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a b s t r a c t 

The mineralized skeletons of echinoderms are characterized by their complex, open-cell porous mi- 

crostructure (also known as stereom), which exhibits vast variations in pore sizes, branch morphology, 

and three-dimensional (3D) organization patterns among different species. Quantitative description and 

analysis of these cellular structures in 3D are needed in order to understand their mechanical properties 

and underlying design strategies. In this paper series, we present a framework for analyzing such struc- 

tures based on high-resolution 3D tomography data and utilize this framework to investigate the struc- 

tural designs of stereom by using the spines from the sea urchin Heterocentrotus mamillatus as a model 

system. The first paper here reports the proposed cellular network analysis framework, which consists 

of five major steps: synchrotron-based tomography and hierarchical convolutional neural network-based 

reconstruction, machine learning-based segmentation, cellular network registration, feature extraction, 

and data representation and analysis. This framework enables the characterization of the porous stereom 

structures at the individual node and branch level (~10 μm), the local cellular level (~100 μm), and the 

global network level (~1 mm). We define and quantify multiple structural descriptors at each level, such 

as node connectivity, branch length and orientation, branch profile, ring structure, etc., which allows us 

to investigate the cellular network construction of H. mamillatus spines quantitatively. The methodology 

reported here could be tailored to analyze other natural or engineering open-cell porous materials for a 

comprehensive multiscale network representation and mechanical analysis. 

Statement of Significance 

The mechanical robustness of the biomineralized porous structures in sea urchin spines has long been 

recognized. However, quantitative cellular network representation and analysis of this class of natural 

cellular solids are still limited in the literature. This constrains our capability to fully understand the 

mechanical properties and design strategies in sea urchin spines and other similar echinoderms’ porous 

skeletal structures. Combining high-resolution tomography and computer vision-based analysis, this work 

presents a multiscale 3D network analysis framework, which allows for extraction, registration, and quan- 

tification of sea urchin spines’ complex porous structure from the individual branch and node level to 

the global network level. This 3D structural analysis is relevant to a diversity of research fields, such as 

biomineralization, skeletal biology, biomimetics, material science, etc. 

Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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1. Introduction 

Cellular materials that incorporate voids in their solid matrix

are ubiquitous in nature [1] . The microstructures of natural cellular

solids are diverse, including honeycombs ( e.g. , cork and wood),

closed-cell foams ( e.g. , porcupine quill and plant parenchyma),
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nd open-cell foams ( e.g. , trabecular bone and echinoderm skele-

ons) [1] . These structures are often used for mechanics-related

unctions by organisms, for example, body support from bony

keletons and mechanical protection from echinoderm skeletons.

hese porous structures often offer high mechanical efficiency at

educed weight compared to their solid counterparts. Many clas-

ical mechanical theories for cellular solids are developed based

n natural cellular materials [1 , 2] . Compared to synthetic ones,

atural cellular materials often display rich “non-engineering”

orphology features, e.g. , smooth transitions between branches as
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Fig. 1. The cellular structure from the spines of the sea urchin Heterocentrotus 

mamillatus used in this work. ( A ) Photograph of a live H. mamillatus sea urchin 

(Image credit, Eric Noora). ( B ) Scanning electron microscopic (SEM) image of the 

biomineralized cellular structure. 

w  

s  

n  

a

 

s  

b  

a  

a  

a  

d  

[  

t  

o  

c  

h  

s  

s  

t  

t  

t  

f  

t  

s  

c  

i  

t

 

b  

s  

s  

s  

l  

t

(  

m  

3  

e  

d  

p  

T  

t  

i  

s  

t  

l  

s  

v

 

p  

s  

μ  

t  

i  

(  

s  

r  

I  

m  

p  

t  

t  

t

2

2

 

m  

i  

p  

T  

c  

d  

m  

b  

a

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ell as controlled structural randomness at both local and global

cales [2–8] . These structural features are believed to contribute to

atural cellular materials’ impressive mechanical robustness, such

s high stiffness, strength, and damage tolerance [4 , 9–12] . 

The skeletons of echinoderms, such as sea stars, sea urchins,

and dollars, and brittle stars, are among the most remarkable

iomineralized cellular structures in nature [13] . As shown in

n example from a sea urchin spine ( Fig. 1 ), these skeletons

re characterized by their complex bicontinuous porous structure,

lso known as stereom [14] . The stereom structures also often

isplay controlled gradients in porosity and structural variations

5 , 13 , 14] . Remarkably, despite their complex internal microstruc-

ure, individual stereom-based skeletons are single crystals based

n magnesium-bearing calcite ( ( C a x M g 1 −x )C O 3 ) [5 , 15] . Although

alcite is inherently weak and brittle, echinoderm skeletons exhibit

igh strength and excellent damage tolerance [12 , 16 , 17] . Previous

tudies indicated that the strength-to-weight ratio of sea urchin

pines is greater than that of brick and concrete, which is at-

ributed to the crack confining effect from the highly porous struc-

ure [7 , 15 , 18] . Such mechanical behavior contributes to the protec-

ion of echinoderms from the impact, wear, and fracture resulting

rom the hydrodynamic forces of waves (many echinoderms live in

he intertidal zone) as well as predators [19] . Additionally, some re-

earchers recently demonstrated that such mechanical robustness

an be translated into synthetic systems, further highlighting the

mportance of the structural designs of echinoderms’ cellular struc-

ures [5 , 20] . 

The echinoderms’ stereom structures were previously examined

y 2D microscopic imaging techniques [14 , 21–24] . Based on these

tudies, the stereom structures are classified into several types,

uch as rectilinear, laminar, galleried, labyrinthic, etc . [14] . Analy-

is of morphological variations in sea urchin spines’ stereom has

ater been conducted by using parameters such as pore diame-

er and branch size [6 , 25] . X-ray micro-computed tomography 
μ-CT) has been used for structural visualization of the stereom

orphology in 3D and porosity estimation [26] . Local extracted

D volumes were also utilized for computational mechanical mod-

ling [9 , 27] . More recently, Grun and Nebelsick conducted an in-

epth investigation of the stereom structure from an echinoid’s

late by using a commercial tomography data analysis code [28] .

his study analyzed structural parameters such as node configura-

ion, branch length, length ratio, tortuosity, radius, orientation, and

nter-branch angle for local regions [28] . Currently, we still lack a

ystematic methodology that allows for 3D structural quantifica-

ion of stereom structures from the individual branch and node

evel to the global network level. This further limits our under-

tanding of stereom’s mechanical designs and the capability of de-

eloping stereom-inspired cellular material systems. 

In this paper series, we present a comprehensive analysis

ipeline for acquiring, processing, and analyzing the 3D cellular

tructures of stereom in echinoderms. By using synchrotron-based

-CT data, this methodology allows for efficient feature recogni-

ions of the complex cellular structures at three length scales,

.e. , individual node and branch level (~10 μm), local cellular level

~100 μm), and global network level (~1 mm). The structural de-

criptors at each level allow for an accurate and comprehensive

epresentation and analysis of the stereom’s 3D porous structure.

n the first paper of this work series, we present the detailed

ethodology of this data analysis pipeline and demonstrate its ca-

ability with a representative volume from sea urchin spines. In

he second paper, we will analyze large-volume structural varia-

ions in sea urchin spines enabled by this methodology and inves-

igate the underlying mechanical design strategies [29] . 

. Methods 

.1. Overview of the network analysis pipeline 

For the 3D structural quantification of echinoderm’s cellular

icrostructure, we combine existing and customized 3D imag-

ng analysis algorithms into a five-step cellular network analysis

ipeline based on the high-resolution tomography data ( Fig. 2 ).

his pipeline enables the high-fidelity rendition of echinoderm’s

omplex 3D cellular microstructure with a dramatically reduced

ata volume (compression ratio, ca. 10 0 0). This pipeline is also

odular and can be further modified for network analysis of other

iological or engineering open-cell porous structures. The five-step

nalysis pipeline is briefly summarized below: 

(1) Tomography reconstruction. The porous microstructure from 

sea urchin spines is imaged with a high-resolution

synchrotron-based μ-CT and subsequently reconstructed by 

using a Fourier grid reconstruction algorithm implemented

in the open-source software TomoPy. We also developed a

hierarchical convolutional neural network (CNN)-based re- 

construction method, where the multiscale structural char-

acteristics of sea urchin spines are imposed as priors during

the reconstruction process to improve reconstruction quality.

(2) Image segmentation. The segmentation of the reconstructed

μ-CT images is achieved through a customized machine

learning method based on the training of CNN networks at

multiscale length scales or using an open-source software

ilastik. 

(3) Network registration. The binarized volumetric data after seg-

mentation is used to construct a skeletonized network struc-

ture, which is further refined through adaptive trimming and

node-merging treatments. This step allows the registration

of branches, nodes, and connectivity for sea urchin spines’

cellular structure. 
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Fig. 2. Workflow of the cellular network analysis pipeline developed in this work. 

Fig. 3. Overview of the cellular structure in sea urchin spines. ( A ) The isolated individual intact H. mamillatus spine (left) and a spine cross section cut along the longitudinal 

direction (right). The longitudinal direction (L) is defined as the axial direction of the spine. ( B ) An optical image of the transversely-cut cross section of a spine, as illustrated 

in ( A ). A cylindrical coordinate is used in this work with two additional orientations defined: C = circumferential and R = radial directions. The dark circular lines are the 

growth rings. The boxed region is shown in high magnifications with different imaging techniques, including ( C ) optical image, ( D ) SEM image, ( E ) stitched projection image 

from synchrotron X-ray measurement, and ( F ) reconstruction image. The yellow arrows and yellow lines indicate the growth rings and septa, respectively. The white arrow 

indicates in ( F ) the location where the representative volumes used in this work were extracted. 
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(4) Multiscale feature extraction and analysis. The quantitative in-

formation of the registered cellular network is established

at three length scales, i.e. , the individual branch and node

level, the local cellular level, and the global network level

by defining and analyzing a series of structural descriptors. 

(5) Data representation, visualization, and additional analysis. A

number of custom-written codes are developed to present

and visualize the results of structural descriptors, and to

convert them into data formats for additional analysis (such

as finite element modeling) and visualization. 

2.2. Tomography data acquisition and reconstruction 

Dry spine specimens from sea urchin H. mamillatus (diameter,

10–15 mm) were used as a model system. A cylindrical coordinate

system ( L = longitudinal, C = circumferential, R = radial) was used

throughout this work. A typical procedure for sample preparation

and tomography measurement is summarized below ( Fig. 3 ).

Transverse sections (thickness, ~1 mm) were cut from spines by

using a low-speed diamond saw ( Fig 3 A and B). Subsequently,

a rectangular block along the radial direction was cut from the

circular section (boxed area in Fig. 3 B). The samples were then

imaged via synchrotron-based μ-CT measurements at the beamline

2-BM at Advanced Photon Source, Argonne National Laboratory.

A monochromatic beam with an energy of 27.4 keV was used.

Each tomography scan consisted of 1500 projection images for
 180-degree rotation with a rotation speed of 0.5 °/second. The
rojection images were collected by using a PCO Edge highspeed

MOS detector (2560 × 2160 pixels). The system was equipped

ith a 10x long-working-distance objective lens, which resulted

n an isotropic voxel size of 0.65 μm. This ensures enough reso-

ution for analyzing the local branch morphology with at least 10

oxels sampled across branch cross sections. For larger samples,

e extended the field of view by collecting multiple scans with

90 μm overlaps and then stitching them using Fiji/ImageJ [30] . A

titched projection image and a corresponding longitudinal view

f the reconstruction slice are shown in Fig. 3 E and F, respectively.

orresponding optical and scanning electron microscopy (SEM)

mages in the same orientation are shown in Fig. 3 C and D.

epresentative volumes close to the spine center (indicated by the

hite arrow, Fig. 3 F) were selected in this work to develop and

emonstrate the capability of the analysis methodology. 

The tomographic reconstruction of the collected projection im-

ges is achieved through two methods: a standard Fourier grid

econstruction algorithm implemented in TomoPy [31 , 32] and a

ustom-developed hierarchical CNN method [33] . For both meth-

ds, the CT imaging process is modeled as the Radon transform R ,

here the projection measurement (also known as sinogram) g is

btained through the integral along each projection line l of the

bject function f ( r ) as 

 ( s, θ ) = R [ f ( r ) ] = 

∫ 
{ l: r ·θ = s } 

f ( r ) dr (1)
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here θ is the projection angle, s denotes the position on the de-

ector, f ( r ) represents the X-ray linear attenuation coefficients at

ifferent voxels of the object. A CT reconstruction problem is for-

ulated as retrieving the unknown function f ( r ) based on the ob-

erved sinogram g ( s, θ ). TomoPy provides an analytical reconstruc-

ion method based on the Fourier grid reconstruction algorithm

31] . The reconstruction artifacts and noises associated with this

econstruction are suppressed by removing abnormal pixels and

tripes from the sinogram g ( s, θ ) before reconstruction [34 , 35] .
o minimize the diffraction-induced blurring at the sharp inter-

aces in the porous stereom, a phase retrieval step is conducted

o sharpen the boundaries of the reconstructed objects [36–40] .

esired sharpness of edges is obtained by manually tuning the rel-

tive strength between the absorption and the phase diffraction

Fig. S1A and B). 

Instead of manually tuning parameters analytically, the hier-

rchical CNN reconstruction algorithm relies on a data-training

rocess to separate the artifacts and noises from the structure.

ue to the adaption to the targeted dataset, this method can

reatly increase reconstruction efficiency. We have noticed that the

orous spine specimens display structural features on three differ-

nt length scales including 

1. at the individual voxel level, each voxel is categorized into one

of the two phases, i.e. , solid from the branches and nodes, void

from the pores. The boundary between these two phases is

clear and smooth; 

2. at the local cellular level, the branches and nodes are formed

with similar shapes. The structure is bicontinuous, which

means each phase is interconnected without the presence of

isolated elements, i.e. , isolated solid particles or completely em-

bedded holes. Moreover, the branches within a local region

(~100 μm) are characterized by a similar thickness and length; 

3. and at the long-range network level, the arrangements of

branches and nodes are uniform and semi-periodic. 

The hierarchical CNN architecture allows us to learn the struc-

ural characteristics of stereom at these three length scales, re-

pectively. This is achieved by filtering the reconstruction images

hrough three different spatial frequency filters and training indi-

idual CNNs on each scale, respectively. These learned structural

haracteristics δi are imposed as priors during the reconstruction

rocess, which is implemented by formalizing a constraint opti-

ization problem by 

ˆ f = argmin 
x 

1 

2 
| | R f − g | | 2 2 + 

∑ 

λi ‖ δi ( f ) ‖ 

2 
(2) 

ere the first term represents the fidelity term (fitness), which

ontains the difference between the object f ( r ) and the sino-

rams g ( s, θ ). The second term is the regularization term that

escribes the structural priors. These learned structures are then

ombined to generate the full-scale μ-CT reconstruction that sup-

resses noises and artifacts. This method allows for high-fidelity

econstruction with reduced projection images and exposure time.

he reconstruction based on TomoPy with 75 projections exhibits

evere noises and artifacts in the background (Fig. S1C). In contrast,

ur reconstruction method can achieve comparable reconstruction

ased on 75 projections with that from the TomoPy method with

500 projections (Fig. S1D). In order to demonstrate the capability

f the cellular network analysis algorithm, all the results reported

n this work are based on the reconstructions by using the stan-

ard TomoPy method. 

.3. Image segmentation 

Two approaches were utilized to segment the reconstruction

ata for further cellular network analysis. The first approach was
ased on the open-source software, ilastik [41] . A customized ma-

hine learning-based segmentation method was also developed to

educe segmentation artifacts using a data-driven learning process.

n this method, we first generated the training dataset, consisting

f the reconstruction slices with manually labeled segmentation.

n image translation CNN is trained on the training dataset, which

roduces segmentation estimates for future input of reconstruction

lices. Similar to the hierarchical reconstruction algorithm, we fo-

used on the three featured length-scales of the sea urchin spines

uring the training process. This method yields comparable results

ith the segmentation results from ilastik, but with much reduced

anual work (Fig. S2). This hierarchical CNN approach proved to

e robust in reducing various noises and artifacts in our μ-CT re-

onstructions [42] . In this paper, our cellular network analysis is

ased on the segmentation results from ilastik, following the same

rgument regarding the reconstruction step. 

.4. Network construction and registration 

The segmented volumetric data was used as the input for the

ellular network analysis followed by the procedures below. 

Skeletonization: A custom-written 3D thinning algorithm based

n an iterative erosion method was developed to extract the 3D

keleton of the cellular structure from the binarized data, which

epresents individual branch as a line with one voxel thickness

43 , 44] ( Fig. 4 A-C). The skeleton of the cellular structure consists

f a network of branches interconnected with nodes. The node of

he skeleton is defined as the voxel with more than two neighbor

oxels. The position of the node is also used to register individual

ranches by specifying the starting and ending nodes. The network

fter the direct skeletonization treatment suffers from several in-

erent artifacts, including extrusions from dangling branches

 Fig. 4 E) and node clusters characterized by unrealistic short

ranches, which will be addressed in the following steps ( Fig. 4 F).

he current skeletonization method works well with sea urchin

pine’s porous structures consisting of rod-like branches; however,

or porous structures with “plate-like” morphologies as in some

rabecular bone, further improvement of the algorithm is required.

Adaptive trimming : To refine the skeletonized network, we ap-

lied an adaptive trimming process to remove extruded branches

hat are not connected to the network at one end ( Fig. 4 E). These

xtruded or dangling branches may be due to the local surface

ariation of the cellular structure. In addition, branches that are

ut off by the volume boundaries also exhibit as extruded branches

red arrows, Fig. 4 C). Extruded branches are identified by inspect-

ng the connectivity and lengths of branches within the analyzed

etwork. As the side effect of this removal step, nodes connected

y two branches, which are referred to as N-2 nodes, emerge. We

dentified each pair of branches connected by these N-2 nodes and

onnected these branch pairs by replacing these N-2 nodes with

ranch points. The connectivity of the network is updated after

ach trimming step until all the extruded branches are removed,

s shown in an example in Fig. 4 G. 

Node merging: After removing the extruded branches with the

daptive trimming, further refinement was conducted on nodes.

he node cluster that is composed of nodes connected with very

hort branches is considered as artifacts of skeletonization ( Fig. 4 F).

e first dealt with one special case of node cluster, i.e. , adjacent

odes that are directly connected without branch points between

he nodes. Connected nodes are results from the skeletonization of

he non-smooth discrete volume, where extrusions are recognized

s branches with unnecessary nodes. We replaced connected nodes

ith one single node, the coordinate of which is in the center of

he node cluster. The connectivity of the network is updated af-

er this merging procedure. For the general case of node clusters,

e removed short branches and merged the node cluster into one



208 T. Yang, Z. Wu and H. Chen et al. / Acta Biomaterialia 107 (2020) 204–217 

Fig. 4. Network construction. ( A ) A representative volume based on the segmented binary data. ( B ) 3D rendering of the cellular structure, and corresponding ( C ) cellular 

network consisted of branches (gray lines) and nodes (red dots) after initial skeletonization and ( D ) after adaptive trimming and node merging. ( E ) Schematic illustration and 

( G ) a corresponding representative example of the adaptive trimming process, which removes extruded dangling branches and associated nodes. ( F ) Schematic illustration 

and ( H ) a corresponding representative example of the node merging process, through which node clusters with distances between adjacent nodes smaller than a critical 

distance, d m , will be merged to a single node. 
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node in the center of the cluster. In our analysis, we set the thresh-

old of merging distance d m = 10 voxels ( = 6.5 μm) to be roughly

the mean branch radius (6.2 μm). As shown by a typical example

in Fig. 4 H, many node clusters are present in the original skele-

tonized network, and this merging process is critical to clean the

unnecessary nodes and short branches. 

The aforementioned steps establish the cellular network of

the original tomography data of the sea urchin spine’s porous

structure. The network information, including nodes, branches,

and their associated surface profiles, is registered in terms of

a weighted graph G = { N, B, P } , where N and B represent for

the nodes and the branches, respectively. The associated surface 

profiles, P , for individual branches are registered by using the bina-

rized volumetric data. This allows for further structural quantifica-

tion, such as branch thickness, surface curvature, and node diam-

eter. The size of this combined network representation is 0.1% of

the original tomography data, yet it carries the essential geometric

information of the original structure. 

2.5. Feature extraction and analysis 

In this step, we developed an automatic computer vision-based

pipeline to extract, classify, and analyze the structural descriptors

of the registered cellular network and surface morphology at three

length scales, namely, the individual node and branch level, the lo-

cal cellular level, and the global network level ( Fig. 5 ). 
Individual node and branch level: The network connectivity regis-

ration identifies individual branch, B ij , which is bounded with two

nd nodes, N i and N j , as shown in Fig. 5 A-i. The branch length is

alculated with two metrics, the Euclidean distance, l ij , defined as

he straight distance between the starting and ending nodes, and

he physical branch length, l o, ij , obtained by accumulating the dis-

ances in all neighboring voxels on the branch. The physical length

 o, ij records the curviness of the branch and therefore is usually

reater than the Euclidean distance l ij . We define the branch length

atio as s i j = l o, i j / l i j . The branch orientation is characterized by

wo angles, the misorientation angle, θ , and the in-plane rotation
ngle, ω. θ is defined as the angle between the branch vector and

 reference global direction ( e.g. , the L direction). For calculation of

he in-plane rotation angle ω, the branch vector is first projected

o the plane perpendicular to the defined global direction ( e.g. , the

-C plane for the L direction). ω is then defined as the angle be-

ween the projection direction and another selected in-plane ref-

rence direction ( e.g. , the R direction). The in-plane misorientation

ngle ω ranges from 0 ◦ to 360 ◦. 
The branch profile, P ij ( l ), is used to describe the cross-sectional

ize and morphology along the length of each branch ( Fig. 5 A-

). This is achieved by registering the intersecting line profiles

etween the cross-sectional planes (perpendicular to B ij at the 

ampling point) and branch surface at a given location of l . This

llows for the determining the branch profile, P ij , by using the ra-

ius of an equivalent circle with the same area of the intersecting
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Fig. 5. A multiscale representation scheme for the cellular network of sea urchin porous structures. ( A ) On the individual branch and node level (panel i and ii), each branch 

is denoted as B ij bounded by two nodes N i and N j . The branch is characterized by its length ( l o, ij ), Euclidean distance ( l ij ), orientation ( θ ij and ω ij ), thickness ( t o, ij ) and 

morphology profile P ij ( l ). θ ij is the misorientation angle of the branch from the L direction. ω ij denotes the angle between the branch projection and the R direction in the 

R-C plane. The branch morphology along a branch is captured and fitted into a quadratic function ( P ij ( l )). On the local cellular level (panel iii), the node types (represented 

by colored dots) and ring structures formed by connected branches (highlighted in red) are registered. The ring diameter is denoted as d ring . On the global network level 

(panel iv), the long-range alignment of branches, denoted as “branch chain”, can be identified. Two angles are defined: ϕ, misorientation angle of a branch in the chain from 

the L direction, β , the inter-branch angle between two adjacent branches in the chain. ( B-E ) Schematic diagrams of idealized N-3, −4, −5, and −6 nodes. γ 3, 1 , γ 3, 2 , γ 3, 3 

represent the three inter-branch angles in N-3 nodes ( γ 3, 1 < γ 3, 2 < γ 3, 3 ). Mean angle γ3 = ( γ3 , 1 + γ3 , 2 + γ3 , 3 ) / 3 . The misorientation angle ( θ ) for a N-3 node is the angle 

between the L direction and the normal direction of the node’s basal plane. By projecting this normal direction to the R-C plane, the angle ω denotes the angle between the 

projection and the R direction. γ 4, min , γ 4, max represent the minimum and maximum inter-branch angle for N-4 nodes. 
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rofile. The thickness in the middle of a branch is denoted as

ranch thickness, t o, ij . The local branch thickness profile P ij is fitted

ith a second-order polynomial 

 i j ( l ) / t o,i j = 1 + a 
(
l/ l o,i j 

)
+ b 

(
l/ l o,i j 

)2 
, (3)

here a and b are fitting parameters . 

Following the previous work on the inter-trabecular angle mea-

urement method developed by Reznikov et al. for the analy-

is of trabecular bone [4 , 45] , we quantified the node connec-

ivity and characteristics of the cellular structure of sea urchin

pines ( Fig. 5 A-ii). First, the node type is categorized by the num-

er of branches connected to a given node as N-3 (with three 

onnecting branches), N-4 (with four connecting branches), …, and

-n (with n connecting branches) ( Fig. 5 B-E). The inter-branch an-

le for different node types is defined following the similar ap-

roach described in [4 , 45] . For example, for N-3 nodes, the three

nter-branch angles are denoted as γ 3, k , where k (1, 2, and 3) in-

icates the three angles in ascending order ( Fig. 5 B). The average

nter-branch angle for a N-3 node is denoted as γ 3 . Similarly, the

nter-branch angles for N-4 nodes are represented by γ 4 , min , γ 4 ,

4, max representing the minimum, average and maximum values

 Fig. 5 C). 

To analyze the orientation of N-3 nodes, we defined a central

xis as the node orientation that shared the same angle with each

ndividual branch of a N-3 node ( Fig. 5 B). The misorientation an-

le θ and the in-plane rotation angle ω are defined in a similar

ay for the branch orientation. The direction of the central axis

s selected so that the angle between the central axis and each

ranch is less than 90 °. Due to this convention, the misorientation

ngle θ ranges from 0 ◦ to 180 ◦, which is different from the θ range

f branch orientations. Following the previous work on the trabec-

lar bone [4 , 45] , we defined the cosine of the angle between the
entral axis and each branch as the planarity index, which varies

etween 0 and 1. The plane formed by N-3 nodes is flatter when

he planarity index is closer to 0. 

Local cellular level: In this scale, we investigated the local inter-

onnection characteristics of adjacent branches. An algorithm was

eveloped to quantify the number of branches required to form a

omplete ring structure ( Fig. 5 A-iii). Briefly, the anal ysis process is

s following: starting from a given node, a “tree-shape” structure

s constructed by identifying the neighboring nodes that are con-

ected to the starting node. As this process continues to expand

he “tree” structure, a ring is identified when the original node is

ncluded in the new layer of connections. This indicates that the

ode is connected back to itself in a non-repeated manner. The

umber of branches included in a complete ring is then used to

efine the ring type. For instance, a 5-B ring refers to a ring com-

osed of 5 branches. We calculated the area enclosed by the ring

nd fitted it into a circle. The diameter of the fitted circle is de-

ned as the ring size ( d ring ). All branch points that form a ring are

tted into a plane, the normal direction of which is defined as the

ing direction. The ring orientation is characterized by following

he same definition of branch orientation and N-3 node orienta-

ion. 

Global network level: The alignment of connecting branches over

 long distance is investigated by defining a branch alignment fac-

or as CAF k 
i j 

= max 
∏ 

k = i,i +1 ... ( c k · c k +1 ) βk,k +1 , where c k is the unit

ector of normal direction of the k th branch in a “chain” structure

tarting from the branch of interest. By including the inter-branch

ngle βk,k +1 between two neighboring branches in the chain struc-

ure, CAF measures the degree of alignment for the most aligned

 -node chain structure ( Fig. 5 A-iv). An iterative algorithm is im-

lemented to detect aligned chain structure with minimized CAF .

he quantification of inter-branch angle β , length and thickness
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for branches in the detected chains, and offset angle ϕ (the an-

gle away from a defined global direction) is performed to evaluate

the structural characteristics of these chains. 

We further proposed to quantitatively describe the structural

ordering at the global scale by conducting the long-range 3D fast

Fourier transform (3D-FFT) analysis of the structural descriptors

extracted from the full-volume registered network. In particular,

we applied Fourier analysis on registered node positions over

large volumes ( > 0.1 mm 
3 ) to investigate its long-range periodicity.

Note that directly implementing a Fourier analysis on the original

3D tomography data with such large volume is computationally

expensive, and not necessarily informative due to the mixing of

structure information on all different scales. The 3D-FFT anal-

ysis based on the node distribution resolves these challenges

and provides a clear representation of the global orderliness or

randomness of the cellular network. 

2.6. Data presentation, visualization and additional analysis 

A variety of data representation schemes were developed with

custom-written MATLAB scripts to interrogate the results of cel-

lular network analysis. These include (1) distribution of individual

descriptors, (2) polar plots for orientation-dependent correlative

analysis among multiple descriptors, and (3) direct representation

of descriptors within the 3D skeletonized cellular network. We

also developed several 3D visualization strategies of the analyzed

cellular network: (1) selected descriptors (such as branch thick-

ness, length, or node connectivity, etc .) are presented with a color

scale in the 3D skeletonized cellular network in MATLAB directly.

The binarized original tomography data can also be imported

simultaneously to interrogate the cellular network results. (2)

Similar results can be achieved by generating image stacks with

selected descriptors ( e.g. N-3 nodes or l o, ij > a critical value) and

imported into and visualized with a commercial tomography anal-

ysis software Avizo (Avizo 9.5, Thermo Fisher Scientific, USA).(3)

Beam models can be generated using a customized Python script

to join intersecting beams based on the branch connectivity and

assign thickness for each branch individually. The third visualiza-

tion scheme also enabled us to conduct systematic mechanical

modeling on the cellular network by using a commercial finite

element analysis software Abaqus (Abaqus 2016, Simulia, USA),

which will be discussed in the following paper of this work

series. 

2.7. Implementation and accessibility 

The customized cellular network analysis algorithm has

been implemented in MATLAB. It is available for download at

https://github.com/Ziling- Wu/Quantitative- 3D- structural- analysis- 

of- the- cellular- microstructures . 

2.8. Statistical analysis 

All measurements of structural descriptors are expressed as the

mean ± standard deviations (SD) with sample sizes whenever pos-

sible. 

3. Results 

In this work, we chose the spines from sea urchin H. mamil-

latus as our model system. The H. mamillatus spines exhibit a

gradient porous microstructure, where the porosity gradually re-

duces from 80 vol% in the center to 60 vol% in the edge re-

gion [26] . However, the detailed network organization of this

structure in both local and global scales still remains elusive.
n the current paper of this work series, we used a small re-

ion (200 μm ( R ) × 250 μm ( C ) × 250 μm ( L )) of the H. mamillatus

pines to demonstrate the capability of our cellular network anal-

sis method. In the second paper, we will utilize this approach to

onduct a systematic characterization and analysis over a large vol-

me to investigate the structural design strategies of this structure

 Fig. 3 E) [29] . The representative volumes used in this work were

xtracted close to the center region of a spine ( Fig. 3 F). 

.1. Results of network registration 

The representative volume after segmentation is shown in

ig. 6 A. After the initial skeletonization, this volume contains

342 nodes and 4574 branches. The trimming process reduces the

umbers to 5126 nodes and 3584 branches, and the final merging

reatment further refines to 1249 nodes and 2233 branches. This

ignificant reduction in numbers also indicates the importance of

ur iterative trimming and node merging process. The density of

odes and branches are ~124,90 0 mm 
-3 and 223,30 0 mm 

-3 , respec-

ively. Fig. 6 B shows the final registered network with the nodes

nd connected branches highlighted as red dots and gray lines,

espectively. 

.2. Node characteristics 

Due to the incomplete branches at volume boundaries, nodes

 N = 289) and branches ( N = 1030) within 20 μm from the bound-

ries are not considered in our further analysis. Within this vol-

me, N-3 and N-4 nodes are dominating node types (50% and 35%,

espectively) ( Fig. 6 C and D). N-5 and N-6 nodes comprise 12% and

%, respectively, where no N-7 and higher-branched nodes are de-

ected. The relative frequencies of N-3: N-4: N-5: N-6 nodes are

pproximately 17: 12: 4: 1. Different types of nodes are uniformly

istributed within this volume ( Fig. 6 C). 

As the N-3 and N-4 nodes comprised the majority of all nodes,

e further analyzed their inter-branch angles and node orienta-

ions. As shown in Fig. 6 E, the smallest, median, and largest inter-

ranch angle for N-3 nodes are 115.5 ◦ ± 20.3 ◦, 119.4 ◦ ± 19.1 ◦, and
19.4 ◦ ± 18.4 ◦, respectively. The mean value of all inter-branch an-

les for N-3 nodes is 118.1 ◦ ± 3.5 ◦ ( N = 447) with the most fre-

uent value of 120 ◦ The measurement result is close to the ideal

hree-branched node with 120 ◦ as the ideal inter-branch angle,

hich indicates that the three branches for a N-3 node in sea

rchin spines are generally evenly orientated to span as much as

ossible in space. 

The orientations of N-3 nodes are presented in a polar distribu-

ion plot by using the misorientation angle θ and in-plane rotation

ngle ω. As shown in Fig. 6 F, most of the N-3 nodes are oriented

erpendicular to the L direction as they cluster around a circle

ith θ = 90 ◦ In contrast, the distribution of ω is rather uniform

etween 0 and 360 ◦, indicating a random distribution in the R-C

lane. Fig. 6 G shows the planarity index distribution of N-3 nodes.

s introduced earlier, the planarity index describes the flatness of

he plane formed by the N-3 nodes. 90% of the N-3 nodes have

heir planarity index less than 0.17, which is within 10 ◦ offset from

he ideal plane; about 95% of the N-3 nodes have their planarity

ndex less than 0.27 (corresponding to 16 ◦ offset). This indicates

hat the branches in N-3 nodes are roughly oriented in the

ame plane, consistent with the inter-branch angle measurement

esults. 

For N-4 nodes, the smallest and largest inter-branch angles are

5.9 ◦ ± 13.6 ◦ and 134.7 ◦ ± 16.7 ◦, respectively, with a mean inter-

ranch angle of 110 . 0 ◦ ± 9 . 4 ◦ ( N = 335 ) ( Fig. 6 H). This result ap-

roaches the ideal tetrahedral angle of 109.5 ◦, which indicates that

https://github.com/Ziling-Wu/Quantitative-3D-structural-analysis-of-the-cellular-microstructures
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Fig. 6. Quantitative analysis of nodes. ( A ) 3D rendering and ( B ) corresponding skeletonized network of the analyzed volume close to the center region of an H. mamillatus 

spine. ( C ) Skeletonized network with node types indicated with colored dots. ( D ) Distribution of node types in this volume. ( E ) Distribution of individual ( γ 3, 1 < γ 3, 2 < γ 3, 3 ) 

and mean ( γ3 = ( γ3 , 1 + γ3 , 2 + γ3 , 3 ) / 3 ) inter-branch angles for N-3 nodes. ( F ) Orientations of N-3 nodes. ( G ) Planarity index distribution of N-3 nodes. ( H ) Distribution of 

inter-branch angles for N-4 nodes ( γ 4, min , γ 4, max , and mean value γ 4 ). 
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he branches connected to a N-4 node also tend to maximally span

he space. 

.3. Branch characteristics 

As shown in Fig. 7 A, the branches in the sea urchin spines’

tereom structure are characterized by curved surfaces. The reg-

stered skeleton network allows us to quantify the branch length,

hickness and morphology reliably. First, the physical branch length

 o, ij and the Euclidean distance l ij are calculated, and their distri-

utions are shown in Fig. 7 B. The mean physical length and Eu-

lidean distance are 21.7 ± 7.9 μm and 18 . 0 ± 6 . 2 μm (N = 1203) ,

espectively. The length ratio s ij is 1.2 ± 0.1, indicating that

ost of the branches slightly deviate from straight connections 

 Fig. 7 C). The branch length can be color mapped on the skele-

onized cellular network ( Fig. 7 D). Short ( < 15.0 μm ) and long

ranches ( > 40.0 μm ) are further extracted and displayed in Fig.

 E and F, respectively. These 3D representations reveal that short

ranches are distributed evenly in the volume, whereas the long

ranches are oriented in the R-C plane. Examples of these long

ranches are shown in Fig. 7 G and H, which confirms the pre-

erred orientation in the R-C plane. The correlation between branch

rientation and length can be further visualized by using the po-

ar scatter plot ( Fig. 7 I). The long branches (cyan and yellow data

oints) typically have θ = 90 ◦, indicating that they are orientated
n the R-C plane. Moreover, the shorter branches corresponding to

he blue data points exhibit a clear orientational alignment along

he L direction with misorientation angles centered around ~20 ◦.
n addition, the uniform distribution of in-plane rotation angles ω 

hows no orientation preference in the R-C plane. These results are

onsistent with the direct visualization shown in Fig. 7 E and F. 

The calculated branch thickness t o is shown in a colored 3D

iagram mapped on the cellular network ( Fig. 8 A). The mean

ranch thickness is 6.2 ± 1.5 μm ( N = 1203), and most of the
ranch thicknesses range from 4 to 8 μm ( Fig. 8 B). In addition,

s shown in the polar plot of the branch thickness as a func-

ion of their orientation distributions, the thicker branches (red

nd yellow data points) concentrate in the center of the plot

 Fig. 8 C). This concentration suggests that the branches aligned

n the L direction tend to be thicker, whereas the branches with

values close to 90 ◦ typically have the thickness smaller than 5

m (blue data points). Therefore, the thinner branches are mostly

riented in the R-C plane, which is consistent with the direct

bservation of the distribution of branches with t o < 3.3 μm 

 Fig. 8 D). In addition, the similarity between Fig. 8 D and 7 F

eads us to further evaluate the correlation between the branch

hickness and length. A negative correlation between the two

arameters is found ( t o = −0 . 14 l o + 8 . 14 , R 2 = 0 . 39 , Fig. 8 E). This

esult is consistent with the observations of some long ( > 40.0 μm )

nd thin ( < 3.3 μm ) branches as demonstrated in Fig. 7 G and H. 

In addition to the single branch thickness value at the branch

iddle point, the entire cross-sectional profile of each branch can

e extracted as P ij and then fitted with a 2nd order polynomial ac-

ording to Eq. (3) ( Fig. 8 F). To study the general morphology char-

cteristics of all branches, we normalized each individual branch

rofile with its own length l o and thickness t o . The fitting result

s P (l) / t o = 1 − 0 . 026( l/ l o ) + 1 . 23 ( l/ l o ) 
2 ( R 2 = 0.899, Fig. 8 G). With

reviously measured l o = 22 μm and t o = 6 . 2 μm , this fitted pro-

le represents the branch morphology well, as shown in a 3D ren-

ering of a typical branch in the volume ( Fig. 8 H). This finding

ndicates that the branch morphology in the sea urchin spines’

tereom is highly curved. In addition, the cross-sectional profiles of

ranches in stereom may be slightly non-circular ( Fig. 8 H). These

tructural features are in stark contrast to the branch morphologies

n synthetic cellular solids produced through the standard foaming

rocess. The cross-section of the branches in these foams is charac-

erized by the form of a three-cusp hypocycloid known as Plateau

order [46–49] . 
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Fig. 7. Quantitative analysis of branch length and orientation. ( A ) SEM image of a representative branch in the sea urchin spine. ( B ) Distribution of branch length l o and 

Euclidean distance l . ( C ) Distribution of the length ratio s . ( D ) Network representation of branch length distribution, and corresponding volume ( E ) with branches < 15.0 μm 

and ( F ) with branches > 40.0 μm . ( G ) 3D rendering and ( H ) SEM image of representative examples of long branches as indicated in ( F ) . ( I ) Correlation of branch orientation 

and length. ( D-F ) are based on the same color scale as in ( I ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

m  

T  

f  

b  

i  

s  

t  

s  

t  

t  

p  

l

3

 

F  

c  

(  

w  

c  

n  

(  

a  

h  

p  

l  

l  

0  

d  

t

(  

t  
3.4. Local cellular level: ring characteristics 

The ring detection algorithm is used to study the local branch

organization characteristics. Fig. 9 A depicts four examples of de-

tected ring structures with different ring types and the corre-

sponding 3D renderings. As shown in Fig. 9 B, the complete ring

detection in this representative volume can be achieved, which can

be labeled and mapped to the cellular skeleton. This volume con-

tains 213 4-B rings, 577 5-B rings, 614 6-B rings, and 476 7-B rings

( Fig. 9 C). All the ring types seem to distribute uniformly within

this volume. The diameters of the 4-B, 5-B, 6-B, and 7-B rings are

23.1 ± 5.8 μm , 28.2 ± 13.6 μm , 30.4 ± 5.0 μm , and 34.7 ± 7.0 μm ,

respectively ( Fig. 9 D). This indicates that the ring size increases

with the number of branches contained in a ring. The measured

average diameter of all rings is 30.0 ± 9.6 μm ( N = 1880). The ring

size obtained here is broadly consistent with the pore diameter

measurement based on 2D measurement of fully-grown H. mamil-

latus spines [25] . Lastly, our algorithm allows for determining the

orientation of these rings. As shown in Fig. 9 E, most of the de-

tected rings, regardless of their ring types, are aligned perpendicu-

lar to the R-C plane. 

3.5. Global network level: chain alignment 

We investigate the branch alignment by detecting “branch

chains” and evaluating the misorientations among adjacent

branches as well as with respect to a global reference orientation.

As shown in Figs. 6 A and 10 A, the branches in this location appear

to have preferred alignments in the L direction. Our algorithm suc-

cessfully detected these branch chains aligned in this direction (to-

tal number of detected chains = 62, Fig. 10 B). From the top view of

the same volume, these branch chains appear to form a Voronoi-

like pattern, which may be a result of the biomineralization for-
ation process along the L direction in this region [50] ( Fig. 10 C).

he misorientation angle ϕ with respect to the L direction ranges

rom 0 to 50 ◦, while the inter-branch angle β between adjacent

ranches are 90 ◦ − 180 ◦ The length and thickness of the branches

n these chains are 19.0 ± 6.5 μm and 6 . 8 ± 1 . 2 μm ( N = 957 ) , re-

pectively ( Fig. 10 E and F), which are shorter and thicker compared

o the mean branch length and thickness of the whole volume, re-

pectively. The preferred alignment of branches along the L direc-

ion with shorter and thicker branches revealed here is expected

o have a significant impact on the anisotropy of the mechanical

roperties, which will lead to enhanced resistance to withstand

oads in the L direction. 

.6. Global network level: 3D-FFT analysis 

On the global network level, we also utilize the 3D-

FT analysis to investigate the long-range organization

haracteristics of the cellular network. A larger region

530 μm ( R ) × 500 μm ( C ) × 500 μm ( L ) in a similar location

as used for this analysis. The same skeletonization and network

leaning procedures were first applied to obtain the skeletonized

etwork, which consists of 11,540 nodes and 21,049 branches

 Fig. 11 A, B). The 3D-FFT analysis was performed on the node

rray of the skeletonized network. As shown in Fig. 11 C, localized

igh-intensity Fourier peaks in multiple directions with different

eriodicity are observed, which demonstrates large scale order-

iness of the cellular network. Visualizing the FFT pattern in the

 -C plane, the first-order Fourier peak in the L direction is at

 . 034 μm 
−1 away from the origin ( d 1 ), corresponding to the

iameter of the ring structures (~30 μm) aligned in this direc-

ion ( Fig. 11 D). The second-order peak appears at 0.068 μm 
−1 

 d 2 ), corresponding to the average branch length detected in

he chain structures in this direction (~15 μm). In the R-C plane,
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Fig. 8. Quantitative analysis of branch thickness, orientation, and morphology. ( A ) Network representation of branch thicknesses ( t o ). ( B ) Statistical distribution of branch 

thicknesses t o in the analyzed volume. ( C ) Correlation between branch orientation and thickness. ( D ) Distribution of branches with thickness t o < 3.3 μm . Note that ( A, C, 

D ) are based on the same color scale for branch thickness. ( E ) Correlation between branch length and thickness. ( F ) Measurements of branch profiles and the fitting results 

for individual branches in this volume. ( G ) Normalized branch profiles of all branches and the fitting result (red line). ( H ) 3D volume rendering of a representative branch, 

overlapped with the fitting result in the red line. Five cross-sectional slices of this branch in different positions are displayed. 

Fig. 9. Analysis of ring structures. ( A ) 3D rendering of different ring types overlaid with registered nodes and connected branches. ( B ) Ring structures detected and labeled 

according to their ring types in the analyzed volume. ( C ) Distribution of ring types. ( D ) Distribution of ring diameter for different ring types and all rings detected in this 

volume. ( F ) Correlation between ring types and orientation. Note the color scheme is used consistently for different node types in this figure. 
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he circular distribution of high-intensity region is observed at

 . 022 − 0 . 052 μm 
−1 , which matches well with the branch length

istribution (19-45 μm) in this plane ( Fig. 11 E). The circular peaks

lso indicate random distributions of branches in the R-C plane,

onsistent with the result shown in Fig. 7 I. 

. Discussions 

In this work, we introduced a computational tomography data

nalysis pipeline for investigating the 3D structure of natural
orous materials, particularly the stereom structure for echino-

erms. By using sea urchin spines as a model system, we systemat-

cally presented the development and capability of this multi-step

ethodology. For the preprocessing steps related to reconstruction

nd segmentation of tomography data, we developed a hierarchical

NN-based method by taking advantage of the inherent structural

haracteristics of the stereom structure exhibited at multiple

ength scales. We demonstrated that this approach not only can

reatly minimize noises and artifacts but also allow for efficient

ompressive sensing compared to conventional reconstruction and
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Fig. 10. Analysis of chain structures. ( A ) 3D rendering of the cellular structure observed in the analyzed region close to the center of the sea urchin spines, from which the 

longitudinal alignment of branches can be qualitatively observed. ( B, C ) Detected branch chains along the longitudinal direction viewed ( B ) from the side and ( C ) from the 

R-C plane. ( D ) Distributions of the misorientation angles between a branch and the L direction ( ϕ) and inter-branch angles between two adjacent branches ( β) in the chain 

structures. Distribution of ( E ) branch length and ( F ) thickness for the branches in the detected chains in ( B ). 

Fig. 11. 3D-FFT analysis of nodes in the cellular network. ( A ) Skeletonized network and ( B ) corresponding node distribution of the selected volume. ( C-E ) Volumetric 

rendering of the 3D-FFT analysis of the volume shown in ( B ), shown in ( C) side view, ( D ) view in the L-C plane, and ( E ) view in the R-C plane. 
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segmentation approaches. In terms of the network construction

and registration, although the iterative erosion method is standard

and widely used for skeletonization, post-processing is required,

especially for the complex 3D porous structures like stereom. Our

iterative, adaptive trimming and merging treatments are essential

to achieve a clean and reliable cellular network. This step is

crucial for robustly analyzing structural descriptors later and for

providing a reliable network model for mechanical modeling, as

shown in the second paper of this work series [29] . For the feature

extraction and analysis step, we developed a series of descriptors
o quantify the structural features at three different length scales,

ncluding 1) node type, inter-branch angle, node orientation and

lanarity, branch length, distance, length ratio, thickness, orien-

ation, and profile at individual node and branch level, 2) ring

umber, orientation, and size at local cellular level, and 3) branch

hain and long-range orderliness based on 3D-FFT analysis at

lobal network level. This multiscale structural information for

he 3D network organization can provide important insights for

he understanding of the mechanical designs of biological cellu-

ar solids. In addition, as shown in Supplementary Information,
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t  
he pipeline introduced here can be easily tailored to analyzing

D printed lattice-like structures, providing an efficient tool for

echanical modeling and quality control of these structures. 

Within the analysis volume, the porous stereom structure of sea

rchin spines is primarily constructed with N-3 and N-4 nodes.

 recent study revealed that the porous trabecular bone is also

ominated by similar low-connectivity nodes [4] . The underly-

ng principles for the formation of such low-connectivity nodes

n these natural systems are currently unclear. Regarding their

echanical implications, it is known that low-connectivity nodes

end to result in bending dominated lattice structures, which is 

enerally considered less effective compared to stretch dominated

tructures [2 , 51] . Further study is required to better elucidate the

echanical roles of this design strategy. In addition, similar to

rabecular bone, the inter-branch angles for N-3 and N-4 nodes

re very close to the values for the idealized triangle and tetra-

edron structures [4] . This suggests that the branches connected

o a common node tend to maximize the 3D space in stereom,

imilar to trabecular bone. As proposed by the previous study,

uch structural design may be beneficial to resist multidirectional

oading [4] . 

The combined analysis results indicate the mechanical

nisotropy of stereom structures can be controlled via a number

f ways. First, branches can form preferred orientational alignment

s revealed by our branch chain analysis. Such a strategy follows

he concept of Wolff’s law, which suggested that the human

emur may be strengthened in specific loading directions through

he preferred alignment of individual trabeculae [52] . Moreover,

hanks to this branch chain analysis, we directly demonstrated

hat branches along these chains are thicker and shorter compared

o the average values. This will further enhance the structural

tiffness and strength in the alignment direction, i.e. , the L di-

ection. Here we note that this preferred alignment along the

ongitudinal direction should be closely related to the fact that

he analysis volumes are near the center region of the sea urchin

pines. Such alignment may be directly affected by the micro-

copic biomineralization process, as a number of previous studies

ave shown that the stereom formation in the center region of

pines initiates from the branches along the longitudinal direction

50 , 53 , 54] . The Voronoi-like organization of branch chains in the

ransverse cross section may be also closely related to this process.

s shown in the second study of this work series based on the

arge-scale analysis, such structural alignment exhibits gradual

ocal variations, leading to gradient mechanical properties within

ea urchin spines [29] . 

Despite relatively small analysis volumes, our results re-

eal a number of important differences between sea urchin

pines’ stereom structure and synthetic open-cell foams fabricated

hrough conventional foaming processes [2 , 55] . First of all, most

ranches in the analysis volume are highly curved. The thickness

rofile can be fitted with a second-order polynomial. In contrast,

he branches in synthetic foams produced through standard foam-

ng processes often exhibit large portions with relatively constant

hickness [46–49] . We also note that some long branches (length >

0 μm) in stereom exhibit relatively constant thickness over a long

istance ( Fig. 7 G and H). These branches appear to be reinforcing

tructures for the large holes in the Voronoi-like patterns in the R-

 plane. Second, the cross sections of stereom’s branches are gen-

rally circular, whereas in synthetic foams, the branches exhibit a

hree-cusp hypocycloid known as Plateau border during the foam-

ng process [46–49] . Third, our ring analysis indicates that 5-B and

-B rings are dominating types in stereom, and the average num-

er of branches per ring is estimated to be 5.7. This value is higher

ompared to that for synthetic foams with random polyhedral cell

eometries (~5.1), which is governed by the well-known Euler’s

aw [2 , 56–59] . The difference revealed here is believed due to the
ifference in underlying formation mechanisms of the stereom’s

orous structure and synthetic foams. 

Increasing interests have been recently directed to mimicking

he “biological forms” of cellular solids in engineering material sys-

ems to improve their mechanical performance [60 , 61] . In particu-

ar, 3D printing has been demonstrated as an effective approach

or fabricating cellular solids with structural precision down to in-

ividual branch level [62–64] . 3D printing allows for the produc-

ion of cellular structures not bounded by the physical constraints

n the conventional synthetic foaming processes [2 , 55] . However,

ost of the current 3D-printed cellular materials are based on pe-

iodic tessellations of unit cells with idealized geometries, such as

ylindrical beams with a constant cross-sectional area. These struc-

ures at both local and global scales are still far more simplified

nd less controlled compared to biological cellular structures. In

his regard, the methodology introduced here holds great potential

n providing important insights for improved “mimicking” of the

atural cellular structures via quantitative analysis of these mate-

ials in 3D. 

. Conclusion 

In summary, we present a computational tomography analysis

ipeline for multiscale structural representation and quantification

f biological cellular materials by using sea urchin spines as an

xample. At the individual branch and node level, this methodol-

gy allows for the quantification of a series of structural param-

ters, such as node type, inter-branch angle, orientation and pla-

arity of nodes, branch orientation, length, thickness, and branch

orphology profile. The analysis indicates that the porous struc-

ure of sea urchin spines is primarily composed of three- and four-

ranched nodes, which resemble ideal branched structures that

pan 3D space maximally. The thickness and length of branches

re highly correlated with their orientation, where shorter and

hicker branches are aligned with the longitudinal direction of the

pines in the analyzed regions. The algorithm is able to extract

he morphology profiles of individual branches, from which the

ighly curved branches can be fitted with a parabolic function,

ignificantly different from synthetic foams. At the local cellular

evel, the algorithm allows for the investigation of the intercon-

ections and alignments of adjacent branches by detecting branch

ings and chains. 3D-FFT analysis of registered nodes over large 3D

olumes is developed. The analysis results suggest that the cellu-

ar structure has a well-controlled alignment along the longitudi-

al direction while maintaining a relatively isotropic organization

n the transverse direction. We expect that this algorithm can be

tilized to conduct the structural analysis of a variety of synthetic

r biological cellular solids, such as other echinoderms’ stereom

tructures, enabling quantitative comparative investigation. Further 

nsights in understanding the structure-property of the biological

ellular materials such as sea urchin spines enabled by this study

ould lead to the development of bio-inspired lightweight struc-

ures with structural controls at multiple length scales. 
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