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Design, Fabrication, and Characterization of an
Untethered Amphibious Sea Urchin-Inspired Robot

Thibaut Paschal , Michael A. Bell , Jakob Sperry, Satchel Sieniewicz, Robert J. Wood , and James C. Weaver

Abstract—Sea urchins can easily navigate a wide range of chal-
lenging environments through the coordinated action of thousands
of individually addressable rigid protective spines and flexible,
reversibly adhesive tube feet. To investigate the potential implemen-
tation of these unusual locomotory appendages in a robotic context,
we describe here the design, fabrication, and characterization of
an untethered sea urchin-inspired robot driven by fluidic soft
actuators. Due to the intrinsic design and fabrication difficulties
in attempting to replicate the complexity of an adult sea urchin,
we instead focused our attention on the development of a design
that closely mimicked the body plan of an anatomically much
simpler post-larval juvenile urchin. Consistent with its biological
counterpart, our robotic prototype contained five flexible tube feet
and ten rigid spines that could be independently driven by soft
tripod actuators. Through the incorporation of permanent magnets
into the distal ends of the flexible tube feet, our sea urchin-inspired
robot could easily navigate across ferrous surfaces while adopting
gaits and defensive postures that were surprisingly similar to its
biological analog.

Index Terms—Biologically-inspired robots, soft robot materials
and design, soft sensors and actuators, hydraulic/pneumatic actu-
ators.

I. INTRODUCTION

THE echinoderms are a remarkable diverse group of marine
invertebrates which includes the sea urchins, sea stars,

sea cucumbers, and their allies, and are distributed throughout
the world’s oceans, from the poles to the tropics, and from the
intertidal to the deep sea [1]. Their diverse body plans and unique
locomotory appendages allow them to successfully navigate a
wide range of structurally complex marine environments, and as
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such, can provide design insight for the development of novel
mobile robotic platforms for marine exploration and sensing [2],
[3]. While previous attempts to develop echinoderm-inspired
robots have focused on the replication of whole arm-scale mo-
tions of sea stars [4] or the design of simplified spherically
symmetrical rolling architectures [5], we have instead turned
our current efforts to the development of a sea urchin-inspired
robot that incorporates anatomical features unique to sea urchins,
notably their high aspect ratio tube feet and spines (Figure 1A).
While the smooth motions exhibited by sea urchin spines and
tube feet can not be easily achieved using traditional rigid robotic
hardware components, as demonstrated here, the implementa-
tion of soft robotic actuators [6], [7] offers great potential for the
development of more biologically relevant behaviors and ranges
of motion [8].

In living sea urchins, the rigid spines play important functions
in both defense and as jammable elements for achieving body
postures that are exceptionally difficult to dislodge from holes
and crevices in rocky substrates ([1] and field observations by the
coauthors). Locomotion, on the other hand, is largely achieved
through the coordinated control of thousands of individually
addressable and reversibly adhesive high aspect ratio tube feet,
which, in conjunction with local movement of the adjacent
spines, facilitates a smooth crawling-like motion [9]. Each tube
foot consists of an extensible cylinder that is terminated with
a flattened disk [10], equipped with a duo-gland adhesive sys-
tem for controlled adhesion and detachment via the secretion
of adhesive proteins followed by the subsequent secretion of
adhesive-degrading enzymes [11].

While the initial goal of the preset study was the design
and fabrication of an urchin-inspired robot that replicated the
anatomical details and ranges of motion seen in an adult in-
dividual, design and fabrication constraints necessitated the
development of a much simpler body plan. In response to
these limitations, we instead constructed an “UrchinBot”, whose
anatomy was modeled after a 0.5 mm diameter post-larval juve-
nile urchin (Figure 2B). Throughout the entire design and testing
phase, particular attention was paid to accurately replicating the
geometry and ranges of motion of the anatomical features on
which our design was based.

The resulting robotic prototype contained ten spines and
five high aspect ratio tube feet organized in a symmetrical
penta-radial geometry. The rigid spines were fabricated with an
integrated ball joint structure that exhibited a range of motion
comparable to that observed in living urchins. The high aspect
ratio tube feet, on the other hand, were designed as an extensible
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Fig. 1. Overview of system components including (A) fully assembled Urch-
inBot and (B) cross section of the CAD model.

asymmetric bellow cylinder with an embedded neodymium
magnet in the tip to enable locomotion on ferrous surfaces using
a reach, attach, retract, and release sequence.

In addition to its educational value in demonstrating the
anatomical details and ranges of motion in post-larval urchins,
our UrchinBot also provides a versatile and experimentally
tractable robotic test bed for investigating a wide range of echin-
oderm inspired locomotory strategies. For example, its modular
design strategy allows for the rapid exchange of different tube-
foot inspired actuators for investigating gait optimization in radi-
ally symmetrical body plans, while its hemispherical body form
can easily accommodate any necessary untethered control hard-
ware. Also, unique to this platform is the ability to directly inves-
tigate the integration of soft and rigid actuators for optimizing
substrate-specific interactions in heterogeneous environments.

II. HIGH ASPECT RATIO TUBE FEET

In contrast to most other echinoderm tube feet, those from
sea urchins exhibit especially high aspect ratios due to their

Fig. 2. External anatomical details of adult and juvenile (post-larval) sea
urchins. (A) Illustration of a representative adult sea urchin with its spines (black)
and its high aspect ratio tube feet (magenta) indicated (with a corresponding
false-colored scanning electron micrograph at left). (B) Lateral and oral scanning
electron micrographs of a newly metamorphosed 0.5 mm diameter juvenile
Heliocidaris erythrogramma sea urchin, clearly showing the 5-fold symmetry,
the five (retracted) tube feet (magenta), and the geometries of the juvenile
(branched) and adult (linear) spines. (A) adapted from [12](B) adapted from
[13].

need to extend past their protective spines for stability, mobility,
and feeding purposes [14]. In adult sea urchins, the extended
tube foot aspect ratio can be as high as 50:1, while in juve-
niles, this ratio is closer to 10:1 [1]. The tube feet are in turn
connected to the urchin’s water vascular system, with each tube
foot acting semi-autonomously [15] as a hydrostat-like actuator
[16], [17]. In our UrchinBot prototype, an analogous bellow-type
actuator was designed and fabricated mirroring that of a juvenile
(post-metaorphic) urchin. The tube foot analog could be actuated
with either pneumatic or hydraulic fluid, and could achieve an
extended aspect ratio of ca. 6:1.

A. Design and Fabrication

Design parameters were chosen based on live urchin loco-
motory studies and were optimized to obtain the longest move-
ment per actuation cycle, while easily and repeatably allow-
ing adhesion and release from ferrous substrates. During the
tube foot design optimization phase, the highly modular design
of the Urchinbot provided an excellent experimental test bed
for exploring the functionality and range of motion of these
different preliminary tube foot geometries, which included 1)
full asymmetrical bellows, 2) symmetrical bellows with a right
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Fig. 3. (A) Schematic cross section of the high aspect ratio tube foot, showing
its symmetrical and asymmetrical bellows, and (B) an isometric cutaway of the
final mold.

angle attachment at the distal end, 3) bellows with a mix of
asymmetrical and symmetrical segments, and 4) symmetrical
bellows with a variable wall thickness. Based on the performance
of these four different configurations, the final experimentally
chosen design consisted of six symmetrical bellows which in-
duced a linear extension, three asymmetrical bellows which
enabled a tight curvature, and a permanent magnet embedded
in a bi-stable domed tip. Figure 3A shows the cross-section of
one of the high aspect ratio tube feet. The bi-stable domed tip
with embedded magnet allowed for high force adhesion, low
force retraction of the magnet, and was based on previous work
on echinoderm-inspired tube feet [3]. Parameters related to the
dome angle, thickness, and actuation length were experimentally
modified in order to maintain a bi-stable architecture and ensure
repeatability of attachment and release. A reasonable inflation
pressure of 0.2 MPa was chosen based on available pumps that
could operate with air or water, and the high aspect ratio tube foot
was manufactured through silicone molding using a removable
soft core [18]. The high aspect ratio tube foot and the soft core
molds were 3D printed using an Objet30 inkjet-based 3D printer
(Stratasys, Eden Prairie, MN, USA) from VeroClear (RGD810)
material. Both the high aspect ratio tube feet, and the soft cores
were produced in molds with appropriate gates and runners
for material evacuation during the molding process. A 3 mm
hexagonal aluminum rod was inserted in the soft core to lock its
axial position and prevent rotation within the high aspect ratio

tube foot mold. Figure 3B shows the top, bottom, and domed
tip components of the three-part mold (light gray), the soft core
(red) and its inserted aluminum rod (dark gray), as well as the
resulting molded tube foot (green).

Each high aspect ratio tube foot contained a single encapsu-
lated magnet within the domed tip to facilitate robust, long-term,
zero-energy adhesion to ferrous substrates. Stabilizing the mag-
net within the center of the volume during elastomer encapsula-
tion, while preventing the magnet from pulling out of the silicone
material during actuation and adhesion presented a challenge
[19]. To address both issues, thin metal wire meshes (Radio-
ScreenTM, Less EMF Inc., Latham, NY, USA) were laser-cut
into a star-like geometry and placed around each magnet during
the molding process. The wire mesh allowed the silicone to flow
around the magnet and subsequently acted as a barrier to prevent
the magnet from ripping through the surrounding elastomer. To
align the magnet within the encapsulation volume, an additional
magnet was placed within the exterior of the mold such that the
encapsulated magnet maintained a stable geometry during the
molding process.

The high aspect ratio tube feet were molded with Elite Double
32 silicone (Zhermack SpA, Badia Polesine, Italy) and the soft
core with Elasto-Sil M-4601 (Wacker Chemie AG, Munchen,
Germany). Before molding, Ease Release 200 (Mann Formu-
lated Products, Macungie, PA, USA) was used as a release
agent for all surfaces of the mold. The release agent was also
sprayed on the soft core to prevent bonding and promote ease
of removal of the core after the Elite Double 32 had cured. To
manufacture the soft core, silicone was first poured into the top,
bottom, and tip components of the three-part soft core mold, and
then degassed in a vacuum chamber, which allowed complete
infiltration of the elastomer into all cavities. The three parts of
this mold were then married together, and the aluminum rod
was inserted. The mold assembly was then clamped to prevent
elastomer leakage, and placed in an oven at 65 ◦C for two hours
until fully cured. To manufacture the high aspect ratio tube foot,
a small amount of Elite Double 32 was first poured into the
tip mold component and then the metal wire mesh was pushed
through into the appropriate cavities, which allowed complete
infiltration of the elastomer. The magnet was inserted shortly
thereafter. The soft core and its aluminum rod were placed inside
the three parts of the tube foot mold, which were then married,
clamped, and silicone was injected through the two gates using
a silicone mixer and dispenser (Doublemix, Zhermack), until all
air and a small amount of silicone was ejected from all of the
risers. The fully assembled mold was then placed in an oven
at 65 ◦C for 10 minutes, until fully cured. After demolding, the
aluminum rod was first pulled out, and then the soft core was
removed.

B. Characterization

Each high aspect ratio tube foot used in the UrchinBot con-
tained an N52 grade cylindrical magnet, 5/16” dia. × 5/16”
thick (D55-N52, K&J Magnetics, Plumsteadville, PA, USA),
and as such, allow for the application of relatively high adhesion
forces over small contact areas. The normal pull force of each
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Fig. 4. Plot of the horizontal pulling force of the high aspect ratio tube foot
(upper) and respective photos of the set-up states during measurements (lower).
For each measurement, the high aspect ratio tube foot was inflated and deflated
with water using a syringe pump. Starting at an ambient pressure state (a), the
foot was inflated until maximum curvature of the bellow section was achieved
as seen in (b). With more inflation, the magnetic dome poped outwards and
made contact with the ferrous surface in state (c). With deflation in (d), the
magnet pulled along the ferrous surface until it reached maximum contraction
of the bellow sections but prior to detachment as seen in (e). Lastly, the magnet
was pulled away from the surface and the high aspect ratio tube foot reached
its maximum contraction state in (f). While water was used in these studies to
investigate the behavior of the actuator in a submerged state, similar ranges of
motion were observed when the actuators were actuated pneumatically.

magnet was 29.9 N (as reported by the manufacturer) when
directly in contact with a ferrous surface. Through tensile testing
measurements performed on an Instron 5566 (Instron, Norwood,
MA, USA), the normal pull-off force of the encapsulated magnet
behind the metal mesh and silicone stack-up was 17.2 N. With
the Instron load cell positioned horizontally, hydraulic pressure
from a syringe pump was applied to the high aspect ratio tube
foot until the magnet popped out while measuring the resulting
horizontal tensile force. The same measurements were made
during high aspect ratio tube foot retraction by applying a
vacuum. When the magnet retracts, the dome of the tube foot
buckles, causing the magnet to rotate and eventually release with
a maximum horizontal tensile force of only 2.48 N as seen in
Figure 4.

III. SPINES

As mentioned earlier, sea urchin spines are primarily used
for protection, but can also be used in coordination with the
tube feet for locomotory purposes [20]. While in most adult
sea urchins, the spines in a given individual exhibit relatively

Fig. 5. (A) Soft tripod actuator, (B) isometric cutaway of the molds for
fabrication, and (C) the fully assembled spine module.

little geometrical diversity, the spines of post-larval juveniles
can be divided into two distinct forms, 1) the adult spines, which
exhibit a simple linear form, and 2) the juvenile spines, which
often adopt a characteristic tetrahedral-like geometry. While the
precise function of the branched juvenile spines is not well
understood, it is possible that they provide additional protective
coverage on the ab-oral (the exposed upper) surface due to
their higher projected surface area, compared to a corresponding
unbranched geometry (a function that was also validated in our
UrchinBot prototype). As the juvenile grows, the spines thicken,
elongate, and eventually cover the branched thorn-like projec-
tions. In our UrchinBot, both types of spines were incorporated
and their geometries were modeled after previously published
scanning electron and optical micrographs [13].

A. Design and Fabrication

The aspect ratio, macroscale geometry, and branch and or-
namentation details of both the juvenile and adults spines were
all modeled after literature micrographs [13]. To enable mo-
tion along a defined trajectory, each spine was attached to the
hemispherical core via a soft actuator (from this point forward,
the spine-actuator construct will be referred to as a “spine
module”). Each spine module was composed of a molded soft
silicone tripod actuator (Figure 5A), a rigid ball joint structure,
a bio-inspired spine, and tube fittings. The spine, the plat-
form, and the base were all 3D printed using an Objet30 3D
printer (Stratasys, Eden Prairie, MN, USA) from VeroWhitePlus
(RGD835) material. An M2.5 threaded hole was machined into
a 5 mm diameter stainless steel ball as the ball joint. A M2.5
× 30 mm threaded rod was used to fix each of the spines to
the ball. In order to reduce complexity of control and valving,
each spine was driven by three soft mono-stable domes, which
encircled the ball-and-socket structure, all from the same fixed
pressure source. Each dome allowed for two states, and as they
are mono-stable, would return to the retracted position with
minimal vacuum. This allowed for a total of seven states as seen
in Figure 6. Dome parameters related to the membrane angle,
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Fig. 6. (A) Top view of the seven states achieved by each spine, where the
middle ghosted spine is the resting state of the spine and (B) isometric underwater
view of UrchinBot going through six spine states.

thickness, and actuation length were experimentally modified
in order to achieve the mono-stable architecture. The actuator
was molded with a M2 × 14 mm screw embedded in each
dome, and the mold was 3D printed using an Objet30 3D printer
from VeroClear (RGD810) material. The soft tripod actuator
was produced in molds with appropriate gates and runners
for material evacuation during the molding process. Figure 5B
shows an isometric cutaway of the top and bottom molds, the
soft tripod actuator, as well as the screws and nuts.

Smooth-Sil 945 (Smooth-On, Inc., Macungie, PA, USA) sil-
icone material was used for the soft tripod actuator. During
molding, Ease Release 200 was used as a release agent for
all surfaces of the mold. The silicone was first poured into the
top and bottom molds then degassed which allowed complete
infiltration of the elastomer. The molds were then married,

Fig. 7. Torque generated by the soft tripod actuator by air pressure with (top)
one single dome at a time and (bottom) two domes together. Maximum angle
reached by both states is shown on the top left of each graph.

clamped, and placed in an oven at 65 ◦C for one hour. Once
cured, the nuts were removed followed by the soft tripod actuator
with embedded screws. Figure 5C shows an isometric cutaway
of the fully assembled spine module.

B. Characterization

Torque measurements (Figure 7) performed on an Instron
5566 were conducted on a spine driven by the soft tripod actuator
composed of three domes positioned in circle. The spine was
characterized in terms of generated torque using the measured
blocked force and the length of the spine. With the Instron in a
rigid position, the torque of the tip of the screw was measured
while air pressure was applied to a single dome from 0 to
0.2 MPa, and back to 0 MPa (Figure 7A). The same mea-
surements were done while applying a pressure to two domes
(Figure 7B) simultaneously. Testing and actuator design was
done to 0.2 MPa based on the chosen pumps for untethered use.
During pressurization, the dome popped out, which tilted the
platform in the opposite direction pushing the tip of the screw
in the same direction. The spine generated a maximum torque
of 8.62 N· cm while being driven by a single dome and 16.2 N·
cm with two domes together. The spine demonstrated a range of
motion up to 22◦ when pressuring a single dome and 18◦ when
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Fig. 8. Schematic of the UrchinBot’s electronics and fluidic systems.

two domes are pressurized simultaneously, both within the spine
tilt range observed in living urchins. The angle was measured
relative to a perfectly concentric spine without any dome pres-
surization. As was the case with the high aspect ratio tube feet,
similar ranges of motion for the spines were observed regardless
of whether they were actuated pneumatically or hydraulically.

IV. URCHINBOT DEMONSTRATOR

Inspired by the post-larval juvenile sea urchin shown in
Figure 2, our fabricated UrchinBot was equipped with a limited
number of high aspect ratio tube feet and spines and contained
all necessary electronics, valves, and pumps to be untethered on
land or underwater as seen in Figure 8.

A. Design, Control and Actuator Integration

The UrchinBot (Figure 1A) contains an equatorial ring of five
adult spines, a polar ring of five juvenile spines, and five high
aspect ratio tube feet which are organized in a pentaradial sym-
metry. Each of the tube foot or spine actuators was fixed to the
3D printed perforated hollow body using 3D printed nuts. The
body is composed of five identical segments, creating a 230 mm
diameter hemispherical shell (analogous the skeletal shell of the
sea urchin, known as the “test”). Grooves at the top and bottom
of the outer base lock the five shells into position. The circular
base is composed of five ball transfers positioned in a pentaradial
symmetry to reduce friction during locomotion, particularly on
land. Due to the difficulties of communicating with underwater
robots [21], a simple IR transmitter and receiver was used to
control the robot. The top, centrally located interface contains
fluid intake and exhaust ports, an IR receiver, LED status light,
and a six-pin watertight bayonet-style circular connector to facil-
itate programming and charging of the robot’s micro-controller
and lithium-ion battery. Figure 1B shows a cross section view
of the UrchinBot. All electronic and pneumatic/hydraulic com-
ponents used to control the UrchinBot fit within the hollow
body after being potted with epoxy. The innards comprise one
Arduino MEGA 2560, a custom built 21.6 V, 72 Wh, Li-Ion
battery pack, two BTC-IIS Miniature Diaphragm Pumps (Parker
Hannifin Corporation, Cleveland, OH, USA) configured for
vacuum and pressure, and eight three-way X-Valve Miniature

Fig. 9. Chronological photographs showing the UrchinBot (A) moving for-
ward and (B) rotating during one cycle from top and side view in air.

Solenoid Valves (Parker Hannifin Corporation) as schematically
diagrammed in Figure 8. The valves enable each high aspect
ratio tube foot and each dome of the soft tripod actuator to
have positive and negative fluid pressure. An IR receiver diode
with a IR remote control transmitter was used to send wireless
commands to the UrchinBot. Each high aspect ratio tube foot
could be independently actuated via a single valve. To minimize
valve number, which was dictated by space constraints within
the shell, all spines were connected to three valves and were
actuated together at the same time and in the same direction.
While this configuration limits the possible gait movements
using the spines, it easily allows for the equatorial spines to
be used for body rotation.

B. UrchinBot Characterization and Gait Movements

The UrchinBot pulls itself on ferrous surfaces (Figure 9) by
reaching, attaching, retracting, and releasing the corresponding
high aspect ratio tube foot in the direction of desired movement.
Through this method, the UrchinBot achieved a linear motion
of 60.3 mm per cycle through pneumatic actuation, with a full
cycle taking 10 seconds, resulting in a locomotion speed of
6.03 mm/sec. Considering the UrchinBot body size, this equates
to 0.027 BL/s, or approximately nine times slower than has been
observed with live juvenile sea urchins. During a movement
cycle, the robot body exhibits recoil (Figure 9Ab) of 28.6 mm
during magnet engagement to a standard 2.44 mm galvanized
steel sheet. While decreasing the curvature of the high aspect
ratio tube foot or increasing the height of the high aspect ratio
tube foot attachment point could reduce the amount of recoil, the
recoil occurs right after magnet engagement, and as such, does
not affect the forward speed. In addition to linear movement,
the UrchinBot can achieve rotational movement (Figure 9B)
using its equatorial ring of spines. A yaw movement of 25◦ was
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measured in the air operating the spines through each of the six
states.

While previous robotic prototypes for underwater cleaning
and inspection applications have also utilized magnetic attrac-
tion for anchoring to ferrous substrates, they have been incorpo-
rated into wheeled assemblies [22], [23], [24], and as such, and
in contrast to our current UrchinBot, are limited to substrates
exhibiting shallow curvatures and are incapable of navigating
heavily fouled or more complex underwater structures.

V. CONCLUSIONS AND FUTURE DIRECTIONS

In the present study, two sea urchin-inspired soft actuators
(which controlled the tube feet and spines) were developed and
demonstrated for locomotion through the fabrication of an un-
tethered post-larval juvenile sea urchin-inspired robot. For scale,
our robotic prototype measured ca. 500 times larger than the
juvenile urchin after which it was modeled, and ca. 3 times larger
than a typical adult sea urchin. Using both types of soft actuators,
the untethered UrchinBot exhibits a sea urchin-like gait through
attachment and release of its magnetic tube feet. The equatorial
ring of spines enables the robot to achieve yaw movement with
25◦ per cycle in the air, and the UrchinBot achieved a maximum
speed of 0.027 BL/s, which is approximately half that of an adult
sea urchin, and 1/10th that of a juvenile urchin.

In order to extend the range of operations, future iterations of
the UrchinBot demonstrator could include additional valves so
that each spine could be driven independently. Spines could then
be used for either crawling, or pushing the robot body against
walls and other objects to achieve the jamming capabilities
demonstrated in living urchins. Currently, each actuator can
either be pressurized or depressurized, but cannot be kept in
a certain state without continuously operating the pumps. This
issue could be alleviated by replacing each three-way valve
with two two-way valves per actuator. Another method would
be to use microfluidic multiplexors [25], in which multiple
microchannels could be controlled with only a few inputs. This
configuration would result in the total number of valves being
lower than the total number of actuators, enabling the ability to
drive each spine independently. In addition, the high aspect ratio
tube feet designed in this study have a single degree of freedom,
compared to those found in living sea urchins. The current design
could thus be extended with additional fluid channels, for exam-
ple by employing triradial symmetry, thus increasing the range
of motion of the tube feet to three degrees of freedom. Lastly,
an array of tube feet embedded with magnets [3] incorporated at
the base of the UrchinBot, in addition to current ball transfers,
would allow body anchoring using magnet engagement and
low-friction locomotion during magnet retraction.

As demonstrated in the present study, our UrchinBot pos-
sesses several unique features not previously explored for the
production of biologically inspired robotics, which could prove
useful in applications ranging from deep sea exploration and
monitoring to the inspection of ship hulls and other structures.
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