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Abstract 

The ubiquitous diatoms, single-celled algae with porous silica frustule (shell) 
morphology and features spanning multiple length scales, offer a promising 
foundation to convert knowledge of biological structures into novel design 
techniques. Diatom frustules are often found in nature with distinct deformation 
patterns suggesting the involvement of mechanical interactions in their 
morphogenesis. Understanding this phenomenon can lead to potential 
manufacturing techniques based on the micromanipulation of bio-inspired 
structures. In this study, the mechanics of centric diatom frustules was investigated 
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using the finite element method (FEM) in combination with morphology and 
material properties obtained from scanning electron microscopy (SEM) and 
mechanical tests respectively. SEM micrographs of a marine diatom, 
Coscinodiscus sp., have allowed the classification of specific deformation patterns 
frequently observed on these frustules. To elucidate the nature of these 
deformations, a computer aided design (CAD) model approximating a centric 
diatom frustule was created. Using shear-deformable frustule finite elements and 
diatom-specific Young’s modulus, critical buckling load and modal analysis of the 
diatom model were performed to investigate possible correlations of the 
deformation modes with observed morphologies. Results reveal that the first ten 
deformation modes correlate noticeably well with deformation patterns observed 
through SEM. Additionally, FEM models were used to study the relation between 
diatom morphology and mechanical behaviour. A quadratic relation was 
established between frustule pore size and critical buckling load as well as a 
cubic relation between frustule thickness and critical buckling load, reported for 
the first time in this study. The findings in this research provide insights into the 
mechanical response of diatom frustules that can aid the realization of tailored 
properties in new bio-inspired materials, in particular for nanotechnology 
applications, but also for advanced metamaterials and optomechanical devices. 

1. Introduction 

One of the grand challenges of science [1] is the manipulation of 
materials at the nanometer scale to obtain tailored properties. The 
achievement of a robust and practical method for such manipulation 
would drastically advance novel design and manufacturing techniques so 
that they would be no longer limited by the properties of the raw 
materials used, but instead by the smallest scale at which materials can 
be manipulated [2]. Toward achieving this ambitious goal, an effective 
path forward is the study of biomaterials to elucidate methods by which 
nanostructures found in nature can be adapted into human-made devices 
[3, 4]. Organisms often develop biosilica structures with a level of 
complexity that surpasses their geological and synthetic counterparts [5]. 
Silica biostructures, produced by diatoms or radiolarians, have intricate 
morphologies tailored by evolution that appear to optimize specific 
functions such as protection from predators or filtering [6]. 
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This study focuses particularly on diatoms, an important group of 
microscopic algae found in almost every aqueous environment on our 
planet [7]. There are more than 200,000 species of diatoms estimated to 
date [8] with a rich variety of size and morphology. Their extraordinary 
diversity and complex architecture rich in nanoscaled pores and slits 
represent a clear opportunity for investigators seeking sources of 
inspiration for innovative micro and nanodevices. Indeed, the unique 
structure of the diatom frustule has motivated researchers to propose 
potential applications in nanodevices [9], photonics [10], molecular 
separation and microfluidics [11], and drug delivery [12] among others. 
Additionally, the frustule architecture of diatoms carries considerable 
interest in itself, as these silica structures are both strong and 
lightweight. Diatoms have also been increasingly used as inspiration for 
the design of civil structures [13] and mechanical components [14]. 

Diatoms have a basic structure of porous silica layers in a 
hierarchical arrangement constituting a single valve [7]. A diatom 
frustule consists of two overlapping valves joined by one or more girdle 
bands, giving the frustule a resemblance to a Petri dish. Diatom frustules 
can vary in size from a few microns to over a millimeter [9] and they 
exhibit features (e.g., pores, slits, ribs, knobs) that can be as small as five 
nanometers [15]. Their multiscalar silica structure thus spans over eight 
orders of magnitude. There are two general types of diatoms depending 
on symmetry [16]: centric (with radial symmetry, often circular) and 
pennate (elongated and usually with bilateral symmetry). Examples of 
both types of diatoms are shown in Figure 1. 
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Figure 1. SEM images of typical diatom frustules (single valves) showing 
their distinct morphology: (a) centric Actinoptychus and (b) pennate 
Navicula. No observable deformation patterns or buckled features are 
detected in either diatom frustule. 
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The mechanical behaviour of diatom frustules has been studied using 
micro- and nanomechanical testing as well as atomic force microscopy 
(AFM), scanning electron microscopy (SEM), and the finite element 
method (FEM). Hamm et al. [6] investigated the potential of diatom 
frustules as armor against predators based on microneedle loading tests, 
discovering an inverse relation between frustule size and mechanical 
strength up to the point of fracture. The investigators further elaborated 
[17] on the relation between the structural components of the frustule 
and the mechanical loads that diatoms experience in their natural 
environment using both experiments and simulations. Almqvist et al. 
[18] used AFM to measure elasticity and hardness in the frustules of the 
pennate diatom species Navicula pelliculosa and found the values of 
Young’s modulus E varied from the tens to the hundreds of GPa 
depending on the specific point over the frustule on which the tests were 
performed. The authors also reported a similar situation for hardness 
values, H varying from 1 to 12GPa. In the same way, Subhash et al. [19] 
reported notoriously localized behaviour over the frustules of 
Coscinodiscus sp., including differences in the failure mode when the 
frustules were loaded in the concave or convex orientations. Later, Losic 
et al. [20] used SEM to characterize the morphology of Coscinodiscus sp. 
and performed AFM nanoindentation tests on the frustules, finding 
significant variations of the elastic modulus E (1.7-15.6GPa) and 
hardness H (0.076-0.53GPa) measurements depending on frustule 
morphology and on the location of the indentation, pointing towards 
highly localized properties. These results suggest that mechanical 
properties may be heavily dependent on morphological features. Since 
the complexity, variety, and size range of said features is vast, predicting 
the mechanics of diatom-inspired structures is far from a trivial pursuit. 
A useful research technique that reduces cost and time (i.e., due to the 
cumbersome and expensive battery of tests required for the mechanical 
study of diatom frustules) is numerical simulation using FEM, which is 
at the basis of this study. 
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The use of mechanical simulation to study biomaterials has been 
steadily gaining momentum in recent years. One feasible approach is 
simulation based on atomistic principles, such as that reported in the 
work by Buehler and Gao [21], who used molecular dynamics (MD) to 
demonstrate the principle of flaw tolerance by size reduction in bone-like 
materials as well as the adhesion capabilities of geckos and insects. A 
similar approach was followed by Keten et al. [22] to study the effect of 
nanofeatures on the mechanical toughness of silk, contributing to 
explaining how size effects can be exploited to dramatically increase the 
mechanical properties of biomaterials. In the specific case of diatoms, the 
limited number of mechanical simulation studies emphasizes the need to 
evaluate the mechanical response of frustules at the microscale. In 
earlier work by Garcia et al. [23], MD simulations of diatom-inspired 
nanoporous materials were performed to investigate the effect of 
hierarchical nanoporous layers under tensile deformation. Although such 
simulations reported interesting material design insights at the atomic-
scale, the MD method is known to be computationally expensive for large 
and complex models. An alternative method is reported in a study by 
Hamm and co-workers [6] who employed FEM simulation of a 
Fragilariopsis kerguelensis pennate frustule to evaluate its strength in 
the event of a predator attack. Using hexahedral elements, the frustule 
was simulated under uniform external pressure and patch loading to 
simulate a mandible bite. Results from that study showed a significant 
influence of the morphology and the nanofeatures (in this case, ribs) on 
the resistance of the diatom frustule to these attack events. More 
recently, the work by Lu et al. [24] focused on the frustule of 
Coscinodiscus sp. as a cellular structure and modelled the frustule as a 
hexagonal multilayer mechanical component under a uniform 
compression. The stress distributions throughout the porous frustule 
were analyzed to discover a possible strengthening effect of some of the 
inter-layer features, with special attention given to the so-called “I-beam” 
structures. These structural units are toroidal in nature which arise from 



DEFORMATION MODES AND STRUCTURAL … 111

the variation of pore diameters between layers and may act as stiffeners 
in a manner similar to plate girders in actual I-beams studied in civil 
engineering. In another recent study, Diaz et al. [25] probed the linear 
mechanical response of various diatom frustules to uniform compression 
using an experimental-simulation approach. A correlation between 
mechanical properties and porosity was established in that study for two 
diatoms, Coscinodiscus sp. and F. kerguelensis frustules via FEM, 
simulating flawless single-layered porous frustules with no deformation 
patterns. 

All these recent efforts constitute a promising starting point towards 
a robust simulation-based analysis of the mechanical properties of 
diatom frustules at different length scales. However, there are still many 
questions without answers, including what is the structural response of 
diatom frustules in cases beyond uniform compression? And is there a 
possible relation between such structural responses and the 
morphogenesis of diatom frustules? In this sense, some recent work by 
diatom researchers, including one of the authors [26, 27], has proposed a 
novel way to look at diatoms: as buckled structures. In some diatom 
species, it is typical to find frustules naturally deformed into patterns 
suggestive of mechanical phenomena. One possible explanation for this 
apparently aberrant phenomenon is the presence of significant 
mechanical variables during morphogenesis in addition to the more 
thoroughly accounted-for chemical variables [28, 29]. If proven true, the 
hypothesis of mechanically-driven formation of frustules could lead to 
valuable insights for the development of manufacturing methods for 
diatom-inspired structures. In particular, the suggestion [27] that, 
structures with naturally developed buckled shapes, especially those in 
which thickening follows the appearance of such shapes, might offer 
increased mechanical strength, deserves further investigation. In this 
study, mechanics of centric diatom frustules, Coscinodiscus sp., was 
analyzed using FEM simulation together with independent SEM images 
of several characteristic deformation patterns observed in nature and 
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mechanical test measurements. The difference of this approach versus 
previous simulations [23-25] is that the structural behaviour of diatom 
frustules and their response to external stimuli were investigated here at 
the micron scale, allowing the study of the relation between diatom 
morphology and mechanics in a novel and systematic fashion. The main 
objective was to elucidate the type of mechanical interactions that might 
result in these particular diatom frustules. Additionally, this study 
sought to improve the understanding of the relation between morphology 
and structural behaviour in diatom frustules. 

2. Methodology 

2.1. SEM imaging 

The SEM micrographs used in this study were obtained from related 
studies [26, 27] on diatom frustules as buckled structures, a unique view 
on diatom morphogenesis. In those investigations, a wide range of SEM 
images were provided for several diatom species, with special attention 
given to frustule morphologies featuring specific patterns of “hills and 
valleys” that are suggestive of mechanical phenomena. The focus here on 
SEM images of circular centric diatoms is mainly due to two reasons:     
(i) the radial symmetry facilitates modelling, simulation and visualization 
of results; and (ii) most experimental data on mechanical properties of 
diatom frustules is available for centric species. However, the FEM 
methods used in this work can be easily applied to diatom frustules of 
any arbitrary shape. Most importantly, the main focus is on the global 
deformation patterns exhibited by diatom frustules naturally, not on 
local behaviour or features. 

2.2. Frustule model creation via CAD modelling 

Based on the independent SEM images described above, the three-
dimensional morphology of centric diatom frustules was modelled using 
the Mechanical APDL (ANSYS) CAD submodule [30]. Centric diatom 
frustules in nature can be approximated as two dome-shaped frustules 
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(or valves) fitting together like a Petri dish and its lid. In this work, a 
CAD model was created to represent a single valve of each frustule by 
approximating the dome shape as a surface of revolution. Specifically, a 
revolved ellipse segment with an additional vertical rim at the end of the 
major axis, as shown with detail in Figure 2. The dimensions of the 
Coscinodiscus sp. (i.e., major and minor axes lengths and height of the 
vertical rim) were determined previously [11]. These overall frustule 
dimensions were fixed for all the calculations in this study, but the 
frustule thickness was varied (Table 1), as happens in nature [10, 31, 32]. 
An ordered array of pores was added by extruding a series of circles, 
following the distribution shown in the reported SEM images, and 
removing the associated material from the initial frustule. The resulting 
3D porous frustule, shown in Figure 2, represents the domain on which 
the FEM simulations were performed. More specifically, the dimensions 
of each CAD model were based on the average dimensions obtained from 
SEM imaging and listed in Table 1. While the CAD model used is an 
approximation of the actual biological structure, it was created from SEM 
characterizations of diatom samples. It should be noted that the basic 
geometry modelled in this work is by no means a detailed reproduction of 
real diatom frustules. Rather it is a simplification that allows for easy 
and quick analysis. The pattern and geometry of pores are simplified 
with respect to the biological samples, and so is the frustule thickness, 
since the actual thickness of the frustule is not constant, particularly 
around the pores [11]. These approximations do not invalidate the 
subsequent FEM model, but indeed limit the scope of this study to the 
identification of “global” modes of deformation. Localized phenomena are 
thus beyond the scope of this work. 
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Figure 2. (Color online) CAD model of a dome-shaped diatom 
Coscinodiscus sp. frustule (right) with details of the generatrix curve 
(left). Dimensions of various frustule models are listed in Tables 1 and 2 
depending on simulation. 

Table 1. Results from buckling analysis of a model of Coscinodiscus sp. 
with pore diameter m7.1 µ=d  

Frustule thickness t 
( )mµ  

Critical buckling load P  
( )Nµ  

0.2 10.36 

0.4 77.71 

0.6 249.07 

0.8 572.45 

1.0 1099.20 

1.2 1881.90 

1.4 2971.40 

1.6 4429.30 

1.8 6307.40 

2.0 8667.20 
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Table 2. Results from buckling analysis of a model of Coscinodiscus sp. 
with frustule thickness m4.0 µ=t  

Pore diameter d  
( )mµ  

Critical buckling load P 
( )Nµ  

1.6 153.32 

1.8 143.99 

2.0 134.74 

2.2 121.60 

2.4 109.03 

2.6 91.85 

2.8 75.93 

3.0 53.21 

3.2 31.93 

Young’s modulus used in this study is within the range obtained from previous 
experiments [6]: E = 22.4GPa and .17.0=v  Compression loads N10µ=P  were 

applied as described in Subsection 2.3 below. Average dimensions from [11] were 
taken: Frustule diameter m,50µ=D  total height m,101 µ=h  and vertical rim 

height m.32 µ=h  See Figure 2 for more details. 

2.3. FEM simulation of centric diatom frustules 

The primary input for the FEM compression simulation of the 
Coscinodiscus sp. frustules was experimental data, specifically, Young’s 
modulus E, Poisson’s ratio ,v  and density .ρ  These parameters were 

determined from previous experimental studies [6, 11] and used to define 
a linear computational model using the FEM module APDL Mechanical 
within ANSYS. The domain was discretized with shear deformable shell 
finite elements (SHELL63) of uniform thickness. The chosen elements 
had four nodes each and allowed for both membrane and bending 
capabilities. To ensure the mesh was appropriate to avoid any 
convergence errors, the diatom frustule structure was simulated multiple 
times under the same generic load with successive mesh refinements, 
monitoring the stress distribution after each simulation until stress 
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convergence was reached. The resulting mesh (see Figure 3) consisted of 
approximately 4000 elements, with some variations in number depending 
on the pore size chosen for each simulation. A fixed boundary condition 
was imposed on the nodes along the rim to mimic the condition of 
electrostatic adhesion to the substrate present during experiments. A 
second boundary condition in which only displacements were restricted 
along the rim and rotations remained free (i.e., as in a 3D hinge) was also 
tried with no significant difference found for this kind of test. A modal 
analysis was first performed on the FEM model in the absence of loads to 
obtain the deformation modes. The results were then compared to the 
deformation patterns observed in SEM images of this frustule to 
determine whether or not these natural designs could correspond to 
mechanical phenomena. Additionally, the structural instability of the 
model was studied with a concentrated compression load N10µ=P  

applied vertically along the whole perimeter of the central pore. 

 

Figure 3. (Color online) Finite element discretization of a porous dome-
shaped Coscinodiscus sp. frustule model. Boundary conditions (B.C.) at 
the base are fixed to zero (both displacements d, and rotations )θ  and a 

close-up view of the mesh fitness is shown in detail. 
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2.4. Modal analysis and critical buckling load 

Two distinct types of analyses were considered in this study: modal 
analysis and critical buckling load. While these phenomena are treated 
similarly when performing simulations, they are in fact quite different. 
From the mechanical point of view, a diatom frustule might be subject to 
external mechanical loads such as those proposed by Hamm et al. [6] and 
deform accordingly without fracture. Alternatively, a diatom frustule 
might be subject to initial mechanical perturbations (impacts, sudden 
localized deformations, etc.) for a brief moment instead of withstanding a 
constant load. In this case, the mechanism in action would be closer to 
that of the deformation modes, which are dynamic in nature. Each of 
these behaviours are described next.  

2.4.1. Modal analysis 

Modal analysis consists in determining the dynamic response of a 
structure to a certain excitation in the absence of applied loads. It is not 
related to instability but instead to structural vibrations and especially to 
the concept of resonance. Modal analysis [33] consists of finding the 
solutions to the equation of motion of a structure to determine the 
deformation modes in which it will respond to initial conditions. In this 
case, a linear homogeneous material that follows Hooke’s law is assumed, 
as shown in Equation (1): 

,0=+ uu KM   (1) 

where M  is the mass matrix of the structure and u  is the second time 
derivative of .u  The general solution to this equation has the harmonic 
form as shown in Equation (2): 

,ωτ−= ieϕu   (2) 

where ϕ  is a certain amplitude vector, τ  is the time variable, and ω  is a 

scalar that defines a periodic solution. If Equation (2) is substituted in 
Equation (1), a new eigenvalue problem is obtained: 
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[ ] ,02 =ω− ϕMK   (3) 

which again gives a series of shapes, defined here by .ϕ  In this case, each 

value of ω  represents the specific frequency at which the structure can 
be excited to obtain the corresponding response. The eigenvectors ϕ  

describe deformation shapes (deformation modes) corresponding to each 
particular value of .ω  

2.4.2. Critical buckling load 

Buckling is a form of structural failure that occurs commonly in 
slender structures. This phenomenon occurs in the elastic range and in 
general is not dependent on the material strength. In practice, buckling 
failure often occurs at stress levels that are considerably below the yield 
stress in ductile materials or the ultimate stress in brittle ones. In 
practical terms, buckling can be defined as a sudden and dramatic 
increase in deformations for a relatively small increase in the loads. In 
the context of linear finite elements [33], the structural response can take 
the form of the system of algebraic equations (Equation (4)): 

,Pu =K   (4) 

where K  is the stiffness matrix, u  is the vector containing the degrees of 
freedom (displacements and their derivatives), and P  is the vector of 
applied loads. The presence of buckling implies there is more than one 
solution to this system of equations, which means that for a certain load 
increase there are more than one corresponding displacement responses. 
For an ideal linear elastic structure, buckling results from considering 
two different steps: (i) the structural stiffness matrix K  is used to obtain 
a standard linear static analysis under a generic load ,P  and (ii) the 

stress state obtained in this linear response is used to form the geometric 
stiffness matrix .GK  The critical buckling loads are then calculated by 

solving an eigenvalue problem (Equation (5)): 

[ ] .0=λ− uGKK   (5) 
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Each eigenvalue λ  is a buckling load factor and represents the scalar 
that multiplies the applied load P  to reach the buckling state. Each 
eigenvector u  gives the displacements of that particular solution. 

From all the above, the two procedures applied in this work are 
analogous in mathematical terms, but they represent quite different 
physical phenomena. In the case of the critical buckling load, the 
solutions obtained are particular cases of instability under the effect of 
the applied force, whereas in a modal analysis each solution represents a 
potential shape in which the structure will deform after a sudden 
impulse. 

3. Results 

3.1. Modal analysis 

In this study only the first ten deformation modes were considered for 
analysis. This responds to two main motivations: (1) the accuracy of the 
numerical method used in the simulation (an iterative eigenvalue 
analysis) decreases for higher modes, and (2) the first ten modes usually 
provide enough information to describe the majority of deformation 
phenomena. More elaborate cases of structural response can be 
interpreted as a linear combination of these ten modes. Figure 4 shows 
the results of the modal analysis in comparison with the deformation 
patterns observed via SEM. In this case, SEM micrographs of different 
centric diatom species, not only Coscinodiscus, were used as reference. 
This responds to the fact that, while the geometrical features of diatom 
frustules vary widely among different species, it is a well-accepted 
practice to group different species together by their general geometry. 
Namely, centric species with radial symmetry and pennate species with 
bilateral symmetry, as explained in Section 1. Many of the different 
morphologies within the realm of centric diatoms can reasonably be 
considered to share traits such as circular shape, thin-walled structure, 
and porosity. The specific deviations from this general geometry in each 
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species can potentially determine localized mechanisms of deformation, 
but it is unlikely they will invalidate the underlying assumption of “thin 
shell mechanics” used in the FEM model. In this sense, it can be noted 
that some of the SEM images in Figure 4 show specific geometric 
features that have grown separate from the frustule and as such depend 
on each diatom species and specimen conditions. To focus the analysis, 
the specific global deformation of interest observed via SEM has been 
highlighted in each case. It can be seen that the deformation modes 
obtained here closely match the frustule deformation patterns obtained 
by SEM. It is worth noticing that some modes appear twice in the set, 
since there are two main axes in the plane about which the bending 
pattern may occur. In practice, this translates into a diatom frustule that 
appears “rotated” by an angle of 90 degrees about its axis. 
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Figure 4. (Color online) Comparison of deformation patterns of centric 
frustules observed in experiments with their associated modal analysis 
(natural frequencies are shown in each case). SEM image in (a) shows a 
Cyclotella distinguenda hemispherical deformation pattern reminiscent 
of a single sine wave while (b) indicates the first deformation mode of the 
diatom FEM model. The cross-pattern shown for Auliscus sculptus in (c) 
matches the second deformation mode of the structure shown in (d). A 
triangular pattern is observed in Actinoptychus senarius (e) and its FEM 
counterpart is the third deformation mode in (f). A double-wave 
hemispherical pattern is present in Cyclotella distinguenda (g) which 
corresponds to the fourth mode shown in (h). The radial pattern in 
Coscinodiscus asteromphalus (i) matches the simulated fifth mode shown 
in (j). The original SEM images of centric frustules [27] have been 
intentionally color-shaded to better show the deformation patterns. Scale 
bars were added on the SEM images with permission of their authors. 
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3.2. Effect of morphology on structural instability 

Next, the FEM linear buckling analysis of a centric diatom frustule 
under a concentrated compressive load applied at the center of the dome 
was performed. In this case, no attempt was made to correlate the 
buckling modes with the experimentally observed deformation patterns. 
This is due to concentrated loads of this type being very unlikely to be 
present in the normal environment of diatoms. Instead, the same 
simulation was performed repeatedly for different frustule geometries to 
establish the relation between morphology and the onset of buckling. 
Specifically, frustule thickness and pore diameter were systematically 
examined. 

 

Figure 5. (Color online) Effect of morphology on the structural response 
of a centric frustule. A cubic relation is observed between the frustule 
thickness and critical buckling load. Frustule diameter m.50µ=D  Pore 

diameter m.7.1 µ=d  See Table 1 for additional data. 
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Figure 5 depicts the critical buckling loads of a centric diatom 
frustule for different values of thickness. The simulation was performed 
for a range of frustule thickness from 0.2 to 2 microns (Table 1), with the 
intent of covering all possible natural geometries. The resulting 
correlation was successfully approximated with a cubic polynomial 
constrained to go through the origin. In addition, the same concentrated 
load was applied to frustules with different pore sizes as shown in Table 
2 (while keeping the original frustule thickness )m4.0 µ=t  and a distinct 
correlation was observed. Figure 6 shows these results, to which a distinct 
quadratic fit was successfully applied. It should be noted that the 
simulation was performed for a wide range of pore sizes (i.e., pore 
diameters) while keeping the same pore distribution (i.e., number of 
pores and position of  pores over the frustule were kept constant) in order 
to isolate the effect of a single variable (pore size) on the frustule stability. 

 

Figure 6. (Color online) Effect of morphology on the structural response 
of a similar centric frustule (thickness m,4.0 µ=t  diameter ),m50µ=D  

indicating an inverse quadratic relation is observed between the frustule 
pore size and critical buckling load. See Table 2 for associated 
information. 
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4. Discussion 

Coscinodiscus sp. frustules have been well characterized via SEM 
prior to any simulations in this study in terms of frustule morphology 
and porous structure. A wide range of SEM micrographs with naturally 
deformed centric diatom frustules were first selected, which were deemed 
suitable representatives used for further analyses. The objective of this 
approach was to ensure any subsequent comparisons were made to the 
global deformation trends commonly observed in many centric frustules 
and not in localized specific features that are not observed generally and 
that cannot be readily reproduced with the simplified FEM models used 
in this work. SEM images of the frustules were used for creation of 3D 
diatom models, with average experiment-based dimensions in 
morphological variables such as frustule diameter, pore size, and frustule 
thickness. Using FEM, the mechanics of the centric frustules was then 
investigated. A full and highly precise 3D model would be useful to 
provide additional information in terms of local stress distributions and 
deformations, but it is not expected to affect the global deformation 
patterns presented in this study.  

FEM simulation as a method of analysis is common in the mechanical 
study of structures, although it has seldom been used in the case of 
diatom mechanics. Given that the analyses performed in this work were 
linear, the results should be taken only as a first approximation to the 
problem. Further studies could make use of nonlinear mechanics to 
analyze plastic deformations and/or fracture in diatom frustules. In 
addition, measures have been taken in the present study to minimize 
numerical errors and provide the most accurate approximation possible 
under linear conditions. A considerably refined mesh has been used to 
minimize approximation errors and the boundary conditions have been 
specifically chosen to correspond to the experimental case 
(nanomechanical test) in which the diatom frustule is electrostatically 
adhered to a hard substrate such as a Si wafer. 
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The resemblance between the FEM results and SEM images in 
Figure 4 leads to the idea of diatom frustules being subject to mechanical 
interactions. The deformation modes obtained from simulation provide 
possible “free” responses of a diatom frustule to an initial dynamic 
perturbation. In this sense, the word “free” refers to an absence of 
resistance to outside forces. In practical terms, the dynamic response of a 
structure to an initial perturbation is a linear combination of all the 
deformation modes, with different modes having different weights 
depending on the specific conditions of the initial stimulus. The myriad of 
deformation patterns observed experimentally could mean the 
deformations result from the same basic phenomenon, but differ in the 
initial conditions. Furthermore, while most interactions in aqueous 
environments in which diatoms grow and live indeed occur at low values 
of Reynold’s number [11], dynamic perturbations are entirely possible 
even at the micro and nanoscale of diatoms. This represents a possible 
mechanism in which subtle internal forces, perhaps generated by the 
cytoskeleton at the right moment during morphogenesis, produce specific 
structural responses that remain visible as the frustule thickens. For 
example, when the microfilament ring [7, 34] at the perimeter of the 
silicalemma turns the corner at the vertical rim (see Figure 2 for the 
geometry), it may suddenly cease to be in mechanical opposition to the 
microtubules attached to the surface of the silicalemma and extending 
radially from the center of the forming frustule [9] (see Figure 4). 

As shown in Figure 5, the critical buckling load of a diatom frustule 
increases monotonically with frustule thickness, which means any 
mechanical buckling phenomenon is more likely to occur during the early 
stages of diatom morphogenesis. The cubic fit applied in this figure 
responds to the standard theory of plates [35], in which the flexural 

stiffness is proportional to .3t  One avenue towards elucidating other 
possible buckling mechanics would be switching the focus from external 
(e.g., predatorial) mechanical loads to consider instead the response of 
immature frustules to internal loads acting during diatom morphogenesis 
[34]. In this sense, the mechanics of growth of the silicalemma [7] (the 
membrane on which the diatom valve is formed during morphogenesis) 
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and the possible constraints imposed by the diatom frustule must be 
studied with more detail to determine planes and directions in which 
mechanical loads are applied. Most importantly, it is at this stage of 
growth that the possibility of buckling is greater, since immature diatom 
frustules are thinner and less rigid than their fully formed counterparts. 

Further examination of Figures 5 and 6 suggests the correlation 
between morphology (pore size and frustule thickness) with deformation 
modes is indeed significant to the strength of diatom frustules. This 
relation could serve as a starting point for a design methodology of 
diatom-inspired structures based on careful selection of morphology 
parameters. A quadratic fit was applied in Figure 6 to describe the 
relation between stiffness and pore size as closely as possible. The results 
could also set the ground for studies on the role of morphology during 
diatom morphogenesis and the onset of instability phenomena. Further 
studies on this respect could focus on the effects of different pore shapes 
and sizes and how these changes in volume distribution account for 
changes in mechanical behaviour. 

Frustule thickness and pore size were chosen as variables in the 
morphology section of this study for two reasons: (1) they allow 
researchers to easily categorize diatoms of different species based on 
geometric criteria and (2) when attempting to design diatom-inspired 
microdevices for optimal mechanical performance, parametrization of the 
morphology will be essential. In this sense, pore size and frustule 
thickness are natural candidates for the main parameters defining 
diatom morphology. Future studies in this respect will be based on 
adaptive methods to select the best combination of these variables to 
achieve the desired results. 

This study has focused on mainly natural deformation modes instead 
of bifurcation and buckling modes. While this may also be a relevant 
phenomenon, the difficulty in establishing the proper boundary 
conditions and loading cases for the frustule limits its possible inclusion 
in this study. A more detailed, fully three-dimensional frustule model 
would be needed.  
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Additionally, the presence of cracks or other initial imperfections in 
the frustule was not considered in this study. It is expected these 
elements would reduce the critical buckling load for a given frustule. If 
cracks were localized and sufficiently large, they would also determine 
the specific buckling mode that would occur. 

The results presented in this work depend significantly on the choices 
made during the creation of the diatom CAD model. Even though the 
dimensions and shape were carefully chosen to reproduce the average 
diatom frustule, there is significant room for variation even within a 
single diatom species. One of the most significant elements to take into 
account in this case is the curvature of the dome-shaped valve. The dome 
shape was approximated as the revolution of an ellipse segment whose 
axes were the average diameter and height of the Coscinodiscus sp. 
valves. Different curvatures could be used instead of this, or the frustule 
could be considered flat-top [25]. However, it is unlikely such changes 
would significantly alter the deformation modes of the structure, which 
closely resemble the Bessel function solution to the vibrations of a 
circular membrane [27, 36]. More significant insights would be obtained 
by analyzing pennate shapes instead, since the circular symmetry would 
be lost. In this case, it is reasonable to expect global bending patterns 
reminiscent of Euler’s buckling shapes [37], since the elongated geometry 
would be similar to a thin-walled column. 

Another potential area of study is the hierarchical arrangement of 
layers observed in some species of diatoms. In the case of Coscinodiscus 
sp., previous studies [11] have shown the presence of toroidal ridges 
between the bottom and mid layers. These ridges resemble I-beam 
structures in cross-section and could potentially have a stiffening role in 
the mechanics of diatom frustules. To determine the role of these 
features, a fully 3D FEM model (brick elements instead of shell elements) 
would be needed. Similarly, future studies could focus on local effects by 
modelling the mechanics of the basic arrangement of pores that repeats 
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periodically over the frustule. This basic component could be modelled as 
a hexagonal array of pores or other representative geometry to determine 
stress distributions over the pores and the contributions of each layer to 
overall mechanical properties.  

5. Conclusions 

In summary, methodic studies of the mechanics of centric frustules 
revealed some correlations between their deformation patterns and 
diatom morphology. Specifically, FEM modal analysis indicates that 
deformation modes correlate well with SEM deformation patterns. The 
implications of these findings reported in this study are potentially far-
reaching. These include the ability to design optimum morphologies 
(using maximum and minimum values) of new diatom-inspired 
structures, investigate the effect of hierarchical layers considering 
buckling conditions, and map strategies for the fabrication of 
nanostructures and nanodevices.  

Future experiments and simulation studies will need to include 
complete diatom frustule morphology (full valve and hierarchical 
structure) as well as other diatom species to more completely identify 
most appropriate design criteria for nanotechnology applications. 

Centric diatoms vary in at least three basic parameters: diameter of 
the valve, thickness of the valve, and diameter of the pores. Due to the 
critical buckling load, future studies could involve predictions that 
centric frustules evolve so that these three parameters cannot have 
arbitrary values, but rather are set so that typical forces in the 
environment (turbulence, predation, etc.) do not exceed the critical 
buckling load. If individual diatoms were plotted in this three-
dimensional space, there should therefore be regions of this 
“morphospace” without any representative diatoms. In an analogous tally 
of snail shells, regions with and without representative species were set 
apart [38].  
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If forming diatom frustules buckle first and then thicken, and if the 
buckled shapes prove mechanically stronger than their unbuckled 
counterparts, then a basis for a new form of nanoconstruction of strong 
materials may arise. Perhaps this approach is even scalable to buildings 
and other large human-made structures. In this sense, the findings in 
this paper constitute a first step towards fabrication techniques based on 
the creation of the “hills and valleys” deformation patterns observed in 
Subsection 3.1 by means of dynamic micromanipulation of diatom-
inspired structures. This basic idea could potentially be extended to other 
geometries by pursuing a parametric study of the relation between 
morphology and mechanical properties at the microscale. Such a 
generalization would represent a major step forward in the development 
of new materials with tailored properties.  

Given the eigenvectors resulting from the modal analysis, the 
authors predict that in air a diatom frustule would exhibit mechanical 
resonance frequencies in the range of 7-10KHz. Those same frustules 
have light focusing properties [39]. Therefore, it may be possible to 
combine both properties to make novel optomechanical devices.  

The findings presented in this study contribute toward 
understanding porous bio-structures such as diatoms and developing 
advanced materials for a wide range of applications by tailoring their 
morphologies and structures. Further progress in materials innovation, 
experimental, and simulation methods as well as additive manufacturing 
will greatly aid current efforts to fully characterize the effect of 
microstructures on associated properties, and to design for performance 
along multiple length scales. Recent development of high-resolution 
computerized tomography [40] indicates that studies such as the 
presented work here are needed for the faster fabrication of 3D complex 
materials with sub-micron resolution. Additionally, further 
investigations regarding the mechanical properties of diatoms under 
varied environmental conditions may be inspired. 
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Finally, the key advances of this work are: 

● An experiment-based simulation approach has been introduced to 
model the mechanics of diatom frustules. This approach is simple and 
easy to use and at the same time is accurate enough to reproduce the 
global deformation patterns observed in centric frustules via SEM. 

● There is a clear correspondence between the deformation patterns 
commonly observed in centric diatom frustules and the deformation 
modes of thin, porous dome with dimensions and material properties 
corresponding to diatom frustules. This suggests the observed 
deformation patterns may be the result of mechanical interactions during 
morphogenesis. 

● The study of diatoms using thin shell mechanics opens the door to 
new possibilities in the study of diatom-inspired devices based on the 
unique mechanical properties of diatom frustules and taking advantage 
of their specific response to mechanical manipulation for design and 
fabrication purposes. 
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