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Abstract 

The minute sea urchin Echinocyamus pusillus is a well-known clypeasteroid echinoid that is common in both 

recent and fossil marine environments with often well-preserved tests. This echinoid inhabits a variety of soft 

substrates reflecting its ability to adapt to highly variable environmental conditions. Echinocyamus pusillus has 

increasingly come into the focus of technical research since their tests possess a high intrinsic strength, which is 

reflected in the abundant occurrences in both recent environments and the fossil sedimentary record. With the 

advent of high-resolution imaging techniques and advanced computational methods, the exploration and 

consequently the understanding of skeletal structures in Echinocyamus pusillus has been given considerable 

attention. This review provides an overview of the current structural understanding of Echinocyamus pusillus and 

an outlook to possible applications in engineering sciences, which can lead to an improvement of technical segment 

constructions, design of segments and their connection mechanisms. 
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Introduction 

 

Monolithic dome constructions are considered 

to be structurally performative constructions 

due to their advantageous load carrying 

behavior (e.g., Gordon 1978, Bramski 1981, 

Telford 1985, Philippi and Nachtigall 1996, 

Philippi 2001). These constructions are, 

however, economically inefficient as their 

fabrication often requires material-intensive 

and time-consuming frameworking (e.g., Grun 

et al. 2016). Monolithic constructions have thus 

been replaced by cost-efficient grid 

construction, although these constructions do 

not reach the structural performance of 

monolithic systems. A major objective of the 

structural and mechanical analyses is not only 

the understanding of biological structures for 

biological, paleontological and taphonomical 

interpretations, but also the development of 

engineered multi-element shell constructions 

based on evolutionary optimized structures in 

biology (Grun et al. 2016; 2017b). The tests of 

Echinocyamus pusillus is such a multi-element 

construction, which also follows light-weight 

principles leading to an even more cost-efficient 

construction. The extensive and tight-fitting 

plate interlocking mechanisms as well as the 

overall test design lead to a structurally 

performative multi-element construction, which 

behave monolithically (Grun and Nebelsick 

2018). The investigated mechanical principles 

of test design, plate layout, plate arrangement 

and plate interlocking of Echinocyamus pusillus 
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can be thus used to develop technical 

performative multi-element constructions 

which behave as monolithic structures (Grun et 

al. 2016, 2017b). 

The technical understanding of biological 

structures is an important step for various 

research fields in biology and paleontology, as 

this information can provide insights into 

morphological adaptations to both biotic and 

abiotic factors. In technical biology, biological 

structures are analyzed employing engineering 

techniques to investigate their mechanical 

behavior (Nachtigall 2002). The minute 

clypeasteroid Echinocyamus pusillus (OF 

Müller 1776) (Fig. 1) has been analyzed for its 

biology, ecology and morphology (e.g., Müller 

1854, Döderlein 1906, Mortensen 1907, 1948, 

Walther 1910, Durham 1955, Nichols 1959, 

Ghiold 1982, Telford et al. 1983) and has 

increasingly become the focus of systematic 

technical and structural analysis (Telford 1985, 

Grun et al. 2016; 2017b; 2018, Grun and 

Nebelsick 2018). There are several reasons 

which lead to the high interest of Echinocyamus 

pusillus as compiled below. 

 

 
Fig.1. Echinocyamus pusillus. (A) Photograph of an individual with all spines attached. (B) SEM micrograph of 

the spines. ms = miliary spines, ps = primary spines. (C) Photograph of a denuded test. ap = ambulacral pore, gp 

= genital pore, hp = hydro pore, op = ocular pore, pt = petal, tu = tubercle. (D) Micro-CT rendering of the aboral 

side. (E) Miro-CT rendering of the oral side. (F) Micro-CT rendering of a horizontal section in top view. ap = 

ambulacral plate, br = basicoronal ring, cr = circumferential ridge, ip = interambulacral plate, pp = periproct, ps = 

peristome, rb = radial buttress, st = sutural thickening.
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Material and Methods 

 

Echinocyamus pusillus were collected in 

summer 2010 around Giglio Island, Italy (Grun 

et al. 2014). The tests were prepared for x-ray 

computed tomography (µCT) and scanning 

electron microscopy (SEM). The µCT sample 

was cleaned in a 30 min ultrasonic bath and was 

air-dried prior to scanning. The scan was 

obtained by a Phoenix Nanotom 180nF at the 

German Aerospace Center, Stuttgart, Germany. 

Images were recorded with 2000 projections to 

an isotropic voxel resolution of 3 µm (Grun and 

Nebelsick 2018).  

 The SEM samples were affixed to 

aluminum stubs by Leit-C Plast (Grun and 

Nebelsick 2018) and horizontally ground for 

section cuts, or left complete for surface scans. 

Samples were cleaned using compressed air and 

30 min ultrasonic bath. The dried specimens 

were platinum-sputtered for 120 s using a Bal-

Tec SCD 005 sputter coater and scanned with a 

Leo 1450VP. 

3d reconstruction and visualization was 

performed in Avizo 9.2. SEM images were 

processed using Adobe Photoshop CC 2018 and 

layout in Adobe InDesign CC 2018. 

 

Occurrence and abundance 

 

Echinocyamus pusillus inhabits diverse 

ecosystems in both the North Atlantic and 

Mediterranean Sea (e.g., Forbes 1852, Müller 

1854, Agassiz 1872, Döderlein 1906, 

Mortensen 1907; 1948, Grun et al. 2014, 

Baffreau et al. 2017). They are found in muds, 

(Döderlein 1906), silts (Walther 1910), sands 

(Nichols 1959; 1962, Ghiold 1982, Grun et al. 

2014, Baffreau et al. 2017) as well as within 

shell-gravels (Nichols 1959; 1962). This 

echinoid occurs in high numbers in recent 

environments (e.g., Grun et al. 2014) and has 

also been described from the fossil record (e.g., 

Złotnik and Ceranka 2005, Ceranka 2007). The 

availability of high amounts of tests allows for 

appropriate statistical analyses of shape 

parameters as well as ecological interactions 

such as predation (e.g., Grun et al. 2014) and are 

thus of importance for the interpretation of both 

recent and ancient ecosystems (e.g., Grun and 

Nebelsick 2016). 

 

Test size 

The test of Echinocyamus pusillus is less than 

20 mm in length (e.g., Mortensen 1948). 

Although the small test size can be challenging 

for macroscopic analyses, it is advantageous for 

micro-imaging techniques such as scanning 

electron microscopy (SEM) and even more so 

for x-ray micro-computed tomography (µCT) 

(Fig. 1). In fact, the small size of the test allows 

for detailed SEM micrographs that cover a large 

area of the tests or even the entire skeleton 

within a single micrograph, thus allowing for 

the examination of test structures without losing 

the structural context. This effect becomes even 

more important in µCT scans, where the sample 

size determines the scan resolution. The smaller 

a sample is, the higher the resolution can be. For 

example, a complete test of Echinocyamus 

pusillus was scanned at high-resolution with an 

isometric voxel size of 3 µm, hence providing 

details at the trabecular-level of the skeleton. 

 

Test integrity 

 

In general, Echinocyamus possesses a high 

intrinsic preservation potential (Nebelsick and 

Kowalewski 1999, Złotnik and Ceranka 2005, 

Grun et al. 2017a) based on numerous skeletal 

reinforcement structures including radial 

buttresses, circumferential ridges, plate 

interlocks and sutural thickening (Fig. 1) 

(Telford 1985, Grun and Nebelsick 2018). 

Among the genus Echinocyamus, the radial 

buttresses are best developed in Echinocyamus 

pusillus (Telford 1985). Plates within the test of 

Echinocyamus pusillus are furthermore not 

connected to one another by collagenous fibers 

(Telford 1985), thus, the enhanced test stability 

is purely related to the structural layout of the 

test (Grun and Nebelsick 2018). 
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Skeletal morphology and technical 

interpretation 

 

The shape of Echinocyamus pusillus range from 

sub-circular to piriform (e.g., Agassiz 1841, 

Mortensen 1907, Durham 1955, Grun and 

Nebelsick 2018) with the aboral side slightly 

vaulted and the peristome infundibulated 

(Durham 1955). In lateral section, the test 

exhibits a purely convex curvature (Grun and 

Nebelsick 2018), which resembles a structurally 

performative dome construction (Telford 1985, 

Grun and Nebelsick 2018).  

Echinocyamus pusillus is covered by two 

types of short spines (Fig. 1B), the primary and 

miliary (secondary) spines (Agassiz 1841, 

Mortensen 1927; 1948, Mooi 1986). The 

primary spines are longer on the oral side than 

on the aboral side, pointed, slightly tapering and 

wider in their middle. Primary spines located 

around the peristome are curved (Agassiz 1841, 

Mortensen 1907). The numerous miliary spines 

are approximately half the size of the primaries. 

The finely serrated or smooth edged miliary 

spines feature longitudinal ribs that are tortuous 

and simple terminated or feature a crown with 

two, three, or four dentations. In a study 

involving 25 Echinocyamus pusillus, Telford 

(1985) showed that the spines of this 

clypeasteroid can absorb up to 20 % of applied 

vertical forces until structural failure of the test. 

The light-weight test consists of numerous 

plates and is characterized by a material density 

of less than 50% of the volume (Grun and 

Nebelsick 2018). The ambulacral plates are 

circumferentially elongated, whereas the 

interambulacral plates are roughly as long as 

wide (Fig. 1F). The elongated ambulacral plates 

possess horizontal ridges which increase the 

flexural stiffness of the test (Telford 1985). The 

buttresses are protrusions of the interambulacral 

plates and consist of five pairs of radially 

aligned walls ranging from the interambulacral 

basicoronal plates towards the outer margins of 

the petals (Fig. 1F) (e.g., Agassiz 1841, Forbes 

1852, Mortensen 1907; 1927, Durham 1955; 

1966, Telford 1985, Grun et al. 2014; 2016, 

Grun and Nebelsick 2018). The internal 

buttresses are important phylogenetic test 

features as they clearly separate Echinocyamus 

from Fibularia (Agassiz 1841) another minute 

clypeasteroid echinoid. The wall-like 

compartmentations are structurally important as 

loads can be transferred from the aboral towards 

the oral test side (Forbes 1852, Telford 1985, 

Grun et al. 2014; 2016; 2018, Grun and 

Nebelsick 2018). 

The paired and isometric alignment of the 

buttresses reflects the bilateral symmetry of the 

test (Grun and Nebelsick 2018). The structural 

significance of the buttress system in 

Echinocyamus pusillus has been discussed by 

Telford (1985) and subjected to both physical 

and virtual analysis by Grun et al. (2018). In the 

latter, physical uniaxial compression 

experiments on three treatment groups revealed 

that tests in which the internal buttresses were 

removed can resist much less compressive loads 

than tests where internal supports are present. 

These physical tests on a total of 30 individuals 

of Echinocyamus pusillus were followed by 

µCT based finite element simulations with 

similar results (Grun et al. 2018). When the 

internal supports were virtually removed from 

the Echinocyamus pusillus model, bending 

stress occurred along the test and 

circumferential tension stress resulted at the 

oral side equalizing the forces within the test 

(Grun et al. 2018). In addition, the swollen 

basicoronal ring is also discussed with respect 

to additionally decreasing circumferential 

tension on the oral side of the test (Fig. 1F) 

(Grun and Nebelsick 2018).  

The tests also show prominent thickenings 

at the plate sutures (Fig. 1F) (Telford 1985, 

Grun and Nebelsick 2018) which may behave 

as additional buttresses that bridge the aboral 

and oral side of the test (Telford 1985). These 

sutural thickenings also increase the contact 

surface between the plates, thus promoting 

interlocking (Grun and Nebelsick 2018).  
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The test integrity of both fossil and recent 

Echinocyamus pusillus tests are also attributed 

to the high degree of plate interlocking (e.g., 

Telford 1985, Grun and Nebelsick 2018). Plate 

interlocking has been divided into sutural 

interlocking and trabecular interlocking (Fig. 2) 

(Grun and Nebelsick 2018). Sutural 

interlocking is attributed to the complex sinuous 

course of the plates which result in a tongue and 

groove joint. Together with the arrangement of 

the plates in a complex mosaic, the plates are 

locked in place (Fig. 3A). Trabecular 

interlocking are tight-fitting connections 

between plates in which trabecular protrusions 

of one plate reach into the stereom interspace of 

an adjoining plate (Fig. 3B-D) (Telford 1985, 

Grun and Nebelsick 2018). The trabecular 

interlocking can also occur in two 

modifications. In areas where the stereom 

interspace of an adjoining plate is too narrow for 

trabecular penetration, the interlock results in a 

knob-like surface interaction (Fig. 3C). 

Trabecular fusions (Fig. 3D) are also possible, 

though rare. In such cases, a trabecula bridges 

the suture and fuses with a trabecula of the 

neighboring plate. 
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Fig.2. Classification of plate interlocking after Grun and Nebelsick (2018). 
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Fig.3. Micrographs of plate interlocking types. (A) Sutural interlocking. Plates show an irregular outline (white 

arrows). Additionally, graph shows that buttresses are protrusions of the interambulacral plates (black arrows). ap 

= ambulacral plate, ip = interambulacral plate. (B) Trabecular interlocking, where trabeculae from one plate 

penetrate into the stereom interspace of an adjoining plate (arrows). (C) Knob-like interlocking, where trabeculae 

do not penetrate into the stereom interspace. (D) Trabecular fusion, where trabeculae of two plates fuse (arrows). 
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