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ABSTRACT 

Structural versatility and multifunctionality of biological materials have resulted in countless bioinspired strategies 

seeking to emulate the properties of nature. The nanostructured eggcase of swell sharks is one of the toughest 

permeable membranes known and thus, presents itself as a model system for materials where the conflicting 

properties — strength and porosity — are desirable. The eggcase possesses an intricately ordered structure that is 

designed to protect delicate embryos from the external environment while enabling respiratory and metabolic 

exchange, achieving a tactical balance between conflicting properties. Herein, structural analyses revealed an 

enabling nanolattice architecture that constitutes a Bouligand-like nanoribbon hierarchical assembly. Three distinct 

hierarchical architectural adaptations enhance eggcase survival: Bouligand-like organization for in-plane isotropic 

reinforcement, non-cylindrical nanoribbons maximize interfacial stress distribution, and highly ordered nanolattices 

enable permeability and lattice-governed toughening mechanisms. These discoveries provide fundamental insights 

for the improvement of multifunctional membranes, fiber-reinforced soft composites, and mechanical metamaterials.  
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TEXT 

Nature has no equal in its ability to achieve multiple high-performance capabilities within the same material. 

Eggshells and eggcases are eloquent examples of multifunctional, protective structural materials.1–3 Unlike the 

brittle eggshells of avian eggs, egg-laying elasmobranchs, such as sharks and skates, have evolved to produce 

leathery eggcases that allow the delicate embryos to survive in unrelentingly turbulent subtidal environments. The 

collagenous nature of elasmobranch eggcases has been well established by X-ray scattering and amino acid 

analyses.4,5 Like tendon collagen, the ultrastructure of elasmobranch eggcases reveals an intricately ordered 

hierarchical structure spanning multiple length scales. However, the similarity to tendon collagen diverges at the 

nanoscale, where an exquisite permeable tetragonal network — resembling mechanical metamaterials — 

distinguishes the collagenous eggcase assembly.4 Understanding the structural adaptations in these eggcases would 

provide insights into toughening strategies that would be of broad utility to the development of multifunctional soft 

composites,6 ultrafiltration membranes,7,8 and mechanical metamaterials.9 

 

It is widely recognized that biochemical and ultrastructural adaptations play a crucial role in providing excellent 

energy absorbing properties and selective permeability mandatory for the survival of vulnerable embryos. Here, we 

describe how elaborate structural adaptations relate to mechanical properties in the eggcase of the swell shark, 

Cephaloscyllium ventriosum, an egg-laying (oviparous) elasmobranch endemic to the coast of central California.  

 

Key to the ability of the swell shark eggcase to serve as a selective filtration membrane for gaseous and metabolic 

waste exchange is its inherent porosity. In practice, due to the loss of mass, porosities frequently lead to lower 

modulus and toughness – a trade-off that needs to be tactically balanced for permeable protective structures. 

Through a combination of microscopy and in-situ small angle X-ray scattering (SAXS) during tensile deformation,10 

we have identified structural adaptations and deformation mechanisms that are responsible for toughening the 

porous eggcase. 
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Figure 1. Hierarchical structure of the walls of the eggcase integrates both permeability and toughness. (a) 

Multifunctionality of eggcases ensures the survival of developing embryos. Inset illustrates the characteristic 

architectures of the eggcase with approximated dimensions. (b) Birefringence of the eggcase cross-section observed 

under polarized optical microscopy. The dashed box indicates the collagenous region of interest which constitutes 

the bulk of the eggcase and is seen under higher magnification with electron microscopy in panels (c) – (e). (c) 

Scanning electron microscopy (SEM) image of cryo-sectioned eggcase showing lamellae of unidirectional fibers 

with a ~30˚ – 60˚ rotation per layer. Direction of the fibers are highlighted. (d) SEM image of freeze-fractured 

eggcase emphasizing the non-cylindrical aspect of the fibers (nanoribbons). Nanoribbons are outlined to accentuate 

the non-symmetric and acylindrical aspect with chevrons pointing to the edge of the nanoribbons. (e) High 

magnification TEM image of the eggcase showing structured tetragonal pores within nanoribbons. Insets represent 

the approximate field of view. 

 

Our structural analyses of eggcase using electron microscopy and SAXS revealed a hierarchically ordered 

structure from the micro- down to nanometer length scales (Fig. 1). At the microscale, the eggcase has a multi-ply 

lamellar organization with lamellae that are composed of single rows of unidirectional non-cylindrical fibers 

(nanoribbons). These nanoribbons have ~30˚ – 60˚ interlamellar rotation which gives rise to a Bouligand-like 

mesophase, providing the eggcase with in-plane isotropic mechanical reinforcement and crack bridging.11,12 Strictly 

speaking, a Bouligand architecture has angular intervals with no discontinuities; therefore a ‘Bouligand-like’ 

description is more appropriate for the eggcase.11,13 These nanoribbons have a height of ~3 – 10 µm, and estimates 
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based on the measurable edges of Figs. 1d and S2 suggest a nanoribbon thickness between ~0.15 – 0.3 µm. Because 

of the angle of view and the poorly defined edge boundaries, we would expect the actual thickness to vary from our 

estimates. Nonetheless, the approximated measurements would serve as a reference to the asymmetric aspect ratio of 

the nanoribbons. To avoid overstating our results, we assumed a nanoribbon thickness of 0.5 µm and compared it 

against cylindrical fibrils. In this case, the nanoribbon geometry provides an advantageous surface area to volume 

ratio that is 2.65 times larger than cylinders of equivalent volume (supplementary text). Ostensibly, the nanoribbons 

have been adapted to maximize stress distribution and energy transfer across the composite components.14 At higher 

magnifications, ultrathin sections of the eggcase viewed under transmission electron microscopy (TEM) exhibited a 

highly ordered, pseudo-crystalline, tetragonal network that forms the nanoribbons.  

 

 

Figure 2. Synchrotron SAXS of the walls of the eggcase. (a) Experimental set up for in-situ SAXS during tensile 

deformation and the corresponding 2D SAXS of an unstrained sample. (b) Radial integration of 2D SAXS pattern of 

a representative sample with incident X-ray beam perpendicular to the xy-plane of the eggcase. Inset illustrates the 

superlattice morphology. (c) Illustration of nanolattice within a nanoribbon and the corresponding through-plane 

SAXS pattern. (d) Azimuthal integration of 2q* of a representative sample.  
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Through-plane SAXS reflections are consistent with a layered structure where q/q* = 1, 2, 3… with q* being the 

primary peak arising from the 39 nm spacings – corresponding with TEM observations (Figs. 2a, 2b). The 

exceptional order of the nanolattices was apparent in SAXS with reflections persistent up to the 12 th order. The 

absence of SAXS peaks corresponding to the struts in the through-plane diffraction could be due to swelling of the 

struts or material around the struts influencing the electron density contrast, an increase in flexibility and mobility 

due to being in a hydrated state, and overshadowing by the q* peaks of significantly higher intensity. However, 

weak diffraction patterns arising from the diagonal planes are observed when the samples were rotated 90˚ (on-edge) 

with respect to the incident beam. The presence of these peaks supports the proposed body-centered tetragonal 

(BCT) symmetry that has been characterized in the dogfish eggcase (Fig. S3).15 Intriguingly, the 2q* diffraction 

peak had a diffraction intensity greater than q* and the FFT of TEM images reflects a similar trend. To further 

investigate the origin of this, the q* and 2q* FFT peaks were masked and the corresponding inverse FFT overlayed 

on the TEM image (Fig. S4). The composite image emphasizes the remarkable regularity of the …ABCBAB… 

stacking. The nanolattice architecture bears a close resemblance to the proposed superlattice structure of charged 

block copolymers16 and of oxygen-deficient perovskite derivatives,17 wherein stacking of continuous and perforated 

layers alternates. To the best of our knowledge, a non-mineralized superlattice natural material has never been 

categorically identified and would serve as a pivotal model system for non-stochastic porous structures. Immediately 

obvious from the diffraction pattern is the absence of discretized nanoribbon orientation, unlike collagen fibers 

within the Arapaima gigas scales11 or in uniaxially aligned collagen fibers in tendon.18 Azimuthal integration of the 

2q* diffraction peak indicated a continuous angular distribution of nanoribbons with a preferred orientation of ±15˚ 

with respect to the long axis (y-axis) of the eggcase (Figs. 2c, 2d).  

 

To further investigate the mechanical characteristics and the role of the unique nanoarchitecture of the eggcase, 

we leveraged in-situ SAXS during tensile deformation. The walls of the eggcases were punched into dogbone-

shaped samples, and the macroscopic strain along the gauge was measured by optical markers and tracked using a 

camera as the samples were elongated. Simultaneously, the evolution of texture was measured by X-ray scattering 

(Movie S1). Tensile characterization of the swell shark eggcases has revealed three distinct deformation regimes 

with transitions distinguished by a decrease in the stress-strain slope (modulus) of each regime. Analyses of the 

stress-strain curves of six eggcase samples indicated an initial modulus, measured by the slope of the 1st deformation 
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regime, of 107.9 ± 8.3 MPa and a strain to failure of 0.66 ± 0.04 (Fig. 3a); despite its porous nature and ~68% (w/w) 

water content. Comparatively, porous membranes made of polyvinylidene fluoride (PVDF) and polyether sulfone 

(PES) have lower elastic moduli of 10.5 and 8.7 MPa.19  

 

The area under the stress-strain curves represents the maximum amount of strain energy per unit volume (work to 

failure, Wf) absorbed by the eggcases prior to failure. Subsequent integration of the area under the stress-strain 

curves obtained by our tensile characterization of the eggcase revealed an impressive Wf of 10.7 ± 1.0 MJ/m3, 

approximately twice that of tendon which has a similar water content of ~62%.20–22 With a measured density of 1.06 

g/cm3, the density-normalized Wf of 10 MJ/kg is 4 times greater than steel.20 In comparison with recent innovations 

in strong and tough soft composites, the eggcase has an ultimate tensile strength, defined as the maximum stress 

prior to failure, of 25.4 ± 1.4 MPa exceeding that of fiber-reinforced soft composites (Fig. S5).6 The exceptional 

mechanical properties of the eggcase along with its non-stochastic porosity would serve as a model system for future 

development of structurally robust thin membranes with high selectivity. Therefore, it will be beneficial to develop 

an understanding of the toughening and deformation process within the eggcase. 

 

The non-monotonic stress-strain curve and distinct regimes with stepwise degradation of modulus of the eggcase, 

suggests a progressive failure of subcomponents within the architecture with well-defined fracture stress or yield 

points. By observing the diffraction patterns arising from the nanolattice during in-situ tensile deformation and 

corroboration by microscopy, we were able to determine the mechanisms involved in toughening of the eggcase. 

Analyses of the X-ray diffraction patterns indicate a cumulative engagement of fibers in the deformation of the 

eggcase (Fig. 3a). To glean additional insights into the strain distribution within the eggcase, and since q* arises 

from the 39 nm spacing observed in the nanolattice (Fig. 2b), the intensity of line profiles along 0˚, 45˚, and 90˚ 

were integrated across the 2D SAXS of a representative sample at each strain interval. The corresponding d-

spacings of the strained samples were then approximated by the peak position of a Voigt-fitted q*. Because the 

nanolattices are aligned within nanoribbons (Fig 2c), the nanoribbon strain could thus be approximated by the 

change in d-spacing over the original d-spacing or rewritten as (q0*/q*) – 1,  where q0* is q* of the unstrained state. 

The nanoribbon strains were then plotted against sample strain to elucidate the general response of the nanoribbons 

at different angles (Fig. 3b).   
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Figure 3. Elucidation of deformation mechanisms using in-situ SAXS during tensile deformation and TEM. (a) 

Stress-strain curve of swell shark eggcase with three distinct deformation regimes (DR) and corresponding SAXS 

patterns at ɛ = 0%, 5.8%, 31%, and 50%. Inset illustrates the stress axis with respect to the eggcase and nanoribbon 

orientations. Data is the mean ± s.d. (shaded region) of six experiments. (b) Nanoribbon strain along 0˚, 45˚ and 90˚ 

of a representative sample plotted against sample strain. TEM of eggcase strained to 25% strain showing (c) shear 
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bands and rotation of nanolattices and (d) nucleation of crack encircled by dashed line as well as fracturing of struts 

indicated by chevrons. Stress axes indicated by arrows.  

 

The 1st deformation regime involved elongation of the nanoribbons parallel to the stress axis while the 2nd regime 

then engaged the off-axis fibers in the deformation process. As the nanoribbons deformed in the 1st and 2nd regimes, 

a gradual decrease in scattering intensity and order of nanoribbons parallel to the stress axis occurred. Accordingly, 

the onset of the 2nd deformation regime and the consequent decrease in modulus coincided with the observations of 

significant reorientation and uniform shear banding in samples that were chemically fixed while strained to the 2nd 

regime (Fig. 3c). In this case, both elastic and non-elastic structural deformations were arrested by chemical 

fixatives that extensively crosslinked the eggcase at the molecular level. TEM micrographs of the onset of shear 

bands suggest that failure primarily happened along the planes of lowest density – along the struts and gap region. In 

all cases, the long axes of the shear bands were oriented along the macroscopic tensile axis. Consideration of the 

formation of shear bands within a simplified anisotropic model23 agrees with the observed directions of the shear 

bands and supports the eventual formation of the diamond-shaped damage zones (Fig. S6) seen in the egg case 

(supplementary text). Such features resemble the toughening mechanism seen in metallic glass composites that 

facilitates uniform nucleation and distribution of shear bands. This prevents the formation of critical strain 

localization, leading to an overall increase in ductility.24 Additionally, lattice reorientation of up to 65˚ was also 

observed with weak planes preferentially reoriented parallel to the stress axis, facilitating shear deformation along 

susceptible planes. Reorientations were independent of nanoribbon orientation as seen by isolated islands of 

reoriented nanolattices while the reorientation preference is indicative of a deformation mechanism that is governed 

by lattice asymmetry (Fig. S6). Consequent of the geometric softening mechanisms, higher strains could be 

accommodated by the nanoribbons thereby toughening the eggcase.  

 

In the 3rd regime, nanoribbons perpendicular to the stress axis shortened due to Poisson’s effect arising from strain 

perpendicular to the nanoribbon axis. Simultaneous compressive forces from Poisson’s contraction of adjacent 

lamellae could additionally contribute to the effective shortening of the nanoribbons.11 At the same time, an increase 

in diffraction intensity parallel to the stress axis was observed implying an increase in nanolattice alignment. The 

increase in scattering intensity at q* was significantly more than at 2q*, suggesting a disruption of the hierarchical 

superlattice and is supported by the increasingly disordered structure seen by TEM (Figs. S7, S8). Conversely, the 
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intensity ratio of the off-axis nanolattices remains consistent with the initial observation where 2q* is greater than 

q*, pointing to the conservation of the superlattice symmetry along the off-axis orientation (Fig. S7).  

 

Examining the strain of nanoribbons parallel to the stress axis indicates a deformation rate that was similar to the 

macroscopic strain throughout all three regimes and to a nanoribbon strain of 76 ± 6.6%. The discrepancy between 

nanoribbon and macroscopic strain was presumed to be due to variation of strain across the sample caused by non-

homogenous thickness. The comparable deformation implies that the strain in the nanoribbons parallel to the stress 

axis was continuous across the eggcase unlike collagenous tendons18,25 and fish scales.11 The ability of the 

nanoribbons to sustain high strains prior to failure, exceeding collagen fibril strain by ~1800%,18,25 can be attributed 

to the tetragonal architecture within the nanoribbon. Besides lattice-governed shear banding and reorientation, the 

presence of porosities minimize constraints by the surrounding materials during deformation while acting as stress 

concentrators that provide nucleation sites for crack propagation (Fig. 3d).26 The struts act as effective crack bridges 

and given the nanoscale architecture of the lattice, exploitation of size-dependent material strengthening effects at 

the nanometer length-scale would, in principle, improve flaw insensitivity as well.9,27–29 

 

Figure 4. Deformation mechanisms seen in the nanolattice architecture from in-situ SAXS during tensile 

deformation and TEM. (a) Distortion of nanolattice architecture, (b) fracturing of struts, (c) rotation, and (d) 

nucleation of shear bands along weak planes with σA being the applied stress. 
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In conclusion, swell shark eggcases showcase extensive structural adaptions and unique deformation processes in 

a highly intricate hierarchical architecture. In our work, we have identified a Bouligand-like architecture that 

provides in-plane quasi-isotropic mechanical reinforcement, acylindrical nanoribbons optimized for effective stress 

distribution, and an exceptionally ordered nanolattice architecture that gives rise to lattice-governed toughening 

mechanisms while permitting selective permeability. The most notable discoveries are a cumulative deformation 

mechanism that involves a stepwise engagement of nanoribbons of different orientations, and lattice-governed 

toughening mechanisms that facilitates plasticity (Fig. 4). The asymmetry and reorientation of the nanolattice make 

possible the uniform formation of multiple non-critical shear bands, as seen in the toughening of metallic glass 

composites.24 Disruption of the superlattice symmetry only at high strains suggests a critical yield-point of a 

substructure within the lattice. Although impossible to resolve the exact substructure at this time, the stepwise 

deformation of the nanolattice serves as an effective toughening mechanism by giving rise to hidden lengths when 

disrupted, a common strategy in biological materials30 and novel synthetic elastomers.31 Despite a decrease in 

stiffness at higher strains due to geometric softening effects, the combination of cumulative nanoribbon engagement 

and lattice-governed toughening mechanisms gives rise to strain hardening and a high strain to failure. Given the 

impressive toughness despite porosity and high water content, the swell shark eggcase merits further scrutiny and 

offers timely inspiration for improved multifunctional membranes and mechanical metamaterials. These discoveries 

will also serve as the cornerstone and inspiration for future work on nanolattice protein self-assembly.  
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