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Abstract

and

Brittle stars, unlike most other echinoderms, do not use their small tube feet for locomotion but instead use their
flexible arms to produce a rowing or reverse rowing movement. They are among the fastest-moving echinoderms
with the ability of complex locomotory behaviors. Considering the high species diversity and variability in morpho-
types, a proper understanding of intra- and interspecies variation in arm flexibility and movement is lacking. This study
focuses on the exploration of the methods to investigate the variability in brittle star locomotion and individual arm
use. We performed a two-dimensional (2D) image processing on horizontal movement only. The result indicated that
sinuosity, disc displacement and arm angle are important parameters to interpret ophiuroid locomotion. A dedi-
cated Python script to calculate the studied movement parameters and visualize the results applicable to all 5-armed
brittle stars was developed. These results can serve as the basis for further research in robotics inspired by brittle star

locomotion.

Keywords Arm movement, Brittle star, Image processing, Locomotion

Introduction

Brittle stars (Ophiuroidea) bear five distinctive arms,
attached to a central disc containing the internal
organs, in a pentaradial symmetry [1]. An internal skel-
eton of ossicles (called arm vertebrae) supports the
arms. These vertebrae articulate proximally and distally,
and are controlled by a set of muscles [2, 3]. Generally,
ophiuroid motion includes ‘movement’ (displacement
of the disc or arm from its original position) and ‘loco-
motion’ (displacement of the animal from one place to
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another). Ophiuroids, unlike asteroids (sea stars), do
not use their numerous, small tube feet for locomotion
but rely on their flexible arms to produce a rowing or
reverse rowing movement [2, 4].Rowing’ refers to the
arms of the brittle star exerting a force on the substrate
to push itself forward. During this type of movement,
the leading arm is oriented in the direction of move-
ment, whereas in ‘reverse rowing’ it is in the opposite
direction [5]. In the absence of a head/tail axis, ophi-
uroids change the moving direction not by turning their
disc, but by switching the leading arm. This fact allows
them to easily react to stimuli provided from a differ-
ent side [6]. They execute coordinated movements and
move in a plane perpendicular to their central (ventral-
dorsal) axis, despite a lack of a centralized control [4,
5, 7]. Brittle stars are among the fastest-moving echi-
noderms with the ability of complex locomotory behav-
iors, even when one or more arms are lost [8, 9]. This
makes them interesting model organisms in robotics [2,
8, 10—12]. Several studies focused on brittle star motion
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and its control by a nervous ring [6, 13, 14]. However,
considering the high species diversity and variability
in morphotypes, a proper understanding of intra- and
interspecies variation in arm flexibility and movement
is still lacking. Developing kinematic analyses and fur-
ther behavioral experiments in ophiuroid motion can
assist in understanding how a decentralized control
setup coordinates brittle star locomotion.

This study focuses on methods to properly character-
ize (in 2D) arm kinematics during brittle star locomo-
tion, and to summarize the complexity and variability in
individual arm use into a visually comprehensible man-
ner. In addition, we hypothesized that the reverse row-
ing kinematic differs from a forward rowing one, with
respect to studied arm motion. In this study, we studied
the locomotion kinematics in three species: Ophiocoma
scolopendrina (Lamarck, 1816) (Ophiocomidae), Ophi-
olepis superba H.L. Clark, 1915 (Ophiolepididae) and
Macrophiothrix hirsuta (Miller & Troschel, 1842) (Ophi-
otrichidae). Ophiolepis superba and M. hirsuta belong
to the same order Amphilepidida, but O. scolopendrina
belongs to Ophiacanthida. According to our personal
observations, O. scolopendrina lives under rocks and
coral rubble in shallow water of the upper intertidal zone.
Macrophiothrix hirsuta, a species with long arms occu-
pies intertidal sand/mudflats, space/crevices between
rocks/pieces of coral rubble and underlying substrate and
lives among sponges [15]. In contrast, O. superba belongs
to the subtidal zone, lower littoral and deeper, living
among corals and hidden under rocks [16]. The three
species were selected because they differed from each
other in one or more morphological traits. The general
external and internal morphological differences of these
three species were summarized in Supp. File 1, based on
Goharimanesh et al. [17]. Recent studies on vertebral
morphology in M. hirsuta, O. scolopendrina [15], and O.
superba [18] indicated that they all have vertebrae with a
zygospondylous articular structure. However, M. hirsuta
has very long arms (>4 x disc diameter), with vertebrae
with a comb-shaped zygospondylous articulation and
extended keel [15, 17, 19]. Ophiocoma scolopendrina and
O. superba have a medium arm length (3—4 x disc diam-
eter) with a universal zygospondylous articulation and
short-keeled vertebrae [15, 17, 19, 20]. Goharimanesh
et al. [15] reported that the vertebrae in O. scolopend-
rina are larger than in M. hirsuta, with a longer process
at the dorsal projection. Also, the muscular fossae are
deeper on both proximal and distal faces of the vertebrae,
which suggests the insertion of larger muscles. However,
the relation between the morphological structures and
locomotion behavior has not been properly investigated
in brittle stars yet. Thus, we chose the three species that
are phylogenetically and morphologically very distinct,
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as case studies for a methodological exploration of new
variables and ways to summarize arm kinematics graphi-
cally. We also aimed to investigate whether this method
captures variability in kinematics properly.

We performed a two-dimensional (2D) image process-
ing on horizontal movement only. A dedicated Python
script to calculate the studied movement parameters and
visualize the results was developed and provided as sup-
plementary information Additional file. 1 (https://github.
com/mgm1001/Locomotion_Ophiuroidea.git). The
new kinematic parameters and the scripts can be imple-
mented to apply to all ophiuroid species and therefore
illuminate the relation between structure and function.

Material and methods

Specimens

Five intact individuals of the banded brittle star Ophi-
olepis superba H.L. Clark, 1915 were used. This spe-
cies has distinct colors on the segments (a banded
pattern), making it suitable for accurately tracking their
locomotion. The specimens of O. superba were pur-
chased from the pet trade (Poission d’Or, https://www.
poisson-or.com/) and kept in a laboratory aquarium
(120 x 60 x 50 cm) at the research group Evolution-
ary Morphology of Vertebrates at Ghent University. The
aquarium was filled with artificial seawater at 22-28 °C,
pH 8.0-8.4, specific gravity (relative density) 1.023—
1.025, and salinity of 3.2-3.3% (Synthetic marine salt
from Aquaforest.eu). The brittle stars were fed weekly
with small crustaceans (Mysis and Artemia). The speci-
mens of O. superba were on average 1.57+0.05 cm
in disc diameter and 5.394+0.56 cm in arm length. In
addition, six individuals of Ophiocoma scolopendrina
(Lamarck, 1816) (including four juvenile individuals of
miniature size) and six individuals of Macrophiothrix hir-
suta (Miller & Troschel, 1842) were added to the analysis
by recording their movement immediately on site after
having collected them alive during December 2017-
March 2018 in Dayyer, Nayband bay, Tis, and Chabahar
Marine University (Iran) [for details see Goharimanesh
et al. [19]]. Following the recording, the animals were
fixed in neutralized buffered formalin for further ana-
tomical study [15].

Experimental setup

For the controlled experiment, each specimen of
Ophiolepis superba was placed in a flat plastic case
(55.5x 36 x 21 cm) filled with artificial seawater from
the aquarium they were housed in. During video record-
ing, illumination was kept constant and homogenous, to
avoid a light gradient. Locomotion was recorded in dorsal
view using a JVC HD Everio GZ-GX1 digital camera (res-
olution 1920 x 1080 pixels, at 300 fps). The locomotion
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of Ophiocoma scolopendrina and Macrophiothrix hir-
suta was recorded at each collecting site (see above) in
a styrofoam case filled with local seawater, using a Nikon
FullHD S6400 digital camera (1920 x 1080, at 30 fps).
Videos were saved in MP4 format. For each experiment,
the specimens were left in the center of the case and
allowed to move freely. We repeated the experiment five
times for each specimen and each time the specimen was
rotated clockwise to randomize the spatial orientation of
the arms [13]. One video per individual was then selected
in which either rowing or reverse rowing in mainly one
direction was recorded. The species we studied naturally
avoid light and open spaces, therefore when placed in the
center of the tank, they immediately moved to a corner,
during which the movement was recorded.

Locomotion analysis

For the kinematic analysis, six videos from each species
and one additional of reverse rowing in O. superba were
chosen for image processing (19 videos in total). From
each cropped video, a full cycle of arm movement (from
stance to swing positions of both arms 2 and 5) was split
into four equal intervals, yielding five frames that were
saved in jpg format. These images were then analyzed
using Kappa, a Fiji plugin for curvature analysis [21].
B-spline curves were drawn by the control point tool
starting from the most proximal part of each arm to the
most distal part, following the arm midline. Individual
arm movement was quantified relative to the direction of
motion of the central disc for each cycle of movement.
The leading arm was oriented parallel to the direction of
motion and was named arm 1, with the following arms
named in a clockwise manner (Fig. 1A’). Tracking the
arm trajectories resulted in X, Y coordinates of the points
describing each curve (arm), which were extracted in.csv
format for input in the Python script (v.3) for further
analysis.

To obtain coordinates that reflect arm kinematics in a
comparable manner, several steps of data standardization
were performed. For axes transformation, the coordi-
nates of the most proximal point of every arm were sub-
tracted from those of every arm point. Subsequently, the
proximal part of all arms was superimposed in the zero
position of a Cartesian coordinate system. For the axes
rotation, we defined several conditional arguments (Axis
rotation in https://github.com/mgm1001/Locomotion_
Ophiuroidea.git) for the required angle rotation of each
arm to be individually aligned to the X-axis and to calcu-
late the new coordinates in the new XY Cartesian coordi-
nate system. In this regard, individual arms were aligned
by positioning the proximal and distal points of the arms
on the X-axis (Fig. 1).
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To do the kinematic analyses we examined four vari-
ables, namely the sinuosity index, slip angle, arm angle
and disc displacement. Sinuosity is the ability to curve,
which for ophiuroids implies that larger values indicate
increased arm flexibility. Using this index, variable arm
bending capacities in a horizontal plane could be quanti-
fied with a single numerical value. The second variable,
slip angle or sideslip angle, is a term in vehicle mechan-
ics that defines the angle between direction that a wheel
is pointing and the direction it is travelling (Leucht [22]).
We used this by calculating the angle between the direc-
tion in which the proximal part of each arm is pointing
with respect to the central disc and the direction in which
the animal is moving (quantified as the direction of the
moving central disc). This angle helps us to infer the loco-
motion direction and disc rotation of the animal (Fig. 2).
In addition to slip angle, we included arm angle as a vari-
able, using a slightly modified approach used by Astley
[5] and Wakita et al. [14]. Unlike Wakita et al. [14], we
used the whole curvature and calculated arm angle from
the distal point, rather than the middle arm point, to the
disc center (as terminal side of the angle). The whole cur-
vature is needed to observe the complete arm behavior
and to compare with two other variables, i.e., sinuosity
and slip angle that also mainly stand for whole arm cur-
vature. It is worthwhile mentioning that, when an arm
has the lowest sinuosity (close to 1), it shows an accurate
estimation of overall arm angle because probable erratic
movements in the distal part, especially in animals with
very long arms, were removed, whereas, in high-sinu-
osity cases the distal part could affect the arm angle. In
addition, we used the arm base (where it attaches to the
disc) as the initial side of the angle similar to Wakita et al.
[14], but different from Astley [5], who only used the disc
center to the distal point of each arm. By using the line
connecting this arm base to the disc center, we could
record whether angular movement was in a positive
or negative direction along the initial side of the angle,
which is not possible with the approach used by Astley
[5]. A positive angle is measured in a counterclockwise
direction from the initial side of the angle to the terminal
side, and negative angle is in a clockwise direction.

To calculate the ‘sinuosity, the number of points used
to track each arm was reduced to 15 equidistant land-
marks on each arm (based on the evaluation of point
number on the curves in one trial per species), using
the interpld () function of SciPy in Python. Next, by
using the Pythagorean theorem, the arm ‘length’ was
calculated by the sum of the distances between the con-
secutive 15 points and the arm ‘distance’ was calculated
by the distance between the most proximal and most
distal point of the arm (Variable_1 in https://github.
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Fig. 1 Superimposed and aligned curve of the arms in frames 1-5 within one trial for O. scolopendrina (A), M. hirsuta (B) and O. superba (C) after
axes transformation and axes rotation. The lower right corner of plot A shows an arm configuration before axis transformation (A’). The filled circles
on the arms show equidistant landmarks. The arm numbers in each plot follows A’. The axes imply the X and Y coordinates in the transformed
Cartesian coordinate system in cm
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coordinate system in cm. The figure implies a full cycle of arm movement which was split into four equal intervals, yielding five frames



Goharimanesh et al. Frontiers in Zoology (2023) 20:15

com/mgm1001/Locomotion_Ophiuroidea.git). Finally,
sinuosity is expressed as the ratio of the arm length ver-
sus the arm distance (larger values represent arms more
heavily flexed).

The ‘arm angle’ (Fig. 2) was obtained by calculating
the angle between the line connecting the arm’ distal
point to the disc center (terminal side of the angle) and
the line between the arm’s proximal point to the disc
center (initial side), which is the disc radius. Coordinates
of the disc center were calculated by averaging the coor-
dinates of the most proximal point of the five arms. To
transform the disc center to the zero position of a new
Cartesian coordinate system and calculate the arm angle,
we subtracted the coordinates of the disc center from
the coordinates of the most proximal and distal points
of the arm, as well as the disc center point within each
frame. Angle direction was standardized for positive and
negative angle changes for each arm, with separate con-
ditions for either of the four axis quadrants where each
arm is located (Variable_2 in https://github.com/mgm10
01/Locomotion_Ophiuroidea.git). A positive arm angle
starts from an initial side of the angle (disc center to arm
base) and moves counterclockwise to its terminal side of
the angle (disc center to arm tip). A negative arm angle
moves clockwise to the terminal side of the angle. The
obtained values allow visualizing the initial arm angle in
frame 1 and the changes in the other four frames. To find
out how much each specimen moved within each time
frame, a variable ‘disc displacement’ was calculated by
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calculating the distance between the disc center position
in frame n+ I and frame # (Variable_3 in https://github.
com/mgm1001/Locomotion_Ophiuroidea.git).  Finally,
‘slip angle’ was calculated as the angle between the true
disc direction (direction of the disc center movement
with respect to the substrate) between frame n and n+ 1
and arm base direction in frame z. It was acquired by
calculating the angle between the slope of the arm proxi-
mal point to the disc center (disc radius) and the slope
of the disc position in frames # and n+ I with respect to
the X-axis (Variable_4 in https://github.com/mgm1001/
Locomotion_Ophiuroidea.git). The obtained value repre-
sents the direction in which the brittle star moved. The
plots of each variable were generated using the matplot-
lib.pyplot and seaborn libraries. Figure 2 shows a sample
result corresponding to each measurement mentioned
above. All calculated variables were saved in.csv format
for further statistical analysis. The maximum and mini-
mum values in each variable for each species are shown
in Tables 1 and 2.

Statistical analysis

The multivariate_normality () function from the
Pingouin library showed that the data had to be ana-
lyzed with a nonparametric PERMANOVA, including all
species and all variables (except frames), to test for dif-
ferences between and within species, and between arms
(arms 1-5). Because we needed to assume that individ-
ual animals would not necessarily move in a similar way

Table 1 The maximum and minimum values of sinuosity, arm angle and disc displacement in the three species studied (negative

angles represent a clockwise direction)

Species/variables Sinuosity Arm angle Disc displacement
(Max) (Min) (Max) (Min) (Max) (Min) (Mean)
0. superba 140 45 1.0 43 —379 s — 01 p 1324 143 522
O. scolopendrina 252 5 1.0 g —81.6 45 0.002 5 11.38 0.16 367
—03%, 244 6.37*
M. hirsuta 213 s 1.0 00 — 146 55 —02, 11.24 0.50 460
‘A’ stands for ‘arm; with the corresponding number. The asterisk *' indicates that the small juveniles O. scolopendrina were excluded
Table 2 The maximum and minimum slip angle (SA) of arms 1-5 and minimum slip in total arms for 3 species of ophiuroid
Species/SA Arm1 Arm2 Arm3 Armé4 Arm5 Total
(Max) (Min) (Max) (Min) (Max) (Min) (Max) (Min) (Max) (Min) (Min)
O. superba 37.8*% 0.7 100.6 35.7% 1774 104.3* 1744 103.0 1415 384 0.7 51
61.8%* 12.4% 101.6**
O. scolopendrina 80.1 13 1514 5142 1794 1121 175.7 94.4 1535 7.8 1.341
M. hirsuta 589 0.8 169.1 343 159.6 90.6 176.4 90.0 177.7 452 0.8

The asterisk *'indicates rowing and ‘**'indicates reverse rowing movement. The same value was found in total arm minimum slip angle when small juveniles O.
scolopendrina were included or excluded. A’ stands for ‘arm’, with the corresponding number
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during a single cycle, especially when motor pattern is
not fixed, frames at set intervals within a complete cycle
could not be considered as a proxy for the same phases in
that cycle. One-way ANOVA (Kruskal-Wallis test) was
performed using PAST software [23], v.3.22) for all spe-
cies based on each variable (‘sinuosity;, ‘arm angle; ‘slip
angle’ and ‘disc displacement’) to determine which of the
variables were significantly different between species. In
addition, as an animal has not moved in Frame 1 and the
value of slip angle and disc displacement was zero, we
repeated the analysis by excluding Frame 1 (Table 3). For
all tests, significance was defined as P<0.05.

To check the distribution of the species and the arms
in kinematic morphospace, between group principal
component analyses (bg-PCA) were done on the corre-
lation matrix of the dataset including all variables asso-
ciated with all five arms in the five frames for the three
species (19 videos in total) using PAST software (v. 3.22).
A regular PCA was also done on the correlation matrix
of the variation within species using the Sklearn library.
Based on a scree plot with a broken stick analysis in the
regular PCA, PC1-3 were retained for further interpre-
tation (cumulatively explained 79% of the variation). As
the variation explained by PC1-2 and PC1-3 was simi-
lar, PC1-3 is not described here. In addition, because of
the extensive folding of arms 1 and 5 in two individuals
of M. hirsuta, they were clearly separated from the mor-
phospace of the other individuals and thus were excluded
from the PCA (but were included in other visualizations
and tables). For the comparison with the reverse rowing
mode in O. superba (superba_6), two additional PCAs
were run, one with the superba_6 individual (performing
the reverse rowing movement) removed from the data

Table 3 The summary of one-way ANOVA and one-way
perMANOVA for inter- and intraspecies comparison, between
arms for 3 species of ophiuroid

P value F value
One-way PerMANOVA
Interspecies 049 0.76
0.03 (excluding slip angle) 354
Intraspecies 0.85 (M. hirsuta) 0.51
0.78 (O. scolopendrina) 0.54
0.98 (O. superba) 0.21
Within arms 0.0001 106.3
One way-ANOVA (Kruskal-Wallis)
Angle 0.03 341
Slip angle 0.8 0.22
Disc displacement 2.987E-05 10.71
Sinuosity 8.693E-09 19.51

For One way-ANOVA, the degree of freedom =2
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and one in which it was included but with arm names
modified to reflect the reversed rowing direction: A1:3,
A2:4, A3:5, A4:1, A5:2 (i.e, arm 1 changed to arm 3). By
this modification (e.g., A4:1), new arm 1 is located on the
posterior side opposite to the movement direction, now
trailing behind instead of leading. However, this modifi-
cation does not show any difference in the morphospace
(Fig. 5A, B), so the numbering as done for the forward
rowing mode could have been retained. As a result, for
our analysis we assumed superba_6’s arm 1 on the ante-
rior side.

Results

The substantially longer arms in M. hirsuta showed a
higher degree of flexibility than the other two species
(Fig. 1). The leading arm (arm 1) did not show a specific
pattern between the species, and there was no symme-
try (the overall curvature shape between two arms on
the opposite side of the disc on a specific time frame)
in the kinematics of arms 2 and 5 compared to 3 and
4, respectively. Arms 3 and 4 showed the least bending
compared with other arms, in both O. superba and O.
scolopendrina.

The variability in the kinematics across all trials for
each species (Fig. 3) showed that the arm angle was
about zero to + 10 in O. superba, about —20 to + 20 in
O. scolopendrina, and about —50 to + 25 degrees in M.
hirsuta. The average-value comparison of slip angle in
all three species showed relatively similar values, with
arm 1 showing the least and arms 3 and 4 showing the
highest values (Fig. 3B, E, H). The slip angle in arm 5 was
higher than that of arm 2 in O. superba, while it was the
opposite in O. scolopendrina and fluctuating in M. hir-
suta. Arm 5 has the highest sinuosity among all species,
except for frames 2-3 (arm 2) of O. superba and frame
1-3 (arms 1-3) of O. scolopendrina, and frame 1 (arms
1 and 4) of M. hirsuta (Fig. 3C, F). The peak in frame 3
for M. hirsuta (Fig. 3I) is due to extra folding and turn-
ing of the arm, where the distal point is located close to
the proximal arm. Arm 1 showed the least sinuosity in O.
superba, unlike the other two species where it is arms 3
and 4 (Fig. 3C,E L, )).

The bg-PCA plots show that disc displacement and arm
angle have similar loadings on the PC1 for species, and
arms but different with respect to PC2 (Fig. 4). Sinuos-
ity and slip angle also have similar magnitude of loading
between species and arms in PC1 but different in PC2.
Disc displacement and arm angle are positively correlated
with PC1 within species and arms (Fig. 4A, B). Disc dis-
placement is negatively correlated with slip angle within
species and arms (Fig. 4A, B). However, it is largely inde-
pendent of sinuosity within species (Fig. 4A) and nega-
tively correlated within arms (Fig. 4B). The sinuosity
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explains most of the separation of M. hirsuta from the
other two species (Fig. 4A). Sinuosity is also somehow
independent from slip angle and disc displacement, but
inversely correlated with arm angle (Fig. 4A). The arms
are more distinct with respect to the slip angle, whereas
variation within each arm is mostly described by disc dis-
placement, arm angle and sinuosity (Fig. 4B).

The PCA on intraspecific variability shows that sinu-
osity is strongly correlated with disc displacement in O.
superba, both being independent of arm angle and slip
angle (the latter two being strongly inversely correlated
with each other) (Fig. 5A, B). Excluding the reverse row-
ing in O. superba (Fig. 5B) did not alter this pattern. Arm
angle, sinuosity and disc displacement are all correlated
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with PC1 in O. scolopendrina (Fig. 5C), with individu-
als scolopendrina_3 and scolopendrina_6 showing the
highest PC1 scores. These were the largest individuals,
with the other ones being distinctly smaller. This indi-
cates a size dependency of arm kinematics. In M. hirsuta,
arm angle and slip angle are highly correlated (Fig. 5D)
whereas sinuosity is negatively correlated with the other
variables.

The sinuosity and arm angle showed a wider range
of values in M. hirsuta, whereas O. superba showed
the narrowest range (Fig. 6A, B). The highest sinuos-
ity was observed in M. hirsuta, much higher than in O.
scolopendrina and O. superba (the latter with the low-
est observed value) (Table 1). All three species reached a
minimum sinuosity of 1, implying they all at some point
fully stretched the arm during a walking cycle. In addi-
tion to observing high sinuosity in M. hirsuta, a similar
interspecific difference was observed for arm angle direc-
tion compared with the other two species, which could
be correlated with the extensive arm flexibility and wider
range of movement in M. hirsuta (Table 1 and Figs. 3, 6).
After excluding the juveniles of O. scolopendrina from
the analysis, O. superba showed the minimum absolute
arm angle among the three species. Arms 2 and 5 in M.
hirsuta and O. scolopendrina, respectively, show a wider
range of changes for slip angle than other arms and
arms 3 and 4 show the highest value in all three species
(Fig. 6C). Arm 1 in O. scolopendrina, arms 2 and 5 in M.
hirsuta have the maximum slip angle compared with the
corresponding arms in O. superba (Fig. 6C and Table 2).
Within the three species, regardless of the animal size, O.
scolopendrina showed the least and M. hirsuta showed
the highest range of variation and also average value
in disc displacement, while the highest disc displace-
ment from frame 1-5 is shown in O. superba (Fig. 6D
and Table 1). As for the disc displacement between spe-
cies, O. superba showed higher values in both maximum
and minimum distances. However, there is a bias in disc
displacement, because it depends on the size of the ani-
mal (cf. scolopendrina_3 and scolopendrina_6 being
more separated from the other individuals in Fig. 5C).
When using the average disc displacement, excluding
the miniature specimens, M. hirsuta showed the least
displacement.

Due to the biological position of arms on the body and
the movement direction, arm one in all species showed
the least and arms 3 and 4 showed the highest value in
slip angle, and consequently we reported the value for
each arm separately to avoid any bias in minimum and
maximum angles. The maximum and minimum slip
angle among all species corresponding to each arm and
the minimum slip angle of the total arms are shown in
Table 2. The high slip angle of arm 1 assuming rowing or
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reverse rowing in O. superba was different (Table 2). In
general, rowing was the most common locomotory mode
compared with reverse rowing mode, accounting for
94.7% of all trials. Arms 2 and 5 in M. hirsuta showed the
highest slip angle, intermediate in O. scolopendrina and
finally O. superba as the least. All species showed a simi-
lar slip angle for arms 3 and 4. The minimum slip angle of
O. superba and M. hirsuta were closer to each other than
to O. scolopendrina.

The one-way PERMANOVA and one-way ANOVA
showed a significant difference (P<0.05) between spe-
cies for sinuosity, arm angle and disc displacement, but
not for inter-individual differences (Table 3). It also
shows a significant difference between arms (P<0.05).
The Kruskal-Wallis test for all species, but each vari-
able separately, showed significant differences in arm
angle (P<0.05), disc displacement (P <0.05) and sinuosity
(P<0.05), but an insignificant difference in slip angle.

Discussion

Our hypothesis on a difference in kinematics between
the three species O. superba, O. scolopendrina, and M.
hirsuta was supported by the significant differences

for the variables arm angle, sinuosity and disc displace-
ment. In addition to LeClair and LaBarbera [24], who
also reported significant interspecies differences in mean
maximal intersegmental rotations in locomotion, our
result showed significant differences in horizontal arm
motions (e.g., arm angle). Although they found no func-
tional implications in their result, we found that the sig-
nificant interspecific differences in our study do describe
variation in arm flexibility (Table 1). Quantifying sinuos-
ity for each complete arm allows to identify differences
in locomotion better than only using the maximum inter-
plate rotations along the arm, which was already studied
by LeClair and LaBarbera [24]. This makes sense consid-
ering that a similar arm plate angle rotation can corre-
spond to multiple bending patterns in an arm.

The sinuosity analysis showed that for each species, the
side arms (arms 2 and 5) and then the leading arm (arms
1) tend to bend most during locomotion, whereas the
posterior arms (arms 3 and 4) show less bending and thus
act more as trailing arms (Figs. 5 and 6). The long-armed
species, M. hirsuta, shows the highest flexibility, being
able to bend and shorten the arm extension from the disc
by approximately 20 x and exhibit an arm motion up to
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146° (Table 1 and Fig. 6). We also found that O. superba,
presenting the lowest sinuosity, is more rigid than O. scol-
opendrina. In O. superba a maximum arm angle of 37.9°
by one of the front arms (arm 5) was observed, while O.
scolopendrina showed a maximum arm angle of 81.6 ° for
the same arm (Table 1 and Fig. 6). In O. scolopendrina,
juveniles showed smaller arms angles, whereas adults
showed larger, suggesting some level of size-dependency
of arm angle. This should be studied further with individ-
uals in a wider size range.

Slip angle was analyzed in order to provide more
information on the direction of the animal moving with
respect to disc rotation. Higher slip angles in arm 5 than
in arm 2 in O. superba suggest that individuals on average
tended to move to the right within all trials, while those
of O. scolopendrina moved to the left (lower slip angles in
arm 5 than arm 2) (Fig. 3B,E). In general, arms 3 and 4 are
moving in the opposite direction of the moving direction,
confirming a bilaterally coordinated movement (Table 2)
[5]. The slip angle in the side arms to the movement direc-
tion (arms 2 and 5) are also more similar to each other,
however, arm 5 showed more angle variations and thus
seemed more active than arm 2 (Tables 1, 2 and Fig. 6).

The vertical arm movements, which might have impor-
tant roles in animal locomotion, were not measured in
this study. The mean anterior arm angles (arms 2 and 5)
across species are 88°+32.9 and 89°+29.9 to the for-
ward direction, respectively, which is in line with Clark
[6] stating that they are perpendicular to the movement
direction. In addition, the interspecies mean of poste-
rior arm angles were 141°+18.3 and 145°+20.9 (arms 3
and 4), respectively, indicating that they were moving in
mirror with respect to each other. Arm 1, considered to
be the leading arm, has a mean slip angle of 16°+15.9.
Our behavioral observation indicated that arm 1 has a
leading role, but also the posterior arms (arms 3 and 4)
exhibit horizontal movements that suggest being pas-
sively dragged in a mirrored manner whereas the front
arms (arms 2 and 5) show more paddling-like movements
accompanied with vertical movements to help displace
the disc. This is in agreement with Clark [6]. The lead-
ing arm and the next one (arm 2) showed a wider range
of arm angle changes during reverse rowing (Table 2). It
implies that both arms in reverse rowing have important
roles in moving forward. Our results of slip angle showed
that the animal chooses rowing mode for moving into the
direction of either of the arms (that arm is assigned as
arm 1/leading arm). Additionally, we found that moving
in a direction between two arms would make the animal
switch to reverse rowing mode. In this mode, two arms
would play active roles in locomotion (the arm located in
the opposite direction of movement is labeled as arm 1
but is now the trailing arm). Disc displacement showed

Page 12 of 14

to be positively correlated with arm angle and negatively
with slip angle within species and arm (Fig. 4A,B). This
suggests that the arms move forward within the direc-
tion of body movement and hence move the disc to a new
location. Average displacement was highest in O. superba
(Fig. 6), despite lower arm flexibility. Whether or not a
stronger musculoskeletal system could explain this needs
to be investigated. Additionally, the effect of disc dis-
placement should be analyzed by removing the size effect
within the trials.

Our study showed that the sinuosity, disc displacement,
and arm angle, respectively, are the most important
parameters compared with slip angle to interpret ani-
mal locomotion as the species were significantly different
regarding these variables (Table 3 and Figs. 4, 5, 6). How-
ever, slip angle could also illuminate other perspectives,
such as how the animal changes the anterior directions
and how the body moves the disc unidirectionally.

In the study of Litvinova [20], it was hypothesized
that comb-shaped vertebrae allow the arms to bend in
a horizontal direction, while the universal type would
allow bending in every direction (but not twisting, like
in prehensile species). This is in agreement with our
behavioral observations, although we did observe some
vertical motion of the front arms in O. scolopendrina
and O. superba (but was not quantified in this study). In
addition, it was suggested that the extended keel in some
ophiuroid species, such as M. hirsuta in our study, may
play a role in the arm movements [24, 25]. The high sinu-
osity of this taxon could be explained by the presence of
such an extended keel, as in such vertebrae the central
projection is reduced, there is a large proximal depres-
sion and extended structure on the dorso-distal face, and
there are accessory aboral muscles between the proximal
depression and distal extension [3, 17]. Thus, among the
zygospondylous species of the current study, keeled ver-
tebrae could play a prominent role in arm flexibility.

This study did not allow to perform a quantitative com-
parative analysis on reverse rowing in all three species, as it
was recorded only once in O. superba. A controlled experi-
ment, as done with O. superba, could capture to what
degree this pattern simply reflects a mirrored kinematics
in arm use, or whether a more versatile, underlying motor
control is active. Also, the aspect of size dependency of the
arm kinematics needs further attention, because when the
miniature O. scolopendrina was included, the maximum
and minimum values of some studied variables (e.g., arm
angle) differed between species. In addition, the number
of vertebrae accompanied with their size should be con-
sidered too, because arms with similar length but differ-
ent number of vertebrae may show different kinematic
behavior. Overall locomotory performance traits could
also incorporate speed in relation to arm morphology
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and animal size. Extending this work to a larger number
of species within a phylogenetic context could elucidate
the evolutionary pattern behind structural and functional
adaptations in brittle star locomotion. Despite ongo-
ing interest in locomotion modeling, Kano et al. [10, 11]
concluded that the biological basis of brittle stars is still
lacking. Modeling of arm movement could help design
autonomous robots to determine their moving directions
and how to move as effectively as the brittle stars [12]. Fur-
ther, including artificial neural network (ANN) analysis to
compare observed with predicted kinematic output might
be further help in robotics research.

Conclusion

The three species, as case studies, contributed to a meth-
odological exploration of new variables and ways to
summarize arm kinematics graphically. It showed that
the sinuosity, disc displacement and arm angle are the
most important parameters compared with slip angle
to interpret locomotion in brittle stars. We found that
rowing mode occurs more frequently than reverse row-
ing mode in brittle star locomotion. The result illustrated
that arm 1 has a leading role, the posterior arms (arms
3 and 4) were pulled or trailing in a mirrored manner,
whereas the front arms (arms 2 and 5) show more pad-
dling-like movements, accompanied by vertical move-
ments to help displace the disc. However, the muscle
activity and vertical movements need to be explored to
assess the arm activeness versus passiveness. We found
that the extended keel in M. hirsuta may play a role in
the arm movements and could explain one aspect of its
higher flexibility compared to O. scolopendrina and O.
superba. The length of the arm angle was also impor-
tant in the range of the arm angle, as M. hirsuta with the
longest and miniature O. scolopendrina with the shortest
arms, showed the highest and lowest arm angles among
the studied species, respectively. Interestingly, the most
rigid species of the current study (O. superba) showed
the most disc displacement within frames, and M. hir-
suta and O. scolopendrina showed rather flexible bodies.
In this regard, either high-speed rigidness or flexibility
could benefit robotic designs. We believe that the meth-
ods of the current study can be extended to all five-armed
ophiuroids for further research and can offer a substan-
tial contribution to robotics.
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