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Abstract

The multi-plated skeleton of echinoids is made of the stereom, a light-weight construction
which resembles a micro-beam framework. Although the two-dimensional design of the
stereom has been studied, its spatial architecture is only little known. It is, however, impera-
tive to understand the spatial architecture of the trabecular system in order to interpret its
structural principles of this load-bearing construction. The echinoid’s trabecular system is
thus analyzed in-depth with respect to eight topological descriptors. The echinoid’s plates
are divided into two regions, the center of which consists of an unordered stereom, and the
margin which consists of an ordered stereom. The eight trabecular descriptors indicate that
the basal topology of the two plate regions are similar. The trabecular system predominantly
consists of short and stocky trabeculae that show little tortuosity. The majority of trabeculae
intersect in a 3N configuration, where three trabeculae intersect in one common node. Tra-
beculae in the 3N configuration intersect in an angle of around 120° resulting in a planar and
triangular motif. These planar elements, when arranged in an angular off-set, can resist
multi-dimensional loads. Results also show that the trabecular orientation perpendicular to
the plate’s surface is at an angle of 60°. The trabecular orientation in the plate’s horizontal
plane is directional. Both trabecular orientations reflect a construction which is capable of
resisting applied loads and can distribute these loads over the entire skeleton. The spatial
architecture of the echinoid’s trabecular system is thus considered to be a performative
light-weight and load-bearing system.

Introduction

The echinoid’s skeleton is a hierarchical multi-element construction (Fig 1), consisting of
numerous individual skeletal parts, including the plates from which the test (shell) is formed,
spines, skeletal discs of the tube-feet, and skeletal elements of the pedicellariae [1, 2] These
minute skeletal elements are constructed of the stereom, which resembles a micro-beam sys-
tem (Fig 1D). The stereom of the echinoid spines has been investigated for its structural design
[3-6] and mechanical performance [6-8] using both 2-dimensional (2d) images and 3-dimen-
sional (3d) models. The stereom of the plates was likewise examined by 2d imaging [3, 9, 10],
but 3d analyses are still lacking. The 3d analyses of the echinoid’s trabecular system are,
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Fig 1. The echinoid skeleton is hierarchically organized. (A) Echinocyamus pusillus with spines (arrows). (B) Denuded skeleton. (C) Micro-CT section
showing individual plates (arrows). (D) Micrograph of the stereom network and trabeculae (arrows).

https://doi.org/10.1371/journal.pone.0204432.9001

however, of highest interest, as they allow for a detailed understanding and interpretation of
the structural context and mechanical behavior, which cannot be obtained from 2d analytics.

Echinoids of the order Clypeasteroida have become the focus of structural research as their
often flattened tests demonstrate a high strength and robustness [11, 12-16]. The stable nature
of these tests is not only reflected in the abundances of complete test or their stable fragments
in recent environments [15, 17-19], but also in the rich fossil record [14, 15, 20-24]. The struc-
tural integrity of the clypeasteroid tests is a result of the plate arrangement [16], plate interlock-
ing, and internal support systems [13, 15, 16, 18, 25]. The tests of clypeasteroid echinoids are
thus of interest of biomimetic research, which aims to identify structurally performative con-
structions that potentially can be transferred into architectural and engineering disciplines.
The mechanisms and principles of such structures are used to improve technical multi-ele-
ment constructions [14]. The structural design of the echinoid’s trabecular system is here ana-
lyzed for the first time in-depth using x-ray micro-computed tomography and is interpreted in
the context of engineering concepts.

Trabecular descriptors

Trabecular descriptors are morphological parameters describing the spatial architecture of a
structure [26]. These parameters can thereby yield information on the structural mechanics of
the trabecular structures. Eight trabecular descriptors are described that possess the potential
for structural mechanic interpretations of the echinoid’s trabecular system: (1) trabecular
length, including the curved length and the chord length, (2) trabecular tortuosity, (3) trabecu-
lar radius, (4) trabecular slenderness ratio, (5) inter-trabecular angle, (6) node configuration,
(7) theta orientation, and (8) phi orientation.

Trabecular length, tortuosity, radius and slenderness ratio

These descriptors are closely associated to one another. Following structural mechanic princi-
ples, a slender trabecula is more subject to buckling than a stocky trabecula at a given length
demonstrated by Eq (1), where the radius r is to the power of four and hence can significantly
influence flexural stiftness EI, which is the product of the material depended Young’s modulus
E and the second moment of area I.

= (1)
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I =second moment of area, r = trabecular radius. Any increase in r will increase I, and hence
the flexural stiffness EI, which prevents the trabeculae from buckling, as expressed in Eq (2).

nm’El
=T

(2)

Fy, = critical Euler buckling force, n = coefficient for segments with two fixed ends = 4 [27-29],
E = Young’s Modulus, EI = second moment of area, L = trabecular length.

A related parameter is the slenderness ratio, which is defined as the ratio between the tra-
becular length and the trabecular radius of gyration.

Ry =% 3)

Rs = slenderness ratio, L = trabecular length, g, = trabecular radius of gyration, where

d,

d, = trabecular diameter. Any increase in trabecular length at a given trabecular radius r
decreases the critical Euler buckling force, which is force at which structural failure is expected
[28]: loadings on an ideal beam in longitudinal axis exclusively induces compression stress
resultants. Any deviation of an ideal beam results in bending moments along the longitudinal
axis of a beam, which can be countered as long as the inner bending force is equal or larger
than the outer bending force. The beam can return to its initial position after the load is
removed. Structural failure occurs, however, when the outer bending force exceeds the inner
bending force [28]. This is usually the case when the critical Euler buckling value is reached.

Inter-trabecular angle and node configuration

The terminology and usage of the inter-trabecular angle (ITA) was introduced by Reznikov

et al. [26] for the cancellous bones of vertebrates. This topological parameter describes the tra-
becular architecture irrespective of trabecular length and thickness and was initially developed
to correlate the angle between collagenous fibers on the micrometer level, and the angle
between trabeculae at the millimeter scale [26]. The number of trabeculae intersecting in one
common node (node configuration) has been interpreted with respect to its structural rele-
vance and its conservation potential within vertebrates. In cases where three trabeculae inter-
sect in a common node, the ideal value for identical angles is 120 degrees. This configuration
eventually results in a planar triangle. In cases where four trabecular intersect in a common
node, the ideal angle is 109.5 degrees resulting in a tetrahedral trabecular configuration. In
nodes where more than 4 trabeculae intersect in a single node, the angular configuration and
spatial appearance is more complex [26]. In vertebrate bone, it was shown that the calculated
ITAs followed the a priori determined ideal angles [26].

Trabecular orientations

The trabecular orientation describes the direction of a trabecula within the plate, which pro-
vides direct information of how the trabeculae are distributed in a plate or spine. The orienta-
tion of the trabeculae has been attributed to the structural functionality [10], where a
uniformly distributed orientation enables the mesh-work to absorb multi-directional stress,
while unbalanced distributions are indicative for directional stress regimes.

Theta orientation is the orientation of a trabecula perpendicular to the plate’s surface. This
descriptor indicates the ability of the stereom to deal with vertical loads. Phi orientation
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describes the orientation of a trabecula in the plate’s horizontal plane. These descriptor indi-
cates the course of stress within a plate. The loads are thereby randomly distributed within a
plate when the phi orientation is approximately uniform, or the loads can be directional dis-
tributed when the distribution is unbalanced.

Material and methods
Material

Denuded skeletons of Echinocyamus pusillus were collected in summer 2010 around Giglio,
Tuscany, Italy by SCUBA. From 1080 samples, one pristinely preserved skeleton [GPIT/EC/
00740:gg-al-1.73] [30] was chosen for x-ray micro-computed tomography scanning. Samples
are stored under repository GPIT/EC/00740 at the University of Tiibingen, Germany.

Methods

Computed tomography. The x-ray micro-computed tomography (uCT) scan was performed
using a Phoenix Nanotom 180nF (General Electric Company Corporation, Boston, MA, USA).
The specimen was scanned to a resolution of 3 pm per voxel, images were recorded to an 8-bit gray
scale system with 256 levels. The specimen was affixed to the sample-tray on a wax-base with the
longitudinal axis parallel to the detector plane. The scan was conducted with the parameters: volt-
age = 80 kV, power = 180 YA, exposure time = 800 ms, projections = 2000. Prior to scanning, the
sample was cleaned for 31 min in a Bandelin DT106 (Bandelin Electronic, Berlin, Germany) ultra-
sonic bath and was then air-dried. Data are accessible at the dryad online repository [30].

Computed tomography data processing. Data are rendered and analyzed using Avizo in
version 9.4 (Thermo Fisher Scientific, Waltham, MA, USA). Two subvolumes with an edge
length of 90 pm were extracted from five plates (Fig 2A), one at the plate’s center and one at
the plate’s margin. A de-noising filter was applied to the subvolumes enhancing the contrast
between material (stereom) and the surrounding non-material matrix (air) (filter: delineate,
interpretation = 3d, neighborhood = 26, size = 3 px). Subvolumes were binarized (Fig 2B)
using the interactive thresholding algorithm (intensity range = 76-172). Areas that are not
connected to the stereom were removed using the remove small spots (interpretation = 3d,
size = 1000 px) function.

The subvolumes are skeletonized (Fig 2C and 2D) using the auto skeleton command
(smooth = 0, attach to data = 0.5, number of iteration = 1000). Euclidean point coordinates
that describe the segments (trabeculae) and nodes (intersection of trabeculae) of the stereom,
as well as the trabecular mean radius and the tortuosity (curvature) of the segments were
exported from Avizo using the spatial graph statistics function. The coordinates are analyzed
in the R software environment in version 3.2.2 [31]. Duplicated segments or nodes, that where
generated in Avizo during the automatized skeletonization process were identified and
removed for the analyses.

Length and tortuosity. The trabecular length is measured for two parameters (Fig 3). The
chord length 1. is described by a straight line between two nodes. The curved length I; repre-
sents the true and curved course of a segment. The tortuosity is the ratio between curved
length and the chord length, defined by Eq (5) and describes the extent of curvature of a seg-
ment.

= (5)
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node of segment intersection
N = node configuration

point within a segment

Fig 2. Data generation. (A) Micro-CT section of Echinocyamus pusillus. Blue squares indicate the areas of data origin. (B) 3d reconstruction of a
subvolume of the stereom. (C) Network scheme of the stereom. Blue spheres indicate nodes; yellow lines represent trabeculae. (D) Close-up of the
trabecular network. The node configuration indicates how many trabeculae intersect in a common node. The course of trabeculae is described by light-

blue spheres.

https://doi.org/10.1371/journal.pone.0204432.9002

A tortuosity of T = 1 indicates that the chord length of a segment is in equal length to the
curved length, a T > 1 indicates that a trabecula is longer than the direct connection between
nodes, and thus curved. The tortuosity parameters are used to describe the course of the
segments.

Radius and slenderness ratio. Radii are obtained from the Avizo spatial graphs statistics.
The radius of a trabecula is defined as the mean value of all point radii that describe a segment,
whereas the node radius is respectively the radius of a single point in which trabeculae intersect

PLOS ONE | https://doi.org/10.1371/journal.pone.0204432 September 27,2018 5/18


https://doi.org/10.1371/journal.pone.0204432.g002
https://doi.org/10.1371/journal.pone.0204432

@° PLOS | ONE

Structural design of the echinoid’s trabecular system

B "
~—curved
length L,
o i
~ 5
c .=
o)) 5
C :
Q@ i
[ ‘:
o ':
e '.
© '-.
trabecular
radius r

Fig 3. Trabecular descriptors. The trabecular length can be measured by its chord length (L.) which is defined by the

maximum extension of a trabecula, and

its curved length (L,) which describes the length of a trabecula following its

center line. The trabecular radius is given by r.

https://doi.org/10.1371/journal.pone.0204432.9003
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(Fig 2D). Segment and node radii are compared by a non-parametric Wilcoxon rank-sum test.
Additionally, node radii and segment radii are compared between the plate’s center and mar-
gin areas. Results are reported as the median + median absolute deviation (mad). Results are
discussed with respect to their mechanical effects. Wilcoxon rank sum tests were applied to
subsamples of the data so that differences in sample size and large samples do not bias the sta-
tistical test. Data are subsampled to N = 300 for each compared group, the statistical analyses
ran in 10000 iterations. The mean p-value is reported for evaluation. The slenderness ratio is
determined for both the center and margin regions of the plate and compared to one another
using a Wilcoxon rank sum test where data are subsampled to N = 300 per group and ran for
10000 iterations.

Inter-trabecular angle and node configuration. The inter-trabecular angle ITA [26, 32]
is the angle between any of two intersecting segments in a common node. Angle calculation is
performed in two-step process, where in a first step, the position vectors of a segment are used
to describe the direction vector of a segment, and in a second step, the angle between two
direction vectors segments is calculated using Eq (6).

b
ITA = cos® = 7_? — (6)
[a’(l- 1ol

‘@’ = direction vector of a segment, b’ = direction vector of an @’ intersecting segment. The
obtained ITA are averaged (mean + standard deviation) for each node and correlated to the
number of segments per node. The number of segments that intersect in one node is calculated
to determine the most abundant intersections-per-node combination. The number of intersec-
tions per node follow Eq (7).

i 5 = n(n2— 1) )

n = number of segments per node, i = index. ITA of the plate’s center and the plate’s margin
are compared by a Wilcoxon rank sum test.

Trabeculae orientation. The segment orientation perpendicular to the plate’s surface is
described by theta (0), that is formed by the trabecula and the z-axis (Fig 4). Theta can range
between 0 and 90 degrees, where 0 = 0 degree is a trabecula perpendicular to the plate’s surface
and 0 = 90 degree is a trabecula in x-y direction (horizontal to the plate’s surface. The segment
orientation in x-y plane is described by phi (¢), which lies in the plate’s horizontal plane (Fig
4) and can revolve from 0 to 360 degrees around the z-axis. The angles theta and phi are
obtained from Avizo using the spatial graph statistics function. Their distribution provides
information about the load-transfer direction. The distribution of theta is analyzed for normal-
ity using Shapiro-Wilk test for normality in R [31]. The skewness and kurtosis of the distribu-
tions is calculated by the moments-package [33] in R. The distribution of phi is analyzed for
uniformity using a y” test. Visualization of the phi distribution is performed by rose diagrams
using the spatstat package [34] in R. The rose diagrams have no specific orientation in relation
to the skeleton, but allow an assessment of uniform or directional distributed trabeculae. The
trabecular orientation is compared between the plate’s center and the plate’s margin using a
Wilcoxon rank sum test.

Rendering. Surface models of the stereom from the plate’s center and the plate’s margin
are visualized in Avizo (options: compactify = unchecked, edge length = 0.2; settings: adjust
coordinates = checked; smoothening: smoothening = constrained smoothening, smoothening
extend = 1) with the surface parameters (draw style = transparent; more options = specular,
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Fig 4. Definition of the theta and phi. Horizontal plane (blue) and the z-axis (yellow) of a plate model.
https://doi.org/10.1371/journal.pone.0204432.g004

fancy alpha, sorting, both faces, direct normal; base trans = 0 (for non-transparent stereom
view) base trans = 0.6 (for transparent stereom view)). Skeletonization results are visualized as
a tube network including thickness parameters (node scale = constant, node scale fac-
tor = 1.24905, node coloring = constant, segment styles = tubes, segment coloring = thickness,
segment colormap = physics, colormap range = -1.36986-3.9, tube scale factor = 0.152058).
Figure processing. The plate showing the horizontal plane and the z-axis was rendered in
the 3d design software Rhinoceros 5 (McNeel, Seattle, WA, USA). Images were adjusted for
brightness, contrast and color in Adobe Photoshop CC 2018 (Adobe Systems, San José, CA,
USA). Line drawings were generated in Adobe Illustrator CC 2018 (Adobe Systems, San José,
CA, USA), and final figure layout was processed in Adobe InDesign CC 2018 (Adobe Systems,
San José, CA, USA).

Results

Length, tortuosity, radius and slenderness ratio

Plate center. The chord length (shortest distance between nodes) is on average 16.43 +
5.8 um (N = 1419), the curved length (true length of a trabecula) 17.56 + 6.1 um (N = 1419)
(Fig 5A and 5B, Table 1). A Wilcoxon rank-sum test of chord length and curved length shows
that the two length parameters are statistically not different at a significance level of o = 5%
(p=0.131, N = 600, iterations: 10000). The tortuosity of the segments is T = 1.03 £ 0.0 (N =
1419) and is close to T = 1. The segments show an average radius of 2.33 + 1.2 um (N = 1418),
nodes show an average radius of 1.500 + 0.0 um (N = 712), t (Table 1). A Wilcoxon rank-sum
test indicates that segment are on average thicker than the nodes based on a significance level
of . =5% (p < 0.001, N = 600, iterations: 10000). The average slenderness ratio is 15.24 + 8.4
(N = 1418).

Plate margin. The chord length (shortest distance between nodes) is on average
16.43 + 5.5 um (N = 1560), the curved length (true length of a trabecula) 17.43 + 5.4 ym
(N =1560) (Fig 5B and 5C, Table 1). A Wilcoxon rank-sum test of chord length and curved
length shows that the two length parameters are statistically not different at a significance level
of o =5% (p = 0.150, N = 600, iterations: 10000). The resulting tortuosity of the segments is
7=1.03 £ 0.0 (N = 1560) and is close to T = 1. The segments show an average radius of
1.50 + 0.0 um (N = 6543) (Table 1), nodes show an average radius of 1.50 + 0.0 pum (N = 775).
A Wilcoxon rank-sum test indicates that segment are on average thicker than the nodes based
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Fig 5. Stereographic rendering of the stereom. (A) Trabeculae at the plate’s center are unordered. (B) The visualization of thinned and color-
coded trabeculae shows the sturdy trabeculae. (C) trabeculae at the plate’s margin are more ordered, and (D) the trabeculae are slenderer than
those of the plate’s center.

https://doi.org/10.1371/journal.pone.0204432.9005

on a significance level of o. = 5% (p < 0.001, N = 600, iterations: 10000). The average slender-
ness ratio is 16.14 + 7.8 (N = 1559).

Comparison of the plate’s center and margin. The statistical analysis indicates that seg-
ments from both the plate’s center and the plate’s margin are similar in their length (p = 0.403,

= 600, iterations: 10000). The segment radius are similar between the two plate regions
based on an significance level of o = 5% (p = 0.054, N = 600, iterations: 10000). The tortuosity
of both plate regions statistically indistinguishable (p = 0.287, N = 600, iterations: 10000), as
the node radius is (p = 0.375, N = 600, iterations: 10000). The slenderness ratios of the plate’s
center and the plate’s margin are statistically not different (p = 0.303, N = 600, iterations:
10000).
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Table 1. Trabecular measurements and orientation.

position median mad min max N

center segment chord length 16.43 5.80 0.0 42.1 1418
segment curved length 17.55 6.13 6.0 51.3 1418
segment tortuosity 1.03 0.03 1.0 3.0 1415
segment radius 2.33 1.21 1.5 7.6 1418
slenderness ratio 15.24 8.44 2.70 51.96 1418
node radius 1.50 0.00 1.5 9.0 711
orientation theta 59.09 22.82 0.0 90.0 1418
orientation phi 180.00 133.51 0.0 360.0 1418

margin segment chord length 16.43 5.48 0.0 34.2 1559
segment curved length 17.43 5.39 6.0 49.6 1559
segment tortuosity 1.03 0.03 1.0 2.4 1559
segment radius 2.22 0.79 1.5 5.3 1559
slenderness ratio 16.14 7.76 2.77 52.57 1559
node radius 1.50 0.00 1.5 5.0 774
orientation theta 59.67 27.14 0.0 90.0 1559
orientation phi 180.10 133.62 0.0 360.0 1559

mad = median absolute deviation, min = minimum value, max = maximum value, N = sample size.

https:/doi.org/10.1371/journal.pone.0204432.t001

Inter-trabecular angle (ITA) and node configuration

Plate center. The analysis of the plates’ centers (Fig 5A and 5B) involved 1419 segments,
which intersected in 538 nodes. In 1.3% of the 538 nodes, two segments intersected in one
common node (Table 2), in 66.4%, three segments intersected in one common node, in 21.4%,
four segments intersected in one node, in 6.5% five segments intersected in one node, in 3.9%
six segments intersected in one node, and in 0.6% seven or more segments intersected in one
node. The average inter-trabecular angle is ITA = 104.35 £ 13.1° (N = 538) with a mode of
120° (Fig 6A). The majority of intersection nodes involve three segments. In the cases where
three segments share one common node, the ITA is 105.76 + 13.4° (N = 357) with a mode of
120° (Fig 6B). In the cases where more than three segments intersect in one common node,
the ITA decreases compared to 2N - 4N (Table 2).

Table 2. Inter-trabecular angles and node-configuration.

ITA total 2N 3N 4N 5N 6N 7N 8N 9N
center N 538 7 357 115 35 21 2 n/a 1
fraction (%) 100.00 1.30 66.40 21.38 6.51 3.90 0.37 n/a 0.19
mean (deg) 104.35 117.19 105.76 102.40 99.68 95.88 95.27 n/a 99.68
sd (deg) 13.1 30.2 134 10.2 10.7 9.6 4.7 n/a n/a
mode (deg) 120.00 146.87 120.00 98.91 94.96 85.03 91.96 n/a n/a
margin N 589 5 369 149 38 20 4 1 n/a
fraction (%) 100.00 0.93 68.59 27.70 7.06 3.72 0.74 0.19 n/a
mean (deg) 102.85 117.04 103.19 102.19 102.89 99.38 92.91 113.76 n/a
sd (deg) 13.9 20.1 13.3 15.2 12.4 15.3 5.7 n/a n/a
mode (deg) 120.00 150.17 120.00 100.12 99.78 100.11 100.53 n/a n/a

ITA = inter-trabecular angle, N = sample size, deg = degree, sd = standard deviation.

https://doi.org/10.1371/journal.pone.0204432.t002
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Fig 6. Histograms of the inter-trabecular angles. (A) All inter trabecular angles of the plate centers. (B) Inter trabecular angles of the plate centers, where 3 segments
intersect in a single common node. (C) All inter trabecular angles of the plate margins. (D) Inter trabecular angles of the plate margins, where 3 segments intersect in a
common node. N = sample size, med. = median, mad. = median absolute deviation, mode is indicated by arrows.

https://doi.org/10.1371/journal.pone.0204432.9006

Plate margin. The analysis of the plates’ margins (Fig 5B and 5C) involved 1559 segments,
these segments intersected in 589 intersection nodes. In 0.9% of the 589 nodes, two segments
intersected in one common node, in 68.6%, three segments intersected in one node, in 27.7%,

four segments intersected in one node, in 7.0% five segments intersected in one node, in 3.7%

six segments intersected in one node, and in 0.9% seven or more segments intersected in one
node (Table 2). The average inter-trabecular angle is ITA = 102.85 + 13.9° (N = 589) with a
mode of 120° (Fig 6C). The majority of intersection nodes involve three segments. In the cases
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where three segments share one common node, the ITA is 103.19 £ 13.3° (N = 369) with a
mode of 120° (Fig 6D). In the cases where more than three segments intersect in one common
node, the ITA decreases compared to 2N - 4N (Table 2).

Comparison of the plate’s center and margin. The inter-trabecular angles of the plate’s
center and those of the plates margin are statistically not different as shown by the Wilcoxon
rank sum comparison (p = 0.313, N = 600, iterations: 10000). The inter-trabecular angles
between segments, where three segments intersect in one common node is likewise similar
(p =0.060, N = 600, iterations: 10000).

Trabecular theta orientation

Plate center. The angle theta between the segments and the z-axis (axis perpendicular to
the plate’s surface) is on average 0 = 59.09 + 22.8° (N = 1418, Fig 7A). A Shapiro-Wilk test for
normality reveals that the distribution of theta is statistically different from a Gaussian distri-
bution at a significance level of o = 5% (W = 0.972, p < 0.001, N = 1418). The distribution of
theta is left skewed and flattened compared to a Gaussian distribution (skewness = -0.369, kur-
tosis = 2.480, N = 1419) (Fig 7A).

Plate margin. The angle theta between the segments and the z-axis (axis perpendicular to
the plate’s surface) is on average 0 = 59.67 + 27.1° (N = 1560, Fig 7B). A Shapiro-Wilk test for
normality reveals that the distribution of theta is statistically different from a Gaussian distri-
bution at a significance level of o = 5% (W = 0.954, p < 0.001, N = 1560). (Fig 7B). The distri-
bution of theta is left skewed and flattened compared to a Gaussian distribution (skewness =
-0.351, kurtosis = 2.105, N = 1560).

Comparison of the plate’s center and margin. The trabecular orientation in relation to
the z-axis (axis perpendicular to the plate’s horizontal plane) is similar at the plate’s center and
the plate’s margin (p = 0.502, N = 600, iterations: 10000).

Trabecular phi orientation

Plate center. The trabecular orientation within the plate’s horizontal plane does not fol-
low a uniform distribution (x*(36) = 152.91, p < 0.001, N = 1418). The respective rose diagram
indicates that trabeculae are directional orientated within the plate’s horizontal plane (Fig 8A).

Plate margin. The trabecular orientation within the plate’s horizontal plane does not fol-
low a uniform distribution (x*(36) = 303.13, p < 0.001, N = 1559). The respective rose diagram
indicates that trabeculae are directional orientated within the plate’s horizontal plane (Fig 8B).

Comparison of the plate’s center and margin. The trabecular orientation within the
plate’s horizontal plane is similar in both plate areas (p = 0.478, N = 600, iterations: 10000).

Discussion
Length and radius

The trabeculae follow a direct course between two nodes, demonstrated by tortuosity values
close to T = 1. The chord length and curved length are additionally statistically indistinguish-
able in and between both the plate’s center and margin (Table 1). The trabecular length at the
plate’s center and at the plate’s margin, as well as the average segment radius are similar. The
aspect ratio of trabecular length and trabecular radius indicates that buckling is not a structur-
ally critical parameter in the two plate regions.
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Fig 7. Histograms of the trabecular orientation with respect to the plate’s horizontal plane. (A) Trabecular
distribution at the plate’s center. (B) Trabecular distribution at the plate’s margin. N = sample size, med. = median,
mad. = median absolute deviation, mode is indicated by arrows.

https://doi.org/10.1371/journal.pone.0204432.9007

Inter-trabecular angle (ITA) and node configuration

The inter-trabecular angles of the plate’s center and the plate’s margin are similar, with the
overall ITA slightly lower than the ITA for three segments per node (3N). Although the aver-
age ITA at the plate’s center is 105.76° and 103.19° at the plate’s margin, the majority of ITA
are in both regions at 120° (Fig 6B and 6D) indicating that the triangular geometrical configu-
ration with a maximum segment is structurally advantageous for multi-directional stress han-
dling. In the 3N configuration, more 120° angles are present on the plate’s center than in the
plate’s margin (Fig 6B and 6D) indicating that the center is more likely adapted to multi-
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Fig 8. Rose diagrams of the trabecular orientation within the plate’s horizontal plane. (A) Phi distribution at the
plate’s center. (B) Phi distribution at the plate’s margin. Both diagrams indicate that the trabeculae are directional
aligned within the plate’s horizontal plane.

https://doi.org/10.1371/journal.pone.0204432.9008

directional stress. This result can be explained by the load-distribution in the echinoid skeleton
(Grun and Nebelsick 2018), where loads applied to a plate are distributed via the galleried
stereom to adjoining plates.
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Fig 9. Lattice-system. Built-up from multiple 3N members. All inter-trabecular angles possess an offset of 120 degrees
to one another.

https://doi.org/10.1371/journal.pone.0204432.g009

Reznikov et al. (2016) demonstrated that the ideal ITA of a 3N configuration is 120°, as this
angular motif spans the longest space. This 3N and 120° motif results in a planar and triangu-
lar geometric element [26]. In nodes where four segments share a common node (4N), the
geometric motive is tetrahedral with a maximum segment offset of 109.5° [26]. Results show
that the planar 120° triangular motifs account for around two thirds of the node configuration.
In terms of its structural performance, the planar triangular geometry can be used to counter
multi-dimensional loadings when arranged in an angular off-set (Fig 9).

Trabecular theta orientation

Trabeculae of both the plate’s center and the plate’s margin show a similar distribution pattern
of theta, which ranges between 0 and 90 degrees with the z-axis (Fig 4). In both plate areas, the
mean angle formed by the trabeculae and the z-axis is around 60 degrees with a mode of 90
degrees (Fig 7). This distribution indicates that trabeculae are orientated in all spatial direc-
tions, capable to meet multi-directional stress [3, 26]. The most frequent theta for both the
plate’s center and the plate’s margin is found at 90 degrees, which is parallel to the plates sur-
face. The distribution of theta in the plate’s margin is slightly more left skewed than the distri-
bution of theta in the plate’s center, which indicates a slightly, yet statistically insignificant
higher frequency of 90 degree trabeculae (Fig 7). The orientation of the trabeculae within the
plate is in contrast to general descriptions of trabecular orientations within echinoid plates,
where the center is usually described as unordered labyrinthic stereom, whereas the marginal
areas consist of the highly ordered galleried stereom [3].

The differentiation between labyrinthic and galleried stereom has been discussed with
respect to their function: the labyrinthic stereom with its unordered trabeculae is considered
to absorb loads from multiple directions, whereas the ordered galleried stereom can distribute
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loads from its point of origin along the echinoid’s skeleton [3, 10]. Interestingly, pCT sections
[35] indicate that there is a visual separation between the center and the margin of a plate in
Echinocyamus pusillus. The discrepancy between the statistical similarity of the trabeculae ori-
entation in the plate’s center and margin (Fig 7) and the visual separation between both areas
is interpreted to be based on two parameters: first, trabeculae at the plate’s center are assumed
to counter loads from multiple directions. These loads need to be deflected from vertical loads
to horizontal loads in order to be distributed by the marginal areas to other plates. Second,
loads are applied to the entire surface of the echinoid, including both the plate’s center and the
plate’s margin. Therefore, the margins also have to counter loads from above. Although the
main direction of the primary trabeculae at the plate’s margins show a distinctive direction,
other trabeculae vary in orientation to counter loads from multiple directions respectively to
the plate’s center. Additionally, the separation of the plate’s margin and the plate’s center has
always been analyzed from physical [3] or virtual [16] sections of a echinoid’s plate. This pio-
neering examination indicates that the spatial trabecular orientation of plates of the clypeaster-
oid Echinocyamus pusillus is similar within a plate.

Trabecular phi orientation

The trabecular orientation within the plate’s horizontal plane in both the plate’s center and the
plate’s margin are highly directed indicated by the angular distribution (Fig 8) and supported
by statistical tests. The directional alignment of the trabecular system is indicative for a direc-
tional load transfer system. Applied loads are here interpreted to impinge on the echinoid’s
shell surface, where the loads can be supported by the trabeculae in theta direction. The loads
are then transferred into lateral thrust [36]. The directional trabeculae in phi direction can dis-
tribute this stresses laterally onto neighboring plates. The resulting stress is thereby dispensed
which leads to a lower chance of structural failure.

Conclusions

The echinoid’s trabecular system is characterized by the eight descriptors of (1) trabecular
length, (2) trabecular tortuosity, (3) trabecular radius, (4) trabecular slenderness ratio, (5)
inter-trabecular angle, (6) node configuration, (7) theta orientation, and (8) phi orientation.
Single trabeculae are short, stocky and possess very little tortuosity. The minor slenderness
ratio in echinoids indicate that their trabecular system is able to resist higher loads before the
critical Euler buckling is reached. The majority of trabecular intersections follow the 3N con-
figuration, where three trabeculae intersect in one common node. The most abundant ITA is
thereby at 120°. The resulting triangular and planar geometry can, when combined, form a
three-dimensional meshwork able to counter multi-dimensional stress. The trabecular orien-
tation in z-direction indicates that the plate is capable of handling loads along the entire sur-
face. The trabecular orientation within the plate’s horizontal plane is directional, enabling the
plate to distribute loads to neighboring plates.

Acknowledgments

The authors thank Hartmut Schulz (University of Tiibingen) for support on the scanning elec-
tron microscope and Raouf Jemmali (German Aerospace Center Stuttgart) for computer
tomographic scanning.

Author Contributions
Conceptualization: Tobias B. Grun, James H. Nebelsick.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204432 September 27,2018 16/18


https://doi.org/10.1371/journal.pone.0204432

@° PLOS | ONE

Structural design of the echinoid’s trabecular system

Data curation: Tobias B. Grun.

Formal analysis: Tobias B. Grun.

Funding acquisition: James H. Nebelsick.

Investigation: Tobias B. Grun, James H. Nebelsick.
Methodology: Tobias B. Grun.

Project administration: James H. Nebelsick.

Resources: James H. Nebelsick.

Software: Tobias B. Grun.

Supervision: James H. Nebelsick.

Validation: Tobias B. Grun, James H. Nebelsick.
Visualization: Tobias B. Grun.

Writing - original draft: Tobias B. Grun, James H. Nebelsick.
Writing - review & editing: Tobias B. Grun, James H. Nebelsick.

References

1. Durham JW. Clypeasteroids. In: Moore RC, editor. Treatise on invertebrate paleontology. Lawrence:
University of Kansas Press; 1966. pp. 450—491.

2. Nebelsick JH, Dynowski JF, Grossmann JN, Tétzke C. Echinoderms: hierarchically organized light
weight skeletons. In: Hamm C, editor. Evolution of lightweight structures: analyses and technical appli-
cations, biologically-inspired systems, Vol. 6. Cham: Springer; 2015. pp. 141-156. https://doi.org/10.
1007/978-94-017-9398-8_8

3. Smith A. Stereom microstructure of the echinoid test. Spec Pap Palaeontol. 1980; 25: 1-81.

4. Grossmann N, Nebelsick JH. Stereom differentiation in spines of Plococidaris verticillata, Heterocentro-
tus mammillatus and other regular sea urchins. In: Johnson CR, editor. Echinoderms in a changing
world: proceedings of the 13th International Echinoderm Conference. Boca Raton: CRC Press;

2013. pp. 97-104.

5. Grossmann JN, Nebelsick JH. Comparative morphology and structural analysis of selected cidaroid
and camarodont sea urchin spines. Zoomorphology; 2013; 132: 301-315.

6. LauerC, Grun TB, Zutterkirch |, Jemmali R, Nebelsick JH, Nickel KG. Morphology and porosity of the
spines of the sea urchin Heterocentrotus mamillatus and their implications on the mechanical perfor-
mance. Zoomorphology. 2017; 137: 139—154. https://doi.org/10.1007/s00435-017-0385-4

7. PresserV, Gerlach K, Vohrer A, Nickel KG, Dreher WF. Determination of the elastic modulus of high
porous samples by nanoindentation: a case study on sea urchin spines. J Mater Sci. 2010; 45: 2408—
2418. https://doi.org/10.1007/s10853-010-4208-y

8. Tsafnat N, Fitz Gerald JD, Le HN, Stachurski ZH. Micromechanics of sea urchin spines. PLoS One.
2012; 7:e44140. https://doi.org/10.1371/journal.pone.0044140 PMID: 22984468

9. Smith A. Biomineralization in echinoderms. In: Carter JG, editor. Skeletal biomineralization: patterns,
processes and evolutionary trends. New York: Van Nostrand Reinhold; 1990. pp. 413—443.

10. Lawrence J. A functional biology of echinoderms. Baltimore: John Hopkins University Press; 1987.
https://doi.org/10.1002/iroh.19890740316

11.  Donovan SK. The taphonomy of echinoderms: calcareous multi-element skeletons in the marine envi-
ronment. In: Donovan SK, editor. The process of fossilization: London: Belhaven Press; 1991. pp.
241-269.

12. Telford M. Domes, arches and urchins: the skeletal architecture of echinoids (Echinodermata). Zoomor-
phology. 1985; 105: 114—124. https://doi.org/10.1007/BF00312146

13. Telford M. Structural analysis of the test of Echinocyamus pusillus (O. F. Mller). In: Keegan BF, O’Con-
nor BDS, editors. Echinodermata: proceedings of the fifth International Echinoderm Conference. Rot-
terdam: Balkema; 1995. pp. 353—-360.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204432 September 27,2018 17/18


https://doi.org/10.1007/978-94-017-9398-8_8
https://doi.org/10.1007/978-94-017-9398-8_8
https://doi.org/10.1007/s00435-017-0385-4
https://doi.org/10.1007/s10853-010-4208-y
https://doi.org/10.1371/journal.pone.0044140
http://www.ncbi.nlm.nih.gov/pubmed/22984468
https://doi.org/10.1002/iroh.19890740316
https://doi.org/10.1007/BF00312146
https://doi.org/10.1371/journal.pone.0204432

@° PLOS | ONE

Structural design of the echinoid’s trabecular system

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Grun TB, Koohi L, Schwinn T, Sonntag D, von Scheven M, Bischoff M, et al. The skeleton of the sand
dollar as a biological role model for segmented shells in building construction: a research review. In:
Knippers J, Nickel KG, Speck T, editors. Biologically-inspired design and integrative structures: analy-
sis, simulation and implementation in architecture. Cham: Springer: 2016. pp. 217-242. https://doi.org/
10.1007/978-3-319-46374-2_11

Grun TB, Nebelsick JH. The taphonomy of Clypeaster. a paleontological tool to identify stable structures
in natural shell systems. Neues Jahrb Geol Palaont Abh. 2018; 288: 000—-000 in press. http://doi.org/
10.1127/njgpa/2018/0737

Grun TB, Nebelsick JH. Structural design of the minute clypeasteroid echinoid Echinocyamus pusillus.
R Soc Open Sci. 2018; 000: 000—000 in press.

Nebelsick JH, Kowalewski M. Drilling predation on recent clypeasteroid echinoids from the Red Sea.
Palaios. 1999; 14: 127—144. https://doi.org/10.2307/3515369

Grun T, Sievers D, Nebelsick JH. Drilling predation on the clypeasteroid echinoid Echinocyamus pusil-
lus from the Mediterranean Sea (Giglio, ltaly). Hist Biol. 2014; 26: 745-757. https://doi.org/10.1080/
08912963.2013.841683

Grun TB. Recognizing traces of snail predation on the Caribbean sand dollar Leodia sexiesperforata.
Palaios. 2017; 32: 448—461. https://doi.org/10.2110/palo.2017.001

Belaustegui Z, Nebelsick JH, Gibert de JM, Domenech R and Martinell J. A taphonomic approach to the
genetic interpretation of clypeasteroid accumulations from Tarragona (Miocene, NE Spain). Lethaia.
2012; 45: 548-565. https://doi.org/10.1111/j.1502-3931.2012.00314.x

Belaustegui Z, Gibert de JM, Nebelsick JH, Doménech R and Martinell J. Clypeasteroid echinoid tests
as benthic islands for gastrochaenid bivalve colonization: evidence from the middle Miocene of Tarra-
gona (North—East Spain). Palaeontology. 2012; 56: 783—796. https://doi.org/10.1111/pala.12015

Mancosu A, Nebelsick JH. Multiple routes to mass accumulations of clypeasteroid echinoids: a compar-
ative analysis of Miocene echinoid beds of Sardinia. Palaeogeogr, Palaeoclimatol, Palaeoecol. 2013;
374: 173-186. https://doi.org/10.1016/j.palae0.2013.01.015

Mancosu A, Nebelsick JH. The origin and paleoecology of clypeasteroid assemblages from different
shelf setting of the Miocene of Sardinia, Italy. Palaios. 2015; 30: 273-387. hitps://doi.org/10.2110/palo.
2014.087

Mancosu A, Nebelsick JH. Ecomorphological and taphonomic gradients in clypeasteroid-dominated
echinoid assemblages along a mixed siliciclastic-carbonate shelf from the early Miocene of northern
Sardinia, Italy. Acta Palaeontol Pol. 2017; 62: 627—646. https://doi.org/10.4202/app.00357.2017

Seilacher A. Constructional morphology of sand dollars. Paleobiology. 1979; 5: 191-221. https://doi.
org/10.1017/S0094837300006527

Reznikov N, Chase H, Ben-Zvi Y, Tarle V, Singer M, Brumfeld V, et al. Inter-trabecular angle: a parame-
ter of trabecular bone architecture in the human proximal femur that reveals underlying topological
motifs. Acta Biomater. 2016; 44: 65-72. https://doi.org/10.1016/j.actbio.2016.08.040 PMID: 27554017

Wainwright SA, Biggs WD, Currey JD, Gosline JM. Mechanical design in organisms. London: Edward
Arnold; 1973.

Mann W. Vorlesung tber Statik und Festigkeitslehre: Einfuhrung in die Tragwerkslehre. Stuttgart: BG
Teubner; 1986.

Gross D, Hauger W, Schréder J, Wall AW. Technische Mechanik 2: Elastostatik. Berlin: Springer;
2007.

Grun T.B., Nebelsick J.H. Data from: Micro-morphological and structural design analysis of the minute
clypeasteroid echinoid Echinocyamus pusillus. Dryad Digital Repository, 2018. https://doi.org/10.5061/
dryad.rg54h

R Core Team. R: a language and environment for statistical computing. Vienna, Austria, R Foundation
for Statistical Computing, 2017. www.r-project.org

Ben-Zvi Y, Reznikov N, Shahar R, Weiner S. 3D architecture of trabecular bone in the pig mandible and
femur: inter-trabecular angle distribution. Front Mat Sci. 2017; 4: 1-15. https://doi.org/10.3389/fmats.
2017.00029

Komsta L, Novomestky F. Moments: moments, cumulants, skewness, kurtosis and related tests. R
package version 0.14., 2015. www.cran.r-project.org/package=moments.

Baddeley A, Rubak E, Turner F. Spatial point patterns: methodology and applications with R. London:
Chapman and Hall CRC Press; 2015.

Grun TB, von Scheven M, Bischoff M, Nebelsick JH. Structural design of the minute clypeasteroid echi-
noid Echinocyamus pusillus. J R Soc Interface. under review.

Gordon JE. Structures: or why things don’t fall down. New York: Da Capo Press; 1978.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204432 September 27,2018 18/18


https://doi.org/10.1007/978-3-319-46374-2_11
https://doi.org/10.1007/978-3-319-46374-2_11
http://doi.org/10.1127/njgpa/2018/0737
http://doi.org/10.1127/njgpa/2018/0737
https://doi.org/10.2307/3515369
https://doi.org/10.1080/08912963.2013.841683
https://doi.org/10.1080/08912963.2013.841683
https://doi.org/10.2110/palo.2017.001
https://doi.org/10.1111/j.1502-3931.2012.00314.x
https://doi.org/10.1111/pala.12015
https://doi.org/10.1016/j.palaeo.2013.01.015
https://doi.org/10.2110/palo.2014.087
https://doi.org/10.2110/palo.2014.087
https://doi.org/10.4202/app.00357.2017
https://doi.org/10.1017/S0094837300006527
https://doi.org/10.1017/S0094837300006527
https://doi.org/10.1016/j.actbio.2016.08.040
http://www.ncbi.nlm.nih.gov/pubmed/27554017
https://doi.org/10.5061/dryad.rg54h
https://doi.org/10.5061/dryad.rg54h
http://www.r-project.org
https://doi.org/10.3389/fmats.2017.00029
https://doi.org/10.3389/fmats.2017.00029
http://www.cran.r-project.org/package=moments
https://doi.org/10.1371/journal.pone.0204432

