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Due to its remarkable structural properties as well as its tantalising beauty, silica depth14

sponge Euplectella aspergillum has attracted the interest of scientists all over the world since15

its discovery [1, 2]. Its skeletal system, in fact, is composed of amorphous hydrated silica and16

it is arranged in a highly regular and hierarchical cylindrical lattice, endowing the whole17

structure with an amazing flexibility and resilience to damage, [3–7]. In contrast with the18

major interest in the mechanical properties of the skeletal structure of these hexatinellida,19

the study of the hydrodynamic fields which surround and penetrate the glassy sponge has re-20
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mained largely unexplored to date, leaving an open question as to the impact of fluid dynamic21

patterns on Euplectella’s environmental physiology. A particularly outstanding question in22

this respect is whether, besides boosting its tribological characteristics, the structural motifs23

of Euplectella may also respond to an optimisation design in terms of minimising the hydro-24

dynamic stress experienced by the structure. This is precisely the question addressed in the25

present work. To this purpose, we resort to extreme fluid dynamic simulations based on the26

Lattice Boltzmann Method [8], featuring of the order of one hundred billion grid points and27

spanning four spatial decades, from the micro-scale details of the skeleton, all the way up to28

the full structure of Euplectella. Such in-silico experiments reproduce the actual living condi-29

tions of Euplectella [9–11], and prove that the sponge structural elements, not only reduce the30

overall hydrodynamic stress experienced by the skeletal structure, but also support coherent31

internal recirculation patterns, arguably feeding the sponge and its host organisms.32

The present results open the path towards a new class of numerical investigations at the33

intersection between fluid mechanics, computational biology and environmental physiology.34

The progress in computational science has disclosed unique insights across virtually all fields35

of science, including the emerging frontier between physics and biology, [12]. The approach to36

Exa-scale class computational facilities, [14] will enable a further deepening in biological insights37

and predictions, allowing to explore questions beyond the reach of experimental investigations. As38

an example, the study of the deep connection between structure and function lies at the core of39

modern biology, from cell cycles and metabolic analysis, all the way up to entire organs or the40

overall body of living creatures [13]: the availability of unprecedented computational power is41
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enabling the study of realistically complex biological models, isolating the influence of different42

stimuli to the physiology of living organisms. The main of focus of the present work is the study of43

the fluid dynamic performance of deep-sea sponges in their actual living conditions, reproduced via44

in-silico experiments conducted on one among the top-ten most powerful computational facilities45

in the world, “Marconi100” [15]. More specifically, leveraging the flexibility and resolution pro-46

vided by extreme numerical simulations, we have analysed different fluid regimes corresponding47

to the actual living conditions of deep-sea glassy sponges and we have disentangled the morpho-48

logical characteristics of Euplectella aspergillum in order to pin down the specific fluid dynamic49

role of each of its skeletal features.50

Deep-sea glass sponge Euplectella aspergillum belongs to the phylum Porifera and to the51

class of Hexactinellida: it dwells the bottom of the oceans, especially in the Pacific and around52

Antarctica, at depths of 100− 1000 m, where it can make for up to 90% of the whole biomass.53

Besides their enthralling beauty, these sponges, also known as Venus’ flower baskets, are charac-54

terised by amazing structural properties, that have sparked the attention of researchers since their55

discovery [1, 16, 17]. More specifically, the hierarchical arrangement of their skeletal structure has56

proven to both retard crack propagation and increase buckling strength [6, 18], approaching the57

optimal material distribution, as recently highlighted in [7].58

However, despite the vast scientific literature focused on the tribological properties of Euplectella’s59

skeletal structure, to the best of our knowledge, the study of the actual surrounding and internal60

hydrodynamics under in-vivo conditions has never been charted out, to date.61
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Figure 1: Euplectella aspergillum. a: Silica skeleton of the deep-sea sponge Euplectella as-

pergillum, original drawing from [2]; b: Euplectella aspergillum, reconstructed according to [3],

immersed in a hydrodynamic flow at Re = 2000. The panel highlights the contours of helicity H

and the streaklines of the flow, coloured according to the flow velocity magnitude. The presence of

vortical structures within the sponge, likely to serve feeding purposes, is apparent. The presence

of both fenestræ and external ridges on Euplectella aspergillum skeleton blow the intermittency

connected to the flow regime (Re = 2000) downstream the structure, giving rise to a remarkably

quiescent region in the proximity of the sponge.

We have conducted extreme fluid dynamic simulations in order to assess the role of the62

different skeletal features of a full glassy sponge, in its actual living conditions, reproduced through63

different values of the water velocity, hence Reynolds number, Re = uD/ν, where u is the water64

velocity, D the sponge diameter at its top section (∼ 4 cm in our case) and ν is the water kinematic65

viscosity (ν ∼ 1.75 10−6 m2/s at temperatures ranging between 1◦ and 3◦ C, [11]).66
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Starting from the known, average distribution of water velocity in proximity of the bottom of67

the ocean, which ranges between 0 and ∼ 11 cm/s in the first 30 cm over the sea bed [10], we68

have analysed the flow regimes corresponding to Re = 100, 500, 1000, 1500 and 2000. These69

simulations provide a unique insight into the potential evolutionary path behind the formation of70

the external skeleton of Euplectella aspergillum, in conjunction with its tribological properties,71

highlighting at the same time environmental flow-driven raisons d’être for the sponge shape and72

its peculiar structural motifs.73

All simulations at Re ≥ 500 show clear evidence of vortical flow patterns within the skeletal74

structure of the sponge, while downstream the hexatinellid, a region of quiescence is observed,75

with the intermittent patterns [20] materialising only several diameters downstream the sponge, in76

contrast to what happens in the presence of solid obstacles, [21].77

More specifically, we report in Fig. 1 a statistical steady state flow configuration for a full Eu-78

plectella aspergillum sponge at Re = 2000, a typical regime for the living specimen. The com-79

plexity of the flow inside and outside the hexatinellid is evicted by means of the contours of helicity80

(H = ~u · ~ω, where ~ω =
(

~∇× ~u
)

is the local flow vorticity, see Methods Section) and the streak-81

lines coloured according to the magnitude of the flow velocity: the presence of the quiescent region82

extending several diameters downstream the glassy sponge is apparent from our in-silico experi-83

ments.84

To delve deeper into such a peculiar fluid dynamic behaviour and to identify the Euplectella’s85

structural characteristics that eventually trigger it, we have leveraged the flexibility of numerical86

approaches by manipulating the hexatinellid original shape: we realized a fluid dynamic “evo-87
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lutionary” sequence of geometries morphologically related to the body of Euplectella’s skeleton88

(neglecting the anchoring section to the seabed).89

More specifically, we have studied two solid geometries, namely a plain cylinder and a cylinder90

with the same external ridge patterns that decorate Euplectella’s skeletal structure, and two open91

geometries, characterised by the presence of holes, or rather fenestræ on their surface. All these92

geometries, reported in Fig. 2(a) are subjected to periodic top and bottom boundaries.93

For each geometry, we have simulated the corresponding hydrodynamic field, and studied the94

downstream intermittency that arises at high Re numbers (Re > 100). We have monitored the95

time evolution of the fluid velocity ~u(P, t) at a probe P located a distance ∼ 2.5 D downstream96

the sponge, ∼ D/2 from the symmetry axes along the flow direction at altitude H/2 (H being the97

height of our computational domain).98

Figure 2(a) reports the time evolution of the three cartesian components of the flow velocity99

ux(t), uy(t), uz(t) at the probe location P . The figure refers to the final ∼ 4% of the time evo-100

lution, corresponding to the statistical steady state of the given fluid regime.101

Figure 2(a) shows that the two solid geometries, namely the cylinder and the cylinder with ridges,102

are characterised by intense fluctuations of all three velocity components. By contrast, even at103

Re = 2000, the reticular sponge and the Euplectella aspergillum geometries exhibit a dramatic sup-104

pression of such fluctuations. Moreover, we found that even at high Reynolds numbers (Re ≥ 500),105

the presence of the fenestræ in the open geometries provides a suppression of the z-component of106

the fluid velocity, leading to a quasi-2D flow in the wake of the sponge (see Fig. 2(a)).107

The effect of Re number on the uniformity of the flow field downstream the geometries under108
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Figure 2: Analysis of the fluid dynamic “evolutionary” path towards Euplectella aspergillum.

a-left: Sequence of geometries adopted to explore the “evolutionary” path of Euplectella. From

top to bottom, the two solid geometries, namely a plain cylinder and a cylinder with helical dec-

orations, and the two porous ones, with fenestræ: a reticular sponge and a reticular sponge with

helical decorations. The latter is highly representative of the actual skeletal structure of Euplectella

aspergillum. a-right: Time evolution of the three components of the flow velocity ~u(P, t) where P

is a probe located 2.5 diameters downstream the sponge (see main text), at Re = 2000, for the

four considered, periodic geometries. It is again apparent that the intermittent three-dimensional

fluctuations past the cylinder are nearly totally suppressed for the case of Euplectella. The panels

report the last ∼ 4% of the whole simulation time span (2 105 out of 5.2 106 time steps). b: Polar

diagrams of the x, y velocity components in cm/s, downstream the solid structure, at the probe P

location, for all explored Re regimes. The panel highlights the stabilising effects on the fluid wake,

due to the concurrent influence of the fenestræ and the ridges of Euplectella.
7



investigation is summarised in Figure 2(b), where the flow pattern exhibits a very visible broken-109

symmetry.110

The two solid geometries exhibit the lowest critical Re numbers: the presence of the fenestræ in111

the reticular sponge and in the Euplectella’s structure provide a dramatic stabilising effect on the112

flow wake downstream the structure.113

Comparison with the circular cylinder at the same Re number, highlights that the fenestræ114

in the skeleton of Euplectella play a crucial role in blowing out the intermittency downstream the115

solid structure, as represented in Fig. 1.116

To further corroborate such finding, we have analysed the helicity H and enstrophy ω2 = |~∇× ~u|2117

(see Methods Section) fields for the Euplectella, compared to those of the plain cylinder, as re-118

ported in Fig. 3.119

Panels 3 (a) and (b) show the patterns of H and ω2, confirming the presence of a quiescent120

region, downstream the sponge skeletal structure. The results are representative of the statistical121

steady state reached at Re = 2000, but the same findings are observed in all our simulations with122

Re ≥ 500. The black arrows in the helicity and enstrophy charts in panel 3(b) highlight that the123

quiescent region extends several diameters downstream the skeletal structure of the sponge.124

A quantitative assessment of the actual effect of this quiescent region downstream the sponge125

skeleton is obtained by inspecting the drag experienced by the various geometries under inspection.126
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Figure 3: Effects of Euplectella morphology on the hydrodynamic field. a: Comparison of

helicity H and enstrophy ω2 fields for the Euplectella and a plain cylinder, at Re = 2000; b:

Quantitative comparison between the respective quantities is reported along the x direction in the

centerline of the domain. The black arrows in the right panels point to the quiescent region that

materializes downstream the Euplectella’s skeletal structure, due to the presence of the fenestræ

and the external ridges; c: Drag coefficient CD for the four investigated geometries, compared

to the literature values for cylinders, [24–27]. The dramatic drop of CD in the actual sponge as

compared to the solid geometries is clearly visible. The trend in CD also highlights the detrimental

effect due to the presence of external ridges, which cause an increase of the drag experienced by

the structure, as compared to the reticular sponge, characterised by the presence of fenestræ alone.
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To this purpose, we compute the drag coefficient CD:127

CD =
2FDrag/A

ρinlet u2

inlet

(1)

in which FDrag is the total (average) drag force acting on the structure, computed at the statistical128

steady state and along the flow direction; ρinlet and uinlet are the fluid density and velocity at the129

domain inlet, respectively, and A is the area of the transverse section of the object, perpendicular130

to the fluid flow. The values of CD are reported in Fig. 3(c).131

From our analysis, it is apparent that the presence of the fenestræ in the Euplectella’s skele-132

ton is also beneficial in terms of drag reduction, while the external ridges introduce a systematic133

increase of the drag experienced by the structure (see Fig. 3(c)). Since drag reduction is clearly134

a goal for the living organism, which can remain attached to the sea bed with less demanding an-135

choring structures, the presence of the ridges introduces a new question as to whether they serve136

just structural purposes. Actually, from the analysis of fluid dynamic results, it emerges that such137

ridges appear to play a twofold role: first, as already reported in the literature, they contribute to138

the remarkable mechanical properties of the hexatinellid, [3]; second, they also promote the onset139

of swirling patterns inside the skeletal structure of the sponge, as highlighted in Figs. 1 and 4.140

These structures are allegedly acting as the main carriers of feeding functions: upon rotating, they141

manage to escape dissipation and upon spiralising, they efficiently transport food across the struc-142

ture of glassy sponge.143

To prove such a finding, we have analysed the flow field inside the glassy sponge in terms of144

the vorticity magnitude and the Q-criterion, which defines a vortex as a flow region where Q =145

1

2
(||Ω̄||2 − ||S̄||2) > 0, [19, 22, 23] (see Fig. 4 and the Methods Section for more detail).146
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Figure 4: Vorticity and Q structures. Contours of vorticity magnitude (green palette) and regions

characterised by Q > 0 (vortical structures). The Figure highlights the fluid dynamic effect of the

external ridges in triggering the vortical structures within the Euplectella’s skeleton, most likely

for feeding purposes.
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According to such a criterion, Q > 0 implies that the energy connected to local fluid rotation pre-147

vails over dissipative phenomena, so that vortical structures may arise within the flow.148

Figure 4 provides evidence that within the skeletal structure of the Euplectella Aspergillum, the149

presence of swirling structures is more apparent as compared to the reticular sponge characterised150

by the presence of fenestræ alone, without any external ridges.151

This, together with the mapping of the helicity H within the sponge (see Fig. 3), hints at a strategic152

fluid dynamic role of such ridges in triggering the spiral patterns within the skeletal structure. Such153

spiral patterns prove instrumental to feed both the hexatinellid and its host crustacean dwellers.154

Discussion155

We have found that the skeletal elements of Euplectella aspergillum, namely the fenestræ and the156

helical ridges that decorate its surface, are responsible not only for its remarkable structural prop-157

erties, but also give rise to coherent fluid dynamic phenomena that are aimed to reduce the drag158

experienced by the sponge, while ensuring a proper circulation within the hexatinellid structure,159

for feeding purposes. We leveraged the flexibility of numerical simulations in order to isolate the160

fluid dynamic role of each structural element of Euplectella aspergillum: starting from the actual161

hexatinellid shape, we have analysed a sequence of related morphologies, through an in-silico ex-162

perimental campaign using one of the world-wide leading edge computational facilities, CINECA’s163

“Marconi100”.164

For all these geometries, we have investigated different flow regimes, starting from the data of165

water viscosity and velocity distributions at the sea bed, for depths of 100− 1000 m, summarised166
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by the Reynolds numbers Re = 100, 500, 1000, 1500 and 2000.167

These simulations have revealed that the hexatienllid’s structural elements (known to provide re-168

markable structural properties) are responsible of reducing the drag experienced by the structure,169

while triggering vortical patterns for feeding purposes.170

More specifically, the presence of the fenestræ blows the intermittency rising at flow regimes char-171

acterized by Re > 100, several diameters downstream the sponge structure, thereby providing a172

reduction in the overall drag experienced by the hexatinellid; the helical ridges, while increasing173

the drag, trigger vortical motions inside the skeletal structure that are important for feeding, while174

ensuring the well-known structural resistance of the glassy-sponges.175

Our results highlight the remarkable effect of environmental conditions on the morphology of the176

dwellers of the deep ocean, opening the path to novel, inter-disciplinary investigations at the inter-177

section between computational biology, environmental physiology and fluid-structure engineering.178

Methods179

Euplectella aspergillum skeleton reconstruction. Four main sectors compose Euplectella’s skele-180

tal structure: the anchoring section, the connecting section, the main body, and the top section. We181

have realised a digital mock-up of the whole sponge geometry, as reported in Fig. 1, by accurately182

reproducing its main structural characteristics.183

Excluding the solid anchoring bulb, the remaining sections consist of a periodic structure of two184

intersecting lattices. The main lattice is composed of axial and circumferential filaments with a185

diameter of 0.5 mm, orthogonally crossing each other.186
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A second lattice consists of smaller ligaments, 0.2 mm in diameter and a helical progression around187

the axial direction. The helices are coupled, each pair at double distance from the previous one.188

The overall result is a chessboard, with a sequence of crossed and empty boxes. Both lattices en-189

velop a 40 mm diameter cylinder in the main body section, sweeping in a conical-like shape in the190

connection to the anchoring solid.191

On the composed lattice, an aperiodic geometry is placed, which represents the helical outer ridges192

in the hexatlinellid skeleton.193

These prominent ridges mainly follow the helical structure, with a nearly regular repetition also in194

the actual sponge. They go along the void boxes rows and make a semi-revolution: they turn their195

spiral direction at random and interrupt or intersect adjacent ridges.196

The ridges volume is reproduced with lattice boxes as its basis and spiral edges as the prominent197

vertex of the solid. The radial protrusion of ridges is placed 5 mm away from the lattice structure.198

Simplified models of the main body have been generated (see Fig. 2) for the hydrodynamic inves-199

tigation, namely: a) a single solid cylinder in place of the lattice structure; b) the same cylinder200

surrounded by the ridges; c) a cylindrical structure with fenestræ; d) the lattice structure surrounded201

by the ridges.202

The Lattice Boltzmann Method and Turbulence Evaluation. The Lattice Boltzmann Method203

is a numerical technique based on a minimal hydrodynamic formulation of Boltzmann’s kinetic204

Equation, [8, 28, 29].205
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The fluid fields evolve in time according to the following equation:206

fi(x+ ci, t+ 1)− fi(x, t) = ω[f eq
i (x, t)− fi(x, t)] , (2)

in which fi(x, t) represents the probability density function of finding a fluid particle at site x207

and time t, moving along the i-th lattice direction. In the present work, we employed a nineteen208

discrete speed (b = 0, ..., 18) scheme in three spatial dimensions, also known as D3Q19 lattice,209

[8]).210

The lattice time step ∆t and the mesh spacing ∆x are taken as the units of time and space,211

respectively.212

The left hand-side of Eq. (2) codes for the free-streaming of fluid molecules, whereas the213

right-hand side accounts for the collisional relaxation towards the local equilibrium f eq
i (x, t),214

which takes the form of a second-order low-Mach expansion of a local Maxwell-Boltzmann dis-215

tribution,216

f eq
i (x, t) = wi ρ(x, t)

[

1 +
ci · u(x, t)

c2s
+

(ci · u(x, t))
2

2 c4s
−

|u(x, t)|2

2 c2s

]

(3)

The relaxation towards local equilibrium is characterised by a time-scale τ = 1/ω = 1

c2
s

(ν + 1

2
), ν217

being the kinematic viscosity of the fluid.218

219

From Eq. 2, one recovers the macroscopic density of the fluid as ρ(x, t) =
∑b

i=0
fi(x, t) as220

well as its velocity u(x, t) =
∑b

i=0
ci fi(x, t)/ρ(x, t).221
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The flow helicity is defined as222

H(x, y, z) = ~u ·
(

~∇× ~u
)

= u

(

∂w

∂y
−

∂v

∂z

)

+ v

(

∂u

∂z
−

∂w

∂x

)

+ w

(

∂v

∂x
−

∂u

∂y

)

(4)

while the enstrophy is given by223

ω2(x, y, z) = | ~∇× ~u |2 =

(

∂w

∂y
−

∂v

∂z

)2

+

(

∂u

∂z
−

∂w

∂x

)2

+

(

∂v

∂x
−

∂u

∂y

)2

(5)

The (anti-symmetric) rotation and (symmetric) strain tensors entering the computation of the Q-224

criterion are defined as follows:225

Ωij =
1

2

[

∇~u− (∇~u)T
]

=
1

2

(

∂ui

∂xj

−
∂uj

∂xi

)

(6)

Sij =
1

2

[

∇~u+ (∇~u)T
]

=
1

2

(

∂ui

∂xj

+
∂uj

∂xi

)

(7)

Finally, the Q factor, is defined as:226

Q =
1

2

[

||Ω̄||2 − ||S̄||2
]

, (8)

where the symbol || · || denotes tensorial norm.227

Positive Q’s identify flow regions where rotational energy exceeds dissipation, thereby setting the228

stage for the emergence of vortical structures. High helicity, on the other hand, associates with229

the presence of three-dimensional spiralizing structures. These structures are the main carriers of230

feeding functions; upon rotating they manage to escape dissipation, and by spiralizing they manage231

to transport food across the structure of glassy sponge.232
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High-Performance-Computing. The simulations have been run on two supercomputing facilities233

at CINECA, namely “Marconi” and “Marconi100”. The former is a standard architecture based234

on CPUs, while the latter, ranking 9th in the May 2020 Top500 list [15], is based on GPU accel-235

erators. The CPU-simulation based exploited 8192 cores, while GPU based simulations have been236

carried using 64 accelerators to accomplish the “evolutionary” study (thus, in the presence of the237

periodic geometries), while 512 accelerators have been exploited to study the complete Euplectella238

skeletal structure. The simulations delivered a computational performance of the order of several239

of Petaflops (1015 floating point operations per second), in line with present-day upper-end super-240

computers.241

We handled up to 4, 000 GPU’s, thus collecting up to million cores or processing elements, to242

manage/analyze and post-process simulation results with about hundred trillions (1011) grid points,243

demanding about 50 Terabytes of data. All the simulations required about 50, 000 GPU hours and244

500, 000 CPU hours.245

We wish to emphasise that the excellent scalability of LBM on the aforementioned computational246

architecture proved absolutely instrumental to enable the full-scale simulation of Euplectella, from247

the micro geometric details, all the way up to the whole size of the sponge.248
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Figures

Figure 1

Euplectella aspergillum. a: Silica skeleton of the deep-sea sponge Euplectella aspergillum, original
drawing from [2]; b: Euplectella aspergillum, reconstructed according to [3], immersed in a hydrodynamic
�ow at Re = 2000. The panel highlights the contours of helicity H and the streaklines of the �ow, coloured
according to the �ow velocity magnitude. The presence of vortical structures within the sponge, likely to
serve feeding purposes, is apparent. The presence of both fenestræ and external ridges on Euplectella
aspergillum skeleton blow the intermittency connected to the �ow regime (Re = 2000) downstream the
structure, giving rise to a remarkably quiescent region in the proximity of the sponge.



Figure 2

Analysis of the �uid dynamic “evolutionary” path towards Euplectella aspergillum. a-left: Sequence of
geometries adopted to explore the “evolutionary” path of Euplectella. From top to bottom, the two solid
geometries, namely a plain cylinder and a cylinder with helical decorations, and the two porous ones, with
fenestræ: a reticular sponge and a reticular sponge with helical decorations. The latter is highly
representative of the actual skeletal structure of Euplectella aspergillum. a-right: Time evolution of the
three components of the �ow velocity ->u(P; t) where P is a probe located 2:5 diameters downstream the
sponge (see main text), at Re = 2000, for the four considered, periodic geometries. It is again apparent
that the intermittent three-dimensional �uctuations past the cylinder are nearly totally suppressed for the
case of Euplectella. The panels report the last ~ 4% of the whole simulation time span (2 105 out of 5:2
106 time steps). b: Polar diagrams of the x; y velocity components in cm/s, downstream the solid
structure, at the probe P location, for all explored Re regimes. The panel highlights the stabilising effects
on the �uid wake, due to the concurrent in�uence of the fenestræ and the ridges of Euplectella.



Figure 3

Effects of Euplectella morphology on the hydrodynamic �eld. a: Comparison of helicity H and enstrophy
w2 �elds for the Euplectella and a plain cylinder, at Re = 2000; b: Quantitative comparison between the
respective quantities is reported along the x direction in the centerline of the domain. The black arrows in
the right panels point to the quiescent region that materializes downstream the Euplectella’s skeletal
structure, due to the presence of the fenestræ and the external ridges; c: Drag coe�cient CD for the four
investigated geometries, compared to the literature values for cylinders, [24–27]. The dramatic drop of CD
in the actual sponge as compared to the solid geometries is clearly visible. The trend in CD also
highlights the detrimental effect due to the presence of external ridges, which cause an increase of the
drag experienced by the structure, as compared to the reticular sponge, characterised by the presence of
fenestræ alone.



Figure 4

Vorticity and Q structures. Contours of vorticity magnitude (green palette) and regions characterised by Q
> 0 (vortical structures). The Figure highlights the �uid dynamic effect of the external ridges in triggering
the vortical structures within the Euplectella’s skeleton, most likely for feeding purposes.


