
RESEARCH ARTICLE
www.afm-journal.de

Revealing Diatom-Inspired Materials Multifunctionality

Ludovico Musenich, Daniele Origo, Filippo Gallina, Markus J. Buehler,
and Flavia Libonati*

Diatoms have been described as “nanometer-born lithographers” because of
their ability to create sophisticated 3D amorphous silica exoskeletons. The
hierarchical architecture of these structures provides diatoms with
mechanical protection and the ability to filter, float, and manipulate light.
Therefore, they emerge as an extraordinary model of multifunctional materials
from which to draw inspiration. In this paper, numerical simulations,
analytical models, and experimental tests are used to unveil the structural and
fluid dynamic efficiency of the Coscinodiscus species diatom. Then a novel 3D
printable multifunctional biomimetic material is proposed for applications
such as porous filters, heat exchangers, drug delivery systems, lightweight
structures, and robotics. The results demonstrate Nature’s role as a materials
designer for efficient and tunable systems and highlight the potential of
diatoms for engineering materials innovation. Additionally, this paper lays the
foundation to extend the structure-property characterization of diatoms.

1. Introduction

Multifunctional materials exploration has emerged as a strat-
egy to overcome product performance limitations resulting from
design tradeoffs. Consider, for instance, scenarios where catas-
trophic failure is not permissible when dealing with nuclear
pressure vessels, bridges, ships, medical prosthetics, or aircraft
engines. Their structural parts are typically made of materials
possessing moderate strength yet high fracture resistance (i.e.,
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toughness). In these cases, the availability
of multifunctional materials capable of si-
multaneously exhibiting these two mutu-
ally exclusive properties, such as strength
and toughness, thus featuring “damage tol-
erance,” stands as a pivotal goal with the
potential of enhancing efficiency, safety,
and sustainability.[1,2] Multifunctional ma-
terials conceptualization extends beyond
the mere combination of diverse struc-
tural functions: it encompasses materi-
als with integrated structural and non-
structural capabilities.[3] Specifically, mul-
tifunctional materials can be engineered
to manifest unusual mechanical attributes,
coupled with electrical, magnetic, optical,
thermal, self-healing, and other function-
alities that may work synergistically or se-
quentially over time to yield advantages
that surpass the sum of the individual

ones.[3,4] While composite materials have traditionally been de-
signed to gain functional advantages over isotropic homoge-
neous materials,[3,5] new enabling technologies, such as addi-
tive manufacturing, have expanded design possibilities, lead-
ing to innovative examples of multifunctional meta- and four-
dimensional materials.[4,6–9] Yet, the palette of available multi-
functional materials remains limited due to the complex char-
acterization they require.[10,11]

Biomimicry emerges as a captivating solution to this
challenge.[12–22] Naturally occurring materials, having evolved
over billions of years into complex multiscale structures opti-
mized for simultaneously performing multiple functions, offer
invaluable insights. Emulating their hierarchical architectures
can streamline the development process of new multifunctional
materials, providing fruitful guidance to craft novel material-
devices with superior performance. Bone-, wood-, silk-, sea
sponges- and nacre-inspired materials serve as the most striking
examples of this biomimetic approach.[23–40] However, when it
comes to multifunctionality, diatoms[41] take center stage. The in-
tricate siliceous exoskeleton of these microscopic algae, known as
the “frustule,” not only acts as a robust physical barrier resistant
to damage but also controls nutrient acquisition, sink rate, and
in-stream diatom transport, acts as a filter against viruses, and
manages light absorption for the organism’s self-sustainment,
thus representing an outstanding model of multifunctional
materials.[42–44] Diatom frustules have been studied experimen-
tally through imaging techniques[45–48] and mechanical tests at
different length scales,[49–52] as well as using numerical tech-
niques, ranging from molecular dynamics[53,54] to finite element
(FE) analysis.[48,51,52,55–58] Research has shown that the biosilica
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Figure 1. Diatom-inspired multifunctional material design. The Coscinodiscus species diatom frustule is modeled, and its structure-property relationship
is characterized through experimental tests on 3D-printed samples. Then numerical simulations are exploited to investigate the structural and fluid
dynamic performance of the biomimetic material. The diatom picture on the left is in the public domain and modified from.[87]

shell of diatoms exhibits an exceptional combination of lightness
and strength,[50,51] essential for surviving predatory attacks and
mechanical stresses in turbulent environments, while also being
lightweight enough to prevent sinking beyond photosyntheti-
cally active depths. This balance is achieved through hierarchical
structuring and cellular porous architectures, optimizing ma-
terial performance through precise design rather than relying
solely on inherent material properties.[51,52,56,58,59] Additionally,
the micro-and nanoscale arrangement of silica contributes to
toughness, allowing controlled crack deflection and maintaining
structural integrity under repeated mechanical stress.[53,54,60] Re-
cent investigations have linked frustule pore size, thickness, and
buckling loads, showing that strategic design influences overall
stiffness and stability under compressive loads. Small pores
at the surface may act as initial defect sites that regulate crack
propagation, aligning with observations of layered structures
contributing to stiffness.[51,58] Recently, a biomimetic data-driven
approach has also been used to unveil the crucial role of frustule
shape gradients, that enhance energy absorption capabilities.[61]

In contrast to the structural aspects, much less is known about
the relationship between the frustule structure and its fluid
dynamic properties.[62–66]

In light of these results, several biomimetic models have been
proposed for applications spanning from construction[67] to fil-
tering devices,[68,69] energy storage systems,[70–72] tissue regen-
eration implants,[73–75] optical devices,[76–79] and drug delivery
ones.[79–81] Nevertheless, there is a lack of multidisciplinary stud-
ies that harness the potential of diatoms for novel multifunctional
materials development. For other aquatic organisms such as Eu-
plectella sponges, several studies have been conducted to explore
their multifunctional properties, including structural,[30,31,82,83]

optical,[84] and fluid dynamic[85] aspects, as well as their intri-
cate relationships.[82–85] Due to their limited diversity, with 10–
15 recognized species and similar morphological traits, these

studies often converge on a universal structural model. Diatoms,
with over 20 000 recognized species, present an unparalleled
diversity.[86] As a result, models developed so far vary significantly
in terms of shape, scale, and geometric characteristics, making it
challenging to rigorously compare results from different studies
focusing on various physical properties.

In this work, we focus on Coscinodiscus species diatom frus-
tules, propose an innovative bioinspired multifunctional mate-
rial model featuring an optimal blend of structural and fluid dy-
namic properties, and establish a benchmark for assessing mul-
tifunctional characteristics in future studies. Figure 1 illustrates
the adopted framework.

Starting from the diatom morphology, we first build a
biomimetic material model and compare it with the natural
structure. We scale up the model to the millimeter size[88] to
analyze its bending and compressive response via experimen-
tal tests on 3D-printed samples. Then, we use numerical mod-
els to explore the relationship between its hierarchical struc-
ture and multifunctionality, and propose analytical models to
generalize the computational findings. Since frustule perfor-
mance is significantly affected by the geometric features of its
pores,[50,51,56,66,69,89–92] our study covers about ten different geo-
metric configurations to understand their impact. Through per-
formance efficiency parameters, we identify the configuration
that embodies the optimal combination of flexural stiffness, com-
pressive strength, fluid dynamic properties, and lightweight de-
sign. The outcome of this study unveils the efficacy of diatom
mimicry in shaping multifunctional materials that could find po-
tential applications in porous filters, heat exchangers, drug de-
livery systems, lightweight structures, and robotics. Moreover, it
lays the foundation for further research that delves deeper into
the structure-property relationship of diatom frustules, explor-
ing further aspects not addressed in this work, such as optical
functions.
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Figure 2. a) Images of the diatom Coscinodiscus species according to two different magnification scales. Zooming on the halve of the frustule shows
its multilayer architecture. b) Biomimetic material model and visualization of its representative volume element (RVE). c) Comparison of natural and
engineered frustule under three-point bending. To verify the reliability of the simplified regular geometry rebuilt by CAD, a 1:1 scale model is built, based
on the study conducted by Aitken et al.,[51] and its mechanical behavior under three-point bending compared, via finite element analysis, with that of the
natural material analyzed by the authors. d) Comparison between experimental (green dots) and numerical (red line) stress–strain results and flexural
modulus during a flexural test.

2. Results and Discussion

2.1. Biomimetic Model Validation

Coscinodiscus species diatom frustule is characterized by an intri-
cate hierarchical structure mainly consisting of: i) a first biomin-
eralized plate featuring reinforced holes, known as foramen, ii)
an intermediate honeycomb-like structure called areolae, iii) and
a final biosilica porous layer named cribrum[93] (see Figure 2a).
Our biomimetic material model omits the irregularity associ-
ated with the morphological features of the natural structure
(Figure 2b). Before characterizing its multifunctionality, we vali-
date its capability to faithfully reproduce the behavior of the mim-
icked biological material through FE analyses reproducing the
experimental tests conducted by Aitken et al.[51]

Figure 2c,d shows the results obtained. The biomimetic struc-
ture exhibits a flexural elastic modulus of EflexBI = 28.3 GPa, while
the natural one has a value of EflexN = 36.4 ± 8.3 GPa. Despite
the geometric differences between the two materials, the numer-
ically calculated value falls within the range of uncertainty rela-
tive to the experimental measurement. Hence, the two structures
can be considered to have a similar mechanical behavior, and the
biomimetic model is assumed to be representative of the natu-
ral material. On that basis, we rescale it to a dimensional scale
suitable for 3D printing and study its behavior by assuming a
polymeric material as the constitutive one.

2.2. Effect of Hierarchical Design on Frustule Structural
Performance

To investigate the bending performance of the bioinspired frus-
tule, we conduct three-point bending (3PB) tests on both the mul-
tilayer biomimetic model and the single layers. Figure 3a displays
the load-displacement curves obtained by linearly interpolating
the data from the experiments. Figure 3b and Table 1 present
the bending stiffness (k3PB) and relative density (𝜌rel) of the spec-
imens, emphasizing the impact of the lightweight design of the
frustule. Relative density is defined as the ratio of their actual
volume to the volume occupied by a full solid made of the same
material and having the same dimensions in space.

The bioinspired hierarchical architecture allows for an en-
hancement in the performance of the individual design ele-
ments. Specifically, k3PB/𝜌rel, the ratio of the flexural stiffness to
relative density, is nearly two orders of magnitude higher than
that of its constituent substructures. The predominant contribu-
tion to this mechanical response comes from the honeycomb-
like substructure (i.e., the areolae). Indeed, despite the load-
displacement curve of the foramen being the stiffest among those
of the individual layers, in terms of lightweight design (i.e., the
k3PB/𝜌rel ratio), the areolae prove to be more efficient, showing a
three-fold increase in terms of k3PB/𝜌rel. Thus, to further explore
the structure-property relationship of the biomimetic frustule, we
focus on the geometrical features of this layer.
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Figure 3. a) Load-displacement curves obtained from experimental three-point bending tests for the biomimetic material and its constituent substruc-
tures. b) Bending stiffness of the tested specimens and corresponding relative density (percent).

2.3. Effect of Morphological Features on Frustule Structural
Performance

2.3.1. Role of the Honeycomb-Like Layer

Figure 4a shows the bioinspired structure bending stiffness esti-
mated through FE analysis compared to its analytically calculated
flexural moment of inertia, as the thickness of the areolae walls
varies. The moment of inertia consistently increases as the areo-
lae wall thickness decreases due to the material being relocated
from the hexagonal cells to the two outer layers. When assimi-
lating the frustule section to an I-shaped profile beam, this trend
aligns with expectations. What is surprising, compared to that,
is the trend of bending stiffness. Indeed, while the beam theory
suggests a direct proportionality between the two quantities in-
volved, the results reveal a different relationship. Specifically, by
analyzing the course of bending stiffness, two distinct regions
can be distinguished. In the region marked by a positive increase
in areolae wall thickness (shaded green), the bending stiffness ap-
pears to be minimally affected by the redistribution of material
in the different layers of the biomimetic model. This response
is primarily associated with the heterogeneity of the frustule sec-
tion, which is not considered in the analytical function used (de-
scribed in the Supporting Information), that assumes a homoge-
neous cross-section, according to the Euler–Bernoulli hypothe-
sis. On the other hand, when the areolae wall thickness becomes
smaller, the bending stiffness decreases as the moment of iner-
tia rises. The most plausible hypothesis justifying this behavior
is that buckling occurs in the areolae, leading to a zeroing of the
out-of-plane stiffness of the hexagonal cells.

To validate the buckling hypothesis, we initially assess the
stresses occurring in the most loaded section of the biomimetic
model when subjected to three-point bending. Figure 4b presents
the distribution of stresses along its principal axis (i.e., the x-
axis), both for the model created initially by rescaling the size
of the natural frustule and for a varied configuration in which
the wall thickness of the areolae is reduced by 60%. The modi-
fied one exhibits a more irregular stress distribution compared
to the natural counterpart, supporting the hypothesis of failure
due to elastic instability. Furthermore, this evidence underscores
how Nature has optimized the distribution of the material in the
Coscinodiscus species diatom frustule to maximize its mechanical
performance. These findings lead us to delve into the buckling

phenomenon by examining the out-of-plane compression behav-
ior of the areolae. Figure 4c illustrates the variation of its critical
stress as a function of the honeycomb wall thickness. Numeri-
cal, analytical, and experimental data exhibit excellent agreement,
confirming the cubic dependence of the buckling critical load on
the thickness of the cellular walls, as predicted by the theory.[94]

Furthermore, these results elucidate the observed anomaly in the
flexural stiffness trend reported in Figure 4a. In the same plot, we
also present the buckling stress value for the entire biomimetic
frustule in its originally derived configuration. Compared to the
individual layer, the hierarchical structure demonstrates a higher
strength. Nevertheless, the difference from the experimental data
remains below 15%, confirming the primary role of the areolae
in the mechanical behavior of the diatom. The analytical model
can be used with the understanding that it is conservative with
respect to the behavior of the whole biomimetic structure. In con-
trast, the FE model, composed of a single hexagonal cell with pe-
riodic boundary conditions, seems to correctly represent the be-
havior of the frustule, suggesting that it can be effectively used
to analyze the frustule compressive behavior as its geometric pa-
rameters change. Additionally, it is worth noting that the experi-
mental results are influenced by inherent anisotropies and im-
perfections introduced by the additive manufacturing process.
These aspects, omitted in our simulations, justify the observed
differences in results.

2.3.2. Role of Porous Layers

To evaluate the mechanical role of the cribrum and foramen, we
analyze the structure-properties relationship of these two frus-
tule porous substructures changing their geometry according

Table 1. Results of the three-point bending experimental tests obtained for
the hierarchical biomimetic model and its individual layers.

Hierarchical Foramen Areolae Cribrum

Bending stiffness
k3PB (N mm−1)

320 10.5 4.7 3.6

Relative density
𝜌rel (%)

32.9 85.3 15.2 84.5

k3PB/𝜌rel (N mm−1) 9.73 0.11 0.31 0.04
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Figure 4. a) Biomimetic frustule bending stiffness and moment of inertia variations according to the areolae wall thickness values. b) The axial stress
distribution in the most loaded section of the frustule when subjected to three-point bending, according to the original geometry and to a modified
configuration with thinner areolae walls. c) The trend of the areolae critical buckling stress as its wall thickness changes is evaluated for out-of-plane
compression. The graph compares finite element analysis (FEA) results from periodic geometric models (64 cells), representative volume element (RVE)
models with periodic boundary conditions (PBC), analytical models, experimental tests, and the numerically calculated value for the entire biomimetic
frustule.

to three distinct strategies, as depicted in Figure 5a. Models
named “freePosVx” represent three geometric configurations of
the cribrum layer with randomly varied hole positions, while vari-
ants with free cribrum hole diameters are labeled “freeDimVx.”
The models labeled “NOR” and “NOR_sameVol” lack reinforce-
ment around the foramen hole. The former is obtained by sim-
ply removing the reinforcement ring from the original geomet-
ric model (no ring –NOR). In the second, the volume of material
corresponding to the reinforcement ring is redistributed into the
foramen thickness (NOR_sameVol). To mitigate 3PB localized ef-
fects, we perform a four-point bending (4PB) analysis. Figure 5b
shows the results obtained in terms of absolute bending stiffness
(k4PB) under 4PB loading and 𝜂flex, the bending stiffness normal-
ized to the model mass (m):

𝜂flex =
k4PB

m
(1)

A higher value of 𝜂flex indicates better bending performance
per unit weight, serving as a measure of flexural efficiency. The
foramen, being thicker than the cribrum, is the stiffer layer.
Its most efficient geometric configuration appears to be with-

out the rings and with a volume equal to the originally de-
veloped biomimetic model. However, the latter is not far be-
hind, exhibiting an 𝜂flex equal to 94% of the best case. Since
the presence of rings around the holes benefits crack propa-
gation arrest and material damage tolerance,[51] the naturally
rescaled foramen emerges as the optimal structure. In con-
trast, no significant differences in terms of performance or
structural functions are observed among the cribrum cases.
Once again, the best geometric model is the regular one. Al-
though variations in 𝜂flex across configurations are modest (≈
5-10%), their irregular geometry poses disadvantages in terms
of 3D modeling of the biomimetic material and manufacturing
processes.

2.4. Effect of Hierarchical Design and Morphological Features on
Frustule Fluid Dynamic Performance

The areolae, with its honeycomb architecture, represents the
most efficient geometric configuration that Nature can make
to achieve maximum area with minimum perimeter.[95] In the
case of the Coscinodiscus diatom species, this translates into the
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Figure 5. a) Exploration of geometric variations in biomimetic porous layers to enhance material functionality. Strategies include i) randomly relocating
holes in the cribrum, ii) randomly varying the hole sizes, and iii) assessing the effect of the foramen reinforcement ring. b) Bending stiffness (k4PB)
under four-point bending loading and the corresponding flexural efficiency (𝜂flex) across varying geometric configurations of the biomimetic frustule.
c,d) Visualization of flow patterns c) and axial force distribution d) with (left) and without (right) foramen reinforcement rings.

capacity to store more nutrients in a larger volume while min-
imizing the energy consumption required to build a structure
to contain them. By contrast, the role of the frustule porous lay-
ers in facilitating the assimilation of nutrients and the expulsion
of waste remains a subject of inquiry. To gain insights into this
aspect, we conduct computational fluid dynamics (CFD) analy-
ses. Specifically, we simulate the behavior of the frustule rep-
resentative volume element (RVE) as its geometric configura-
tion changes (see Figure 5a), initially assuming a flow from the
cribrum to the foramen (inward), and subsequently, from the
foramen to the cribrum (outward). Table S1 (Supporting Infor-
mation) provides detailed results on the flow characteristics ana-
lyzed numerically. Considering the inward case, only the distribu-
tion of the cribrum holes seems to significantly influence the av-
erage behavior of the flow, while their size locally alters the veloc-
ity profile without globally affecting the overall flow. These varia-
tions can be justified by the continuity equation for incompress-
ible flows, and no remarkable or unexpected phenomena emerge.
However, from the visualization of the flow lines (Figure 5c), the

flow redistribution effect associated with the presence of rein-
forcing rings around the foramen holes becomes apparent. In
the absence of rings, the portion of the flow that fails to enter
the foramen holes hits its surface, and the flow particles collect
near the hole edges. Conversely, the presence of rings creates
retrograde flows, allowing the material that initially failed to en-
ter the foramen hole to later enter as a second “pulse”. This ob-
servation reinforces the hypothesis that Coscinodiscus species di-
atom is particularly efficient in aquatic environments where nu-
trients are not evenly distributed, necessitating storage in areas
of higher concentration to survive in regions with lower nutrient
availability.[66] Analyzing the outward flow, on the other hand, the
primary effect associated with the variation in geometric features
of the biomimetic frustule lies in the tortuosity of the flow,[62]

leading to a global reduction in velocity. Additionally, the regular-
ity of the original RVE promotes a more uniform distribution of
pressure within the frustule “chambers”, preventing local peaks
that could induce critical stresses on the biological material (see
Figure 5d).
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Figure 6. Radar plot assessing multifunctionality in the diatom frustule-inspired materials, measuring mechanical (𝜎buckl, 𝜂force, 𝜂flex) and fluid dynamic
(𝜂fluid) performance. a) Effect of varied hole positions. b) Effect of varied hole sizes. c) Effect of foramen reinforcement ring.

2.5. Biomimetic Material Multifunctionality

Previous analyses revealed the intricate relationship between the
frustule’s structure and its mechanical and fluid dynamic proper-
ties. The multifunctionality of the frustule primarily stems from
the presence of pores. Mechanically, these pores are detrimen-
tal as they disrupt the stress distribution within the diatom’s
exoskeleton—such as under predator attacks—thereby increas-
ing the likelihood of fracture and structural damage. However,
from a fluid dynamic perspective, they are essential for cellular
nutrition and the elimination of waste products. Nature has inge-
niously turned this apparent weakness into a strength by locally
optimizing the pore design and globally enhancing the material
composition to create a lightweight, damage-resistant structure
that sustains the organism and ensures its survival and prolif-
eration. Specifically, geometrically, the foramen pores are rein-
forced by locally varying the material distribution, introducing
functional gradients in thickness. Meanwhile, the cribrum pores
are arranged to optimize stress distribution by promoting uni-
formity. Chemically, the inherent fragility of silica is mitigated
by constructing an amorphous structure enriched with a protein
component, enhancing fracture toughness. The geometric fea-
tures have been effectively replicated in the biomimetic model
we proposed, while the chemical characteristics are left for future
studies.

To assess the biomimetic frustule multifunctionality, we sum-
marize the results in radar plots (Figure 6).

Since lightweight design is one of the main goals and advan-
tages of diatom-inspired architecture, we use the previously de-
fined flexural efficiency 𝜂flex as a benchmark for evaluating the
frustule structural behavior. Additionally, since buckling is a pre-
dominant failure mode in diatom mechanics, we also report the
related critical stress 𝜎buckl. For fluid dynamic performance, we
introduce a fluid dynamic efficiency parameter, 𝜂fluid, represent-
ing the filtering or waste removal capacity of the frustule, and a
flow distribution efficiency parameter, 𝜂force, accounting for the
failure risk associated with flow pressure. These two parameters,
specifically, are defined as follows:

𝜂fluid =
ṁoutlet, out

ṁoutlet, in
(2)

where ṁoutlet, out and ṁoutlet, in are the outgoing mass flow rate un-
der the outward and inward flow conditions, respectively, and

𝜂force=
1

Fmaxforamen

(3)

where Fmaxforamen
is the maximum force produced by the inward

fluid on the foramen. In all reported cases, the critical buckling
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Table 2. Multifunctional efficiency of cribrum geometric models and differ-
ences between the varied geometries and the original one.

Geometric model 𝜂multi Δ𝜂multi%

Cribrum 2.4 –

freePosV1 2.4 −0.6

freePosV2 2.3 +4.8

freePosV3 2.4 −0.2

freeDimV1 2.3 +3.2

freeDimV2 2.5 −2.9

freeDimV3 2.3 +3.1

stress is maximum as it mainly depends on the geometric fea-
tures of the areolae. For the cribrum, the original pore propor-
tions and design ensure the best multifunctional performance.
The “freeDimV2” case stands as an exception, proving to be more
efficient in distributing the acting pressure on the diatom frus-
tule. However, given that the difference with the baseline case is
minimal, it is considered an outlier here. The exploration of the
reasons behind this evidence is left to future studies. The geomet-
ric characteristics of the reference model are also advantageous
for the foramen. The presence of reinforcing rings significantly
enhances the multifunctional efficiency of the diatom-inspired
material model.

To simplify the quantification of the differences between the
various designs analyzed in terms of multifunctionality, we re-
port in Table 2 and Table 3 the values of multifunctional efficiency
𝜂multi:

𝜂multi = 𝜂flex + 𝜂fluid + 𝜂force (4)

and its percentage differences (Δ𝜂multi%) compared to the refer-
ence geometry, respectively for the cribrum layer and the fora-
men. As observed, the difference in 𝜂multi between the “freeD-
imV2” case and the original model is less than 3%. For the fora-
men, instead, the benefits derived from the presence of the re-
inforcing ring are quite evident, and even in the worst case, the
original geometry is significantly more efficient (+26%).

In conclusion, the original biomimetic architecture accurately
reflects the multifunctionality of the biological model from which
it was derived, preserving the results of natural evolutionary opti-
mization. This design demonstrates significant benefits, particu-
larly for applications that require effective management of fluid-
structure interactions. Therefore, diatom-inspired biomimetic
structures can serve as a benchmark for developing advanced
material-devices. Notable practical applications include i) vehicle
grilles, which benefit from airflow efficiency, lightweight and load
resistance; ii) microporous membranes for CO2 capture, where

Table 3. Multifunctional efficiency of foramen geometric models and dif-
ferences between the varied geometries and the original one.

Geometric model 𝜂multi Δ𝜂multi%

Foramen 2.8 –

NOR 1.9 +35

NOR sameVol 2.1 +26

their high porosity and mechanical strength enhance gas flow
management and long-term stability; iii) drug delivery systems,
where controlled porosity, structural integrity, and advanced fluid
dynamics allow for precise release profiles, durability, and effec-
tive navigation through bodily fluids to reach target site; iv) heat
exchangers, where their high surface area, mechanical robust-
ness, and efficient fluid management improve heat transfer effi-
ciency and ensure reliable performance under varying pressure
and temperature conditions; v) robotics, where the combination
of structural strength and advanced fluid dynamics can be lever-
aged for the development of adaptive, lightweight, and flexible
components for fluid-driven actuators and soft robotic systems.

3. Conclusion

In this study, we present a novel model of multifunctional mate-
rial that faithfully reproduces the geometry and functionality of
the exoskeleton of the Coscinodiscus species diatom. We explore
its structure-property relationship–specifically the effect of hier-
archy and morphology–through numerical simulations, analyti-
cal models, and experimental tests conducted on 3D-printed sam-
ples. Our investigation highlights both the structural efficiency
of its hierarchical design in resisting bending and compression
loads and its fluid dynamic efficiency in interacting with multidi-
rectional flows, elucidating the role of its individual constituent
layers in determining these performances. The regular structure,
obtained by idealizing the biological frustule, proves to be advan-
tageous, amplifying the properties of its design elements and out-
performing the varied geometric configurations analyzed. It rep-
resents a high-potential model for multifunctional materials in
applications requiring an optimal combination of structural and
fluid dynamic properties, such as porous filters, heat exchangers,
drug delivery systems, or robotic systems. For instance, by ex-
ploiting the ability to induce elastic instabilities in the frustule by
controlling the thickness of the areolae walls, structural collapse
could be harnessed to design new flow control valves, where ma-
terial and structure are integrated. Alternatively, by controlling
the porosity of various layers, it could be employed in catalytic
systems or scaffolds for tissue regeneration. The biomimetic ap-
proach we propose here involves the use of polymeric materials
to fabricate frustule samples, altering the properties associated
with its bio-ceramic nature. Thus, to extend the multifunctional-
ity of the proposed material, it becomes necessary to investigate
the effect of the underlying constituent material of this hierarchi-
cal architecture. A promising approach to expedite this process is
the application of Materials Informatics techniques. The diversity
of diatom shapes and properties observed in Nature could facili-
tate the construction of datasets to build predictive models[96] and
further optimize the bioinspired material multifunctionality.

4. Experimental Section
Material Design Approach: A modular approach for biomimetic mate-

rial modeling was adopted, starting with the definition of an RVE, which
was then replicated in a 2D space to create a periodic cellular material.
The design of the frustule RVE was based on geometric data from natu-
ral diatoms, detailed in the Supporting Information. Initially, a 1:1 scale
model was generated to assess its fidelity in reproducing the biological

Adv. Funct. Mater. 2025, 35, 2407148 2407148 (8 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. a) Additive manufacturing process used to make samples of the diatom-inspired material. b) 3D printed samples of the material component
layers. c) Mechanical tests were performed to understand the biomimetic frustule structural behavior. d,e) Numerical simulations conducted in this study:
d) Finite element analyses to assess the structural behavior—under flexural and compressive loading—of the biomimetic material and its substructures;
e) Computational fluid dynamics (CFD) simulations to assess the fluid dynamic efficiency regarding the filtering and redistribution capacity of the flow
within the biomimetic material.

structure’s behavior. Subsequently, it was scaled up to millimeter size to be
suitable for the additive manufacturing process used for sample produc-
tion. To explore the structure-property relationship (see Figure 5a), MAT-
LAB scripts were created to develop geometries with variables pore posi-
tion and size. Results were normalized to mass since volume constancy
was not specified.

3D Printing: Samples were produced employing an Objet500 Con-
nex1, a multi-material polyethylene-jet 3D printer by Stratasys. VeroBlack
was used for the biomimetic structure’s architecture, while a water-soluble
wax-like material was used to generate supports for cantilever parts, which
were subsequently removed with a water jet (refer to Figure 7a). Both mul-
tilayer and monolayer specimens were 3D printed (three for each con-
figuration) at a 5000× magnification compared to natural diatoms (see
Figure 7b). Additionally, to establish the material model for numerical sim-
ulations, dog bone samples were 3D printed in VeroBlack following the
ASTM D638-14 standard.

Mechanical Testing: 3PB tests were conducted using an MTS Synergie
testing machine with a 1 kN load cell, implementing displacement con-
trol at a velocity of 2 mm min−1. The experimental setup involves placing
full-geometry 3D-printed samples on the machine to replicate a predatory
attack on the diatom frustule (see Figure 7c). Support pins, represented by
two steel cylinders with a diameter of 20 mm (like the punch), were spaced
60 mm apart. For 4PB experiments, the ASTM D6272-17 standard was fol-
lowed, utilizing displacement control mode at a speed of 1 mm min−1.

Compression tests on the honeycomb-like layer were performed according
to the ASTM C365/C365M-16 standard, employing an MTS Alliance RF150
machine with a 150 kN load cell (Figure 7c). Tests were conducted in dis-
placement control mode at a crosshead speed of 0.5 mm min−1 on honey-
combs with two different wall thickness values to evaluate their impact on
the material’s out-of-plane mechanical behavior. Lastly, tensile tests were
performed on dog-bone samples to determine the elastic properties of
VeroBlack. These experiments were conducted according to ASTM stan-
dard D638-14, utilizing an MTS Alliance RT100 universal testing machine
equipped with a 100 kN load cell.

Numerical Simulations—Structural Analyses: The validation of the
biomimetic material model was conducted by simulating the experimen-
tal conditions of Aitken et al.’s tests[51] using Abaqus CAE 2017. Linear
elastic models were employed to represent the brittle behavior of biosil-
ica and bending test fixtures. For the beam, Young’s modulus was set to
35 GPa with a Poisson’s coefficient of 0.17, for the punch, Young’s modu-
lus was1000 GPa with a Poisson’s coefficient of 0.2, and for the supports,
Young’s modulus was 200 GPa with a Poisson’s coefficient of 0.27. A struc-
tured mesh of hexahedral elements was utilized due to geometric regular-
ity, resulting in ≈ 850 000 finite elements. A sensitivity analysis of the mesh
was also performed to ensure the results were not mesh-dependent. The
simulation, under displacement control, aimed to mimic the experimen-
tal deformation with a 1 nm vertical displacement assigned to the punch,
calculating the reaction force of the beam directly on the punch. Standard

Adv. Funct. Mater. 2025, 35, 2407148 2407148 (9 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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surface-to-surface contact with frictionless behavior was selected between
the punch and the beam, and generic contact with a friction coefficient
of 0.1 was chosen between the beam and the steel supports to represent
friction.

To replicate the mechanical tests on 3D-printed biomimetic material
samples, a linear elastic model of VeroBlack was used, characterized by
a Young’s modulus of 1567 MPa and a Poisson’s coefficient of 0.35 (ob-
tained from tension tests, see Supporting Information). Mesh and bound-
ary conditions were adapted based on reference mechanical tests. Rigid
bodies were used to model the parts of the testing machine in contact
with the specimens for 3PB tests, utilizing surface-to-surface contacts with
a friction coefficient of 0.15 (Figure 7d). The same approach was applied
to 4PB tests. For buckling analysis, equivalent static actions replace the
punch and pins. Hexagonal-dominated elements with an overall size of
0.5 mm were used for meshing. For compression analyses, a single honey-
comb cell was modeled to optimize computational cost, with constraints
on displacements and PBC.[97] Quad-dominated shell elements with an
average size of 0.4 mm were used for meshing. Model accuracy was as-
sessed by comparing it with a honeycomb model characterized by 64
cells.

Numerical Simulations—Computation Fluid Dynamic Analyses: To
study the flow characteristics interacting with the diatom frustule, its
RVE was recreated “in negative” using CAD tools. Subsequently, the AN-
SYS 2019 R2 software package was employed for geometry discretization
(≈30 0000 elements), analysis, and post-processing of results (Figure 7e).
In the RVE inlet section, a flow velocity (1 m s−1) was imposed nor-
mal to the surface of the valve and parallel to the axis of the hexago-
nal cell. Atmospheric pressure was set in the other section, and areas
not belonging to the outlet or inlet were designated as stationary static
walls with a no-slip shear condition. Water was selected as the material
model, utilizing properties from the ANSYS Fluent database: a density of
998.2 kg m−3 and viscosity of 0.001003 kg (m s)−1. The flow analysis in-
cluded calculations for global average and maximum velocities, average
velocity, mass flow rate at the outlet, and visualization of flow lines. The
results were presented as relative/normalized values, not in terms of ab-
solute values, as they do not represent specific experimental or natural
situations.

Analytical Modeling—Frustule Bending Moment of Inertia: Due to the
intricate geometry of the biomimetic model, an analytical evaluation of
its bending stiffness was conducted by establishing an approximate func-
tion to calculate the bending moment of inertia. Comprehensive details
regarding the derivation of this formula can be found in the Supporting
Information.

Analytical Modeling—Areolae Out-of-Plane Compression: The out-of-
plane compressive behavior of honeycombs had been extensively studied
in the literature.[94,98,99] Formulas for their critical buckling stress were de-
rived on the premise that individual cells could be treated as a combination
of plate elements, connected through vertical edges, and strongly depend
on the ratio of their thickness-to-height (t/h). For thin-walled honeycombs
(t/h>0.1), they were often treated as thin plates. However, in cases where
the wall thickness was significant or unit cells were small, shear effects
become non-negligible, requiring the application of thick plate theories.
To provide a unified formula for such scenarios, this paper employed the
equation proposed by Piscopo:[100]

𝜎cr = K f
Ebulk

1−𝜈2

( t
l

)3
(5)

where Ebulk is the Young’s modulus of the material constituting the hon-
eycomb, t is the thickness of its walls, l is the side of the hexagon defining
the bases of its elementary cells, f is a correction factor to allow for shear
effects, K is a coefficient dependent on the loading configuration and ge-
ometric characteristics of the honeycomb, and 𝜈 the Poisson’s ratio of its
constituent material. To best fit the analytical results to the other data, the
proposed formula was used with a K value of 2.3. This choice reflected
a condition where unloaded walls of hexagonal cells had no notable con-
straints, making the selected value empirical and applied retrospectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Parametric function definition for the flexural moment of inertia
From Euler-Bernoulli beam theory, it  is known that the flexural stiffness kbend  of a beam in bending is

given by:

kbend =
48EI
L3

where E is the Young's modulus of the material constituting the beam, I  the moment of inertia relative to its
bending  plane  and  L  its  length.  Since  the  dimensions  of  the  beam  models  and  the  material  used  in  both
simulations and physical tests are always the same, kbend can be considered dependent only on the moment of
inertia I and expressed as a function of the geometric parameter affected by the strategy in question as:

kbend ∝ I Δar

where Δar is the percent change in areolae cell wall thickness.
Given the complicated geometry of the biomimetic structure, for the calculation of I we consider a section

of the RVE according to one of its symmetry planes and define a symmetrical IPE beam-type section equivalent
to it to represent explicitly through a function the effect of Δar (see Figure S1). Specifically, we associate Δar
with  the  geometric  dimensions  of  the  core  of  the  new  profile  a2(Δa2

)  and  b2(Δb2
)  and  impose  that  the

geometric dimensions of the upper fin (a1  and b1) are equal to those of the lower fin (a3 and b3). In this way
the center of gravity G of the new section coincides with its center of symmetry, located at the center of the
section. Then, to ensure equivalence, we impose that the flexural moments of inertia of the original section
Ibio and the dummy section Ieq are equal: 

Ibio = Ieq

We compute Ieq as the difference between the moment of inertia Ieqfull of the rectangle of size AxB defined
by the section’s footprint in the plane and the contribution of the voids Ieqvoid that we need to cut from the
latter to derive the IPE-type profile (see Figure S1(b)): 

Ieq= Ieqfull -2Ieqvoid =
AB3
12
- 2
12
*

A -a2 Δa2
2

* b2 Δb2
3

The terms a2 Δa2
 and b2(Δb2

) , can be made explicit as a function of the percentage changes in their respective

initial values as:

a2 Δa2
= a2+ Δa2

*a2 
b2 Δb2

= b2+ Δb2
+ b2

Thus, substituting a2 and b2 yields:

Ieq=
AB3
12
- 2
12
*

A - a2+ Δa2
a2

2
b2+ Δb2

b2 3  

The source dimension is  represented by the side wall  thickness  of  the areolae a2,  consequently when a
percentage variation Δa2

 is applied, all other dimensions of the RVE, including b2, vary according to a specific
and fixed percentage variation as schematized in Figure S2. Therefore, the variation Δb2 can be expressed as:

Δb2
= CΔa2



thus, the expression of Ieq can be rewritten as:

Ieq=
AB3
12
- 2
12
*

A - a2+ Δa2
a2

2
b2+ CΔa2

b2 3 

representing a one-variable equation as a function of variation Δa2
, with three unknown constants �, �, �.

Figure S1 – (a) Variation of bending moment of inertia as a function of biomimetic model section. The thicker black line
represents the plane of symmetry of the RVE taken as a reference to section the structure and compute its geometric
properties.  In  contrast,  the  red  lines  represent  other  section  planes  chosen  to  represent  the  geometric  variability
associated with the biomimetic model. (b) Transformation of the geometric reference section into an IPE-type profile
equivalent to it.

Figure S2 - Representation of constant percentage variation of dimensions due to the applied constraints to the study.

The equivalent section has already been chosen to be symmetric and I-shaped, but it is possible to impose
a relationship between the two global dimensions A and B to reduce the number of unknowns to be defined.
We choose an equivalent geometry with a square cross section, so:

A= B



By imposing the following system: 

A= B
Ibio = Ieq Δa2

= 0 = AB3
12 -

2
12

A -a2
2 b2 3

 

we find A = B = 16.863 mm.
The constant C indicates the change in Δb2 based on the change in input Δa2.  Since C  does not remain

constant  for  all  cases;  it  is  calculated  with  a  set  of  points  corresponding  to  different  Δa2,  from which  the
respective Δb2 is estimated by the following formula:

Δb2i
=

b2i
b2
*100 -100

We use a set of 7 different values of Δa2, and the results are shown in Table S1 with the respective values of
C we obtained. From these calculations, we define C=0.215.

Figure S3 shows the comparison between the values of the flexural moment of inertia that can be calculated
by the classical  theoretical  approach (Ibio)  and the equivalent  formula derived (Ieq).  As it  can be seen,  the
results  are  practically  coincident,  so  the  derived  formula  successfully  approximates  the  actual  moment  of
inertia of the geometric reference section of the biomimetic model.

Table S1 - Different versions of the bioinspired samples used to evaluate C: in the first column we report the name of each
version  used  to  evaluate  different  values  of  C,  in  the  second  column the  percentage  variations  of  areolae  side  walls
imposed, the third column shows the percentage variation of the height of the areolae side walls (b2) according to the
third strategy related to thickness changes, and the last column shows the correspondent values of C obtained in every
case. The differences are due to approximations.

Figure  S3  -  Comparison  between  the  values  of  the  flexural  moment  of  inertia  that  can  be  calculated  by  the  classical
analytical approach and the equivalent formula derived.



Details of the biomimetic model in 1:1 scale

Figure S4 - Representative Volume Element (RVE) of the diatom-inspired model and respective layer units from which it is composed
by. 

Table S2 - Measurements of geometric dimensions shown in SI Figure 1, obtained from five diatom samples in [32].

Table S3 - Averaged values from Table S4 used to design the 3D CAD biomimetic model.



Tensile test results

Figure S5 - Experimental stress-strain curves obtained from three tensile tests on dog-bone samples in VeroBlack®. The slope of the
dotted line represents the measured elastic modulus.

Table S4 - Main elastic properties obtained from the three dog-bone samples tested.
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