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            Abstract
Since its discovery1,2, the deep-sea glass sponge Euplectella aspergillum has attracted interest in its mechanical properties and beauty. Its skeletal system is composed of amorphous hydrated silica and is arranged in a highly regular and hierarchical cylindrical lattice that begets exceptional flexibility and resilience to damage3,4,5,6. Structural analyses dominate the literature, but hydrodynamic fields that surround and penetrate the sponge have remained largely unexplored. Here we address an unanswered question: whether, besides improving its mechanical properties, the skeletal motifs of E. aspergillum underlie the optimization of the flow physics within and beyond its body cavity. We use extreme flow simulations based on the â€˜lattice Boltzmannâ€™ method7, featuring over fifty billion grid points and spanning four spatial decades. These in silico experiments reproduce the hydrodynamic conditions on the deep-sea floor where E. aspergillum lives8,9,10. Our results indicate that the skeletal motifs reduce the overall hydrodynamic stress and support coherent internal recirculation patterns at low flow velocity. These patterns are arguably beneficial to the organism for selective filter feeding and sexual reproduction11,12. The present study reveals mechanisms of extraordinary adaptation to live in the abyss, paving the way towards further studies of this type at the intersection between fluid mechanics, organism biology and functional ecology.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Skeletal motifs of E. aspergillum and associated flow physics.[image: ]


Fig. 2: Effect of manipulations of the morphology of E. aspergillum on the flow downstream.[image: ]


Fig. 3: Effect of manipulations of the morphology of E. aspergillum on helicity, enstrophy and drag coefficient.[image: ]


Fig. 4: Role of the ridges in flow speed, vorticity, Q-structures and residence time within the body cavity.[image: ]
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                Data availability

              
              STL files for all ofÂ the models, raw data for the plots, and scripts to reproduce the figures are available on GitHub at https://github.com/giacomofalcucci/Euplectella_HPC. Additional data that support the findings of this study are available from the corresponding author on request.
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Extended data figures and tables

Extended Data Fig. 1 Detail of the grid resolution.
The grid resolution within the small fenestrae of E. aspergillum models is 5.33 lattice spacings.


Extended Data Fig. 2 Details of the flow field.
a, Tilted view of main text Fig. 1c, detailing the flow field downstream and within the body cavity of the complete model of E. aspergillum at ReÂ =Â 2,000. Colour intensity indicates the helicity magnitude, and the streak lines are coloured according to the velocity magnitude. b, Stereo view of a.


Extended Data Fig. 3 Details of the vorticity field.
a, Visualization of the vorticity magnitude, complementing Extended Data Fig. 2a, such that colour intensity indicates the helicity magnitude, and the streak lines are coloured in green, based on the vorticity magnitude. b, Stereo view of a.


Extended Data Fig. 4 Morphological manipulations of the E. aspergillum model.
aâ€“i, Details of the nine variations of the hollow cylindrical lattice with helical ridges (P2), obtained by including random defects simulating wounds and scars. The nine morphological manipulations are identified as Mark01, Mark02, â€¦, Mark09.


Extended Data Fig. 5 Details of the vorticity magnitude fields.
aâ€“e, Comparison between the vorticity magnitudes (colour scale) for the plain cylinder (S1, left panels) and for the hollow cylindrical lattice with helical ridges (P2, right panels) at statistical steady states, for all Re simulated in the present work. Panels aâ€“e show data for Re = 100, 500, 1,000, 1,500 and 2,000, respectively.


Extended Data Fig. 6 Details of the drag coefficient.
Zoomed-out view of main text Fig. 3c, with error bars identifying the range of predicted values of the drag coefficient CD due to random morphological manipulations. These variations lead to a modest decrease, from 2.5% to 3.5% in the drag coefficient with respect to the pristine model.


Extended Data Fig. 7 Views of the skeletal system of E. aspergillum.
The model is reconstructed according to ref. 3: left, side view; right, AA and BB cross-sections from the left panel, detailing the osculum and the body cavity, respectively.


Extended Data Fig. 8 Details of the E. aspergillum complete model.
a, Front (centre panel) and side (leftmost and rightmost) views of the complete model of E. aspergillum; b, stereo views of the complete model of E. aspergillum realized with the Anaglyph algorithm.


Extended Data Fig. 9 Lift coefficient CL.
Left, time trace at statistical steady state of the lift coefficient CL for the different models (see key at right) of E. aspergillum at ReÂ =Â 2,000. The range of the oscillations in the porous models is two orders of magnitude less than that of the plain cylinder S1. Right, magnified view of boxed region.


Extended Data Table 1 Accuracy assessmentFull size table


Extended Data Table 2 Main physical parameters at ReÂ =Â 2,000Full size table


Extended Data Table 3 Details of resource allocationFull size table





Supplementary information
Supplementary Data
This zipped file contains the STL geometry of the complete E. aspergullum, as well as the STL files to realize models S2, P1 and P2. The simple cylinder model S1 is not provided.


Video 1 Comparison of the Vorticity Field generated by S1 and P2 models.
The Video shows the vorticity field generated by S1 (left) and P2 (right) models for Re=100, 500, 1,000, 1,500 and 2,000. The video highlights the formation of a nearly quiescent region downstream the porous model, as well as the vortical patterns within the body cavity.


Video 2 Comparison of the Vorticity Field for all models at Re=2,000
The video shows the vorticity field generated by S1 (top left), P1 (top right), S2 (bottom left) and P2 (bottom right) at Re=2,000. The two porous models are characterised by a nearly quiescent region extending several diameters downstream the structure.


Video 3 Detail pf the vorticity field generated by S1 and P2 at Re=2,000.
The video highlights the vorticity field downstream S1 (top) and P2 (bottom) models, as well as within the body cavity of P2.
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