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1. Introduction
Underwater manipulation in unstructured and
dynamic environments remains a major chal-
lenge in marine robotics. Tasks such as bio-
logical sampling, environmental monitoring, and
delicate object retrieval require safe interaction
with complex and fragile targets. Traditional
rigid grippers, although precise and capable of
high payloads, lack intrinsic compliance and
are therefore increasingly being replaced by soft
robotic solutions, which exploit compliant ma-
terials to passively adapt to unknown shapes.
Among biological models, the octopus represents
a paradigmatic system for advanced underwa-
ter manipulation, thanks to its flexible muscular
hydrostat architecture and the cooperative use
of multiple arms. Current research on octopus-
inspired soft robotics has predominantly focused
on single-arm systems, an approach that in-
herently limits grasp stability, payload capac-
ity, and effective manipulation of free-floating
objects in open water. This work addresses
this gap by introducing and experimentally val-
idating a novel multi-arm octopus-inspired soft
robotic system. Starting from a tendon-driven
single-arm architecture, a three-arm configura-
tion with an additional translational degree of

freedom is developed, to enable cooperative ma-
nipulation strategies. The design is guided by
a dedicated biological investigation conducted
in Acquario di Genova, from which key grasp-
ing principles were extracted and translated into
engineering solutions. The development process
included the design and experimental character-
ization of a single soft arm, with two distinct
tendon-routing configurations, followed by the
mechanical and structural design of the multi-
arm platform, its fabrication, the implementa-
tion of the electronic architecture, and the de-
velopment of dedicated control strategies.
The final experimental validation demonstrates
that the cooperative multi-arm architecture sig-
nificantly enhances grasping performance, con-
firming the effectiveness of bio-inspired coor-
dinated manipulation for advanced underwater
applications.

2. State of the Art
Underwater manipulation has traditionally re-
lied on rigid robotic manipulators. Several stud-
ies have highlighted the challenges associated
with these types of grippers, particularly in bio-
logical sampling tasks where excessive contact
forces can compromise specimen integrity [6].
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Soft Robotics has progressively gained relevance
in this field, as deformable continuum structures
enable adaptive contact with complex geome-
tries, while reducing the need for accurate mod-
eling and force control [8]. In marine environ-
ments, soft grippers based on bellows-type ac-
tuators have been successfully employed for del-
icate biological sampling tasks. These devices
rely on thin, deformable chambers that expand
under fluid pressure [3], generating large bend-
ing deformations while maintaining low contact
forces. Other implementations have further op-
timized these architectures for ultragentle ma-
nipulation, enabling the grasping of extremely
fragile organisms, while minimizing mechanical
stress [9]. An alternative approach relies on
tendon-driven continuum structures, in which
embedded cables generate controlled bending
through differential tension. This strategy al-
lows the actuation components to remain iso-
lated from the wet environment, offering im-
proved structural simplicity while preserving a
fully soft external structure.
Among tendon-driven solutions, octopus-
inspired robotic arms represent one of the most
extensively investigated bio-inspired implemen-
tations. Early octopus-inspired robotic arms
successfully replicated the concept of "muscular
hydrostat" (Figure 1), using silicone structures
with embedded tendons and shape memory
alloys [5].

Figure 1: Schematic drawing of octopus arm sec-
tion: (O) oblique, (T) transverse and (L) longitudi-
nal muscles, (N) nerve cord. Reprinted from [2].

More recent developments introduced soft arms
with integrated suction cups for enhanced grasp-
ing in confined environments, demonstrating
improved adhesion and operational robustness
(Mazzolai et al. [7]). Despite these advances,
most existing implementations remain confined
to single-arm architectures; although demon-

strating effective bending and wrapping capa-
bilities, they inherently lack the cooperative in-
teraction observed in biological octopuses. This
gap motivates the transition toward multi-arm
octopus-inspired robotic systems capable of co-
operative underwater manipulation.

3. Biological Investigation
To support the transition from single-arm to
multi-arm robotic architectures, a dedicated bi-
ological investigation was conducted in Acquario
di Genova to analyze natural octopus grasping
behaviors in controlled conditions.
Several octopus arm actions have been exten-
sively characterized in the literature, including
fetching, reaching, and twisting motions, which
describe the fundamental kinematic strategies
adopted during interaction with the environ-
ment [1]. In parallel, decision-making processes
underlying arm recruitment and target selec-
tion have also been investigated [4], systemati-
cally employing objects hidden behind obstacles.
Consequently, these previous studies primarily
address behavioral and cognitive aspects rather
than unconstrained object manipulation.
For this reason, the experiments consisted in ob-
serving three species of octopus (Enteroctopus
dofleini, Octopus vulgaris and Octopus maya),
interacting with objects of different sizes and
geometries (such as spheres, jars and sticks), in
the open but controlled aquarium environments.
The analysis revealed that octopus grasping
rarely relies on the use of a single arm (with
the exception of feeding behaviors).
A total of 128 grasping actions were extracted
and analyzed from 10 hours of recordings, lead-
ing to:
• quantitative statistics on the number of arm

used (Figure 3).
• discovery and characterization of two previ-

ously unreported grasping strategies (Fig-
ure 2).

The quantitative analysis revealed a clear and
consistent pattern: grasping predominantly in-
volved two or three arms, while attempts engag-
ing more than three arms were never observed.
About the new grasping strategies, the first, here
referred to as Pinching, was observed during the
manipulation of elongated objects. This config-
uration involves the use of two arms positioned
along the object’s longitudinal axis, with the
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Figure 2: Pinching (a) and Basal Grasping (b).
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Figure 3: Number of engaged arms.

arms maintained in a straight posture and the
suckers oriented inward to maximize surface con-
tact. Such an arrangement enables strong com-
pression of the object, ensuring high grip sta-
bility regardless of its spatial orientation. The
second strategy, referred to as Basal grasping,
was typically adopted for objects whose longi-
tudinal axis was oriented perpendicular to the
octopus body axis. In this case, three arms were
recruited, with active suckers facing inward and
contacting the object near the proximal (basal)
region of the arms, close to the body.
These observations have been translated into de-
sign choices, as will be explained is Section 5.

4. Soft Arms Design, Fabrica-
tion and Characterization

Each robotic arm is based on a tendon-driven ar-
chitecture, with electric servo-motors that pull
high-strength synthetic cables routed inside a
soft Ecoflex™ 00-30 silicone body. The internal
routing of the tendons replicates the functional
arrangement of the octopus muscular hydrostat,
with longitudinal cables that enable ventral and
dorsal bending, and a spiral-shaped tendon that
generates twisting motion.
The soft bodies of the arms were realized using
a pre-existing mold, ensuring geometric consis-
tency with previously validated octopus-inspired
designs. The fabrication process involved multi-
stage silicone casting, integration of internal
supports and tendons within the mold, con-
trolled curing, and final assembly with the re-
mote actuation unit. The design variables were:
• Cable arrangement
• Internal supports

Two distinct tendon-routing configurations were
implemented and experimentally compared to

evaluate their influence on curvature distribu-
tion, achievable workspace, and twisting capa-
bility: Tendon configuration A (Figure 4) fea-
tures the ventral tendon anchored at the dis-
tal internal support, resulting in a larger radius
of curvature during intermediate pulling (Fig-
ure 5b), making it particularly suitable for the
arms dedicated to the Pinching strategy, where
a "flatter" profile enhances longitudinal com-
pression of elongated objects. Tendon configura-
tion B inverts the ventral and dorsal anchoring
positions, generating a more pronounced bend-
ing profile. A maximum lateral displacement of
120mm was observed within the two configura-
tions (Figure 5a), defining the inter-arm distance
required to ensure full coverage of the internal
grasping workspace.
Two types of custom 3D-printed PLA supports
were implemented and alternated along the arm
to balance routing precision, manufacturing sim-
plicity, and minimal stiffening.
On the ventral side, each arm features 10 pas-
sive suckers. These elements do not actively
generate negative pressure, but achieve adhe-
sion through physical compression on the ob-
ject, expelling the internal fluid and so creating
a pressure drop. Adhesion occurs only in water,
and this will influence the grasping performance
(Section 6). Active suction mechanisms were in-
tentionally avoided to simplify the design and to
focus the investigation on shape-based grasping
strategies.

5. Multi-Arm Octopus Robot
Building upon the biological investigation and
the experimental characterization of the single
soft arm, a multi-arm robotic platform was de-
veloped. The proposed system represents a first
functional prototype intended to validate the
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Figure 4: Tendon configuration A: ven-
tral (blue), dorsal (yellow), and twist-
ing (green) cables.
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Figure 5: Tendon config. A and B comparison: lateral displace-
ment (a) and bending profiles with 5.9cm of cable pulling (b).

feasibility of coordinated grasping strategies in-
spired by octopus behavior.
The design variables considered in the multi-arm
architecture included: (i) the number of arms,
(ii) their spatial arrangement and mutual orien-
tation, (iii) the selection of tendon-routing con-
figurations for each arm, and (iv) the integration
of actuation and control components within the
structural layout.

Figure 6: CAD model of the Multi-Arm Octopus
Robot mounted in Pinching configuration.

Three arms were adopted as the minimum con-
figuration capable of reproducing both strate-
gies, while the experimentally measured max-
imum lateral displacement of 120mm defined
the minimum inter-arm spacing. Two operative
configurations were implemented: in the Pinch-
ing configuration (Figure 6), the robot features
two arms (equipped with Tendon Configuration

A) facing each other in the frontal part, while
a third arm (equipped with Tendon Configura-
tion B) is located in the rear part. An addi-
tional translational degree of freedom was intro-
duced for the frontal arms, to generate longi-
tudinal compression of internally positioned ob-
jects and to dynamically adjust the inter-arm
distance during grasping. In the Basal Grasping
configuration, the two frontal arms are rotated
of 90°, with the suckers facing the rear arm.
The mechanical design is composed of three
main subsystems: a rigid Support Base, three
independent Tendon Actuation Units (TAUs),
and an integrated Electronic Architecture.
The Support Base, laser-cut from a POM (Poly-
oxymethylene) sheet, serves as the primary
mounting interface, allowing the robot to be
fixed either to a ground support or, in future
developments, to a remotely operated vehicle
(ROV). It sustains the three arms and houses
the rack-and-pinion mechanism, responsible for
the translational degree of freedom, including
also bearing elements and a centrally positioned
servo-motor. The chosen pitch diameter of the
pinion (Dp = 80mm) allows for a stroke of
S = 125mm (using Equation 1) for each arm,
resulting in a considerable maximum inter-arm
distance of 370mm despite the rotational limi-
tation of the servo-motor (∆θmax = π rad).

S = ∆θmax ·
Dp

2
= π · Dp

2
(1)

The TAUs consist in three circular bases, each
mounted at the top of an arm. Each unit
houses three Amewi 6221MG servo-motors for
tendon actuation, and appropriately sized pul-
leys to achieve a tendon displacement of 118mm,
matching the actuation range determined during
the single-arm characterization phase.
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Figure 7: Electronic Architecture. Figure 8: Mounting setup. Figure 9: Approach phase.

The control architecture (Figure 7) is based on
an Arduino Nano 33 IoT microcontroller, re-
sponsible for coordinated management of the
10 servo-motors. The custom control strategy
was structured around three key principles: (i)
non-blocking parallel control, enabling simulta-
neous actuation of the 10 independent motors;
(ii) position control with velocity profiling, intro-
duced to prevent oscillations and excessive ten-
don stress by avoiding abrupt step-response mo-
tions; and (iii) a simplified command interface,
allowing the user to specify only:

[Motor IDs] [Target Angle]

while the controller autonomously manages tim-
ing and speed profiles.
The control algorithm is organized into three
sequential phases: an Initialization Phase sets
all motors to their calibrated home position and
initializes the internal state variables used for
time tracking and velocity regulation; within
the main control loop, operations are divided
into two blocks: during the Command Parsing
Phase, incoming serial commands are processed
and the target position array is updated; during
the Actuation Phase, the algorithm iteratively
evaluates and updates each motor position.
The entire system was manufactured and func-
tionally verified before moving on to experimen-
tal validation, described in the next section.

6. Experimental Validation
The robotic system was mounted on top of a
60x60x60cm tank, with the arms submerged in
water (Figure 8).
To implement the biologically inspired strate-
gies, a structured control sequence was defined,
consisting of three main phases: (i) Approach,
where the translational degree of freedom and
dorsal tendons were actuated to maximize clear-

ance for object approach (Figure 9); (ii) Pre-
Grasp Shaping, in which the inter-arm distance
was calibrated according to object size, using the
translational DOF; and (iii) Grasping Execution,
involving ventral tendon actuation to generate
bending and object compression (Figure 10).
Two tendon actuation levels (50% and 80%)
were tested to evaluate their influence on grasp-
ing volume, revealing distinct interaction regions
within the arm workspace. For each actuation
level, three translational configurations were in-
vestigated, corresponding to 0.75Lc, 1.0Lc, and
1.25Lc, where Lc represents the characteristic
length of the object tested.
The selected limits were defined during pre-
liminary testing: tendon actuation below 50%
resulted in insufficient arm stiffness to secure
stable grasps, while actuation beyond 80% fre-
quently induced "out-of-plane buckling" of the
arms, causing loss of contact with the target.
Similarly, increasing the inter-arm distance be-
yond 1.25Lc led to unsuccessful grasping at-
tempts due to excessive separation, whereas re-
ducing it below 0.75Lc was constrained by me-
chanical limitations.
Grasping performance was evaluated through
a series of dynamic tests aimed at quantifying
the maximum payload capacity of the multi-arm
system under the different operative configura-
tions. To mimic the interaction with delicate
organisms, the selected objects (becher, barrel,
large sphere (∅16cm), small sphere, and a box)
were made of lightweight plastic and featured
complex geometries, which are typically chal-
lenging for traditional rigid grippers.
Payload performance was expressed as a mass
interval m1 < m < m2, obtained by progres-
sively increasing the object mass through the
insertion of weights. Below m1, the grasp re-
mained consistently stable; at m1, initial sliding
phenomena were observed during at least one
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Figure 10: Grasping execu-
tion phase during the pinch-
ing of the plastic box.
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Figure 11: Large sphere grasping payload in air (left) and water (right).

trial, although the intrinsic compliance of the
silicone often allowed the object to re-settle and
stabilize within the arms. At m2, grasping failed
immediately and the object was released.
The comparison between single and three-arm
configurations highlighted the improved payload
capacity (from 200% to over 400% across the
evaluated object set), achieved through cooper-
ative manipulation. In air, the single arm was
able to successfully grasp only the box, adopt-
ing a specific shape-based configuration, while
no stable grasping strategy was identified for the
remaining objects. This limitation is expected,
as the single-arm setup primarily relies on sucker
adhesion and is not designed for dry conditions.
In water, passive suction enabled the single arm
to secure additional objects; however, its pay-
load capacity remained limited, particularly for
larger geometries.
Moreover, in an open underwater environment,
a single arm may simply push the object away
instead of firmly grasping it when suction adhe-
sion is not immediately established.
About the performance of the Multi-Arm Oc-
topus Robot, a first comparative analysis can
be carried out to explain its distinct behaviors
in dry and wet conditions. The data shows a
clear trend: thanks to the engagement of the
passive suckers, in water an average performance
increase of 34.3% was observed.
As a significant example, the results obtained
for the large sphere are reported in Figure 11.
While the influence of the surrounding medium
is clearly confirmed by the upward shift of the
colored regions, the plotted trends reveal two ad-
ditional factors that systematically enhance pay-
load capacity: reducing the inter-arm distance
(from 1.25Lc to 0.75Lc) and increasing the ten-

don actuation level (from 50% to 80%). This im-
provement results from higher normal compres-
sion forces, improved arms conformation around
the target geometry, and a more favorable orien-
tation of the ventral surfaces for effective sucker
adhesion.
A strong dependency on object size was ob-
served, with the small sphere (∅10 cm) being
particularly challenging to grasp, and showing
the lowest recorded payload values (up to 78g in
air and 98g in water).
Although effective, the Basal Grasping configu-
ration generally showed lower performance than
Pinching, except for horizontally placed elon-
gated objects, such as the box.
In addition to these grasping configurations, a
complementary strategy combining twisting and
bending was qualitatively tested, enabling out-
of-plane arm motion and grasping of objects,
demonstrating the system’s versatility in un-
structured environments.
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Figure 12: Force-Displacement curves.

Finally, to assess the mechanical effort required
for actuation and derive preliminary considera-
tions on energy efficiency, tensile tests were con-
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ducted on both tendon configurations, using a
universal testing machine.
Force–Displacement curves (Figure 12) exhib-
ited the expected viscoelastic hysteresis behav-
ior of the silicone material, and the peak forces
(∼ 24N) confirmed the adequacy of the selected
motors for reliable arm actuation.
A comparative analysis highlights that config-
urations with anchoring points located further
from the base (as the showed ventral bending for
Tendon configuration A) require higher pulling
forces, because of the larger volume of silicone
material that must be compressed.
From an energetic perspective, the area under
the loading curves indicates that higher tendon
actuation levels (80%) significantly increase the
required mechanical work, highlighting the func-
tional and energetic relevance of the transla-
tional DOF: by reducing the inter-arm distance,
the system achieves equivalent payload capaci-
ties with lower tendon actuation, thereby min-
imizing the mechanical work. Improved future
iterations of the translational mechanism will al-
low a dedicated quantitative evaluation of its ef-
ficiency, ensuring operation within the identified
energetic margin and maximizing the resulting
actuation benefits.

7. Conclusions
The presented robotic system demonstrated the
potential of multi-arm octopus-inspired archi-
tectures for underwater manipulation, while
confirming the effectiveness of a design approach
based on the observation and analysis of biolog-
ical systems.
The experimental campaign confirmed the ro-
bustness and versatility of the system across dif-
ferent target geometries, showing performance
improvements over the single-arm configuration,
while also highlighting current limitations in the
interaction with small objects.
Future developments will focus on optimizing
the mechanical components, reducing the bulky
nature of the current prototype to facilitate in-
tegration with external platforms, and imple-
menting sensory feedback for closed-loop force
regulation. The transition toward a fully de-
ployable underwater platform will also require
complete waterproofing of the mechatronic ar-
chitecture and extensive in-field validation.
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