multifunctional design space of TPMS and highlighting how
architecture and material distribution govern performance. A key
methodological advance is the experimental determination of lat-
tice shear response, for which no prior experimental studies have
been identified, providing both a validation of numerical predic-
tions and a new testing framework. The results reveal a rich diver-
sity of strain transmission pathways across TPMS topologies and
demonstrate that shear and bulk stiffness emerge from a complex
interplay of cross-sectional variations, connectivity, and load-
aligned solid fraction (LASF).

From an acoustic perspective, our results reveal a clear transition
in behavior with relative density. At low relative densities (below
�25%), all TPMS architectures exhibit nearly identical absorption
frequencies, indicating that the acoustic response is dominated
by porosity rather than specific geometry. This challenges the com-
mon assumption that different lattice families must be treated as
fundamentally distinct. As density increases, resonance effects
emerge, influenced by the ratio of cavity to neck and by flow resis-
tivity, highlighting the role of architecture. Importantly, we dem-
onstrate that density grading provides a practical means to optimize
acoustic performance independently of structural weight, espe-
cially for architectures with low pinch-off.

Together with the mechanical characterization, these findings
highlight that the true advantage of TPMS lies in their multifunc-
tional potential: by selecting architectures and relative densities
across the mapped property space, and applying strategies such
as density grading, engineers can tailor both mechanical perfor-
mance under multiaxial loads and acoustic absorption, unlocking
combinations of properties that single-purpose truss lattices can-
not provide.

2 | Results

2.1 | Shear and Bulk Mechanics of TPMS
Architectures: From Simulation to Experimental
Validation

The shear and bulk behavior of 36 TPMS-based lattices was stud-
ied through numerical simulations, in the relative density range
spanning from the pinch-off point of each architecture up to 60%
relative density in 5% intervals. The implicit equations of all stud-
ied architectures can be found in our previous work [23]. The list
of pinch-off relative densities for all studied architectures can be
found in the Supporting Information, Section 0.1. The extensive
dataset of bulk and shear moduli generated in this work, together
with our previously reported Young’s modulus values for the
same TPMS architectures [23], enables the construction of com-
prehensive mechanical property maps, as shown in Figure 1.
Truss lattices BCC, FCC, and octet have been additionally simu-
lated and included for comparison.

FIGURE 1 | Normalized moduli of TPMS strut-based lattices at different relative densities illustrating the mechanical design space spanned by these

architectures. Panels show (a) E/Es versus G/Gs, (b) E/Es versus K/Ks, and (c) G/Gs versus K/Ks. Truss lattices BCC, FCC, and octet are included for

reference. For readability, only selected data points corresponding to extrema and representative architectures are labeled. The complete dataset is

provided in Tables S2–S6, Supporting Information, Section 0.2.
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All plotted data are tabulated in the Supporting Information,
Section 0.2, for full accessibility. Further, complete moduli–relative
density plots for all investigated architectures are included in the
Supporting Information, Section 0.3.

It can be seen that the TPMS span a wide range of elastic moduli
and intermodulus relationships (E–G, E–K, G–K ) across the stud-
ied relative densities, delineating a broad mechanical design
space. To contextualize this space, reference truss lattices (BCC,
FCC, and octet) are included, enabling direct comparison across
fundamentally different architectural families.

The combined dataset enables, for the first time to our knowl-
edge, a direct mapping of TPMS architectures together with clas-
sical truss lattices within a unified mechanical property space.
This representation reveals not only the wide span of elastic
responses achievable with TPMS but also their relative position-
ing within the broader mechanical landscape. In this context, the
truss lattices serve not as direct competitors but as reference
structures that help interpret the distribution of TPMS architec-
tures across the design space.

Within this unified representation, the comparatively high stiff-
ness of the octet lattice at low relative density reflects its well-
known stretch-dominated and kinematically rigid behavior and
should not be interpreted as anomalous. Rather, it defines an
upper-bound reference for stiffness efficiency, against which
the broader distribution of TPMS architectures can be inter-
preted. In contrast, TPMS architectures occupy a wider and more

continuous region of the design space, reflecting their distributed
geometry and more complex deformation pathways.

In order to validate the numerical simulations, experimental
shear tests were conducted. Given the lack of standards or work
concerning experimental shear tests of lattices in general, we
here propose an adaptation of the ASTM D7078 test method
Shear Properties of Composite Materials [24]. Samples were
designed to have four unit cells along the length of the specimen
and two unit cells through the thickness to allow for three-
dimensional continuity of the lattice while maintaining sufficient
gauge volume for strain measurement and still fitting within the
grips of the test machine. Additionally, the V-notch was centered
within the middle unit cell rather than at the junction between
two cells, in order to ensure that the local stress and strain fields
in the gauge region were consistent with those in the correspond-
ing numerical model (single unit cell with periodic boundary
conditions). The obtained stress–strain curves (experimental
and by finite element modeling [FEM]) are presented in Figure 2.

Digital image correlation (DIC) was performed from image-based
tracking during the tests. Figure 3 presents the in-plane shear
strain distribution at the onset of yielding for the tested architec-
tures, all at a comparable relative density of �30% ρ/ρs, to high-
light the influence of architecture on the deformation patterns.

While DIC measurements inherently exhibit a certain level of
spatial noise and do not provide the same visual sharpness as
idealized numerical simulations, they offer direct experimental

FIGURE 2 | Shear stress–strain curves from experimental tests and numerical simulations at different relative densities for (a) P (+), (b) OCTO (+),
(c) Gyroid (+), (d) D (+), and (e) IWP (+).
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insight into the strain localization mechanisms. Distinct shear
patterns can nevertheless be identified across lattice types.

Architectures with relatively homogeneous strut thicknesses
exhibit well-defined shear bands spanning the specimen (e.g.,
the Gyroid (+) in plot Figure 3c). In contrast, architectures with
pronounced variations in strut thickness exhibit more frag-
mented strain localization patterns that follow local stiffness
inhomogeneities (e.g., the P (+) in plot Figure 3a, OCTO (+) in
plot Figure 3d, and IWP (+) in plot Figure 3e). For the Diamond
(+) lattice (plot Figure 3d), the strain field reveals a pronounced
localization along the line connecting the two notches, indicating
a distinct shear response compared to the other geometries.
These experimentally observed patterns are consistent with the
expected influence of architectural connectivity and thickness
distribution on shear deformation. Overall, the simulated and
experimental stress–strain curves show good agreement in the
elastic regime in terms of trend and order of magnitude. The FEA
model captures the dependence of the shear modulus on relative
density across all geometries, although some systematic devia-
tions in magnitude are observed. The low variability observed
across repeated measurements further supports the robustness
and reproducibility of the proposed experimental methodology.
It should be noted that the experimental stress state does not cor-
respond to ideal pure shear. The double-notched specimen was
designed following ASTM D7078, which is widely used to pro-
mote a shear-dominated stress state while reducing bending
effects. However, stress gradients remain near the notch roots
and free surfaces, and the stress state evolves with increasing
deformation. In the present work, the geometry was adapted
to lattice materials by embedding a periodic structure within
the gauge section while maintaining solid gripping regions for
proper load transfer. Although the initial response is predomi-
nantly shear-driven, local stress concentrations and geometric
features of the lattice lead to deviations from ideal shear condi-
tions. The experimentally measured yield point and subsequent
plastic deformation are consistently lower than the numerical
predictions. The reduced experimental yield strength may be
influenced by both the nonideal stress state and the layered
manufacturing process. Since the specimens were printed with
layers stacked along the z-direction, the applied shear partly
loads weaker interlayer interfaces rather than only the bulk

material. These effects are not captured in the simulations and
likely contribute to the earlier experimental yielding.

In order to study and derive structure–property relationships, the
scaling relationship of G/Es modulus and K/Es with the relative
density ρ/ρs for each architecture was studied by fitting the FEA
data to the Gibson–Ashby power model for cellular solids [25].
Since the existence of TPMS-based network lattices does not start
at relative density ρ/ρs= 0 but at their pinch-off relative density,
the model was adjusted with a factor p (pinch-off ) to include
such effect, resulting in

G
Es

=
0

ρ

ρs
< p

C1
ρ

ρs
− p

� �
n ρ

ρs
≥ p

8><
>: (1)

and

K
Es

=
0

ρ

ρs
< p

C2
ρ

ρs
− p

� �
m ρ

ρs
≥ p

8><
>: (2)

where Es stands for the elastic modulus of the solid material, ρ/ρs
is the relative density of the lattice, and C1, C2 and n,m are fitting
constants obtained by the least-squared method.

Additionally, the LASF, defined as the fraction of solid material
alignedwith the shear direction within the unit cell—corresponding
to 45° relative to the x–y plane—was calculated using a ray-tracing
routine implemented in Python.

Figure 4 presents the relationships between normalized shear mod-
ulus and Gibson–Ashby exponent (G vs. n) (plot a), normalized
shear modulus and LASF (G vs. LASF) (plot b), and normalized
bulk modulus and the corresponding Gibson–Ashby exponent
(K vs. m) (plot c). These plots are shown for a relative density
of 25%, where the TPMS struts can be more closely approximated
as slender beams, in line with the assumptions underlying the
Gibson–Ashby model. In addition, our previous analysis [23] has
shown that both the fitted exponents and LASF exhibit the clearest
and most meaningful trends at these lower relative densities.

The relationships shown in Figure 4 reveal several key trends that
help interpret themechanical behavior of the studied architectures.
First, an overall inverse correlation between the Gibson–Ashby

FIGURE 3 | Shear strain distribution at yield point for the tested TPMSwith�30% ρ/ρs: (a) P (+), (b) OCTO (+), (c) Gyroid (+), (d) D (+), and (e) IWP (+).
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exponent n and the normalized shear modulusG can be identified,
although with some scatter, particularly for architectures with
n� 1. Second, architectures with nonzero LASF generally exhibit
higher shear stiffness; however, comparable values of G are also
observed for structures with LASF= 0, indicating that LASF alone
is not a sufficient descriptor. Finally, the fitted bulk modulus expo-
nents deviate from the ideal value ofm= 1, reflecting the influence
of geometric heterogeneity and bending effects even in these peri-
odic architectures.

In line with classical Gibson–Ashby arguments, plotting the fitted
exponents against the normalized shear modulus reveals a clear
inverse correlation between n andG: as n decreases, the shear stiff-
ness generally increases, consistent with n� 1 reflecting stretch-
dominated, rigid architectures and n� 2 corresponding to more
bending-dominated, compliant behavior. Remarkably, however,
the TPMS with n= 1 defy this expectation: rather than defining
the upper envelope of shear stiffness, they span a wide range of
G values, including comparatively modest ones. This unexpected
behavior exposes the limits of the simple “lower n ⇒ higher stiff-
ness” paradigm and reveals a far richer, and still poorly under-
stood, landscape for shear load transfer in lattice architectures
than is typically assumed from axial loading alone.

Regarding the effect of LASF, we first note that only about half of
the studied architectures exhibit any nonzero LASF at all. For
those geometries that do have LASF, a higher LASF generally
corresponds to a higher shear modulusG. However, architectures
with zero LASF can still attain shear moduli comparable to, or
even higher than, those of lattices with nonzero LASF. This indi-
cates that shear stiffness is not governed by LASF alone, but is also
strongly influenced by features such as the connectivity of the lat-
tice members, the presence of larger contiguous solid regions, and
variations in cross section.

For the bulk modulus, cubic lattices would be expected to exhibit
a Gibson–Ashby exponent m= 1. In the ideal case of a perfectly
isotropic cellular solid under purely hydrostatic loading, bending
of the cell walls is suppressed and the bulk modulus scales line-
arly with relative density. However, as pointed out by Gibson and
Ashby [25], imperfections such as nonuniformity in relative den-
sity or cell geometry promote bending and reduce the bulk stiff-
ness below this ideal behavior. In our data, the fitted exponents

m for the TPMS lattices deviate from the ideal value of 1, indi-
cating that even these periodic architectures operate in a regime
where geometric heterogeneity and local bending remain signifi-
cant under nominally hydrostatic loading.

2.2 | From Mechanics to Sound: Acoustic
Response of TPMS Architectures

To explore the acoustic performance across mechanically diverse
TPMS, seven representative architectures were selected from the
larger dataset.

The selection spans the full spectrum of elastic, shear, and bulk
responses identified in themechanical propertymaps and is further
informed by previous studies on compression and low-velocity
penetration [23, 26]. The selection includes structures maximizing
shear and bulk moduli (D (+)), stiff lattices under compression
(IWP (+)), compliant lattices (Gyroid (+), D (+), S (+), SYxxx (+)),
and architectures with contrasting impact behavior, from resilient
(IWP (+), Gyroid (+)) to highly energy-absorbing (OCTO (+))
lattices.

This selection enables a direct investigation of how distinct
mechanical characteristics—such as stiffness, compliance, and
energy absorption—translate into acoustic performance across dif-
ferent TPMS architectures. The sound absorption coefficients of
the selected architectures were experimentally measured for a
range of relative densities, starting from 15% up to 50%, depending
on the pinch-off characteristics of each TPMS. Structures with
higher pinch-off thresholds were thus tested from correspondingly
higher starting relative densities. Samples with thicknesses between
1 and 4 cm, in 1 cm increments, were characterized. The resulting
absorption curves for the frequency range of 1000–6500Hz are
shown in Figure 5, based on measurements performed with sam-
ples of 29mm in diameter. Additional absorption curves for the
lower frequency range of 500–1500Hz, based on measurements
performed with samples of 100mm in diameter, are provided in
the Supporting Information, Section 0.5, Figure S20.

The first observation is that, at low relative densities and low
thicknesses, all lattices exhibit broadband sound absorption,
characteristic of porous materials [27, 28], with generally low

FIGURE 4 | (a) Relationships between normalized shear modulus and Gibson–Ashby exponent (G vs. n), (b) normalized shear modulus and LASF

(G vs. LASF), and (c) normalized bulk modulus and the corresponding Gibson–Ashby exponent (K vs.mK). Results are shown at a relative density of 25%.

Open symbols denote architectures with zero LASF (LASF= 0), while filled symbols correspond to architectures with nonzero LASF.

Advanced Engineering Materials, 2026 5 of 14

 15272648, 2026, 14, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.70951 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [24/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



absorption coefficients. As the relative density increases beyond
approximately 25% and the thickness exceeds 2 cm, resonance
effects become dominant, consistent with the transition from
viscous–thermal dissipation toward a geometry-driven resonant
response in structured porous materials [28].

A closer examination of the resonance regime reveals that, at
a relative density of 25%, the position of the resonance peak is
largely independent of architecture. In this regime, the response
is primarily governed by the relative density, resulting in compa-
rable resonance peak positions across all structures (Figure 6b).

FIGURE 5 | Sound absorption curves for the studied lattice architectures. Rows indicate different architectures (labeled), and columns are arranged

by increasing relative density from left to right.
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However, architecture does influence the absorption at the reso-
nance peak, with SYxxx (+) exhibiting the highest performance
and D (+) the lowest (Figure 6a).

At 50% relative density, the OCTO (+) architecture displays res-
onance peaks at lower frequencies with markedly higher absorp-
tion, significantly outperforming other designs.

Overall, increasing the sample thickness shifts the absorption peak
toward lower frequencies, approaching an asymptotic limit. The
most significant improvements occur within the 1–4 cm thickness
range, with particularly pronounced gains between 3 and 4 cm.
Beyond 4 cm, further increases in thickness result in onlymarginal
additional benefits, enabling near-maximal absorption perfor-
mance within compact dimensions suitable for engineering appli-
cations. Measurements performed at a thickness of 5 cm (Figure 5)
further confirm the asymptotic behavior.

We next analyze how specific structural and geometrical charac-
teristics of the lattices give rise to the observed acoustic responses.
TPMS lattices are inherently wavy, featuring alternating regions of
wider and narrower cross sections.

These variations can be qualitatively interpreted as neck–cavity-like
features embedded within a continuous and fully interconnected
geometry, rather than as discrete Helmholtz resonators with well-
defined characteristic dimensions. Figure 6e shows the measure-
ments of the wider and narrower cross sections within the cavity
networks, corresponding to the inverse (air-filled) domains of the
different TPMS geometries. When applying the classical Helmholtz
resonator model [29], including the correction for multiple necks
[30] to account for the labyrinthine nature of TPMS structures,
the predicted resonance frequencies deviate significantly from

the measured values. To better rationalize the results, we com-
puted a cavity ratio, defined as the ratio between the characteristic
diameter of the narrower constrictions (neck) and that of the wider
cavity regions. Figure 6f demonstrates a clear inverse correlation
between absorption coefficient and cavity ratio: architectures
with lower cavity ratios, corresponding to stronger geometric con-
strictions (e.g., OCTO and Neovius), exhibit significantly higher
peak absorption coefficients (�0.9–1.0), whereas architectures
with higher cavity ratios, characterized by weaker constrictions
(e.g., Diamond and SYxxx), show lower absorption (�0.4–0.7).
This trend highlights that geometric tuning of neck-to-cavity
proportions—primarily governed by constriction cross-section—
shows a strong correlation with the acoustic performance in the
resonance regime at the investigated densities and thicknesses.

In addition to the sound absorption curves, air-flow resistivity was
measured for selected architectures and is presented in Table 1.
Air-flow resistivity is an intrinsic property of each architecture
and relative density, directly related to tortuosity and representing
the material’s resistance to viscous airflow through its porous
network. Although the absorption coefficient varies with sample
thickness, air-flow resistivity remains independent of it, serving
as a fundamental descriptor of the lattice’s dissipative capacity.
Notably, Figure 6g reveals a strong positive correlation between air-
flow resistivity and peak absorption coefficient: architectures with
higher resistivity (S at 2.4 kPa⋅s/m2 and SYxxx at 2.3 kPa⋅s/m2)
exhibit superior absorption performance, while those with lower
resistivity (D at 1.1–1.7 kPa⋅s/m2) show reduced absorption. This
relationship underscores that greater flow resistance enhances vis-
cothermal dissipation at the neck–cavity interfaces, amplifying
energy loss mechanisms critical for resonance-dominated absorp-
tion in TPMS lattices.

FIGURE 6 | (a) Peak absorption coefficient versus sample thickness and (b) peak absorption frequency versus sample thickness for relative density

25%; (c) peak absorption coefficient versus sample thickness and (d) peak absorption frequency versus sample thickness for relative density 50%;

(e) 3D Illustration of the cavities for (i) OCTO, (ii) Neovius, (iii) D, and (iv) 2D representation of D cavity. (f ) Peak coefficient of absorption versus

cavity ratio for relative density 50% and thickness 4 cm. (g) Peak coefficient of absorption versus flow resistivity for 4 cm sample thickness.
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2.2.1 | Effect of Density Grading

To further explore the design space covered by TPMS, the effect
of density grading on sound absorption was explored. To this end,

two architectures where studied: D(+), since its low pinch-off
allows for a pronounced density gradient, and OCTO (+), since
it exhibits the highest coefficient of absorption. Thus, for D (+)
a 4 cm thick sample was designed applying a linear density gra-
dient from 15% to 75% relative density. Sound absorption curves
were obtained for both configurations: with the incident wave

applied to the low-density face and to the high-density face.
A further sample with a V-shaped density gradient was designed,
decreasing from 75% to 15% relative density at the midplane and
increasing again to 75% at the opposite face.

The sound absorption curve of homogeneous D (+) sample of
75% relative density was additionally measured for completeness
of the study and reported in the Supporting Information, Section
0.6, Figure S21. The resulting average density of these to samples
was measured as 40%. An homogeneous sample with 40% relative
density was produced as benchmark.

In all cases, thickness and average relative density were kept con-
stant, ensuring identical total mass and global dimensions. This
mass- and thickness-equivalent comparison isolates the effect of
spatial material distribution on acoustic performance while con-
trolling for bulk parameters.

Photographs of the manufactured designs as well as the resulting
absorption curves are presented in Figure 7.

All visible features in the structures correspond to the intended
lattice design. Based on prior X-ray computed tomography of sim-
ilar samples manufactured under the same conditions, the internal
porosity associated with the FFF process is approximately 1%,
which is not expected to affect the acoustic measurements.

It can be seen that graded designs offer clear advantages over
nongraded configurations of equivalent thickness and mass.

These differences cannot be attributed to bulk effects, but instead
arise from the through-thickness redistribution of material, which
modifies the local acoustic impedance profile and wave–structure
coupling.

The acoustic response of the graded sample is primarily governed by
the region that first interacts with the incident sound wave. When
the low-density section faces the incoming wave, the response is
broadband, characteristic of porous materials, whereas exposure of

TABLE 1 | Measured air flow resistivity.

Architecture
Relative
density

Flow resistivity,
kPa⋅s⋅m−2

D (+) 15 1.1

D (+) 25 1.3

D (+) 50 1.7

S (+) 15 1.3

S (+) 25 1.6

S (+) 50 2.4

SYxxx (+) 15 2.2

SYxxx (+) 25 1.6

SYxxx (+) 50 2.3

IWP (+) 50 2.3

FIGURE 7 | Photographs of manufactured samples (a) linear graded, 75% to 15% relative density; (b) linear graded, 15% to 75% relative density;

(c) nongraded, relative density 40%; (d) V-shaped density gradient, 75%–15%–75%; the arrow in each photograph indicates the incident sound wave

direction, color coded with the obtained sound absorption curve, plotted in (e).
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the high-density region results in resonance-dominated behavior
with higher absorption coefficients than in the homogeneous case.

For OCTO (+), the applied density gradient was restricted to the
range of 25%–50% relative density due to pinch-off constraints.
The same gradient patterns applied to D (+) were reproduced
for OCTO (+), spanning 25%–50%, 50%–25%, and a V-shaped pro-
file (50%–25%–50%). In all cases, the resulting average relative
density was approximately 40%. For benchmarking purposes,
a homogeneous nongraded sample with a relative density of 40%
was also fabricated and tested. The obtained absorption curves
are presented in Figure 8.

While the general trend of higher absorption coefficients when
the sound wave impinges on the denser side is maintained, the
effect of grading in OCTO (+) is notably more moderate, consis-
tent with its less steep density gradient.

3 | Discussion

3.1 | Mechanical Property Space

In this work, we undertake the broader mechanical property
space mapping for strut-based TPMS to date, extending previous
uniaxial compression characterization to shear and bulk.

A key outcome of this work is the establishment of a unified
mechanical property map that brings together a large set of TPMS
architectures and classical truss lattices within a common frame-
work. Thismapping approachmakes it possible to identify not only
absolute performance trends but also relative positioning, trade-
offs, and outliers across fundamentally different architectural

families. In this context, stretch-dominated lattices such as the
octet define an upper bound in stiffness-to-weight efficiency, while
TPMS architectures populate a broader region of the design
space characterized by more complex deformation pathways.
Importantly, this broader distribution reflects not a deficiency, but
an expansion of accessible mechanical responses, which becomes
particularly relevant when multifunctional requirements are
considered.

The comparison between the proposed experimental shear tests
and the numerical simulations indicates that the model captures
the overall trends in the elastic response of the lattices across
different relative densities. The experimental results exhibit low
variability across replicates, supporting the robustness and repro-
ducibility of the proposed methodology for characterizing shear
behavior in TPMS architectures. Systematic deviations in magni-
tude are observed are acknowledged.

The differences in yield behavior can be attributed to bothmaterial
and testing factors. In particular, interlayer bonding weaknesses
and manufacturing-induced defects in the additively manufac-
tured specimens reduce the experimental yield strength. In addi-
tion, the stress state in the double-notched configuration deviates
from ideal pure shear, resulting in mixed shear–tension conditions
that are not captured in the numerical model.

Strikingly, the measured shear moduli deviate from the expected
inverse correlation with the Gibson–Ashby exponent n and cannot
be rationalized by the LASF alone, revealing the intricate depen-
dence of G on connectivity, cross-sectional heterogeneity, and
strain distribution pathways. While a rigorous definition of lattice
rigidity would require computation of the equilibriummatrix [31],
the nonpolyhedral nature of TPMS prevents an analytical enumer-
ation of beams and nodes, making such a topological assessment

FIGURE 8 | Obtained sound absorption curve for photographs of manufactured samples (a) linear graded, 50% to 25% relative density; (b) linear

graded, 25% to 50% relative density; (c) nongraded, relative density 40%; (d) V-shaped density gradient, 50%–25%–50%; the arrow in each photograph

indicates the incident sound wave direction, color coded with the obtained sound absorption curve, plotted in (e).
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impractical. Due to this limitation, we have avoided the term
“topology” throughout the manuscript and instead refer to the
“architecture” of the TPMS structures.

Importantly, this discrepancy cannot be attributed solely to geo-
metric complexity. In previous work on similar TPMS architec-
tures under compressive loading, both the Gibson–Ashby scaling
and LASF have shown good predictive capability, including in
bending-dominated regimes [23]. The present results therefore
point to a fundamental difference associated with the loading
mode. In this context, it is worth noting that shear behavior
in architected materials has received comparatively limited atten-
tion, and that the Gibson–Ashby model itself was originally
developed for compressive loading and only later extended to
other loading conditions.

The inability to rigorously compute topological metrics, together
with the observation that descriptors such as the LASF or the
Gibson–Ashby scaling exponent n fail to consistently predict shear
behavior, underscores the complex, high-dimensional parameter
space of TPMS architectures. More broadly, these results highlight
the practical limits of existing analytical models and simplifying
assumptions when applied to shear-dominated deformation and
point to the need for the development of predictive frameworks
specifically tailored to such loading conditions.

Our results further indicate that, for purely mechanical stiffness at
fixed relative density, structural complexity in strut-based TPMS
does not necessarily translate into superior performance. Instead,
the additional material is often located in regions that remain rel-
atively stress-free under macroscopic loading, making stretch-
dominated truss lattices such as the octet the most efficient choice
when mechanical rigidity alone is the design target. The real
strength of TPMS does not lie in maximizing stiffness alone, but
in their ability to simultaneously accommodate mixed and multi-
axial stiff–compliant mechanical requirements while enabling
additional functionalities, most notably sound absorption.

3.2 | Sound Absorption

From the extensive characterization work undertaken across
architectures and relative densities, our work reveals that, for rel-
ative densities up to 25%, the absorption frequencies of all archi-
tectures collapse onto one common trend. At these low solid
fractions, lattices behave as porous media where absorption is
dictated solely by relative density, rendering architectural distinc-
tions acoustically irrelevant [32]. As relative density increases,
architecture-specific effects emerge, driving a progressive transi-
tion from broadband porous absorption to resonant behavior.
The absorption coefficient can be enhanced and resonance peak
frequency reduced by: (a) increasing relative density, which ampli-
fies viscothermal dissipation in cavity–neck structures; and (b)
increasing thickness. Although weight and thickness constrain
engineering applications like acoustic liners, the 4 cm thickness
falls within a realistic and practically viable range.

As the relative density increases, clear architecture-specific acoustic
effects emerge, accompanied by a progressive transition from broad-
band porous-type absorption to increasingly resonant behavior.

While attempts to rationalize the measured absorption peaks
using classical Helmholtz resonator models [29]—including
extensions accounting for multiple necks [30] and end correc-
tions [33]—were unable to accurately reproduce the measured
resonance frequencies without introducing fitting parameters
specific to each architecture in predicting the observed resonance
frequencies, a clear correlation is nevertheless found between the
neck-to-cavity ratio of the investigated architectures and the
degree of resonance, manifested by a shift toward lower absorp-
tion frequencies and increased peak absorption coefficients as the
ratio between the narrower and wider cross sections decreases.
It should be emphasized that Helmholtz-type models inherently
describe resonance peak frequencies but do not predict absorp-
tion amplitudes. In this context, although the sound absorption
coefficient systematically increases with sample thickness for all
architectures, a pronounced influence of flow resistivity on the
absorption coefficient is also observed, indicating that viscother-
mal dissipation and cavity-driven resonance mechanisms [34, 35]
act jointly in governing the acoustic response. The correlation
between the absorption value exhibited by the resonance peak
and flow resistivity has also been observed in TPMS by previous
authors [19]. While these authors use the Johnson–Champoux–
Allard (JCA) to model the Gyroid and D behavior, we have
refrained to do so since JCA assumes a clear scale separation
between the viscous boundary layer thickness and the character-
istic pore size—an assumption that does not hold in the archi-
tected lattices under study.

While most previous studies have investigated the sound absorp-
tion performance of TPMS when used as the core of sandwich
structures coupled with perforated panels [4, 36–38], the present
results demonstrate that TPMS architectures can achieve high
acoustic absorption as standalone elements. This removes the need
for additional perforated facings, thereby reducing manufacturing
steps and material interfaces and offering a clear advantage
in terms of simplified fabrication, reduced material usage, and
improved recyclability.

This duality between porous dissipation at low relative densities
and neck–cavity–controlled resonance at higher relative densities
provides the mechanistic basis for the multifunctional tuning of
TPMS absorbers and can be harnessed through density grading of
the architectures.

Given that all graded and homogeneous samples share identical
thickness and average density, the observed differences arise from
the redistribution of local acoustic impedance along the propaga-
tion direction rather than from bulk mass effects.

The present results show that the dominant absorption mecha-
nism is primarily dictated by the initial section encountered by
the incident sound wave, opening the possibility to substantially
reduce the overall weight of the absorber while maintaining high
acoustic performance through grading.

Architectures characterized by a highly heterogeneous mass dis-
tribution, such as OCTO (+), exhibit systematically lower cavity-
to-neck ratios, which promotes stronger resonant effects and leads
to higher absorption coefficients. However, this same mass het-
erogeneity also results in an early pinch-off, as local solid accu-
mulation causes loss of connectivity at lower relative densities.
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Consequently, such architectures exist only over a narrow density
window, which inherently limits their grading potential. This
reveals a fundamental trade-off between maximizing resonant
absorption through geometric heterogeneity and preserving a suf-
ficiently broad density range for effective functional grading.

Beyond acoustic performance, the weight–sound optimization
enabled by density grading can be further coupled with topologi-
cal optimization of the TPMS architecture to simultaneously
tailor the mechanical response for load-bearing multifunctional
applications.

4 | Conclusion

In this work, we have established one of the most extensive
property–architecture–density design space maps for TPMS lat-
tices reported to date, spanning both mechanical and acoustic
absorption functionalities. Beyond providing a broad compara-
tive dataset, this study introduces a novel experimental shear
testing methodology specifically tailored for lattice materials,
enabling direct access to shear moduli and extending experimen-
tal lattice characterization beyond the predominantly uniaxial
compression frameworks available in the literature.

From a mechanical standpoint, our results reveal that neither the
Gibson–Ashby scaling exponents nor commonly used geometric
descriptors such as the LASF provide reliable predictors of bulk
or shear rigidity in TPMS architectures despite their previously
demonstrated applicability under compressive loading for similar
structures.

In particular, the absence of correlation between LASF and shear
modulus, as well as between scaling exponents and G and Kmoduli,
highlights the complex and coupled nature of strain distribu-
tion, connectivity, and cross-sectional heterogeneity in these
structures.

This behavior is further compounded by the comparatively limited
attention that shear loading has received in architected materials,
where most existing models have been developed and validated
primarily under compressive conditions. These findings expose
the practical limits of existing analytical and semiempirical models
when applied to TPMS-based architectures, particularly under
shear loading, which remains comparatively underexplored in
lattice materials, and underscore the need for new multiscale
descriptors and modeling approaches that explicitly incorporate
both architectural complexity and loading-mode dependence.
Concerning acoustic performance, we demonstrate that for relative
densities below approximately 25%, the absorption frequencies of
all investigated architectures collapse onto a single trend, indicating
that sound absorption in this regime is governed primarily by
porosity and is largely insensitive to architecture. As the relative
density increases, a clear transition toward resonance-dominated
absorption emerges. Specifically, decreasing cavity-to-neck ratios
lead to systematically lower absorption frequencies and increased
absorption coefficients, cavity-type resonance governed by the
coupled neck–cavity impedance. While classical and adapted
Helmholtz resonator models fail to predict the measured absorp-
tion frequencies, we identify flow resistivity as a dominant param-
eter governing the magnitude of sound absorption, confirming the

critical role of cavity-driven dissipation. Architectures exhibiting
strong mass redistribution and pronounced cross-sectional hetero-
geneity display enhanced resonant absorption but also suffer from
increased pinch-off, restricting their accessible density range and
thus limiting their grading potential.

A key outcome of this work is the demonstration that both the
dominant absorption mechanism and the overall acoustic perfor-
mance are strongly dictated by the initial face encountered by the
incident sound wave. This enables efficient acoustic tailoring
through density grading, particularly for architectures with wide
accessible density ranges, allowing substantial weight reduction
while preserving high absorption performance. Importantly, this
acoustic grading strategy can be directly coupled with topological
and architectural optimization of mechanical properties, opening
a robust pathway toward genuinely multifunctional, load-bearing
acoustic materials.

Taken together, our results demonstrate that the true advantage of
TPMS lattices does not lie in the maximization of mechanical
rigidity alone—where classical stretch-dominated truss lattices
such as the octet remainmore weight-efficient—but rather in their
exceptional potential for multifunctional integration. By enabling
the simultaneous and programmable control of mechanical stiff-
ness, shear response, and sound absorption through architecture,
density, and grading, TPMS lattices emerge as a powerful design
platform for next-generation multifunctional materials systems.

5 | Experimental Section

5.1 | Computational Modeling of TPMS
Elastoplastic Behavior

Representative volume elements (RVEs) of the TPMS families
were generated and analyzed using finite element modeling in
a cubic domain of edge length L.

The RVE approach assumes periodicity of the underlying archi-
tecture and sufficient scale separation between the unit cell and
the macroscopic response, such that the mechanical behavior can
be represented by a single periodic cell.

Periodic volume meshes were constructed with the Pygalmesh
Python interface [39], which is based on the open-source CGAL
library [40]. The TPMS structures were described by their implicit
equations in either negative (ϕðx, y, zÞ− t< 0) or positive
(ϕðx, y, zÞ+ t> 0) form. A schematic representation of the gener-
atedmeshes can be found elsewhere [23]. The level-set parameter t
determines the solid fraction and was adjusted to achieve target
relative densities ρ/ρs. To this end, a Python routine employing
the fast-marching method was implemented to generate .stl geom-
etries corresponding to prescribed densities. Finite element discre-
tisation was performed in Abaqus/Standard with C3D10MH
elements (10-node modified tetrahedra, hybrid formulation with
linear pressure, and hourglass control). The bulk polymer was
modeled as an elastic–plastic material, with parameters identified
from experiments on printed dense specimens. The elastic con-
stants were measured as Es= 1980± 35 MPa and νs= 0.3, while
the yield strength was σys= 49.0± 0.3 MPa. Plastic flow was

Advanced Engineering Materials, 2026 11 of 14

 15272648, 2026, 14, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.70951 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [24/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



described by J2 theory with isotropic hardening. Periodic boundary
conditions (PBCs) were enforced by pairing opposite nodes on each
cuboid face via multipoint constraints in Abaqus, as described in
[41, 42]. Stress–strain curves were extracted from the reaction
forces and averaged deformation measures following the finite
deformation framework. The simulations accounted for elastic–
plastic behavior but excluded effects of densification or wall-to-
wall contact.

All simulations were conducted on idealized, defect-free geome-
tries derived directly from the implicit TPMS descriptions.
Consequently, manufacturing-induced imperfections associated
with the additive manufacturing process, such as geometric devia-
tions, surface roughness, or reduced interlayer bonding strength,
were not explicitly included in the numerical model.

5.2 | Fabrication and Shear Tests of Selected
Geometries

Double-notch shear specimens were designed based on the
geometry defined in the ASTM7078 [24] standard for composite
materials.

Double-notch shear specimens were designed based on the
geometry defined in [20] (ASTM D7078) for composite materials.
This standard was developed to improve the uniformity of the
shear stress distribution in the gauge section and to reduce par-
asitic bending effects compared to earlier shear test methods.
Accordingly, it is widely adopted for approximating shear-
dominated loading conditions in structured materials. While this
configuration promotes a relatively uniform shear stress state
within the reduced section between the notches, a perfectly uni-
form state of pure shear is not achieved. Stress gradients persist
near the notch roots and free surfaces, and the local stress state
may evolve with increasing deformation.

The specimen dimensions were maintained as specified in the
standard, while the central notched section was filled with
TPMS lattices. The lateral sections, corresponding to the gripping
areas, were kept solid to ensure proper load transfer. A unit cell
was centered precisely within the middle of the notched region to
replicate the stress distribution applied in the numerical simula-
tions. The overall specimen thickness corresponded to two unit
cells, ensuring full structural connectivity. The .stl were gener-
ated using [43], sliced with Prusa Slicer 2.9.1 and printed in a
Prusa i3MK3 printer (Prague, Czech Republic) with Kimya
Tough poly lactic acid (PLA)-HI Filament. Shear tests were con-
ducted in an Instron universal testing machine (MA, USA) under
1 mm min−1 stroke control. The force was measured with a 3 kN
cell. In addition, the local surface deformation was followed
using 2D DIC with images acquired with an Allied vision
Stingray F504BASG stereocamera (Stadtroda, Germany) at 1 Hz.
The full-field shear strain distribution was obtained by image
processing with VIC-2D software from Correlated Solutions
(South Carolina, USA). The shear strain reported in the stress
strain curves was determined by DIC using the open-source
μDIC Python framework [44]. A feature-based approach was
employed, in which 10 discrete tracking points (five on each side
of the notch) were manually selected. The shear strain was

calculated from the relative displacement of these points across
the notch during loading.

5.3 | Fabrication and Tests with Impedance Tube

Samples of 29 and 100mm in diameter, with a consistent unit cell
length of 5.88mm, were designed, using [43] software. Preliminary
measurements were conducted on samples with different unit cell
sizes (2.85, 5.88, and 10mm). No measurable influence of unit cell
size on the sound absorption curves was observedwithin the inves-
tigated range (see Supporting Information, Section 0.4, Figure
S19). The .stl files were sliced with Prusa Slicer 2.9.1 and printed
in a Prusa i3MK3 printer (Prague, Czech Republic) with Kimya
Tough poly lactic acid (PLA)-HI Filament. The sound absorption
coefficient described in this study was measured in an impedance
tube following the two microphones transfer function method
standardized in ISO 10534-2:2023 [45]. The system measures
the complex transfer function, H12, between two microphones,
1 and 2, positioned in front of the material being tested based
on their pressure readings [46]. This transfer function encodes
information about both the amplitude and phase of the sound
wave at each microphone position, arising from the superposition
of the forward-traveling (incident) and backward-traveling
(reflected) waves. The normal incidence reflection coefficient r
at the surface of the test sample is calculated form the transfer
function using the formula:

r =
H12e− jks1 − e− jks2

e jks2 −H12e jks1

where H12 is the measured transfer function between the two
microphones, k is the complex wave number, and s1 and s2 rep-
resent the distances from the respective microphones to the sur-
face of the sample. The absorption coefficient is subsequently
calculated as α= 1− jrj2. A Model 4206 Bruel and Kjaer imped-
ance tube was used with two Model 4186 Bruel and Kjaer micro-
phones. A 3560 C Pulse Analyzer was used to process the signal
using the Material Testing software. The excitation signal at the
impedance tube, a broadband noise covering the frequencies of
interest, was generated using a Pioneer A-305 R amplifier in con-
junction with the Pulse Analyzer. For measurements in the low-
frequency range (100–1600 Hz), a tube with a larger diameter
(100mm) is used, whereas higher frequencies (500–6400 Hz)
are measured using a tube of smaller diameter (29mm). The
sound absorption coefficient measured is the average of the mea-
surement of three samples of the same characteristics. In order to
check reproducibility, all measurements were performed on two
different days. Throughout the testing, the samples were installed
with their surfaces directly against the rigid back plate of the
impedance tube.

5.4 | Flow Resistivity

The static airflow resistivity σ of the samples was measured using
an experimental device designed in UPM acoustics laboratory in
accordance with ISO 9053-1:2018 [47]. The apparatus consists of
an air supply system, a flow meter, and a digital manometer with
a resolution of 0.1 Pa, which records the pressure drop across the
sample. Once the airflow through the porous specimen stabilizes
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and becomes steady, the pressure difference is measured as a
function of the flow rate.

To ensure accurate and reliable measurements, the airflow
through the sample must remain laminar since turbulence can
introduce nonlinearities and distort the results. Under laminar
flow conditions, the static airflow resistivity σ is calculated using

σ =
ΔP
F

S
d

where ΔP is the pressure drop across the sample, F is the volu-
metric flow rate of air, and S and d are the cross-sectional area
and thickness of the sample, respectively.

To further verify laminar flow and reduce measurement uncer-
tainty, multiple readings were taken at different flow rates for each
specimen. The ratio ΔP/F was determined as the slope of a linear
regression of the measured pressure drops ΔP versus the flow rates F.
The samples with diameter of 100mm were used.
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