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A B S T R A C T

Brittle stars are known for the high flexibility of their arms, a characteristic required for locomotion, food
grasping, and for holding onto a great diversity of substrates. Their high agility is facilitated by the numerous
discrete skeletal elements (ossicles) running through the center of each arm and embedded in the skin. While
much has been learned regarding the structural diversity of these ossicles, which are important characters for
taxonomic purposes, their impact on the arms’ range of motion, by contrast, is poorly understood. In the present
study, we set out to investigate how ossicle morphology and skeletal organization affect the flexibility of brittle
star arms.

Here, we present the results of an in-depth analysis of three brittle star species (Ophioplocus esmarki,
Ophiopteris papillosa, and Ophiothrix spiculata), chosen for their different ranges of motion, as well as spine size
and orientation. Using an integrated approach that combines behavioral studies with parametric modeling,
additive manufacturing, micro-computed tomography, scanning electron microscopy, and finite element simu-
lations, we present a high-throughput workflow that provides a fundamental understanding of 3D structure-
kinematic relationships in brittle star skeletal systems.

1. Introduction

Brittle stars (phylum Echinodermata, class Ophiuroidea) are close
relatives of sea stars, and are the most speciose group of modern
echinoderms, encompassing more than 2000 species (Meglitsch and
Schram, 1991; Stöhr et al., 2018, 2012). They are globally distributed
in marine environments and are important contributors to both shallow
and deep benthic communities (Stöhr et al., 2012), but are most
abundant in shallow tropical and subtropical seas (Austin and Hadfield,
1980).

Brittle stars are known for their long, slender, and highly flexible
arms (Barnes, 1987; Stöhr et al., 2012), as described by J. G. Wood in
1898, who so eloquently wrote, “The whole of the brittle stars are
curious and restless beings. They can never remain in the same attitude
for the tenth part of a second, but are constantly twisting their long

arms, as if they were indeed the serpents with which Medusa’s head was
surrounded.”

Due to their lack of cephalization, the terminology used to describe
a brittle star’s body axis is defined by the location of the mouth, which
is located in the middle of the central disk and faces the substrate, thus
defining the “oral” and “aboral” (Hyman, 1940; Meglitsch and Schram,
1991) surfaces (or alternatively “ventral” and “dorsal” (Austin and
Hadfield, 1980), respectively).

With a central disk ranging from 3 to 50 mm in diameter, their arm
lengths vary from ca. two-times their disk diameter to twenty-times or
more in some species (Stöhr et al., 2012). The five arms are symme-
trically arranged in a pentaradial fashion around the central disk, and
they can bend both in-plane (or “laterally” (LeClair and LaBarbara,
1997), perpendicular to the oral-aboral axis) and out-of-plane (or
“vertically” (Barnes, 1987; LeClair and LaBarbara, 1997), parallel to the
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oral-aboral axis) (Fig. 1).
As a group, brittle stars are considered to be the most mobile

echinoderms (Barnes, 1987). Arm movements play a major role in their
unique mode of locomotion since, unlike sea stars, most brittle stars do
not use their tube feet for this purpose (Lawrence, 1987; Romanes,
1893). The muscular limbs apply forces to the substrate, pushing or
pulling the body forward across the sea floor. A decentralized nervous
system (Cobb and Stubbs, 1981) coordinates repetitive sinusoidal in-
plane movements, often in four of the arms, while one leading arm
points in the direction of locomotion (Arshavskii et al., 1975; Glaser,
1907; Romanes, 1893; Smith, 1965). The gait patterns observed in most
species show no arm preference or an indication of directional polarity,
and as such, brittle stars can quickly change direction (Arshavskii et al.,
1976; Astley, 2012; Barnes, 1987; Kano et al., 2017; Watanabe et al.,
2012).

In addition to locomotion, brittle stars use their arms to hold onto
substrates, coiling their flexible arms tightly around structurally com-
plex objects such as kelp, sponges, or corals (Austin and Hadfield, 1980;
Lawrence, 1987; Mosher and Watling, 2009), with spines located along
the arms aiding in the anchoring process (Austin and Hadfield, 1980).
In strong currents, brittle stars have also been observed to interlock
arms between adjacent individuals to form stable aggregations (Warner
and Woodley, 1975). Arm movements also play a key part in the pro-
cess of burying themselves in mud or the crevices of rocks (Barnes,
1987; Stöhr et al., 2012). When hiding in small openings, for example,
the animals coil their arms, resulting in the formation of robust an-
choring postures (LeClair and LaBarbara, 1997).

The arms of brittle stars also operate as feeding structures
(Lawrence, 1987; Warner and Woodley, 1975), with both the tube feet
and spines playing important roles in the detection of chemical stimuli
during feeding (Pentreath, 1970; Sloan and Campbell, 1982). While
holding on to the substrate with one or two arms, suspension-feeding
species such as the long-armed Ophiothrix spp., for example, extend the
remaining arms above the disk and expose them to the prevailing
currents, capturing small passing particles with their spines and tube
feet, which are then transferred to the mouth (Austin and Hadfield,
1980; Barnes, 1987; Lawrence, 1987; Warner, 1982; Warner and
Woodley, 1975). In species such as Ophiopteris papillosa, which exhibit
more targeted feeding behaviors, the arm spines are used to break off
small pieces from larger food items (Austin and Hadfield, 1980), while
carnivorous species can actively grab large prey items directly through
rapid arm coiling, and carry them to the mouth (Barnes, 1987; Hyman,
1940; Lawrence, 1987; Warner, 1982; Warner and Woodley, 1975).

Brittle stars and other echinoderms possess a dermal endoskeleton
consisting of numerous small porous calcareous skeletal elements (os-
sicles), which exhibit a wide range of species-specific geometries (Stöhr

et al., 2012). Their positions are maintained by connective tissues
(Bray, 1985), and the interaction between the arms’ internal skeleton,
the muscles, and soft connective tissues allows for a large number of
degrees of freedom during arm bending (Byrne and Hendler, 1988;
Lawrence, 1987; LeClair and LaBarbara, 1997). The extent of skeletal
development is often associated with a brittle star’s overall level of
activity, with delicate skeletal elements facilitating more agile motions,
while heavily calcified forms exhibit more sluggish behaviors
(Lawrence, 1987).

Historically, the structural diversity of brittle star ossicles have
primarily been used for taxonomic purposes (LeClair, 1996; Lyman,
1882; O’Hara et al., 2014; Smith et al., 1995; Stöhr et al., 2012; Thuy
and Stöhr, 2011), and the species-specific spiny ornamentations on the
arms are thought to be closely tied to the structural complexity of the
habitats in which each species is found (Austin and Hadfield, 1980;
Hendler and Miller, 1984). Hard substrate dominated rocky reefs are
commonly home to the smooth-armed and heavily armored brittle
stars, whereas spiny brittle stars frequently live in more structurally
complex or soft substrate-dominated communities (Fig. 2).

Brittle star studies from the past few decades have primarily focused
on arm regeneration and the formation of the calcitic skeleton
(Carnevali, 2006; Czarkwiani et al., 2016, 2013; Skold and Rosenberg,
1996; Zeleny, 1903), nervous system structural complexity (Cobb and
Stubbs, 1981), and the relationships between neurophysiology, arm
movement, and locomotion (Astley, 2012; Glaser, 1907; Kano et al.,
2017; Moore and Cobb, 1986; Watanabe et al., 2012). From a historical
perspective, while much has been learned regarding ossicle structural
diversity (Lyman, 1882), their impact on the arms’ range of motion is
still poorly understood (Thuy and Stöhr, 2011).

Inspired by their impressive flexibility, we set out to develop an
integrated approach to identify how ossicle morphology and skeletal
organization dictate the kinematics of brittle star arms, a study that
builds on recent advances in this field (Clark et al., 2018). Here, we
present the results of an in-depth analysis of three brittle star species,
purposely chosen for their distinctive level of agility and extent of
skeletal development. By combining behavioral studies with parametric
modeling, additive manufacturing, micro-computed tomography,
scanning electron microscopy, and finite element simulations, we pre-
sent a high-throughput workflow that provides critical kinematic in-
sights into structure-function relationships in brittle star skeletal sys-
tems.

2. Methods and materials

2.1. Research species

We selected three anatomically distinct species of brittle stars from
the temperate North Eastern Pacific for the purpose of this study:
Ophioplocus esmarki, Ophiopteris papillosa, and Ophiothrix spiculata
(Fig. 3). While these three species belong to different brittle star fa-
milies, they can grow to similar sizes, making detailed comparative
anatomical studies between them relatively straightforward. These
species also vary in their degree of agility, extent of skeletal armament,
the relative size and morphology of their arm spines, and how they
employ their arms for feeding. For example, O. esmarki feeds on small
animals, while O. spiculata is primarily a suspension feeder, and O.
papillosa is both a suspension feeder as well as an active carnivore
(Austin and Hadfield, 1980).

O. esmarki can be found from the lower rocky intertidal to depths of
70 m, and is a relatively inactive species, with stiff and relatively short
arms (two to three times as long as its central disk diameter), with very
few and very small spines that are capable of being folded against the
arms (Austin and Hadfield, 1980). In contrast, both O. papillosa and O.
spiculata are often seen in algal holdfasts and other sheltered habitats,
from the lower intertidal to depths greater than 100 m, and have re-
latively longer and more agile arms, as well as longer and more

Fig. 1. Brittle star external anatomy. Brittle star anatomical descriptions are
based on the location of the mouth, which is located in the middle of the central
disk, and faces the substrate, and thus defines the oral and aboral surfaces. The
five arms, arranged pentaradially around the central disk, can bend both in-
plane (perpendicular to the oral-aboral axis) and out-of-plane (parallel to the
oral-aboral axis).
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numerous spines than O. esmarki. The relatively smooth arm spines of
O. papillosa are blunt and flattened and exhibit a highly parallel or-
dering along each side of the arm, while the spines of O. spiculata point
in seemingly random directions and exhibit well-defined surface barbs
(Austin and Hadfield, 1980).

2.2. Specimen collection and housing

All three species were collected off the coast of Santa Barbara,
California at depths of 10–15 m, ranged between 10 and 20 cm in total
specimen diameter, and, for the selected specimens described here,
were chosen such that they did not exhibit significant recent arm re-
generation. Live individuals were maintained in a temperate flow-
through seawater system at ca. 15 °C and placed in small black-bottom
aquaria for photographic and behavioral studies (Figs. 8–10). For all of
the behavior and anatomical studies described in the following sections,

and unless directly specified, at least 10 individuals of each species
were investigated and the results reported here for the selected in-
dividuals are representative of the trends observed.

2.3. Live specimen photography

Live brittle stars were transferred from seawater holding tanks to
photography trays with black sides and black velvet bottoms and placed
on a 3 mm thick glass sheet, supported 2 cm below the seawater surface
and 7 cm above the velvet bottom. Images were captured using a Canon
EOS 7D Mark II with a Canon EF-S 60 mm f/2.8 Macro USM lens with
settings of ISO 100, f/14, and 1/250 s. A single, hand-held electronic
strobe (Altura Speedlight AP-FLS-UNV1), triggered by way of a wireless
transmitter-receiver pair (Phottix Strato ll Multi 5-in-1 Wireless Trigger
System) supplied illumination.

Fig. 3. Aboral views of the three brittle star species used in the present study. The arms of O. esmarki are relatively thick with small, stubby spines, whereas the arms
of O. papillosa and O. spiculata exhibit longer, higher aspect ratio spines attached to comparatively thinner arms. The spines of O. papillosa are arranged in a highly
parallel fashion, while the spines of O. spiculata exhibit a more disordered organization.

Fig. 2. Habitat preference in smooth and spiny brittle star species. Rocky reef habitats (A) are common homes to smooth-armed brittle stars (B) that hide under rocks
or in crevices and are protected by their robust dermal armament (cf. Fig. 4). In contrast, soft substrate-dominated habitats such as kelp forests (C) are common
homes for spiny brittle stars (D) where their high aspect ratio spines can aid in successfully grasping onto structurally complex substrates for protection.
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2.4. Large-scale micro-computed tomography

Micro-computed tomography (micro-CT) studies were performed
with 70% ethanol-preserved individuals that were collected from the
same localities described above. Specimens were either scanned in their
entirety (Fig. 8), or were subdivided into smaller sections for more
detailed analyses (Figs. 4 and 5). Using this approach, we were able to
virtually remove soft tissues from the specimens (through selective di-
gital filtering of the raw tomography data) and extract information on
the size, quantity, and organization of the ossicles within the arms for
each species. In addition, this technique permitted the identification of
internal and external porosity gradients within each ossicle type, which
may play important roles in providing abrasion resistance during arm
motion.

Whole (intact) brittle stars (Fig. 8) or isolated ethanol-preserved
mid-sections of the arms of all three species, measuring roughly 3 cm in
length (Figs. 4 and 5), were stabilized between pieces of soft foam in a
plastic tube and scanned with an X-Tek HMXST225 (X-Tek, Amherst,
NH, USA) micro-CT x-ray imaging system. The scan resolutions ranged

between voxel sizes of 5.035 and 6.889 μm, volumetric reconstructions
were generated using VGStudio Max 3.0 (Volume Graphics, Heidelberg,
Germany) (Fig. 4B and 5A), and their corresponding data image stacks
were exported for further use.

2.5. Small-scale micro-computed tomography

In order to examine the surface and subsurface porosity gradients at
identified areas of ossicle-ossicle contact (which may play important
roles in providing abrasion resistance during arm motion), we used a
SkyScan 2214 micro-CT scanner (Bruker, Billerica, USA) with a pixel
resolution of 0.680 μm to acquire a high resolution volumetric re-
construction from a representative vertebral ossicle, measuring ca.
2 mm in diameter, obtained from the mid-region of an arm from O.
papillosa. The generated 3D surface model (see details in Section 2.6)
was then imported into Rhinoceros 6.0 (Robert McNeel & Associates,
Seattle, WA, USA) and used for visualization and animation purposes
(Fig. 15A).

Fig. 4. Sequential data processing workflow for identification of the constituent ossicles from three brittle star species. A. Photographs of aboral mid-arm regions and
B. their corresponding volume renderings from reconstructed micro-CT data. C. The chain of vertebral ossicles (red) running through the center of each arm is flanked
by a series of crescent-shaped ossicles (yellow). Vertebral ossicles of O. papillosa and O. spiculata are further covered with a series of overlapping aboral plates (light
green), while the aboral sides of the arms of O. esmarki are covered in a compact voronoi-like fractal arrangement of smaller ossicles (shown in light, medium, and
dark purple). The highly mobile spines (dark blue-green) articulate to the crescent-shaped ossicles in a ball-and-socket-like fashion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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2.6. Data segmentation

Since individual ossicle geometries and overall skeletal organization
patterns are challenging to distinguish in grayscale intensity-based
volume renderings, we used Materialise Mimics (Materialise, Leuven,
Belgium), a medical image processing software, to segment out in-
dividual ossicles and obtain clear depictions of their morphologies. The
micro-CT z-image stacks were imported into the software, specifying
the image pixel size to maintain the original arm dimensions. Using
selected thresholding of grayscale intensity values and region-growing,
a mask of the electron dense ossicle structure was created.
Subsequently, manual slice-by-slice editing, region growing, and boo-
lean operations were employed to separate the ossicles into individual
masks. Finally, a 3D surface reconstruction was performed from each
ossicle mask, which in turn were exported in stereolithography (STL)
file formats for further processing.

2.7. 3D printing

The virtual three-dimensional models constructed from the micro-
CT and segmentation-based workflow revealed a great deal of in-
formation regarding ossicle geometry and ultrastructure, but in order to
gain insight into their functionality in arm kinematics, we next

employed a combination of additive manufacturing (3D printing) and
parametric modeling approaches.

3D printing provides a highly complementary approach to tradi-
tional digital renderings in that tangible models have the advantage of
quickly being able to identify mechanical interferences in complex
linkage systems (Clark et al., 2019). To prepare the models for 3D
printing, the ossicle STL files were imported into Rhinoceros 6.0 for
additional post processing, which included surface smoothing and the
removal of interior voids. The ossicles were then manually classified
into seven color-coded ossicle types (Figs. 4 and 5) and 3D printed.
Each ossicle group (or “metameric unit” (Czarkwiani et al., 2016))
(Fig. 6, upper images) was printed at 20 times its original size on a
Stratasys J750 (Stratasys, Eden Prairie, MN, USA) multi-material color
3D printer. This specific 3D printer was chosen to obtain physical
models illustrating the various ossicle types with different colors, and
for its printing technique which employs an easily removable support
material (Fig. 6).

For the kinematic studies, we employed the use of a Connex500
(Stratasys, Eden Prairie, USA) multi-material 3D printer. For each os-
sicle group, the vertebral ossicles were printed from a rigid material
(Young's modulus, ca. 1 GPa), while the flanking ossicles were printed
from a lower modulus material (Young’s modulus, ca. 5 MPa). The
small contact areas between adjacent ossicles created a multi-ossicle

Fig. 5. Structural characterization of oral ossicles from the arms of three brittle star species. A. Volume rendering of reconstructed micro-CT data, showing the arm
segments from the oral side. B. In this orientation, the crescent-shaped ossicles (yellow), oral plates (magenta) and small oral ossicles (light blue) are clearly visible. In
contrast to the aboral ossicles (cf. Fig. 4), the oral plates (magenta) covering the vertebral ossicles (red) are structurally similar and vary only slightly in size and
shape between the three species. C. Proximal-distal views of the three ossicle groups showing differences in number and size of spines (dark blue-green) between
species, as well as the thickness of the dermal armor, which is appreciably thicker in O. esmarki. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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construct with “living” hinges that allowed us to directly observe re-
gions of contact between adjacent ossicle groups as well as ossicle
sliding behavior during arm bending experiments.

2.8. Parametric modeling

During the development of our parametric models, several in-
dependent data streams were combined to help with their refinement
and validation. For example, while the organization of the brittle star
arm musculature and associated connective tissues has been described
previously (Saita et al., 1982; Stauber and Märkel, 1988; Wilkie, 1978,
2016), it was not known to what extent the preservation of brittle star
specimens altered the spacing between adjacent multi-ossicle units or
the individual ossicles themselves. Since it was the micro-CT data from
the ethanol-preserved specimens that provided the basic geometries
and spatial relations from which our kinematic models were con-
structed, we explored the potential densification of the skeletal system
by comparing our ethanol-preserved brittle star micro-CT data (Fig. 4B)
to the photos obtained from our live animal behavior studies (Fig. 4A).
Since the live animal photos were of high enough resolution to resolve
the major ossicle features, they provided robust landmarks for per-
forming such comparisons. These results demonstrated imperceivable
(and statistically insignificant) differences between the ossicle spacing
in live and ethanol-preserved specimens, confirming the validity of
using micro-CT datasets as a basis for the generation of kinematic
models.

The kinematic models were created using Rhinoceros 6.0 and its
Grasshopper plug-in (Robert McNeel & Associates, Seattle, WA, USA),
which is a visual programming language that allows for parametric
modeling of complex 3D geometries (Frølich et al., 2017). The software
was first used to analyze arm curvatures from a 3D model of a CT-
scanned complete brittle star (Fig. 8) and from plan-view photos taken
during behavioral studies (Fig. 9). Three dimensional curves were
drawn through the central axis of each arm and through the aboral

plates (the latter to determine the orientation of the arm and conse-
quently distinguish in-plane and out-of-plane curvatures), the locations
of the ossicle groups were mapped onto each central curve as a series of
points (with each point representing the proximal face of the vertebral
ossicle), and the local curvature at each point was calculated from the
two adjacent points.

Parametric modeling also provided critical insight into the specific
functions of the distinct ossicle types, the vertebral ossicles’ points of
rotation, and achievable range of movement. The parametric script we
subsequently developed adjusted the position and orientation of the
ossicles based on the two major parameter inputs for in-plane and out-
of-plane curvature. The script accounted for the complex interaction
between ossicles, as observed during the in vivo studies, the micro-CT
scans, and interactions with the 3D printed models, by changing the
orientation of the ossicle groups during arm bending. The script also
accommodated small amounts of in-plane sliding (by a moving point of
rotation relative to the interacting ossicle groups), allowed for rotation
of the oral and aboral plates during out-of-plane movement, and the
detection of movement of vertebral and crescent-shaped ossicles and
spines upon collision. The point of rotation and maximum range of
curvature was derived from mechanical inferences between 3D-printed
ossicle groups and close inspection of individual ossicles (from both
micro-CT and SEM data), which revealed corresponding local surface
morphologies between proximal and distal surfaces of ossicles of the
same type or between ossicles of different types due to mechanical in-
teractions. Rendered images and animations of arm bending were
subsequently generated using this parametric design workflow
(Figs. 10–13, and the Supplemental videos).

2.9. Scanning electron microscopy

Excised multi-joint sections of O. papillosa arms were dissociated in
a solution of 5.25% sodium hypochlorite to isolate the individual os-
sicles. The disarticulated ossicles were rinsed three times in calcium

Fig. 6. Color-coded 3D-printed models of three adjacent ossicle groups indicating corresponding ossicle types in each brittle star species. The models include the
vertebral ossicles (red), crescent-shaped ossicles (yellow), oral plates (magenta), aboral plates in O. papillosa and O. spiculata (green), aboral ossicles in O. esmarki
(light gray and dark blue), and oral ossicles (light blue), but exclude the spines. The interactions between the three 3D-printed ossicle groups of O. papillosa and O.
spiculata show a high degree of both in-plane and out-of-plane bending due to their reduced intervertebral dermal armor and large lateral openings, while the
organization in O. esmarki reveals almost no exposed internal arm regions due dense packing of the fractal-like aboral ossicles. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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carbonate-saturated deionized water, followed by a final rinse in 100%
ethanol, and then air dried. The ossicles were mounted to aluminum pin
mounts using conductive carbon tape, sputter coated with gold, and
imaged with a Tescan (Brno, Czech Republic) Vega3 GMU scanning
electron microscope (Fig. 14). These SEM imaging studies allowed us to
directly compare the predicted zones of contact between adjacent os-
sicles during arm bending with local micro-scale variations in skeletal
porosity.

2.10. Ossicle porosity quantification

Quantitative mapping of the internal architecture of vertebral os-
sicles (Fig. 15B), based on high-resolution micro-CT data, was per-
formed using DragonflyTM v4.1 software (Object Research Systems
Inc., Montréal, Canada). Semi-automated segmentation of the ossicle
mineral fraction was based on global grayscale thresholding using
Otsu’s method (Otsu, 1979). Within the segmented region of interest
(ROI), 99.999% of labeled voxels belonged to the continuous calcified
skeleton, and the remaining single voxels were discarded from the vo-
lume of interest. The thickness mapping operation (Volume Thickness
Map) involved the inscription of spheres of the largest radius within the
selected ROIs of the skeleton, the results from which were used to
generate the color maps shown in Fig. 15B.

2.11. Finite element analysis

To investigate the potential functionality of the ossicle stereom
porosity gradients observed in the high resolution micro-CT and SEM
studies, we performed Finite Element simulations to mimic adjacent
ossicle-ossicle collision events during arm bending. The Finite Element
model was created using the commercial software ABAQUS 2018
Standard/Explicit (Dassault Systèmes, Johnston, Rhode Island, USA).
The geometry of a representative vertebral ossicle, reconstructed from
micro-CT data obtained from a central portion of an arm of O. papillosa,
underwent a series of mesh smoothing operations to create a solid
geometry, and was subsequently imported as an IGES file to the simu-
lation software. To effectively define realistic boundary conditions, we

imported a three-part vertebral chain, composed of one vertebral os-
sicle in its entirety, and one half of an ossicle on each side (Fig. 15C). All
three parts of the geometry were defined using a fully solid 3D section
with 4-noded linear tetrahedral elements and discretized with a seed
size of 0.25 mm, resulting in approximately 40,000 elements in total.
The model was generated using an isotropic linear elastic material with
a Young’s modulus of 72.4 GPa and a Poisson’s ratio of 0.3 (as reported
for a geological calcite mineral standard). A general hard contact in-
teraction was defined between all nodes of the geometry, neglecting
any effects of friction, and displacement boundary conditions were
applied to both flat faces of the half-ossicles (Fig. 15C). To accurately
obtain the quasi-static solution, we performed this analysis using mass-
scaling, ensuring that the model’s kinetic energy was at least two orders
of magnitude lower than the internal energy of the geometry. The re-
sults reported here were acquired from the middle ossicle of the three-
part model (where the boundary conditions accurately reflected the
interaction between the three ossicles, as illustrated in Fig. 15D-F).

3. Results

3.1. Micro-CT reconstruction, ossicle segmentation, and additive
manufacturing

The 3D reconstructions of the arm segments were used to identify
species-specific variability in ossicle morphology (Fig. 4B and 5A), and
provided the basis for the generation of the larger-scale kinematic
models discussed in the following sections.

In all three species investigated, the central axis of each arm is
supported by a series of vertebral ossicles (named for their similarity to
chordate spinal vertebrae), which are connected by pairs of muscles,
and are responsible for large-scale bending motions. The linear array of
vertebral ossicles is further flanked by two parallel rows of crescent-
shaped lateral ossicles (or “lateral (arm) plates” as described by Austin
and Hadfield, 1980; Thuy and Stöhr, 2011 or “lateral shields” by
Hyman, 1940), that bear protuberances to which the highly mobile
spines articulate in a ball and socket-like fashion (Wilkie, 2016) (Fig. 4C
and 5B). The slender crescent-shaped ossicles of O. papillosa and O.
spiculata are rather similar in shape, while those of O. esmarki are
shorter and thicker, covering more surface area along the lateral mar-
gins of the arms.

The oral faces of the vertebral ossicles are covered by oral plates (or
“ventral arm plates” as described by Austin and Hadfield, 1980; Byrne,
1994; Stöhr et al., 2012), which are clearly discernible in the arms of all
three species, albeit of slightly different shapes and sizes (Fig. 4). The
arms of O. papillosa and O. spiculata are further covered with a series of
aboral plates (or “dorsal arm plates” as described by Austin and
Hadfield, 1980; Byrne, 1994; Stöhr et al., 2012), while the aboral sur-
face of the arms of O. esmarki are covered with a compact voronoi-like
fractal arrangement of smaller aboral ossicles. This mosaic of inter-
polated elements, which can also be observed in other brittle star spe-
cies (Austin and Hadfield, 1980; Hyman, 1940), extends over a larger
aboral surface area, and the crescent-shaped ossicles therefore exhibit a
reduced arc length compared to those seen in the spiny brittle stars.
While the proximal edges of the oral and aboral plates are connected to
the crescent-shaped ossicles, they still allow for a hinge-like motion
(Emson and Wilkie, 1982).

The species-specific dermal armor and spine characteristics are most
clearly visible from a proximal–distal view (Fig. 5C). While the ver-
tebral ossicles are roughly the same diameter in each species, the spines
are appreciably smaller and fewer in number in O. esmarki, and con-
spicuously longer and more abundant in O. spiculata. These analyses
also reveal that, for a given species, the spines, while varying in length
from the oral to the aboral surface, have similar general shapes and
surface features (Hyman, 1940).

Fig. 7. Quantification of arm flexibility. The range of arm curvature represents
the angle between the proximal-distal axes through two adjacent vertebral
ossicles. The out-of-plane and in-plane bending angles, α and β respectively,
can exhibit either positive or negative values, depending on the direction of
bending.
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While micro-CT data can be very useful for the identification of
different ossicle types and their distinctive geometric features, they
provide limited information regarding the roles of ossicle geometry in
global arm kinematics. In contrast, through the production of tangible
physical models via additive manufacturing from the micro-CT source
data, we can directly interact with the ossicles in 3D space and thus
gain valuable insights into the spatial relationships between adjacent
ossicles during large-scale arm motions (Fig. 6).

The vertebral ossicles of the three species articulate in a ball and
socket-like fashion, which results from the ossicles’ nodes and sockets
on the proximal and distal surfaces, also referred to as zygospondylous
articulation, and can be found in most brittle stars (Barnes, 1987;
Byrne, 1994; Hyman, 1940; Lawrence, 1987; Meglitsch and Schram,

1991; Stöhr et al., 2012). In contrast with a perfect ball and socket
articulation possessing a single point of rotation, however, interaction
between the 3D printed ossicle groups revealed that some sliding during
in-plane and out-of-plane motion was facilitated by the mutually con-
forming vertebral ossicles’ proximal and distal surface morphologies.

Direct physical interactions with the 3D-printed ossicle models of O.
papillosa and O. spiculata clearly demonstrated that maximum in-plane
motion is first limited by the collision of adjacent crescent-shaped os-
sicles, with their proximal and distal geometries corresponding with
one another, and mutually jamming at the maximum bending angle.
These observations were further supported by micro-CT reconstructions
of bent arms from from O. papillosa and O. spiculata, revealing a com-
paratively negligible amount of movement of the crescent-shaped

Fig. 8. 3D spatial mapping of brittle star arm bending. A. Plan-view rendering (from reconstructed micro-CT data) of the skeletal system of an O. papillosa specimen
displaying extraordinary out-of-plane arm curling over the central disk. B. The postures of the five arms were traced using our parametric modeling interface. C. Plots
of the measured local curvatures show that bending curvature is generally consistent along the length of each arm (α: out-of-plane bending, β: in-plane bending).
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ossicles relative to the vertebral ossicles that they flank. Out-of-plane
bending was also possible, but was limited by the oral and aboral plates
colliding with adjacent oral and aboral plates and the crescent-shaped
ossicles. In contrast, basket stars and some brittle stars that lack aboral
arm plates can bend their arms in any direction (Barnes, 1987), which
supports the hypothesis of the oral and aboral plates playing a major
role in limiting out-of-plane movement (Litvinova, 1994). In addition,

small-scale ossicle features, which were more clearly visible in these
enlarged 3D-printed models, provided further evidence for additional
out-of-plane bending. For example, the morphology of the oral and
aboral plates’ interior faces mutually conform to those of their exterior
faces as well as to the geometry of ridges located on the crescent-shaped
ossicles, illustrating the regions of the oral and aboral plates which slide
over one another during out-of-plane bending events.

Fig. 9. In-plane arm curvature analysis of live brittle star specimens, displaying ranges of arm motion commonly observed in these species. The brittle stars are
viewed from their aboral side (in plan-view) and the plots reveal that, except for minor increased curvature near the arm tips, the maximum angle of in-plane
curvature (β) remains relatively constant along the length of each arm.
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3.2. Arm curvature analysis with 3D modeling

The ranges of arm curvature presented in this study represent the
angle between the proximal–distal axes through the vertebrae of two
adjacent ossicle groups. This metric is independent from specimen size,
and therefore allows for an unambiguous comparison between animals
of different sizes and different species, as well as from different loca-
tions along the length of the arm. The out-of-plane bending angle (α)
has a positive value for flexion towards the oral side and negative to-
wards the aboral side. The in-plane bending angle (β) to either side of
the arm is also identified by a positive and negative value (Fig. 7).

To better understand the maximum ranges of motion of brittle star
arms, whole arm curvature analyses were performed on both live and
preserved specimens. The intact preserved specimen of O. papillosa that
was examined was chosen based on the unique, extremely contorted
nature of the arms, which exhibited pronounced in-plane and out-of-
plane bending (Fig. 8A), a posture similar to the observed arm coiling
behavior described by Emson and Wilkie (1982). For this individual,
the postures of the five arms were traced using our parametric modeling
interface (Fig. 8B), and the bending angles between adjacent ossicles
plotted in separate charts for in-plane and out-of-plane motion
(Fig. 8C). The results from these analyses reveal that bending curvature
is generally independent along the location on the arm, and thus from
ossicle size, although in-plane curvature can reach higher values at the
arm tips.

In contrast to the highly contorted arm geometries shown in Fig. 8,
during the live-specimen behavioral studies, the brittle stars displayed

more typical ranges of arm motion to those observed from numerous in
situ field studies made previously by the authors (JCW, LJF, and CP,
personal observations). Photographs of O. papillosa and O. spiculata
were subjected to the same method of analysis described above and the
measured in-plane bending curvatures showed trends similar to the
results plotted in Fig. 8. Apart from slight increases in measured cur-
vature at the arm tips (Clark et al., 2018), which resulted from a de-
creased size of the ossicle groups towards their distal ends, the mea-
sured arm bending angles were generally independent from their
location along their length (Fig. 9).

3.3. Parametric modeling of arm curvatures

The combined knowledge obtained from interacting with the 3D-
printed ossicle groups (Section 3.1) and ranges of arm bending observed
in the behavioral studies (Section 3.2) was used for the development of
our parametric script. Relevant parameters included the moving center
point of rotation, the crescent-shaped and vertebral ossicle morpholo-
gies (which dictated limitations of in-plane and out-of-plane bending,
respectively), and the maximum bending angles observed during the in
vivo studies.

The parametric models were developed to identify the relative
motions of the ossicles and spines that enabled arm bending and the
maximum ranges of arm curvature theoretically achievable. Since one
of our main goals was to determine the extent to which different ossicle
types contributed to limiting the maximum bending curvature, we ex-
plored the skeletal kinematics for three conditions: the full skeletal

Fig. 10. Modeling in-plane bending modes in brittle star arms. A. Maximum in-plane bending observed during behavioral studies, which provided the input for the
parametric models of the complete skeletal systems. B. The parametric models show that maximum in-plane bending is limited by the crescent-shaped ossicles (O.
esmarki) or the spines (O. papillosa and O. spiculata).
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system with spines, ossicle groups without spines, and vertebral ossicle
articulation only.

Maximum in-plane bending angles between adjacent ossicle groups
frequently observed during behavioral studies were quite similar be-
tween the three species, at 8.0, 9.5, and 13 degrees for O. esmarki, O.
papillosa and O. spiculata respectively (Fig. 10A). However, due to dif-
ferences in the relative thickness of the ossicle groups (being the
greatest in O. esmarki), the resulting large-scale radius of curvature of
the arms differed between species. These measured bending angles
provided the input for our parametric models of the complete skeletal
systems. In addition to the basic motions of the vertebral ossicles and
other adjacent ossicles, the articulated spines also influenced large-scale
ranges of motion. For example, long spines coming in contact with one
another limit the arm’s range of in-plane movement and specifically,
the thicker, highly parallel spines found in O. papillosa hinder move-
ment more than the thinner, more randomly organized spines of O.
spiculata. As can be seen in both the live animals and the spine-con-
taining models for O. papillosa and O. spiculata, the lateral flanges of the
crescent-shaped ossicles do not come into contact with one another at

maximum bend (Fig. 10B, 12A, and 13A). The small spines of O. es-
marki, in contrast, do not influence the maximum curvature (Fig. 10B
and 11A). Animations generated from the parametric script illustrate
the movable spines sliding past each other during in-plane bending
(Video 1), while the arm spines do not play a role in limiting out-of-
plane bending.

By removing the spines from the models, the range of in-plane
motion significantly increased for the spiny brittle star species, up to 20
and 16 degrees for O. papillosa and O. spiculata respectively, since the
large gaps between adjacent crescent-shaped ossicles in these two
species allowed for a considerably greater amount of in-plane bending
in the spine-free models (Video 2). In all three species, the in-plane
bending motion in the spine-free models was now structurally limited
by the crescent-shaped ossicles, with jamming of the crescent-shaped
ossicles preventing over-rotation of the vertebral ossicles, when the
arms were at maximum bend (Fig. 11A, 12B and 13B). These theoretical
models therefore clearly demonstrated the roles of spines (in O. pa-
pillosa and O. spiculata) in limiting maximum arm bending curvatures,
and thus provided an explanation for the higher ranges of curvature

Fig. 11. Parametric models illustrating the bending curvatures of O. esmarki arms. A. For both in-plane (right) and out-of-plane bending (left), the maximum bending
curvature is not affected by the presence of the small spines. B. By increasing the number of consecutive ossicle groups, we can reconstruct large scale sinusoidal arm
motions and calculate their maximum achievable in-plane bending curvature. C. The parametric model consisting of only articulating vertebral ossicles demonstrates
that the vertebral ossicle’s morphology allows for greater bending curvatures (than is shown in A and B), both in-plane and out-of-plane, and as such, the maximum
ranges of curvature achieved by arms of O. esmarki are brought about by the interplay of the entire assemblage of vertebral, crescent-shaped, and aboral ossicles.
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observed at the arm tips, which likely result from the presence of dis-
proportionately fewer and smaller spines (Section 3.2).

During out-of-plane bending of the arms, mobile oral and aboral
arm plates slide over the adjacent plates forming a high surface area
shield that severely limits flexion. Section view animations clearly show
how each plate’s top and bottom morphology matches geometrically
and allows for smooth sliding movements, while maintaining a high
surface area contact (Video 3). While for O. papillosa and O. spiculata
the large ranges of motion can be easily achieved due to the presence of
large gaps between the adjacent crescent-shaped ossicles, the high
number of articulation points within the fractal-like organization of
compact aboral ossicles in O. esmarki can also easily accommodate both
in-plane and out-of-plane movement (Video 4) (Fig. 11A).

The parametric model of O. esmarki consisting of only articulating
vertebral ossicles shows that the vertebral ossicle’s morphology allows
for greater bending curvatures, up to 23 and 17 degrees for out-of-plane
and in-plane bending respectively, demonstrating that the maximum
ranges of curvature achieved by the arms of O. esmarki are brought
about by the interplay of the entire ossicle assemblage (Fig. 11CD).

Using our parametric approach, we can also generate arms of any
length by increasing the number of consecutive ossicle groups, re-
vealing the minimum number required for sinusoidal motions (Video 5)
(Fig. 11B, 12C, and 13C). By combining the models for both in-plane
and out-of-plane bending, we can mimic the arm’s full range of motion
(Video 6).

3.4. Ossicle-ossicle contact zones and stereom microstructural features

With the insights obtained from the kinematic studies described
above, we now had a relatively complete understanding of brittle star
skeletal mobility and a starting point to begin investigating the func-
tional roles of the ossicle-specific porosity gradients. The ossicles of
ophiuroids, as well as those from other echinoderms, exhibit a robust
three-dimensional porous architecture (the stereom) (Byrne, 1994;
Czarkwiani et al., 2016). Differences in stereom porosity have been
linked to regions where muscles and ligaments are attached (Bray,
1985; Macurda, 1976) and, at a smaller scale, identified as ring-like
growth-bands of alternating density that are thought to reflect seasonal

Fig. 12. Parametric models illustrating the bending curvatures of O. papillosa arms. A. In-plane movement is limited by the presence of spines, and as such, the
crescent-shaped ossicles do not reach their point of collision. B. Without spines, however, the model shows that maximum in-plane bending curvature (right)
increases, with the lateral flanges of the crescent-shaped ossicles jamming to prevent further motion, while the maximum out-of-plane bending curvature (left)
remains unchanged. C. By increasing the number of consecutive ossicle groups, we can reconstruct large scale sinusoidal arm motions.
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variations in growth rate (Byrne, 1994; Dahm and Brey, 1998; Gage,
1990; Quiroga and Sellanes, 2009).

Previous observations of low-porosity stereom had been interpreted
as likely points of contact between adjacent ossicles, and thus acting as
load-bearing surfaces designed to resist abrasion and redistribute ap-
plied stresses (Bray, 1985; LeClair, 1995). Based on our study’s insights
into arm kinematics, we subsequently set out to investigate the poten-
tial relationship between porosity gradients and the locations of ossicle-
ossicle contact during arm bending.

With the ossicles functioning as an integrated jammable system to
prevent over-motion of the arms, we were able to map out their areas of
physical contact based on our parametric models. Points of contact
include the nodes and sockets of complementary proximal and distal
faces of the vertebral ossicles, the lateral flanges of the crescent-shaped
ossicles as a result of maximum in-plane bending, and locations of in-
teraction between (ab)oral plates and (ab)oral surfaces of the crescent-
shaped ossicles (Fig. 14A) (Video 6).

Our scanning electron microscopy (SEM) analyses of vertebral and
crescent-shaped ossicles of O. papillosa confirmed that areas of contact
correspond with higher density stereom (Fig. 14B), and are consistent

with previous reports describing the smooth articular surfaces in ver-
tebral ossicles (Bray, 1985; Byrne, 1994). Our SEM imaging studies also
revealed that areas on the proximal and distal faces of the vertebral
ossicles previously identified to bind muscular and connective tissues
(Bray, 1985; Byrne, 1994; LeClair, 1996) correspond with small-pore
and large-pore stereom, respectively. In addition, the locations of pat-
ches with roughened features described by LeClair (1995), and inter-
preted to relate to regions of surface wear, bear a striking similarity
with the contact zones identified from our parametric models.

High resolution micro-CT scanning of a single vertebral ossicle also
allowed us to obtain a quantitative three-dimensional model of its in-
terior. The data revealed the presence of diverse microstructural ste-
reom features as identified by Smith (1980) and previously recorded in
ophiuroid vertebrae (Smith, 1990), including labyrinthine, galleried,
and retiform geometries. In addition to the identification of specific
geometric features, the 3D model also revealed pronounced variation in
sub-surface stereom strut thicknesses (Fig. 15A) (Video 6), raising in-
triguing questions as to the potential roles of these complex internal
gradients in dissipating applied loads.

In order to address these questions, the micro-CT data was

Fig. 13. Parametric models illustrating the bending curvatures of O. spiculata arms. A. In-plane movement is limited by the presence of spines, and as such, the
crescent-shaped ossicles do not reach their point of collision. B. Without spines, however, the model shows that maximum in-plane bending curvature (right)
increases, with the lateral flanges of the crescent-shaped ossicles jamming to prevent further motion, while the maximum out-of-plane bending curvature (left)
remains unchanged. C. By increasing the number of consecutive ossicle groups, we can reconstruct large scale sinusoidal arm motions.
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quantitatively analyzed with respect to stereom microstructure.
Because average porosity mapping values throughout the ossicle can
potentially be misleading due to abrupt changes in local porosity within
a sampled volume, which gives rise to average rather than site-specific
and localized porosity values, the micro-CT data were analyzed instead
with respect to strut thickness. Because of the methods by which the
data were analyzed, however, mapping results illustrating strut thick-
ness data do not necessarily correlate with visible variability in surface
pore fraction as identified by SEM or from micro-CT surface re-
constructions. Despite these differences, the analysis successfully
identified significant differences in strut thickness throughout the ver-
tebral ossicle as well as at specific locations previously identified as

areas of direct ossicle-ossicle contact (Fig. 15B), leading us to speculate
that these microstructures play a role in large scale load transmission
through the ossicle structure.

To confirm our suspicions regarding a correlation between strut
thickness and local ossicle loading regimes, we performed a Finite
Element Analysis on a chain of vertebral ossicles (Fig. 15C). Super-
imposition of the FE data on the 3D model of the high-resolution ver-
tebral ossicle (Fig. 15DE) and SEM images of surface structures
(Fig. 15F) shows that thicker struts correspond to regions of high ten-
sion or compression, while the predominantly low stress regions cor-
respond to regions with low strut thickness.

Fig. 14. Correlating collisional contact points between adjacent ossicles and microscale porosity gradients. A. Areas of physical contact (highlighted in orange)
between ossicles during arm bending in O. papillosa identified from our parametric modeling motion studies. B. 3D surface geometries with areas of articulation in the
crescent-shaped and vertebral ossicles juxtaposed to SEM images showing their porous structures confirm a correlation between areas of contact and high density
(reduced porosity) stereom. Higher magnification views of the surface structures reveal complex porosity gradients moving from imperforate, to coarse, and fine
stereom. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Quantitative 3D mapping of O. papillosa ossicle microstructure. A. Left: proximal surface of a vertebral ossicle, viewed towards the oral side, clearly
demonstrating the porosity gradients as well as gradients in void dimensions and strut width. Right: section plane (light green) matching the vertebral ossicle shown
below in B, demonstrating high density/imperforate structural features that extend into the ossicle interior (red) versus those that remain superficial (blue). B.
Surface (two left images) and sectioned (two right images) models correlating sites of ossicle collisional contact based on our parametric animations (grayscale
images with orange highlights), with direct color-coded measurements of strut thickness based on high-resolution CT data. In the color scheme used in volume
thickness mapping, blue corresponds to the minimum strut diameter and red corresponds to the largest. C. Finite Element model of a vertebral ossicle chain (left),
including a solid geometry of one full vertebral ossicle (center) and two half ossicles adjacent to it. The simulation loaded the ossicle group in compression (denoted
by the black arrows) and the resulting stress distribution maps were generated. Negative and positive values and their associated colors represent areas of com-
pression and tension, respectively. Using the same color scale for C-F, these results demonstrate a clear link between local compressive or tensile loading and the
presence of thicker, higher density struts in both sectioned (D) and complete ossicle reconstructions (E). F. The FE model superimposed upon SEM images of the
proximal face of a vertebral ossicle (cf. Fig. 14B) shows that areas with thicker struts correspond to regions of high tension (red) or compression (blue), while the
predominantly low stress regions (green) correspond to regions of low strut thickness. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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4. Discussion

As demonstrated in the present study, arm motion in brittle stars
results from the coordinated interaction of hundreds of individual
skeletal elements that are organized into serially repetitive multi-ossicle
units. Despite the fact that skeletal architecture varies widely across
different brittle star families and species (Lyman,1882), and while ad-
ditional studies are still needed to fully validate the suitability of these
modeling approaches across the Ophiuroidea (Clark et al., 2019), the
integrated workflow reported here provides a robust framework for
performing multi-scale skeletal kinematic investigations in this highly
mobile group of echinoderms.

For example, at the single ossicle level, our finite element, scanning
electron microscopy, and high resolution micro-CT results reveal that
micro-structural gradients in ossicle strut thickness are closely corre-
lated with their specific functional roles, as demonstrated through (1)
an increase in stereom surface area for muscle and soft tissue attach-
ment, (2) an increase in strut relative thickness in regions of tensile or
compressive loading, and (3) an increase in skeletal mass to minimize
abrasion during repetitive ossicle-ossicle contact events.

At the scale of multiple ossicles, our interdisciplinary approach
provides a roadmap for exploring other aspects of ophiuroid anatomy
and ecology. For example, the parametric nature of our modeling
workflow permits precise modifications to ossicle sizes, thus allowing
direct investigations into the roles of arm taper angle and arm tip
geometries on grasping and food capture (Austin and Hadfield, 1980).

At the whole animal level, since the global and local motions of the
arms are both independently addressable and customizable, our work-
flow permits the tiling of multiple skeletal units in order to model large-
scale sinusoidal motions, as shown in Figs. 11–13. These capabilities
thus provide an important stepping stone toward the development of
realistic, whole-animal gait simulations for investigating habitat-spe-
cific navigation across structurally complex substrates (Astley, 2012;
Kano et al., 2019). Beyond the study of adult brittle stars, our approach
could also be used to model changes in gait geometry and ranges of
motion in post-larval specimens resulting from age-related modifica-
tions to ossicle ornamentations (Martynov et al., 2015).

From a biodiversity and evolutionary perspective, these techniques
can be expanded to investigate and reconstruct the ranges of motion in
precious preserved museum and fossil specimens of both modern and
extinct brittle star species (O’Hara et al., 2014). These tools could also
be applied to the study of other ophiuroids such as basket stars, or other
echinoderms with serially repetitive skeletal systems such as the cri-
noids. Additionally, by incorporating muscular and connective tissue
3D structure data (Arnold et al., 2014), our approach could further be
adapted to study ranges of motion in other (non-echinoderm) kinematic
axial skeletal systems, and as such, could be useful in elucidating ranges
of motion in snakes (Xing et al., 2018), fish (Jayne and Lauder, 1995;
Nowroozi and Brainerd, 2013), sauropod dinosaur necks (Cobley et al.,
2013), or for investigating adaptations in spinal flexibility during the
early evolution of terrestrial tetrapods (Pierce et al., 2013).

While the direct inputs for the construction of our arm kinematic
models were provided from the segmentation of micro-CT data, future
iterations of our workflow to produce fully tunable parametric ossicle
networks could instead rely solely on the input of geometric landmarks
(Connors et al., 2019). Further refinement of these models could also be
achieved through the incorporation of data derived from in situ digital
videofluoroscopic or synchrotron-based imaging during live animal
locomotory studies (Zheng et al., 2003; Clark et al., 2019), thus sig-
nificantly expanding the utility of these approaches for implementation
in patient-specific biomedical or veterinary contexts (Gurley et al.,
2009; MacIntyre et al., 2006; Van Sint Jan et al., 2002).
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