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Abstract

Exploration and manipulation in harsh, unstructured underwater environments represent
a significant challenge for traditional rigid grippers. These scenarios frequently require
grasping of complex-shaped objects and dexterous manipulation of delicate species, ar-
eas in which Bio-inspired Soft Robotics offers a promising alternative, leveraging natural
biological principles and intrinsic material compliance to ensure high adaptability and
safe physical interactions. Among marine organisms, the octopus serves as an exceptional
biological model for advanced underwater grasping; however, existing literature primarily
focuses on the optimization of single-arm systems. Starting from the single arm design
developed at the [talian Institute of Technology, this work introduces a novel multi-arm
architecture. This transition is motivated by the need to explore cooperative manipulation
strategies and more complex interaction scenarios, that exceed the functional limits of a
single manipulator. The design process began with a biological investigation in Acquario
di Genova, where new manipulation strategies were observed and characterized. Based on
these observations, a soft robotic gripper integrating three distinct arms was developed,
featuring passive suckers and tendon-driven actuation, with two different, tailored ten-
don configurations. The project involved a comprehensive development process, spanning
from the initial mechanical design, its fabrication and the implementation of dedicated
control strategies. An extensive experimental validation was conducted in both air and
water, to assess the effectiveness of the bio-inspired strategies. The results demonstrate
that the multi-arm configuration significantly enhances payload capacity, showing an im-
provement of over 400% compared to single-arm systems, justifying the increased system
complexity. It also exhibits superior performance in underwater environments, confirming
it as the ideal operating medium, with a 34.3% increase in payload capacity with respect
to dry conditions. These findings show the potential of cooperative octopus-inspired soft

arms for advanced, safe, and effective real-world marine applications.

Keywords: Soft Robotics; Bio-inspired Robotics; Underwater Grasping; Tendon-driven

Actuators; Octopus-inspired Robotic Arms
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Abstract in lingua italiana

L’esplorazione e la manipolazione in ambienti sottomarini ostili e non strutturati rapp-
resentano una sfida significativa per i rigidi gripper tradizionali. Tali scenari richiedono
la presa di oggetti dalla geometria complessa e la manipolazione di specie fragili, am-
biti nei quali la robotica soffice bio-ispirata offre un’alternativa promettente, sfruttando
principi biologici naturali e la deformabilita intrinseca dei materiali per garantire elevata
adattabilita e interazioni fisiche sicure. Tra gli organismi marini, il polpo costituisce un
modello biologico eccezionale per la manipolazione sottomarina; tuttavia, la letteratura
esistente si concentra sull’ottimizzazione di sistemi a singolo braccio. Partendo dal de-
sign del singolo braccio sviluppato presso 'Istituto Italiano di Tecnologia, questo lavoro
introduce un’architettura multi-braccio. Tale transizione ¢ motivata dalla necessita di
esplorare strategie di manipolazione cooperativa e scenari di interazione pitt complessi,
che superano i limiti funzionali di un manipolatore singolo. Il processo di progettazione
¢ iniziato con un’indagine biologica condotta presso 1’Acquario di Genova, dove nuove
strategie di manipolazione sono state osservate e caratterizzate. Sulla base di tali os-
servazioni € stato sviluppato un gripper robotico soffice composto da tre bracci, dotati
di ventose passive e attuazione a tendini. Il progetto ha previsto uno sviluppo com-
pleto, dalla progettazione meccanica iniziale alla fabbricazione e all'implementazione di
strategie di controllo. Un’estesa validazione sperimentale ¢ stata condotta in aria e in
acqua per valutare l'efficacia delle strategie bio-ispirate. I risultati dimostrano che questa
configurazione incrementa significativamente la capacita di carico, con un miglioramento
superiore al 400% rispetto ai sistemi a singolo braccio, giustificando la maggiore comp-
lessita del sistema. Inoltre, il sistema mostra prestazioni superiori in ambiente acquatico,
con un aumento della capacita di carico del 34,3% rispetto alle condizioni in aria. Tali
risultati mostrano il potenziale di bracci soffici cooperativi ispirati al polpo per appli-

cazioni marine reali, sicure ed efficaci.

Parole chiave: Robotica Soffice; Robotica Bio-ispirata; Manipolazione Sottomarina;

Attuazione a Tendini; Bracci Robotici Ispirati al Polpo
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]_ Introduction

The exploration of marine environments and the execution of dexterous manipulation
tasks present significant technological challenges, especially in the physical interaction
with delicate organisms and complex, unstructured scenarios. Traditionally, underwa-
ter manipulation has been performed using rigid robotic grippers deployed on Remotely
Operated Vehicles (ROVs). While highly effective for heavy-duty industrial operations,
these conventional grippers struggle to adapt to irregular geometries. The lack of intrinsic
compliance makes them inherently unsuitable for handling fragile marine species, where

excessive localized pressure can easily damage the target.

In recent years, soft robotics has emerged as a highly promising alternative, offering in-
trinsic safety and adaptability. By using highly compliant materials, soft manipulators
can safely conform to the target’s shape, drastically reducing the risk of damage and the
computational cost. However, maximizing payload capacity and grasping stability with-
out sacrificing this intrinsic compliance remains an open challenge for the deployment of
soft grippers in demanding underwater scenarios. Nature offers highly optimized solu-
tions to overcome these engineering challenges. The octopus is an exceptional example of
advanced manipulation capabilities, relying on a completely soft body to navigate, hunt,
and interact with objects of various sizes and shapes. The soft robotics community has
derived extensive inspiration from the octopus; however, previous studies and developed
prototypes have focused almost exclusively on the kinematics and performance of a single
octopus-inspired arm. At the [talian Institute of Technology, the research in this field
is highly advanced, and the present work takes the single arm design developed here as
the baseline for the enhancements. These single-arm manipulators successfully replicate
bending and wrapping motions, enabling versatile and effective grasping, but they are
limited in their overall payload and grasping stability. The physical coordination and
cooperative manipulation strategies of multiple octopus-inspired arms, remains an ap-
proach that has never been systematically designed and tested in robotics, highlighting a

fundamental area for further technological advancement.

The primary objective of this work is to bridge this gap by designing, developing, and
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validating a novel bio-inspired robotic system, specifically engineered for the underwater

grasping of delicate and complex-shaped targets. Taking direct inspiration from the bi-

ological strategies observed during dedicated experiments with the octopi, conducted in

Acquario di Genova, this research introduces a multi-arm architecture and investigates

its effectiveness in performing different grasping strategies.

The contributions of this work are systematically detailed throughout the manuscript,

which is organized as follows:

Chapter 2 introduces the fundamental concepts of Bio-inspired Soft Robotics,

highlighting its key advantages.

Chapter 3 reviews the state of the art in underwater manipulation, offering a
critical comparison between rigid and soft grippers, and providing a comprehensive

overview of octopus-inspired robotic technologies.

Chapter 4 details the biological investigation conducted in Acquario di Genova.
By observing the animal interacting with objects of various shapes and sizes, this
study extracted key kinematic principles regarding multi-arm coordination. The
observations led to the formal characterization of two distinct bio-inspired grasping
strategies: Pinching and Basal Grasping. Understanding these natural mechanisms

provided the crucial design guidelines for the robotic prototype.

Chapter 5 focuses on the design, fabrication, and experimental characterization of
the single soft arm. It describes the manufacturing process of the silicone structure,
the integration of different tendon routings and the evaluation of their kinematic
capabilities, providing fundamental information for the design of the multi-arm plat-

form.

Chapter 6 presents the overall design of the Multi-Arm Octopus Robot. It pro-
vides a comprehensive overview of its mechanical design, electronic architecture,
and control strategies, detailing the specific motivations and objectives driving each

engineering choice.

Chapter 7 discusses the extensive experimental validation and the results of the
grasping performance tests. It offers a comparative analysis between different con-
figurations (1 arm, 3 arms, different tendon pulling percentage, different grasping
strategies) both in air and water, effectively validating the bio-inspired strategies

applied to different objects.
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Traditional robotics, based on the use of rigid links and joints, has achieved remarkable
results in structured and controlled environments, where robot tasks and environmental
reactions are pre-established with a high degree of precision. However, as robots are
increasingly required to operate in unstructured, dynamic, and unpredictable real-world
scenarios, such as underwater exploration 20|, search and rescue operations [44], human
interaction and medical applications [52], the limitations of systems designed following
this traditional approach become evident [30]. To overcome these challenges, researchers
have looked towards nature for solutions. Over millions of years of evolution, biological
organisms have developed highly efficient strategies for movement, perception, and object

manipulation in complex environments [3].

2.1. Bio-inspired Robotics

Bio-inspired robotics is an interdisciplinary field that applies biological principles to the
design and control of engineering systems. It is not limited to the simple mimic of living
organisms, but rather it studies the underlying functional mechanisms that guarantee
biological systems their performances [47]. The translation of biological features into

robotic systems offers several key advantages:

e Adaptability: Biological systems can adapt to changing and harsh environments,
often never experienced before. Bio-inspired robots aim to replicate this versatility,
allowing to deal with new scenarios without complete reprogramming or hardware

redesign from scratch [48].

e Energy Efficiency: Animals have evolved locomotion and grasping strategies that
exploit the dynamic interaction between their bodies and the environment (e.g., ex-
ploiting passive dynamics or elastic energy storage) to minimize energy consumption
[10].

e Functional Integration: In nature, there is rarely a clear separation between

structure, actuation, and perception. Bio-inspired design leads to highly integrated
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systems where the mechanical structure itself facilitates control and perception.

2.2. Soft Robotics

Soft Robotics represents a paradigm shift from the traditional approach, that is based on
rigid links and discrete joints [30, 33]. It involves instead the use of soft materials, such
as elastomers, silicones, and gels (Young’s modulus < 10° Pa), to build robots capable
of continuous deformation [51]. This approach is inspired by soft-bodied organisms (e.g.,
cephalopods, caterpillars, worms) or soft organs (e.g., the elephant trunk [34]), which

possess a theoretically infinite number of degrees of freedom (DOFs).

A fundamental concept in soft robotics is "Embodied Intelligence": in rigid robots, "in-
telligence" is typically centralized in the control algorithm. In soft robots, part of the
computational load is transferred to the mechanical properties of the physical body itself
[47]. The material properties (elasticity, viscosity, density) and morphology allow the
robot to passively adapt to the environment, simplifying control requirements; indeed, an
active control system is often not required during grasping. Conversely, traditional robots
require precise geometric modeling of the object they intend to grasp, precise trajectory

planning, and grasping force control.

The intrinsic compliance of soft robots offers a series of advantages over their rigid coun-

terparts:

e Safe Interaction: Soft robots can safely interact with delicate objects or humans.
In case of a collision, the body deforms, absorbing the impact energy and avoiding
damage to both the robot and the target.

e Conformability: The ability to deform allows soft robots to passively adapt their
body around objects of complex and, above all, unknown geometry [32]; this allows
these systems to work in environments with low or even absent visibility, without
the need for complex video systems or 3D scanners to study the object’s geometry.
They are also able to squeeze into confined spaces that would be inaccessible to rigid

structures.

¢ Resilience: Soft materials make these robots highly robust to mechanical impacts,

falls, or environmental hazards that would otherwise damage rigid structures.

Despite these advantages, Soft Robotics presents notable engineering challenges that con-
stitute the current frontier of research: controllability, accuracy, and effectiveness are still

challenging tasks [62], and also design and fabrication are non-trivial aspects.



11

3 ‘ State of the Art: Underwater
Grippers

The capability to physically interact with the marine environment is a fundamental re-
quirement for the advancement of modern underwater robotics. While early underwater
vehicles were primarily designed for observation and data collection, current applications,
ranging from biological sampling and archaeological recovery to the maintenance of off-

shore infrastructure, require systems capable of flexible and safe interventions [25].

Underwater grasping poses unique challenges compared to terrestrial manipulation. The
environment is unstructured, dynamic, and hostile, characterized by high pressures, low
temperatures, and significant disturbances such as ocean currents [56]. Furthermore,
visibility is often compromised by turbidity and light absorption, complicating the visual
feedback necessary for teleoperation or autonomous control [25, 35]. In this context, the
design of the end-effector plays a critical role. It serves as the physical interface between
the robot and the external world, determining the success of the manipulation task. The
following sections analyze the different categories of underwater grippers, classifying them
into rigid, soft bio-inspired, and octopus-inspired solutions, with a particular focus on their

suitability for interacting with delicate and irregular objects [40].

3.1. Rigid Grippers and Manipulators

Historically, underwater manipulation has been dominated by rigid-body robotic systems.
These manipulators, typically mounted on Remotely Operated Vehicles (ROVs) or Au-
tonomous Underwater Vehicles (AUVs) (Figure 3.1), are designed as kinematic chains
of rigid links connected by rotary or prismatic joints [56]. They represent the industry
standard for deep-sea interventions due to their reliability, high payload capacity, and

positioning precision.

Rigid underwater manipulators are generally classified based on their actuation method:

hydraulic or electric. Hydraulic systems are prevalent in ROVs used for heavy-duty tasks,
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as they offer a high power-to-weight ratio and are naturally robust against high pressure
[56]. Electric manipulators, on the other hand, are becoming increasingly popular for
smaller vehicles due to their cleaner operation, higher energy efficiency, and more precise

control capabilities [56].

While traditional end-effectors were limited to simple two-finger (“parallel-jaw”) grippers
or intermeshing claws, recent research has pushed towards multi-fingered, cable-driven
designs to enhance dexterity and workspace [64]. For example, underactuated three-
fingered grippers have been developed (Figure 3.2), capable of executing both parallel
and precision grasps on objects of variable dimensions [5, 6]. These designs often use
tendon transmissions to house sensitive electronics and motors inside watertight chambers,

decoupling them from the wet environment.

From a control perspective, these systems are often teleoperated using a Master-Slave
approach, where the operator moves a "master" arm from the sea surface, and the un-
derwater "slave" arm replicates the motion. This architecture has proven to be effective

even for small-sized modular robotic arms designed for inspection-class ROVs [4].

However, effective manipulation requires reliable feedback. Therefore, given the limita-
tions of vision in turbid waters, the integration of tactile feedback is crucial. Advanced
rigid grippers now incorporate 6-axis force/torque sensors directly in the wrist or fin-
gertips to allow for autonomous grasp regulation [46]. The development of such sensors
presents significant engineering challenges, particularly regarding the selection of sealing

materials (e.g., silicone, rubber) to ensure performance under high hydrostatic pressure
[45].

Despite these advances, rigid manipulators face significant limitations when interacting
with unstructured environments or delicate objects [18]. The major limitation is their
intrinsic rigidity. If contact forces are not perfectly regulated, the stiff interface can easily

crush fragile biological specimens or damage archaeological artifacts [40].

To mitigate this issue, some intermediate solutions, such as the "Ocean One" robot hand
(Figure 3.1), have introduced mechanical compliance through spring-loaded transmissions
[59]. This adaptive design allows the fingers to absorb impacts and conform better to

objects.



3| State of the Art: Underwater Grippers 13

Figure 3.2: Detail of the three-
fingered rigid end-effector: CAD
view of the actuation mechanism.
Reprinted from [6].

Figure 3.1: The Girona 500 AUV
platform with its arm and gripper.
Reprinted from [5].

Figure 3.3: Execution of a grasp

on a tubular object by the "Ocean
One" hand. Reprinted from [59].

However, the mechanical complexity of such systems remains high, and the ability to wrap
around complex objects is limited compared to the solutions found in the soft robotics
field [60].

3.2. Soft Grippers

In response to the limitations of rigid manipulators, the scientific community has progres-
sively adopted soft robotics solutions for delicate underwater interaction. Interest in this
field has grown over the years (Figure 3.4), further supported by the increasing attention

shown by companies.
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Figure 3.4: Number of publications per year from Google Scholar in August 2025. The
search terms were <Bionic> AND <Soft Grippers> AND <Underwater>.

The choice of actuation technology is a determinant factor for the performance of a soft
system, influencing force, response speed, and controllability. In literature, soft actuators
for underwater applications are classified into three main categories: fluidic actuators,

cable-driven (tendon-driven) actuators, and actuators based on smart materials 17, 51].

e Fluidic Elastomer Actuators (FEAs): This is the most widespread category
for underwater manipulation due to its intrinsic safety and the possibility of using

the surrounding water as the operating fluid. They are subdivided into:

— Pneumatic Networks (PneuNets): Composed of a series of internal air
chambers that expand when pressurized. Their asymmetric arrangement forces
the actuator to bend. They are easy to fabricate but require relatively low

pressures to avoid rupture [50].

— Fiber-Reinforced Actuators: These utilize inextensible threads (e.g., Kevlar
or Nylon) wrapped around an elastomer body. The orientation of the fibers
guides the deformation (elongation, torsion, or bending) and allows operation
at much higher pressures compared to PneulNets, generating greater forces

suitable for deep-sea applications [20].

— McKibben Muscles: Known as pneumatic artificial muscles (PAMs), they
consist of an internal air chamber enclosed in a braided sheath. When pressur-
ized, they shorten and expand radially, mimicking biological muscle contraction

with a high force-to-weight ratio [67].
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— Bellows-type: These utilize a pleated structure (origami or accordion style).
They are ideal when large linear extensions or wide bending angles are required

with low activation pressures [63].

e Tendon-Driven Actuation: "Cable-driven" or "Tendon-driven" actuators use
inextensible cables sliding inside a soft matrix (silicone) or along defined guides.
Tensioning of the cable causes the shortening of the side where it slides, generating
bending or twisting. This approach mimics, for example, the longitudinal muscles
of octopus arms [31]. This system allows motors (heavy and sensitive to water)
to be placed in a watertight chamber far from the end-effector, leaving the part in

contact with the environment completely soft and lightweight [14].

e Smart Materials: Although less common for high-force applications, they offer

compact solutions without moving mechanical parts.

— Shape Memory Alloys (SMA): Alloys (e.g., Nitinol) that recover their
original shape when heated (typically by Joule effect). They were used in
early prototypes of octopus arms to generate silent and biological contractions
[15]. However, slow cooling in air limits their operating frequency, preventing
the execution of rapid and frequent activation cycles, although the underwater

environment helps dissipate heat faster.

— Dielectric Elastomer Actuators (DEAs): Polymers that deform under
high electric voltage. They offer very fast response times (similar to muscles)

but require dangerously high voltages (> 1 kV) to operate in saltwater [17].

Unlike traditional systems, soft grippers are made of intrinsically soft materials, allowing
passive adaptation to the shape of the target object [26]. This approach exploits the
principle of "impedance matching": to safely interact with soft biological organisms (such
as corals, sponges, or jellyfish), the robot’s stiffness must be comparable to that of the

organism itself.

A fundamental example is represented by grippers developed for deep-sea sampling (Fig-
ure 3.6), which use 3D-printed silicone pneumatic fingers to gently wrap around samples
("form closure") without exerting damaging point pressures [20]. For even more crit-
ical manipulations, such as capturing jellyfish, "ultragentle" actuators reinforced with
nanofibers have been developed, capable of exerting extremely low contact pressures (< 1
kPa), demonstrating the superiority of soft grasping in preserving the structural and

genetic integrity of organisms [53].

A key advantage of soft grippers is the speed and accessibility of fabrication processes.
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It has been demonstrated that it is possible to design and 3D print molds for actuators
directly on board oceanographic vessels ("shipboard fabrication"), allowing researchers
to adapt the gripper morphology in real-time based on the organisms encountered during
the mission [63]. Furthermore, the design approach is shifting towards "User-Driven"
methodologies, which directly involve marine biologists in the design loop to ensure that
the gripper meets real versatility requirements, such as the ability to collect both biological
samples and marine litter with the same end-effector [49]. The effectiveness of these
designs is increasingly supported by non-linear FEM (Finite Element Method) modeling,
which allows predicting complex elastomer deformations and optimizing gripper topology
before fabrication [24].

Although compliance is advantageous, excessive softness can limit payload capacity or
grasp stability. To overcome this limitation, recent research has introduced variable stiff-
ness mechanisms. An effective technique is "granular jamming": by filling a soft geometry
with granular particles and applying a vacuum, it is possible to transition from a flexi-
ble to a rigid state, significantly increasing grasp robustness and resistance to sharp or
pointed objects [70]. Another strategy involves the use of bio-inspired Rigid-Soft hy-
brid designs. An example of this is a gripper inspired by the lobster claw (Homarus
americanus), which integrates small rigid "teeth" on the soft surface of the fingers [29];
this hybrid texture improves friction and grasp stability on slippery underwater objects,

surpassing the performance of purely smooth surfaces.

Additionally, to handle objects of widely varying sizes, bionic grippers with "variable
effective length" have been proposed (Figure 3.5), which, by modulating internal pressure,
can change the active portion of the finger, adapting to both small debris and large samples
[23].

Finally, the integration of these soft manipulators into mobile platforms, such as benthic
legged robots [36], has provided the basis for new forms of "Underwater Mobile Manipu-

lation," extending the workspace and enabling complex operations directly on the seabed.
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Figure 3.6: Bellows-type gripper collect-

Figure 3.5: Soft Bionic gripper with
variable effective length, grasping ing soft coral. Reprinted from [20].

an egg. Reprinted from [23].

3.3. Octopus-inspired Robotic Arms

Among marine organisms, the octopus represents an ideal biological model for soft robotics,
thanks to its exceptional capabilities of manipulation, locomotion, and adaptation to nar-
row spaces, all in the absence of a rigid skeleton. This invertebrate sea animal, specifically
a cephalopod, is a paradigmatic example of an animal with high motor capabilities and
intelligent behavior. The motor capabilities of its arms are far beyond any existing robot,
for their dexterity and for the variability of their stiffness. This enhanced behavior and
capability of interaction with the environment is due to the peculiar morphology of the
octopus’s body, especially to the form and materials of its arms, and their efficient dis-
tributed neural control. From a robotic engineering point of view, the octopus and its

arms present peculiar characteristics [16], that can be summarized as:

e Infinite number of DOFs

Bending in all directions, at any point along the arm

Variable and controllable stiffness

Locomotion and manipulation capabilities, with the same non-specialized

arms

Highly distributed control

The research conducted at the [talian Institute of Technology (IIT) and the Scuola Su-

periore Sant’Anna, has deeply analyzed the biomechanics of this cephalopod, to extract
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the fundamental engineering principles [31, 41].

The key characteristic of the octopus arm is its muscular structure, defined as a "Muscular
Hydrostat". In the absence of rigid parts, structural support is provided by the resistance
to compression of the internal volume, which remains constant: a contraction in one
dimension, necessarily causes an expansion in another [37|. This architecture is organized

into three main muscle groups:

e Longitudinal muscles: They run along the arm axis and are responsible for short-

ening and, if activated asymmetrically, for bending.

e Transverse muscles: Arranged perpendicularly to the axis, their contraction re-

duces the arm diameter causing elongation.

e Oblique muscles: They wrap around the arm spirally and control twisting.

Figure 3.7: Octopus arm sections. Schematic drawing (a) and histological picture (b): (O)
oblique, (T) transverse and (L) longitudinal muscles; (N) nerve cord. Images reprinted
from [15].

The combined contraction of these muscles (the transverse and longitudinal muscles can
be considered to have a reciprocal antagonistic action) allows the octopus to selectively
stiffen the arm ("stiffening") to apply force, while remaining intrinsically soft [15]. This
phenomenon is a perfect example of "Embodied Intelligence", where the mechanical prop-
erties of the physical body facilitate control and interaction with the environment, reduc-
ing the computational load [16]. Furthermore, the performances achieved by the octopus
in terms of elongation and force are sensational: the octopus arm can elongate by 70%

and one arm alone exhibits an average pulling force of 40 N [37].
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Applying the basic principles of this smart muscle arrangement to build an artificial
muscular hydrostat is one of the key aspects of the design of octopus-inspired arms in
research. In robots, the different muscles are reproduced by cables, routed inside the soft

external structure ("tendon driven actuation").

Several international research groups have attempted to replicate the grasping capabil-
ities of the octopus, using different technological approaches, often focusing on specific
subsets of movements or alternative materials. Bezha et al. [8] demonstrated that the low
complexity of the design and control of their proposed continuum soft octopus-inspired
manipulator, make it a powerful tool for object manipulation in complex environments.
Other materials have also been tested [27] (sponge and rubber); they have shown that the
grasping of unknown objects could be realized by the dynamics of the body without com-
plex control signals. Although these systems succeed in achieving grasps in all anatomical
planes (ventral, dorsal, lateral, and torsional), their force capacity and precision remain
limited. On the front of smart materials, Ye et al. [68] proposed a flexible manipulator
actuated entirely by Shape Memory Alloy (SMA) wires. Despite the elegance of the so-
lution, that doesn’t need bulky motors, the system must face challenges related to the

complex mathematical modeling of large deformations and the thermal response times of
SMAs.

More recently, Wu et al. [65] presented the "Glowing Sucker Octopus Gripper", inspired
by the deep-sea species Stauroteuthis syrtensis. This hybrid design uses a 3D-printed link-
age mechanism to actuate an umbrella-like membrane, integrating modular soft suckers.
Although effective for grasping irregular objects, the use of internal rigid links partially
deviates from the concept of a purely soft manipulator, introducing kinematic constraints

that are not present in the biological model.

At the [talian Institute of Technology (IIT), extensive research has been conducted on
octopus-inspired arms, leading to the development of numerous prototypes, that evolved
from early experimental versions to robust tools for real-world applications. This research
line is part of the framework of the RAISE project (Robotics and Al for Socio-economic
Empowerment), funded by the European Union as part of the National Recovery and
Resilience Plan (NRRP), which aims to translate these bio-inspired technologies into
concrete solutions for the service and industrial sectors.

Early works focused on the replication of the muscular hydrostat, integrating longitudinal
cables (for shortening and bending) and transverse SMA springs (for diameter variation
and so elongation) inside silicone matrices [15, 31]. With these, the stiffening mechanism
through co-contraction was validated. The most significant evolution towards industrial

application is represented by the soft arm with integrated suction cups [42|. This arm
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has a thin conical shape, optimized to work in confined environments (such as pipes)
and is actuated by longitudinal cables only. A vacuum system is added to activate the
suckers, distributed on the ventral surface. The system is capable of generating high
grasping forces (up to 12.5 times greater in oil compared to friction alone) and operating
in pressurized environments up to 18 bar. Furthermore, the suction cups allow to grasp
objects that would escape a simple coiling grasp, enabling hybrid grasping modes (suction
and friction combined). Currently, the research is exploring "soft proprioception", through
the integration of distributed sensors, such as optical fibers (FBG) and inertial systems
(IMU), directly into the silicone body [38]|. This step is fundamental to pass from open-
loop to closed-loop control, allowing the robot to reconstruct its pose even in the absence
of visual feedback, a typical condition of deep ocean. Finally, the optimization of cable
routing via genetic algorithms and FEM reconstructions, is allowing for a reduction in the
number of actuators required (without sacrificing dexterity), which constitutes a critical

aspect for the scalability of the system [39].

\\

Figure 3.8: Arm with active suckers Figure 3.9: The SMA modules and
grasping a cylindrical object (20mm  the braid layers of the arm devel-
diameter). Reprinted from [43]. oped by Cianchetti et al. [16].

In addition to manipulation, octopus morphology has inspired robots capable of loco-
motion, and sometimes multimodal locomotion (crawling and swimming). Some exploit
the octopus swimming mechanism [69], by adding a quick-return mechanism to maxi-
mize thrust during swimming. Others have explored the use of multiple materials with
variable stiffness to improve synchrony and hydrodynamic efficiency during underwater
swimming [1]. Furthermore, hybrid systems exist, combining manipulation and locomo-

tion [66]. A pioneering example is the “PoseiDrone” [2|, which has crawling, swimming,
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and manipulation abilities, designed to operate on rough seabeds. Beyond manipulation,
the robot combines "crawling" (walking on the seabed by using arms) and pulsed-jet

thrusters propulsion, mimicking the jet-propulsion swimming system of cephalopods.

Despite the remarkable progress, underwater soft grippers still present significant limita-
tions and open challenges. Modeling and control of soft continuum bodies is a complex
task, because unlike rigid robots with discrete joints, soft arms possess virtually infinite
degrees of freedom, making standard kinematic approaches computationally expensive
and often inaccurate due to the non-linear behavior of hyper-elastic materials. This com-
plexity is further amplified by the fact that effective proprioceptive sensing is still an
active area of research. Estimating the exact pose of a deformable arm without external
visual feedback (often compromised in turbid waters) remains an open challenge.

Furthermore, a fundamental trade-off exists between compliance and payload capacity.
While softness ensures safety and adaptability, it also limits the force exertable by the
end-effector, restricting the variety of objects that can be effectively handled. Finally,
the most significant gap, and the specific focus of the present work, is the transition
from single-arm to multi-arm operations. While octopuses rely on the synergistic use of
multiple arms to stabilize, manipulate, and transport objects, the robotic counterparts
operate as isolated units. In an underwater environment, a single soft arm often struggles
to secure a stable grasp on floating or suspended objects: without a rigid backbone or
an opposing force, the target tends to be pushed away or displaced rather than grasped.
Developing strategies to accommodate multiple soft actuators for cooperative grasping
represents the necessary step to bridge the gap between biological efficiency and robotic

implementation.
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4: ‘ Biological Investigation:

Characterization of Octopus’

Grasping Strategies

4.1. Motivations and Scientific Background

To design a multi-arm robotic system, it is first necessary to have a solid knowledge of
the strategies that the octopus uses to coordinate its eight arms. As discussed in Section
3.3, the scientific literature has extensively analyzed the motor capabilities of the single
octopus arm, defining precise kinematic and dynamic models. However, the transition
from the control of a single arm to the coordination of multiple ones for complex manipu-
lation tasks remains a less explored area, especially from a robotics-oriented perspective.
This section summarizes some specific knowledge on octopus psychobiology and neuro-
physiology, highlighting above all, the gaps that motivated the experimental campaign

conducted in Acquario di Genowva.

Scientific studies have identified that, despite the infinite number of degrees of freedom,
the octopus simplifies motor control using "stereotypical patterns". Fundamental studies
conducted by Sumbre et al. [61] and Hanassy et al. [22] allowed for the decomposition of

the octopus’s complex mobility into a set of movements:

e Reaching: This is the movement used to extend the arm toward a target (Figure
4.1a). It has been demonstrated that this does not occur through a simple uniform
extension, but through the propagation of a curvature wave ("bend propagation")
that travels from the base toward the tip, pushing the arm toward the target [61].
Subsequent studies have integrated this model, highlighting how reaching is often a

combination of this wave and pure axial elongation [22].

e Fetching: To bring food to the mouth after grasping, the octopus adopts a different
kinematic strategy, configuring the soft arm into a "quasi-articulated structure"

(Figure 4.1b). By selectively stiffening specific sections of the arm (thus creating
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temporary "elbows"), the octopus executes a point-to-point rotational movement,

surprisingly similar to that of human articulated arms [61].

e Twisting: To wrap around an object, the octopus gives the arm a spiral shape,

with the suckers facing internally, toward the object (Figure 4.1c).

(b)

Figure 4.1: Octopus arm movements: (a) Reaching, (b) Fetching and (c) Twisting. Figure

(b) is adapted from [9], figures (a) and (c) are taken from videos recorded for this work.

These movements are fundamental both from a control perspective and for understanding
the types of movement available to the octopus, comparing them with the simplified ones
obtained in the design (Chapter 5).

Regarding the octopus’s decisional choices, several aspects must be taken into account,
in preparation for the experiments. In exploration scenarios or in the absence of visual
feedback, the arm adopts "blind" search behaviors, where movement is locally guided
by the chemotactile sensors of the suckers ("chemotactile exploration"), adapting to the
substrate roughness |54, 55]. During the exploration of complex environments, the octopus
relies almost exclusively on these sensors, activating the suckers as soon as they come into
contact with a surface. Indeed, suckers are not just actuators, but complex sensory organs

capable of chemoreception and tactile discrimination [11, 12].

Recent studies, as the one by Gendreau et al. [21], have started to analyze how the octopus
recruits additional arms ("neighboring arms") to manipulate hidden objects. A significant
preference in the engagement of anterior arms was detected (Figure 4.2), with a maximum

number of arm involved of 3/4/5 on average (Figure 4.3).
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40 =

Anterior
75.21%

30 —
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Total number of occurrences

Lo alile,
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10.27% 4.27%

Number of Arms
Figure 4.2: Occurrences (in percent- Figure 4.3: Maximum number of arms used
age) in which each arm was engaged as simultaneously to manipulate hidden ob-
first arm, to manipulate hidden objects. jects. Reprinted from [21].

Reprinted from [21].

However, two main problems arise regarding the interpretation of these results:

e These tests are designed to isolate and study decision-making factors in conditions

of no direct visual contact with the object.

e These tests are not aimed at a study of object manipulation (intended as grasping
typology or interaction with the object in space), but rather they are designed to

study every choice that temporally precedes the manipulation.

The use of vision is left available to the octopus only in cases where one wants to specifi-
cally study how this sense influences the choice of arms to use, as for Byrne et al. [13]; in

any case, the two problems mentioned above are not resolved simultaneously.

In the present experimental campaign, it was decided to remove all these aspects, already
studied in literature, from the variables. For this reason, the objects will not be hidden
behind domes, so, to the octopus will be allowed a clear view of the object; in this way, it
will be possible to focus on the study of free object manipulation, without any constraint
on the number of arms used and the senses available. This approach represents a major
novelty in octopus’ behavior investigation, as it combines a study in a controlled but open

environment, with the study of manipulation from a robotics perspective.

Despite the progress in understanding the single arm and sensory mechanisms, a signif-

icant gap exists in literature regarding multi-arm cooperative manipulation strategies.
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What is missing is an engineering classification of how the octopus decides to grasp an

object, especially when a single arm is not sufficient.

For this work, a collaboration between IIT and Acquario di Genova has been established,
providing access to a controlled environment and specialized biological expertise for the

investigation.
The aim of the experiments was to study these aspects of octopus interaction:

e Grasping strategies (meaning the configuration of the arms during the grasping
action, that defines a type of grasp; NOT to be confused with the set of simplified

arm actions, like reaching, fetching and twisting).
e Number of arms used and their relative position on the object.

e Role of each arm during a grasping action (meaning if there is a subdivision of tasks

between the different arms).
e Presence of collisions between arms and possible avoidance strategies.

e Actual manipulation of the object (how it’s moved in space, how it’s transferred

between arms).
e Any errors in the grasping action and the reason for them.

Of all recorded interactions, particular attention will be given to those actions in which

more than one arm is engaged.
Each of these features is evaluated in relation to the:
e size of the object (described in 4.2)
e distance from the object
e movement of the object
e number of objects grasped together
With the data obtained, it’s expected to:

e Develop a design suitable for a multi-arm system (such as number of arms, size, and
length).

e Select the most suitable relative position between the arms of the robot (such as

distance and orientation).

e Implement control strategies to achieve the different types of poses and grasps.
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In the following sections will be described the experimental procedure, the setup and the

results derived from the collected data.

4.2. Experimental Methodology and Setup

The tests consisted of providing the octopuses in the aquarium with objects to interact
with, stimulating their exploration and manipulation. The examined octopuses belong to

3 different species:

e FEnteroctopus dofieini (or "Giant pacific octopus”): it is the largest known octopus
species in the world, with arms that can exceed 3 m (with a total radial span of up
to 6 m).

e Octopus vulgaris: it is the most common octopus of the Mediterranean Sea; its arms

are around 1 m long.
e Octopus maya: a tropical species, with arms 1 m long.

The data from the different species will be initially analyzed separately, highlighting spe-
cific differences between them; however, a unified statistical analysis will be subsequently
performed (Section 4.3), as a separate study for each species falls outside the scope of this

work.
The objects used for the interactions were:
e Plastic jar (4.4a)
e Sponge balls (4.4b)
e Polypropylene rope (4.4c)
e Plastic sticks
e Food (prawns, shrimp, crabs)

The experiments consisted of placing these objects in the tank, within the octopus’s field
of view, and waiting for interaction to occur. To stimulate interaction, the objects were
usually externally coated with food odors; for the jars, it was also possible to place food
inside, thus forcing the octopus to perform a more complex interaction (unscrewing the
cap and extracting the food from the inside). The rope was used to lower specific objects

into the tanks.
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-—

(a) Plastic Jar: 7,1 x 8,5 cm (b) Sponge Balls 7 cm (¢) Polypropylene Rope 10mm x
(diameter x height) (diameter) 10m (diameter x length)

Figure 4.4: Objects used during the experiments.

The experimental tasks were not only functional for data collection but also served as a
source of cognitive enrichment during feeding. By engaging the animal in problem-solving
activities, the tests promoted its physical and psychological well-being, in accordance with

the welfare guidelines for cephalopods in research [19].

The feeding regime was not altered during this period of tests, so was suitable with the
lifestyle, natural diet and developmental stage of the animals. Thanks to these modalities,

it was possible to avoid any form of stress caused to the animals.

The tests were recorded to extract the objective data. The videos were acquired using
a camera setup composed of a Nikon D7500 and Logitech Brio webcams, to ensure a
complete view of the animal from different angles and maintain visual contact even during
movements toward the edges of the tanks. As the three different octopus species are

housed in 3 different environments, it was necessary to employ 3 different setups:

e [nteroctopus dofleini: tank dimensions 420x220x280cm; given the size of the aquar-
ium, it was necessary to use one Nikon D7500 and two Logitech Brios webcam,

positioned at a distance of 1.60m from the frontal glass (Figure 4.5).

e Octopus vulgaris: tank dimensions 260x80x100cm; one Nikon and one Logitech were

used, positioned at a distance of 1.10m from the frontal glass (Figure 4.6).

e Octopus maya: tank dimensions 120x80x80cm; one Nikon and one Logitech were

used, positioned at a distance of 0.80m from the frontal glass (Figure 4.7).
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Figure 4.6: Camera setup for the tank  Figure 4.7: Camera setup for the tank

of Octopus vulgaris. of Octopus maya.

4.3. Results

From a total of 10 hours of recordings, 128 grasping actions were extracted and analyzed.
From these data, it was possible to generate statistics regarding the number of arms used

and also to discover and describe two new grasping strategies, never reported before.
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Number of arms used

By initially considering the octopus species and objects separately, graphs were obtained
(Figure 4.8) showing the frequency with which the octopus recruited a specific number of
arms, to grasp the different objects (plastic jar, sponge balls, plastic sticks, food). Here

are reported the graphs specific for the Octopus maya species.
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Figure 4.8: Comparative analysis of arm recruitment during the grasping of different
objects. Left column shows the frequency distribution (Histograms 4.8a, 4.8c, 4.8e, 4.8g);
Right column shows representative frames (Figures 4.8b, 4.8d, 4.8f, 4.8h).

A surprising data can be observed: grasping attempts involving more than 3 arms have

never been performed. The use of a limited number of arms, was attributed to two reasons:

e the remaining arms are used to stabilize the body, maintaining contact with the

surrounding environment (Figure 4.9).

e this number of arms is sufficient to establish contact with the entire surface of the

object, without arm overlap.

Figure 4.9: Octopus vulgaris using 2 arms for the grasping of a thin plastic stick with

attached some food at the extremity, and keeping 5 arms in contact with the ground.

An exception to this behavior occurs when the octopus brings the object completely under
its mantle ("parachute attack" [7]) so using all the arms to incorporate it; however, this

behavior is not of interest for the purposes of this work, which focuses on manipulation.
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To interact with long and cylindrical objects (Histogram 4.8a, Figure 4.8b), the octopus
predominantly uses 2 or 3 arms, employing a grasping strategy that will be analyzed in the
following paragraph; rarely it uses one single arm. The same applies to jars (Histogram
4.8¢c, Figure 4.8d), with a bigger tendency towards the use of 3 arms, to better stabilize

a small object to which fewer suckers have the space to adhere.

In the "food" histogram, grasps where the arms enter in contact only with the food itself
are counted. For this object typology (Histogram 4.8e, Figure 4.8f), a clear tendency
emerges toward the use of a single arm (using the "fetching" strategy described previously

in 4.1), with some exceptions involving 2 arms.

Finally, for spherical objects, such as sponge balls used here (Histogram 4.8¢g, Figure 4.8h),
single-arm interactions were never recorded, neither with stationary nor with moving
balls; the tendency here is to use the arms to wrap around the spherical object along two

opposite semicircumferences (Figure 4.8h).

By performing the same count on the extracted highlights of the videos for the other
octopus species, a summary table can be built (Table 4.1), where each cell reports the

number of arms used most frequently:

2/3 2
3 3
1 1
X 2/3

Table 4.1: Summary table reporting the number of arms used most frequently. The
nomenclature n/m is used when the statistical data for n arms and m arms have a differ-

ence < 2 occurrences.

It can be noted that the species behave roughly in the same way when facing the same
objects; as already explained for the Octopus maya above, a two-arms grasp is the most
frequent for plastic sticks; for food, the use of a single arm prevails; for plastic jars and
spherical objects instead, the use of three arms is predominant. The two “X” marks in the
table indicate two different situations: for the species Enteroctopus dofleini, manipulation

of food alone has never been recorded, because the animal always interacted with the
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stick used to dip the food into the tank, to ensure a more stable grip; for the species
Octopus vulgaris, no interaction with a sponge ball has ever been recorded, as the animal
showed no interest in exploring this object. In general, more interactions were recorded
for the Octopus maya compared to the other two species, due to their greater tendency
to interact with objects, emerged during this study; this cannot be taken as a statistically
significant finding because it may be caused by various environmental factors and factors

relating to the individual specimen.

If the different objects and different octopuses are considered together, creating a unified

statistic, a clear tendency to use 2 or 3 arms emerges (Figure 4.10).
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Figure 4.10: Overall distribution of the number of arm recruited, for the 3 species and all

the objects together.

Comparing this graph with the graph shown previously (Figure 4.3), it can be observed
that, compared to the case of manipulation of hidden objects, the number of arms used
for grasping visible objects in water is, on average, lower. Two possible reasons for this
difference have already been illustrated above; to these, one can add the fact that, thanks
to the use of vision, a larger number of arms is not required to optimally explore the
environment and the object. Furthermore, the use of a single arm is more relevant here
with respect to the case without vision, but this is mainly due to the fetching movement

performed with food.

This graph is crucial for the choice of the number of arms used for the robot developed

in this work, as will be explained in Chapter 6.
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New grasping strategies

By analyzing the video recordings, it was also possible to identify 2 new grasping strate-

gies, not currently present in literature. They were named:

e Pinching: this grasping strategy is used to grasp long objects (plastic sticks, in
this case) with the use of 2 arms, which are placed in contact with the object
along its entire length (Figure 4.11); the arms are kept straight and the suckers are
oriented internally, toward the object. This strategy is used to grasp objects that
have their axis oriented in any direction (parallel to the axis of the octopus’s body,

perpendicular to the axis of the octopus’s body, or any other). All the examined

species performed this type of grasp (Figure 4.11, 4.12a, 4.12b).

Figure 4.12: Pinching strategy performed by Enteroctopus dofleini (a) and Octopus vul-
garis (b). In (b), the object is hidden behind the arms, so a green transparent box is

superimposed to highlight its position.
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Thanks to this arm arrangement, the grip on the object is very strong, as the two
arms compress the object and all the suckers can adhere, being in contact with the

surface.

e Basal Grasping: this grasping strategy is used to grasp objects whose axis is
oriented perpendicularly to the axis of the octopus’s body (Figure 4.13); the grasp
consists in the use of 3 arms with active suckers, facing inward (2 on one side and 1
on the other), which come in contact with the object at the basal part of the arm,

very close to the body.

Figure 4.13: Octopus maya performing basal grasping of a plastic stick. The green dashed
line represent the axis of the object, while the orange cross represent the axis of the object,

pointing inside the plane.

With this grasping strategy, the octopus is able to maintain a stable grip on objects

that tend to move away from the body in a direction parallel to the body axis.

These experiments should not be interpreted as pure behavioral experiments on the octo-
pus, but rather as experiments conducted from a robotics perspective. Fundamental data
were extracted and subsequently translated into design choices (such as number of arms,
position, orientation, movements of individual arms, reciprocal movements to recreate the

identified grasps, and control), as will be described in Chapter 5 and Chapter 6.

It is not excluded that, by collecting further data in the future, other grasping typologies

may be discovered and analyzed.
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To address the remaining objective questions of the study, it is important to mention
that:

e A lack of interest in grasping multiple objects simultaneously has been observed.

e Difficulties emerged in grasping fast-moving objects (failed grasp), such as the
sponge balls used while rising rapidly toward the surface (Figure 4.14); the co-
ordination necessary to grasp objects at this speed resulted to be insufficient; a
reason for this could be that the diet of these individuals does not include preys

that perform rapid movements.

e In the described grasping types, the arms play an interchangeable, symmetrical role.

(b)

Figure 4.14: Frames of a failed grasp of a sponge ball. In (a) the ball is thrown towards
the Octopus maya; in (b) the octopus tries to extend the arms to catch it; in (¢) the arms

are not wrapped around the ball, it goes up towards the surface.
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5 ‘ Soft Arm Design, Fabrication,

and Characterization

5.1. Design and Fabrication

The octopus-inspired soft robotic arms are fabricated by curing Ecoflex™ 00-30 silicone
material in a 3D-printed two-part mould. This material is selected for its exceptional
softness and ease of use: Ecoflex is a silicone elastomer with low stiffness (5 kPa — 80 kPa),
highly flexible and deformable; it shows characteristics such as biocompatibility, relatively
low cost, chemical resistance, and adaptability to dynamic loading and environmental
conditions [28]. The softness of Ecoflex is specified by its Shore hardness, which typically
ranges from 00-20 to 00-50. For this work, the 00-30 version was selected, since its

mechanical properties closely mimic those of a real octopus arm [43].

The arms were fabricated starting from a mould designed at IIT, therefore the shape was
not a design variable (the design variables are explained below); the resulting arm has a
conical shape, with a diameter of 40 mm at the base, a total length from base to tip of
410 mm, and a conicity of 2.22° (Figure 5.5).

On the ventral side, there are 10 suckers, but it is important to specify that:

e The suckers are passive, meaning that is not possible to generate an artificial suction
pressure inside them. Their working principle relies on physical compression: when
pressed against an object, the fluid inside the cavity is expelled, creating a pressure

drop that enables adhesion.

e The suckers attach passively to objects (only in water), and this will influence the

tests, as will be explained in Chapter 7.
The adoption of passive suckers is driven by two main reasons:

e Simplicity of design: active suckers require a complex pneumatic system, which
must be integrated into the design of both the actuation system and the silicone
arm itself [43].
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¢ Investigation of "shape-based" grasping: since this is the first study addressing
the transition from a single-arm to a multi-arm system of octopus-inspired arms,
it was decided to start with this type of grasping alone, without the help of active

suckers, to study the basic interactions between multiple arms and objects.

The arms are actuated using flexible cables (tendons), routed through internal channels

within the silicone body, and anchored in precise positions along the arms.

The tendons employed are commercial braided fishing lines (Spiderwire, DuraBraid [58]);
these cables are composed of Dyneema (Ultra-High Molecular Weight Polyethylene -
UHMWPE) microfibers, a material selected for its excellent mechanical properties. Un-
like monofilament nylon, this braided structure exhibits negligible elongation (near-zero
stretch), ensuring immediate force transmission and precise position control without elas-
tic hysteresis. Additionally, the cables feature a fluoropolymer coating that significantly

reduces the friction coeflicient.

The tendons are each one connected to a dedicated servo motor, located in a remote ac-
tuation unit. When a motor applies tension to a cable, the resulting shortening generates
a compressive force along the arm’s longitudinal axis, causing the soft structure to bend
or curl towards the actuated side. This approach allows for the delocalization of heavy
components, such as motors, keeping the gripper lightweight and compliant, as explained

in Section 3.2.
The design variables were:

e Cable arrangement ("tendon routing"): depending on the configuration of the

cables within the silicone body, the movements obtained after curing are different.

e Internal supports: the ends of the wires are anchored to these, enabling the ap-
plication of forces inside the arm, and thus movements. There are different methods
for positioning and fixing them: an endoskeleton can be used (Solfiti et al. [57]),
that enables tendons to be placed through predefined holes, before the silicone cast-
ing phase; to minimize its impact on the overall stiffness of the soft body, the
endoskeleton was designed with a slim profile, flexible connections, and 3D-printed
with elastic material (Shore A hardness 50), selected to roughly match the mechan-
ical properties of the surrounding silicone matrix. Alternatively, internal supports

can be used, which become part of the mould [38].

In this work, a method belonging to the family of internal supports was adopted, using
custom supports. They are made of 3D printed PLA and can be mainly divided into two
types: the first type (Figure 5.1) has the shape of an annular disk, with eyelets equally
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distributed along the circumference; it has a cylindrical protrusion, which is inserted inside
the mould before the silicone casting phase, to keep its position fixed, and thus maintain
the cables in the correct position during curing. The second type (Figure 5.2) has a
geometry similar to the first, but lacks the protrusion for fixation, therefore requiring it
to be fixed in position with dedicated cables, attached to the mould. The advantage of
this second type is that it leaves smaller holes on the external surface of the silicone arm,
at the cost, however, of increased time required for positioning and removal. Both types
were tested, and for the final versions of the arms, both were used, in alternating positions
within the arm (Figure 5.3); this is done to achieve a trade-off between performance and
manufacturing time. A total of 8 supports was used, placed at regular intervals (40 mm)
along the arm (Figure 5.4), to ensure a sufficient number of supports for precise routing,
without excessive stiffening of the arm. The diameter of the supports decreases along the

arm, always leaving 1 mm of space between it and the mould.

Figure 5.1: Internal

support type 1.

Figure 5.3: The mould dur-

Figure 5.4: Schematic
ing insertion of the internal

diagram of support dis-

ts; © 1 t
SUPPOTLS; type 1 SUppOrts are tribution; their distan-

Y hown i d type 2 sup- o
Figure 5.2: Internal shown 1n green and type 2 sup ce is highlighted once.

support type 2. ports in black.

For this work, two cable configurations were designed and tested. The selection of these
specific routings was driven by the necessity to investigate the influence of the tendon

termination point on the arm’s curvature profile and active length.
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The configurations are:

e Tendon configuration A (Figure 5.5a): it consists of a cable for ventral bending
anchored to the last support (number 8), a cable for dorsal bending anchored to the
penultimate support (number 7), a cable for twisting performing a 180-degree turn,

anchored to support number 6.

e Tendon configuration B (Figure 5.5b): it consists of a cable for ventral bending
anchored to the penultimate support (number 7), a cable for dorsal bending an-
chored to the last support (number 8), a cable for twisting performing a 180-degree

turn, anchored to support number 6.

The bending cables follow a straight path, passing inside the eyelets of all the supports;
this allows to obtain bending in the ventral direction (first row of Table 5.1) and bending
in the dorsal direction (second row of Table 5.1). The difference between these two
configurations lies in the anchoring point of the two cables used for bending, which are
swapped in the two configurations; these two configurations were tested and the results
are reported below (Table 5.1 and Table 5.2).

(a) (b)

Figure 5.5: The two tendon configurations designed and tested, configuration (a) on the
left and configuration (b) on the right. The cable for ventral bending is shown in blue,

the cable for dorsal bending in yellow, and the cable for twisting in green.

The fabrication process consists of the following steps:
e Mould preparation: insertion and fixation of internal supports.

e Tendon preparation: silicone pipes having inner and outer diameters equal to
1.02 mm and 2.16 mm, respectively, are used to cover the tendon wire and prevent

the wearing and tearing of the soft matrix due to friction during regular use.
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e Tendon routing: the cables are passed through the support eyelets and anchored

at the pre-established points.

e Silicone preparation: mixing parts A and B of the Ecoflex 00-30 silicone in a 1:1
ratio, insertion of dye (1% red colorant, Silc Pig™ red, Smooth-On Inc.), mixing and

defoaming, removal of trapped bubbles thanks to a vacuum chamber.

e Casting and curing: pouring the silicone inside the mould and curing (4 hours).

jgs%esetedel o

Figure 5.6: The mould after completing all the steps.

5.2. Experimental Characterization

To analyze the obtained movements, tests were performed on tendon configurations A
and B. The three cables were actuated one at a time, pulling them by a variable amount
between Ocm and 11.8cm, using a system composed of a servo motor and a pulley, that

will be analyzed in Chapter 6.

The characterization consisted of measuring the position of a significant point on the arm

(different for the 3 movements), varying the amount of cable pulled:

e Ventral bending and Dorsal bending: the significant point is the point at
maximum distance from the arm axis in the rest position; this is the furthest point

where the arm can enter in contact with an object.

e Twisting: the significant point is the point lying on the axis of the spiral generated,
and placed halfway between the base and the tip of the arm, in the current position;
this is the ideal point for an object to enter in contact with the arm, so that it is

wrapped by the arm uniformly.

The frames extracted from the tests are reported below:
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Tendon Configuration A

0 cm 5.9 cm 11.8 cm

Ventral
Bending

Dorsal

Bending

Twisting

Table 5.1: Experimental characterization of Tendon Configuration A. The rows illustrate
the three actuation modes (ventral bending, dorsal bending, and twisting), while the
columns correspond to tendon displacements of Ocm, 5.9¢m, and 11.8cm. The yellow
dashed lines represent the axis of the arm in rest position. The points highlighted in blue

represent the significant points.
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The experimental results for Tendon Configuration A demonstrate the high deformability
of the soft structure and its ability to achieve the desired kinematic behaviours. The arm
starts from an undeformed shape (first column of Table 5.1) and are bent by the actuation
of the cables (second and third column of Table 5.2).

Regarding the bending motions (ventral and dorsal), the arm exhibits a continuous cur-
vature along its entire length. As the cable tension increases (from 5.9cm to 11.8cm), the
tip of the arm undergoes a significant displacement from the vertical axis (with a maxi-
mum of 120mm). These movements are fundamental to move the arm towards the object
(ventral bending), or to spread the arm outwards to create sufficient clearance for object
insertion before the grasping (dorsal bending). The effect of the anchoring point can be
noted by looking at the shape of the dorsal and ventral bendings: the tendon dedicated to
the dorsal bending is anchored at the penultimate support, so it leaves the final segment
of the arm partially passive during actuation; the tendon for ventral bending instead is
anchored to the last support, applying in this way a force in a point that is further away

from the base of the arm, activating almost the entire length of the arm.

Regarding the twisting motion, by pulling the twisting cable it forces the arm to buckle
out of the plane, generating a spiral shape. At 11.8cm of cable displacement, the arm
forms a complete loop. The generated spiral creates a hollow space capable of wrapping
around cylindrical or irregular objects. The points highlighted in the frames represent the
ideal position of the object to be grasped; by touching the object when it is located at
this coordinate, the arm can wrap around it uniformly, maximizing the contact area and,

consequently, the friction required to hold the object without active suction.

Also configuration B was tested, to characterize its movements and compare them with

the other configuration.

The frames extracted from the tests are reported below:
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Tendon Configuration B

0 cm 5.9 cm 11.8 cm

Ventral
Bending

Dorsal

Bending

Twisting

Table 5.2: Experimental characterization of Tendon Configuration B. The rows illustrate
the three actuation modes (ventral bending, dorsal bending, and twisting), while the
columns correspond to tendon displacements of Ocm, 5.9cm, and 11.8cm. The yellow
dashed lines represent the axis of the arm in rest position. The points highlighted in blue

represent the significant points.
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As expected, the twisting motion is identical for configuration A and configuration B,

being the cables dedicated to this movement routed in the same way.

Bending movements, instead, show considerable differences. By comparing the ventral
bending of the two configurations (Figure 5.7a and Figure 5.7b below), we can see that
the bending generated by configuration A is concentrated in the final part of the arm (the
significant point is at a distance of 260mm from the base when the cable is pulled by 5.9c¢m,
unlike configuration B, in which the significant point is at a distance of 220mm); this
generates a “flatter” profile up to that point, for configuration A. One possible explanation
for this flatter profile is that, being anchored to the last support, the tendon dedicated to
ventral bending in configuration A has to compress more material in order to make the
arm perform the bending movement.

Furthermore, a perfect match was expected for ventral A - dorsal B and for dorsal B -
ventral A, having these couples the same routings, but the test did not produce these
results: the displacement of the significative point of ventral A (90mm at 260mm from
the base, with a 5.9c¢m cable pulling, and 120mm at 130mm from the base, with a 11.8cm
cable pulling) is different from the one of dorsal B (110mm at 230mm from the base, with
a 5.9¢m cable pulling, and 120mm at 90mm from the base, with a 11.8cm cable pulling).
Although these results are not entirely different, the observed differences are significant
enough to suggest that the presence of the suckers on the ventral side, plays a role in the
deformation profile of the arm during actuation.

The same applies to ventral B - dorsal A couple.

—m— Config A
—@— Config B

100 -

Horiz. Displ. [mm]
g
I
|

0 | |
0 5.9 11.8

Cable Pulling [cm]

(a) The two ventral bendings with (b) Significative point displacement.

5.9 cm of cable pulling.
Figure 5.7: Figure 5.7a is a comparison between the ventral bending of configuration A,
and configuration B (in transparency). Figure 5.7b shows the horizontal displacement of

the significative points (highlighted in 5.7a), as a function of the cable pulling.



46 5| Soft Arm Design, Fabrication, and Characterization

These tests are fundamental for obtaining a preliminary idea of arm movements, and the
types of grasping that will be possible to perform, but also for making choices about the

design of the complete robot:

e With the ventral bending of configuration A, it is expected that grasping will be
performed with the entire length of the arm, thanks to the shape assumed by the arm
during the intermediate pulling phases; therefore, the arms intended for pinching

will be chosen with this tendon configuration.

e With the ventral bending of configuration B, it is expected that contact with the
object will happen soon, in order to stabilize it; this arm will then be positioned at
90° with respect to the others.

e The “lateral” displacement allows to understand the distance to be maintained be-
tween the arms in the robot design, in order to achieve the most complete workspace
possible in the volume between the arms, ensuring possible grasping in all this vol-
ume; the quantity that emerged from the tests is 12em (Table 5.1, Table 5.2).

These choices will be detailed in Chapter 6.
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6 Multi-Arm Octopus Robot

After fabricating and testing the individual arms, the design and the assembly of the Multi-
Arm Octopus Robot were addressed. The objective is to evolve the concept of an octopus-
inspired robotic gripper from a single arm to a multi-arm system. Such a transition is
motivated by the need to explore cooperative manipulation strategies, enhanced grasping
capabilities, and more complex interaction scenarios that cannot be addressed with a

single manipulator.

The adoption of a multi-arm architecture is justified by several key advantages, that will

be investigated:

e Payload and Geometry: It enables the manipulation of larger, heavier objects

and the robust adaptation to more complex geometries.

e Dynamic Stability (Caging): While a single arm might displace a floating object
due to fluid interactions, multiple arms can perform caging, enclosing the target from

different directions to prevent it from escaping.

e Bio-inspiration: This evolution better mimics the biological model, where the oc-
topus dynamically recruits multiple arms to maximize stability and adhesion during

grasping tasks (Chapter 4).
The initial design phase consisted of setting the following design variables:
e The number of arms.

e The relative position between the arms, their orientation, and their relative move-

ments.
e The deformation movements allowed for each arm.

Regarding the choice of the number of arms, the data collected during the experiments
in Acquario di Genowva, described in Chapter 4, were used: the number of arms used
simultaneously for object manipulation was statistically observed to be 2/3 (Figure 4.10).
The options were therefore to use 2 arms or 3 arms in the design. However, aiming at

replicating the new grasping strategies discovered in this work (Section 4.3), the 2-arm
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option was discharged, as it would have made impossible to replicate the Basal grasping

movement, which uses 3 arms.

The choice of the relative position between the arms, their orientation, and their relative

movements was also guided by these results, as will be explained in Section 6.1.

The deformation movements allowed for each individual arm are those designed and tested
during the single arm design phase (Chapter 5), with the two types of tendon configura-
tions (A and B); therefore, will be present 3 ventral bendings, 3 dorsal bendings, and 3

twistings.

It is important to clarify the scope of the proposed design: the platform is not intended
as a final, fully waterproofed solution for deep-sea exploration. Instead, it represents a
preliminary study platform aimed at validating the transition from single-arm to multi-
arm architectures. This setup allows for the assessment of new arms-object interactions,

cooperative workspace, and control algorithms before moving towards a more compact,
ROV-ready design.

6.1. Mechanical Design

As anticipated, the robot design started from the results of the experiments conducted in
Acquario di Genova, following the philosophy of bio-inspired robotics; the relative position
between the arms, their orientation, and their relative movements were indeed designed
to replicate the two identified movements.

The robot was designed to have two configurations:

e Pinching configuration (Figure 6.1a): Two arms in the frontal section, with the
ventral side facing each other, capable of moving translationally one towards the
other; one arm in the rear section, with the ventral side facing the frontal section.
With this configuration, it is expected to grasp objects located on the sliding axis
of the two frontal arms, using the full length of these arms, as well as the third arm

(the rear one), thanks to the use of its ventral bending / twisting.

e Basal Grasping configuration (Figure 6.1b): Two arms in the frontal section,
with the ventral side facing the rear section, capable of moving translationally one
towards the other; one arm in the rear section, with the ventral side facing the
frontal section. With this configuration, it is expected to grasp objects whose axis

is oriented horizontally, using the ventral bending of all the three arms.
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(a) (b)

Figure 6.1: CAD model of the Multi-Arm Octopus Robot mounted in pinching configu-

ration (a) or Basal grasping configuration (b).

To switch from one configuration to the other, human intervention on the arms is required,
rotating the two frontal arms by 90°, with a rapid but non-automatic procedure. These

two configurations will be tested separately (Chapter 7).

Based on the tests performed on the single arms, it was decided to use the following

combination of tendon configurations:
e Frontal arms = Tendon configuration A
e Rear arm = Tendon configuration B

These choices derive from the shape that the two configurations assume during ventral
grasping: for the frontal arms, used for pinching, less pronounced bending is required,

distributed more uniformly along the entire length of the arms (Section 5.2); for the rear
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arm, configuration B was chosen due to its pronounced ventral bending (Section 5.2),
which is expected to establish the contact with the object from greater distances during

pinching, and wrapping the object during basal grasping.
The mechanical design is composed of:

e Support Base (Figure 6.2): The structural frame, necessary for fixing the robot
(to the ground or on an ROV, in the future), and for positioning the 3 arms (2

movable with a rack-and-pinion translational mechanism and 1 fixed).

e Tendon Actuation Units (Figure 6.6): 3 circular bases, placed in the upper part,
housing the motors and their additional components (pulleys and cable deflection

guides).
e Electronic Architecture

Below, all design components will be analyzed, with a focus on their geometry, function-

ality, and integration into the system.

Support Base

It consists of a rectangular platform (gray in Figure 6.2), laser-cut from a sheet of POM
(Polyoxymethylene); it features rectangular slots, designed to accommodate the aluminum
profiles supporting the arms. This base allows to be placed and fixed, ensuring stability
to all robot components (in this case, for testing, it was fixed on aluminum profiles on

top of an aquarium (Figure 6.3).

Fundamental components are placed on this base: to realize the additional translational
DOF, a rack-and-pinion mechanism was designed (white in Figure 6.2). A central pinion
(3D printed in PLA), driven by a dedicated servo motor, transfers its motion to 2 racks
(3D printed in PLA), transforming rotational motion into linear motion. The two arms
are rigidly fixed to these two racks, keeping both centered on the translational axis,
thanks to two spacers (purple in Figure 6.2). For the positioning of the rack-and-pinion
mechanism, the presence of 4 "bearing blocks" on the rectangular base is necessary (green
in Figure 6.2), upon which 3 ball bearings each are mounted; these bearings roll along
guides embedded in the racks, allowing precise centering, without clearance, and efficient
sliding, with low energy dissipation. The two bearing blocks of each rack are spaced, to
be able to support the moment generated by the weight of the arms, which is absorbed
by the bearings.
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Figure 6.2: CAD model of the support Figure 6.3: Robot mounting setup. It
base. The rack-and-pinion, the bearing is fixed on aluminum profiles on top
blocks and the spacers are highlighted. of the aquarium.

The pitch diameter of the pinion (D,) was selected as follows: taking into account the de-
sign constraint of the rotation limit of the servo motors used (Af,.x = 180° = 7 rad) (the
technical characteristics will be described later), the size of the pinion diameter necessarily
had to be a trade-off between the stroke (S) of the translational mechanism (the smaller
the diameter, the shorter the stroke, with a relationship expressed by Equation 6.1) and
the minimum distance between the arms when the motor reaches the limit rotation (the

smaller the diameter, the smaller this distance).

S = A - L =7 L (6.1)

Both these aspects are important for effective pinching: if the stroke is too short, the arms
cannot expand/converge sufficiently to approach/compress an object; if the minimum

distance between the arms is too large, grasping small objects becomes impossible.

The specifications of the pinion are listed in Table 6.1.

Symbol Description Value Unit
m Gear Module 2 min
z Number of Teeth 40 -
o Pressure Angle 25 ©
D, Pitch Diameter (m-z) 80 mm

Table 6.1: Geometric parameters of the pinion.
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The chosen pitch diameter (D, = 80mm) allows for a stroke S = 12.5¢m (using Equation
6.1), with a minimum distance between the arms $,,;, = 12c¢m (pinion diameter + alu-
minum profile width) and therefore a maximum distance between the arms sy, = 37cm
(Equation 6.2).

This minimum distance is ideal because, as seen in Section 5.2, the frontal arms have a
ventral bending with which they can reach a distance of 12¢m from the axis of the arm in
resting position, thus enabling contact with objects using always at least two arms in the
entire volume enclosed by the arms. The maximum distance is sufficient to wrap around
very large objects; moreover, this dimension can be further increased by exploiting the

dorsal bending of the arms.

Smax = Smin T 2.8 (62)

The distance of the third arm from the translational axis of the two frontal arms was
left manually adjustable, using a screw-and-slot mechanism (in the upper part of Figure
6.2), to enable testing in different positions; its default position is 12¢cm from this axis,
to achieve a symmetric triangular configuration when the arms are at minimum distance
(Figure 6.4).

The arms are fixed to the ends of the aluminum profiles with a locking system (Figure
6.5) composed of 3 pieces (3D printed in PLA), which allow for:

e Solid fixation, without compressing the internal tendons.

e Possibility of rapid manual adjustment to switch from the pinching configuration

to the basal grasping configuration, by rotating the arm.

e Passage of the tendons, which continue in a straight line towards the Tendon Actu-

ation Units.
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Figure 6.4: Top view of the arms in Figure 6.5: Locking sys-

minimum distance position. tem of the arms.

Tendon Actuation Units

These 3 platforms, one for each arm, are fundamental for arm actuation. They are
positioned above the Support Base and consist of a circular base (grey in Figure 6.6),
laser-cut from a sheet of POM; they feature a rectangular slot through which passes the

aluminum profile supporting the arm.

On top of each of them, 3 Amewi 6221MG servo motors are fixed (technical specifications
listed in Table 6.2), each one pulling a cable with a pulley (white in Figure 6.6). The di-
mensioning of the pulley diameter (Dpyey) Was driven by the required tendon excursions;
specifically, these arms reach their maximum designed bending when the tendon is pulled
of 11.8cm. So, given the fixed rotation range of the servo motor (Af.x = 180° = 7 rad),
and the relationship between the tendon displacement (AL) and the pulley rotation
(Equation 6.3), the pulley diameter was selected to be Dyypey = 7.5cm.

Dpune
AL = % - Abpax = 11.8cm (6.3)

These motors were selected for their high torque (verified to be sufficient to pull the
tendons, thanks to the tests performed with a universal testing machine in Chapter 7), for
their sufficient movement speed (higher speeds are not required for underwater grippers,

because of the high drag in water), and for their low cost.

The last elements present in the Tendon Actuation Units are the cable deflection guides
(purple in Figure 6.6): these are necessary to transform the vertical movement of the

tendons into an horizontal movement, enabling their winding and securing on the pulleys.
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Parameter Value Unit
Motor Type Digital -

Gear Material Aluminium -
Operating Voltage 4.8 -6.0 \Y

Stall Torque (6V) 20.32 kg-cm
Operating Speed (6V) 0.16 sec/60°
Dimensions 40.5 x 20.2 x 38 mm
Weight 62 g

Table 6.2: Technical specifications of the Amewi 6221MG Servo Motor.

These elements were designed to allow smooth sliding of the tendons on their surface,

without the risk of tendon wearing.

The weight of the entire system (Support Base + three Tendon Actuation Units) is 8 kg.
This is considered suitable for the current developmental stage, allowing for easy manual
transportation. It should be noted that the current structure was designed with a focus
on stiffness and modularity; therefore, mass reduction strategies can be easily applied in

future developments, to significantly lower the total weight.

Figure 6.6: CAD model of a tendon actuation unit.

Electronic Architecture

The electronic system was designed to ensure precise signal generation for the multiple
actuators and stable power distribution, minimizing the risk of voltage drops during high-
load operations. The architecture is centered around a single microcontroller unit and a

bench power supply (Figure 6.7).
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The core control unit is an Arduino Nano 33 IoT; this microcontroller was selected for
its compact form and its sufficient number of PWM-enabled Digital I/O pins, which are
necessary to independently control all the servo motors (3 for each arm, plus the rack-
and-pinion actuation motor). Power is supplied to the motors by an external regulated
bench power supply, set to a constant voltage of 6V to match the optimal operating range

of the actuators.

To simplify the cabling layout, small connection boards were used on each unit. Each of
the three Tendon Actuation Units is equipped with a custom signal distribution board,
that acts as a connection hub, where the cables are soldered and organized. The wiring

scheme is organized as follows:

e The power lines (+6V and GND) and the specific PWM signal lines from the Ar-

duino are routed to these local boards.

e From each board, the lines are directed to the three servo motors housed in that

specific unit.

This setup ensures that the current flow required by the servomotors during the grasping

phases does not affect the microcontroller logic.

Signal Distribution l@

Board 1

SR &

Power Supply
(6V)

_________ Signal Distribution l@

Board 2 ‘
Arduino ‘
Nano 33 loT

PWM (x3) Signal Distribution l
Board 3 ‘

Figure 6.7: Schematic representation of the electronic architecture. The diagram illus-

trates the central control unit (Arduino Nano 33 IoT), the external power supply, and
the custom signal distribution boards located on each Tendon Actuation Unit to manage
the connections for the 9 servo motors of the arms; the servo motor number 10 is the one

dedicated to the rack-and-pinion mechanism.
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6.2. Control Strategies

The control architecture of the Multi-Arm Octopus Robot is designated to manage the
actuation of an high number of degrees of freedom (DOF) simultaneously, while ensuring

smooth motion and requiring simple inputs from the user.
To address this, a custom control strategy was developed, focusing on three key aspects:

1. Parallelism (Non-blocking): Simultaneous control of 10 independent degrees of
freedom (9 for the arms, 1 for the rack-pinion mechanism) using a single microcon-

troller.

2. Position Control with Velocity Profiling: Given the soft nature of the robotic
arms and the tendon-driven mechanism, standard step-response control, where the
servo moves to the target position at maximum speed, is unsuitable; it would cause

undesirable oscillations and high mechanical stress on the tendons.

3. Simplified Command Interface: The control hides the complexity of the motion
generation. This allows the user to simply send target positions of the motors, while

the Arduino automatically handles the speed profile and timing.

The developed code, running on the Arduino Nano 33 IoT, abandons the standard block-
ing "delay()" functions, using instead a non-blocking scheduling approach, based on the
system timer. In a standard blocking approach, the processor waits for a motor to com-
plete its movement before processing the next instruction. This would result in a sequen-
tial movement of the motors, not suitable to achieve the desired grasping movements. Here
instead, the code cyclically checks the state of all 10 motors, and if a specific time interval
At (related to the desired speed) has passed since the last update, the motor position is
incremented or decremented by a single step towards the target. This allows the robot
to update the trajectories of all actuators simultaneously, while remaining responsive to

incoming serial commands.
The logical flow of this control strategy is formalized in Algorithm 6.1.

By selecting the At parameter, is therefore possible to set a suitable speed for the actu-
ation, solving the problem of oscillations and undesired stress on the tendons: the larger
this parameter is, the slower the movement speed will be, as position updates will be

made at longer intervals.
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The communication with the user is established through a serial protocol. The command

syntax follows the structure:

[Motor ID] [Target Anglel (6.4)

For example, sending the string “2 180" moves the motor number 2 to 180°. This concept
also applies to the simultaneous movement of multiple motors (for example, sending the
string “2 180 9 45” moves the motor number 2 to 180° and the motor number 9 to 45°).
Additionally, a RESET command ("r") was implemented to instantly recall all actuators

to their "home position", facilitating rapid testing cycles.

The algorithm begins with an Initialization Phase (Lines 1-5), where the 10 motors are
moved to the calibrated Home Pos, and the Current Pos array is updated. Crucially,
the Last _Update array is populated with the current system time; this array acts as the
time reference for each motor. Here is also set the At parameter.

Inside the main loop, the operations are split into two distinct blocks:

1. Command Parsing Phase (Lines 7-16): This block listens for user input on the
serial port: when a standard command is received, the code updates the specific
values in the T'arget Pos array; when the RESET command is received, it triggers
an update of the entire T'arget Pos array, setting it to Home Pos. This update
is still governed by the logic of the Actuation Phase, ensuring that even the system

reset is performed with controlled velocity.

2. Actuation Phase (Lines 17-30): This is the core of the control strategy. The
code iterates through all the 10 motors in every cycle: for each motor ¢, the algorithm

checks if a specific time interval At has elapsed since the last movement.

e If the condition is met, the Last Update time vector is updated, and the
motor performs a single incremental step (+1 or —1) to reduce the gap between

Current__Pos[i] and Target _Posli].

e If the condition is not met, the motor remains in its state, and the loop proceeds

to the next motor.

This architecture allows the predefined key aspects to be met, ensuring simultaneous
movement, speed control, and simple user input requests. To further enhance the user ex-
perience, future developments could integrate a Graphical User Interface (GUI), providing

a more intuitive visual control panel.
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Algorithm 6.1 Non-Blocking Control Loop

Require: System Initialization, calibrated Home Pos

1:

10:
11:
12:
13:
14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:

Initialize all Motors to Home Pos
Target Pos[1..10] < Home_Pos
Current _Pos[1..10] <~ Home _Pos
Last_Update[1..10] < millis()

At < SpeedDelay

while System is Running do
// 1. Command Parsing Phase
if Serial Data Available then
Read Command
if Command is RESET then
Target Pos < Home Pos
else
Motor ID, New Angle < Parse(Command)
Target Pos[Motor ID] <+ New Angle
end if
end if

// 2. Actuation Phase (Parallelism)
for : < 1 to 10 do
Timen ey, < millis()
if (Timenow — Last_Updateli]) > At then
Last_Update[i] +— Timenoy
if Current Pos[i| < Target _Pos[i| then
Current Posli] < Current Pos|i] + 1
ServoWrite(Motor;, Current_ Posli))
else if Current_Pos[i] > Target _Pos[i] then
Current _ Posli] < Current_ Pos[i] — 1
ServoWrite(Motor;, Current Pos]i])
end if
end if
end for

end while
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It is worth noting that, although the non-blocking algorithm technically enables the si-
multaneous actuation of all 10 degrees of freedom, a fully synchronous activation of the
entire system is not required for effective grasping tasks. Furthermore, the simultane-
ous high-torque actuation of all motors could lead to significant peak current absorption,

potentially stressing the power supply unit.

Consequently, to ensure electrical stability and to replicate the coordinated movements
observed in the biological model, a set of predetermined movements was defined and

tested, as will be described in the next chapter.
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7 ‘ Experimental Validation and
Results

An extensive experimental campaign was conducted to evaluate the performance of the
Multi-Arm Octopus Robot. The objective of this chapter is to validate the engineering
choices described in Chapter 6, and to assess the robot’s capability to replicate the bio-
logical grasping strategies analyzed in Chapter 4. The validation process is organized into
two main sections: first, the experimental framework is defined, analyzing the testing en-
vironment, the set of movements used, and the kinematic workspace of the robot; second,
the grasping performance is quantitatively assessed through tests in both air and water,

followed by a discussion on the energy efficiency of the adopted grasping strategies.

7.1. Framework and Workspace

The experiments were conducted in a controlled environment designed to simulate static
underwater conditions. The robot is mounted above a 60x60x60cm tank, with the arms
completely submerged in water, up to the base (Figure 7.1). The videos were recorded
with a Nikon D7500 camera, and significant frames were extracted, to clearly illustrate

the movements of the arms and the grasping sequence.

Figure 7.1: Experimental setup.
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As first step, the proper functionality of the rack-and-pinion translational mechanism
was validated, confirming its effectiveness in smoothly adjusting the distance between the
frontal arms. To perform the discovered Pinching and Basal Grasping strategies, after a

preliminary refinement phase, this sequence of control actions was adopted:

1. Approach: Simultaneous actuation of the translational DOF (extended to its max-
imum stroke of 37¢m), and of the three dorsal cables (pulled to 100% of their maxi-
mum displacement of 11.8¢m). This is needed to provide sufficient clearance for the

approach to the target object.

2. Pre-Grasp Shaping: Calibration of the distance between the frontal arms, actu-
ating the translational DOF; three distances for each object were tested, as will be
explained in Section 7.2. During this motion, a relaxation of the dorsal cables is

also applied, to recover the initial straight position of the arms.

3. Grasping Execution: Simultaneous actuation of the three ventral cables; two dif-
ferent tendon actuation percentages were tested (50% and 80%), as will be explained

in Section 7.2.

Clearly, these control actions are performed with the Pinching and Basal Grasping relative
configurations of the arms (Figure 6.1). Points 2 and 3 are replaced by a combination of
twisting and bending cable pulling, in the case of alternative grasping attempts (Figure
7.13). To visualize the operational volume covered by the three arms in water during these
phases, a motion envelope was generated by extracting and superimposing significant
frames of the arms motion.

During the Approach phase, the arms are bent outwards, thus enlarging the space between
them (Figure 7.2). The volume covered by the arms is in this case a reachable space, since
the arms are not capable of grasping an object in this volume, but only of reaching these
points, thanks to the actuation of the cables. This space can be further enlarged by using
the translational DOF, allowing the approach of objects up to 40cm wide.

During the Grasping Fxecution phase, the arms are bent inwards, thus entering in contact
with the object in the volume between the arms. The object is assumed to be centered
between the frontal arms, aligned with the rear arm, as the grasping sequence naturally
guides and compresses it into this region, regardless of its original horizontal position. As
the ventral cables are pulled, the arms expand the volume within which they can apply
forces to the object’s external surface. By applying a 50% tendon actuation, the effective
grasping volume is relatively small and localized in the lower part of the arms (green
region in Figure 7.3a), conversely, an object fully contained within the upper volume

between the arms (yellow region in Figure 7.3a) will experience no applied force. Despite
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the high softness of the arms in the lower portion, this configuration still proved to be
effective during testing. In this case, the volume is a functional workspace, as the arms are
able to perform grasping inside it. By applying an 80% tendon actuation, the workspace
is stretched upwards (green region in Figure 7.3b). Given the softness of the arms, in
these volumes the arms not only come in contact with the object, but also adapt to
it; in particular, for objects of the same size, an higher pull (80%) allows both greater
compression and more effective modeling around the surface of the object, facilitating also

the adhesion of the suckers.

(b)

Figure 7.2: Dorsal bending of the arms during the Approach phase. The motion envelope
is displayed from (a) frontal and (b) lateral views, to highlight the overall reachable space.
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Figure 7.3: Functional workspace during the Grasping Ezecution phase. With 50% tendon
actuation (a) and 80% tendon actuation (b). The movement of the arms (highlighted by
the arrows) define the volume in which they can apply a force (green volume). Small
asymmetries are caused by the intrinsic softness of the silicones, which are not suitable

for very precise positioning of the tips.



64 7| Experimental Validation and Results

To expand this workspace, the translational DOF can be used (Figure 7.4). If twisting
is used instead, the arms can be moved out of the bending plane of the frontal arms
(Figure 7.5); by combining this movement with ventral bending, it is possible to extend
the workspace into the volume located ahead of the frontal arms, and to grasp objects also
in this region (Figure 7.13). It can be noted that the twisting motion in water generates
a more “lateral” movement compared to the equivalent motion in air, where the arms

assume a more pronounced spiral-like shape (Table 5.2).

Figure 7.4: Expansion of the functional Figure 7.5: Out-of-plane motion gen-
workspace using the translational DOF, erated by twisting, seen from a lateral
and 50% tendon actuation. perspective.

7.2. Grasping Performance

The evaluation of the grasping performance was conducted through a series of dynamic
tests, designed to quantify the maximum payload capacity of the multi-arm system un-
der different configurations. To simulate the interaction with delicate organisms, all the
target objects selected for the tests are made of light plastic and feature complex, curved
geometries (detailed in Figure 7.6). These specific shapes are notoriously challenging for
traditional rigid grippers: without a narrow flat surface to be pinched, a rigid mechanism
fails to grasp large or round objects (such as the barrel or the spheres), as they tend to
slip away unless compressed with perfectly symmetrical forces. At the same time, rigid
grippers would irreversibly crush or damage delicate targets. The Multi-Arm Octopus
Robot, instead, relies on its intrinsic softness to adaptively grasp the objects, exploiting

both friction and sucker adhesion.
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Figure 7.6: Set of objects used for the experimental grasping tests: (a) becher, (b) barrel,
(c) large sphere, (d) small sphere, and (e) box. For each object, the dimension highlighted

in orange represents the characteristic length (L.), defined as its horizontal width.

The quantitative results are summarized in Table 7.1 for the tests conducted in air,
and Table 7.2 for the aquatic environment. The tables are designed to compare the
performance of a single arm (I ARM column) with the cooperative manipulation of the
novel system (3 ARMS columns), and also to evaluate the effectiveness of its different
operational modes. For the three-arm configuration, the Pinching strategy was tested
across three different translational distances of the frontal arms (0.75L,, 1.0L., and 1.25L,,
where L. is the characteristic length of the object, highlighted in Figure 7.6) and two
tendon actuation percentages (50% and 80%).

It is important to note that the experimental tests were bounded within specific kinematic
and actuation limits. These thresholds were established during a preliminary refinement

phase for the following reasons:

e 50% tendon actuation (Lower limit): Below this threshold, the arms were
unable to achieve sufficient stiffness to perform a stable grasp, failing to secure the

objects.

e 80% tendon actuation (Upper limit): Actuating the cables beyond this value,
often a "buckling out of the bending plane" occurred (Figure 7.7). Instead of com-
pressing the object further, the arms suddenly twisted sideways, losing contact with

the target.

e 1.25L, translational distance (Upper limit): Widening the space between the
frontal arms beyond this point, resulted in unsuccessful grasping attempts, regard-

less of the applied tendon actuation percentage.

e 0.75L, translational distance (Lower limit): Given the mechanical limitation
of 12¢m as the minimum distance between the arms of the robot, the 0.75 threshold

was inevitable for some objects (like the small sphere), while for others the problem
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was again the buckling out of the bending plane, as also the translational compres-

sion influences this event, especially when combined with high tendon actuation.

The Basal Grasping strategy was also evaluated; in this operational mode, all three ventral
cables were simultaneously pulled to an 80% actuation level to maximize the wrapping

effect around the target.
The following notations are used throughout the tables:

e X : Indicates a complete grasping failure. In this condition, the robot is unable to

secure the object, even without any extra applied weight.

e - : Indicates a configuration that is mechanically unreachable due to geometrical

constraints.

e m; < m < my : Represents the payload range, in grams. Below the value m;,
the grasp is stable; at my, the object begins to exhibit sliding (at least one slip was
recorded during the grasping attempts); at ms, the grasping fails immediately, and
the object drops. It is crucial to report this range because the intrinsic compliance
of the silicone often allows the object to slightly slip initially but then re-settle and

stabilize in a lower position within the arms.

The payload ranges presented in the tables do not derive from a statistical analysis of
success percentages. Rather, they represent the empirical values at which the arms demon-

strated a consistent and repeatable grasping capability across multiple attempts.

The two rows related to the barrel (b) represent two different orientations of the barrel
itself (the first vertical and the second horizontal), given that its geometry and proportions
allowed for separate study. It can be noted that in the single-arm tests (1 ARM column)
is not present a range, but only a single failure value. This occurs because a single arm
lacks the opposing forces provided by the other arms; therefore, once the object slips, it

cannot re-settle and it falls immediately.
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Regarding the performance of 1 arm compared to that of 3 arms, the multi-arm config-
uration showed a significantly extended payload capacity across the entire tested object
set. In air, the single arm successfully grasped only the box, by adopting a specific shape-
grasping configuration (Figure 7.8), while it wasn’t possible to find a suitable grasping
configuration for any of the other targets. This outcome is expected, as the single-arm
setup is not designed for dry conditions and it uses sucker adhesion as its primary grasp-
ing mechanism. Conversely, in water, the passive adhesion of the suckers enabled the
single arm to secure the other objects as well, even if these large targets are not ideal for
a single arm, which is intended to manipulate smaller items in confined spaces. There-
fore, the use of multi-arm cooperation demonstrated its effectiveness, providing payload
increases ranging from 200% to over 400% compared to the single-arm capabilities within

the specific set of evaluated objects.

Figure 7.7: Example of "buckling out of the Figure 7.8:  Successful shape-
bending plane" phenomenon. The arms suddenly grasping configuration performed
twists sideways instead of compressing the target, by a single arm to sustain the rect-

resulting in a failed grasp. angular box.

Furthermore, with the use of one single arm in an open underwater environment, it can
happen that the objects are simply pushed away rather than firmly grasped, if no suckers
adhere (Figure 7.9).
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Figure 7.9: Sequence of frames showing a failed grasping attempt by a single arm in an
open underwater environment. In (a), the arm makes initial contact with the sphere; in
(b), the lack of sucker adhesion causes the bending motion to push the object; in (c), the

sphere is displaced away from the arm, preventing a secure grasp.

About the performance of the Multi-Arm Octopus Robot, a first comparative analysis can
be carried out to explain its distinct behaviors in dry and wet conditions. Testing the
system in water requires a specific mass formulation to account for buoyancy. Before
adding any payload, each object was filled internally with weights until it reached neutral
buoyancy. Consequently, the mass values m reported in Table 7.2 represent the equivalent
mass added beyond the neutral state. To increase the payload, standardized metallic
weights were inserted into the objects, both in air and water. The set consisted of elements
with a weight of 200g, 100g, 50g, 20g, 10g and 2g, in air. Due to the buoyancy force, their
effective contribution when submerged is reduced, resulting in masses of 197¢g, 98¢, 49g,
20g, 10g, 2g (rounded), respectively. These equivalent masses (m.) added to the system
are computed using Equation 7.1 (where p,, is the density of the water, V' is the volume
of the specific metallic weight and m its weight in air). So, for example, a payload of 118¢
was achieved using a 100g and a 20g weight, in addition to the weights needed to reach

neutral buoyancy.

Me =M — PV (7.1)

Comparing the two environments, the tests in water demonstrate a generalized increase in
the payload capacity, caused by the engagement of the passive suckers. When operating
with three arms, the cooperative action applies opposite forces that compress the object,

forcing the suckers against the surface. While a localized study on the exact number
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of adhering suckers was not performed, the data still shows a clear trend: in water, by
analyzing the midpoints of the recorded payload ranges, an average performance increase
of 34.3% was observed when transitioning from air to water. The becher registered the
higher improvement percentages in water (up to 75% in L. — 50% pulling configuration),

confirming the excellent adhesion capability of the suckers on smooth surfaces.

To provide a clearer visual representation of the grasping performance, the data relative
to the large sphere has been plotted in Figure 7.10, as a significative example. The
graphs illustrate the payload capacity as a function of the tendon actuation percentage,
comparing the tests in air (left) and water (right). The colored bands represent the
payload ranges in the three tested translational positions of the frontal arms (0.75L.,
1.0L., and 1.25L,). As evident from the upward shift of the ranges in the right graph, the
aquatic environment consistently enhances the payload capabilities of the system across
all configurations. Furthermore, the graphs highlight that for a fixed position of the
frontal arms, a higher tendon actuation percentage systematically leads to an increased
payload capacity; as anticipated, a higher tension allows both greater compression of the
object and more effective modeling of the arms around its surface, facilitating also the

adhesion of the suckers.

Air: Payload vs Actuation Water: Payload vs Actuation
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Figure 7.10: Graphical representation of the payload ranges for the large sphere in air
(left) and water (right). For each colored volume, under the lower line the grasp is stable,

over the upper line the grasp immediately fails, and in between slipping occurs.
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The translational DOF plays a crucial role in grasping robustness. As shown in the
tables (reading from right to left) and clearly highlighted by the vertical arrangement of
the colored bands in the graphs, decreasing the distance between the frontal arms from
1.25L. to 0.75L. always leads to higher payload capacities. In air, a closer distance simply
increases the normal compression force, in water, in addition to this, it ensures a more
effective orientation of the suckers: at 0.75L., when the ventral cables are pulled, the
arms are already in contact with the object, with the ventral side parallel to its surface,

allowing an higher number of suckers to adhere properly.

Thanks to the intrinsic softness of the arms, that passively adapt to the surfaces, it was
possible to grasp objects with very different geometries (box, spheres, barrel). However,
the size of the objects significantly influences the payload capacity observed across the
different tests: the robot demonstrated superior grasping performance when grasping large
objects (both in air and water) compared to small ones, thanks to the adhesion of more
suckers in water, and the bigger surface area available for friction in air. This is evident
when comparing the large and small spheres (despite their identical geometry). The
small sphere proved extremely difficult to grasp, resulting in the lowest payload values
in the tables (up to 78¢ in air and 98¢ in water). The barrel in vertical configuration
highlights the power of the setup when dealing with big objects in water, with percentage
increases ranging from 26% to 38% with respect to the same object in air. Moreover, it
can be grasped even at 50% actuation and L. distance thanks to suckers, a configuration
that completely fails in air. The barrel in horizontal configuration instead has a peculiar
behavior: in air the weights that the three arms are able to sustain are bigger than the
analogous configurations with the barrel in vertical position; this is due to the fact that
one arm penetrates the barrel’s top opening, creating a physical constraint that prevents
the object from slipping. Additionally, its percentage improvement in water is lower than
the one in vertical position (only 9% in 0.75L. - 80% configuration). One exception to
these trends can be highlighted: the box grasped with one arm is the only case where the
payload capacity in air is higher than in water. This is due to the fact that the grasp of

this object with one arm relied purely on friction, which is reduced in wet conditions.

Also the Basal Grasping configuration was proven to be effective, but exhibited a lower
overall performance compared to Pinching. An exception was observed with the box:
in this case, the basal grasping outperformed the pinching technique, likely due to the
object’s pronounced horizontal dimension, that has been handled more effectively with
two arms positioned along the horizontal length of the body (Figure 7.12), rather than
on the lateral surfaces (Figure 7.11). This is an interesting result, given that in the

experimental campaign conducted with the octopus, this grasping strategy was observed
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when interacting with long objects, oriented perpendicularly to the axis of the animal
(Chapter 4). Finally, although the translational DOF allows the system to grasp objects
of different dimensions, in Basal Grasping configuration the grasping of smaller items was
not successful: in the pinching setup, the frontal arms can close the gap between them,
using the ventral bending, while in this setup, the bending direction does not point the
opposite arm. Thus, the grasp of objects such as the spheres (10cm and 16¢m) was not

effective.

ey Bt ;J‘#(t; P
(b) (c)

Figure 7.11: Sequence of frames illustrating the execution of a pinching grasp on the

rectangular box, with the frontal arms compressing its lateral surfaces.

(a) (b) ()

Figure 7.12: Sequence of frames illustrating the execution of a basal grasp on the rect-
angular box, with the frontal arms that compress the object on its long side, pushing it

towards the actuated rear arm.

Although not formally included in the extensive quantitative tables, also the combination
of twisting and bending motions was tested as a complementary grasping strategy. As
discussed in Section 7.1, twisting allows the arms to move out of the bending plane of

the frontal arms; this was exploited for reaching and securing objects located outside of
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this plane (Figure 7.13), demonstrating the multi-arm system’s versatility in unstructured

scenarios.

(b)

Figure 7.13: Lateral view of the multi-arm system grasping an out-of-plane object thanks

to a combination of twisting and bending motions of the arms.

Finally, to evaluate the mechanical effort required to actuate the soft structure and to
derive preliminary considerations on the energy efficiency of the grasping strategies, tensile
tests were conducted. A Zwick/Roell Z005 Universal Testing Machine was used to pull the
cables associated to the different motions (ventral bending, dorsal bending, and twisting)
for both tendon arrangements (Configuration A and Configuration B). The cables were
pulled up to their maximum functional stroke of 118mm. The resulting data are plotted
as Force-Displacement curves, which exhibit the typical hysteresis loops associated with
the viscoelastic nature of the silicone material (Figure 7.15). Three cycles were recorded

for each cable, performed with a speed of 100mm per minute.

The maximum force values extracted from these experimental curves provided crucial
quantitative data to validate the hardware design. Specifically, the peak forces (~ 24N)
recorded at maximum strain, confirmed that the selected motors, capable of delivering a
maximum torque of 20.32 k¢g-cm are adequately sized to actuate the arms. A comparative
analysis of the Force-Displacement plots also highlights the differences between the two
tendon configurations. As shown in the graphs, the configurations with the anchoring
points located further from the base (ventral bending of Tendon configuration A and dorsal
bending of Tendon configuration B) requires a significantly higher pulling force for their
actuation, compared to the others (ventral bending of Tendon configuration B and dorsal
bending of Tendon configuration A). This difference is physically consistent: a longer
tendon routing implies that a larger volume of silicone material must be compressed during

actuation, intrinsically increasing the mechanical resistance of the arm. The increase of the
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required pulling force is more pronounced for ventral bending, likely due to the presence

of the additional material of the suckers on that side.

Figure 7.14: Setup for the

tensile tests of the arms.
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Figure 7.15: Force-Displacement curves of the arms dur-
ing (a) ventral and (b) dorsal bending, comparing the two

tendon configurations.

These curves also allow for an important consideration regarding the overall energy effi-

ciency of the grasping strategies. In a Force-Displacement plot, the mechanical work done

by the motors to pull the cables is represented by the area under the loading curve. As

demonstrated in the performance tables (Section 7.2), grasping an object with the arms

located at a wider distance (e.g. 1.25L.) often requires an 80% tendon actuation to reach
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a specific payload capacity. Conversely, from a closer distance (0.75L.) allows the system
to secure the same payload with a significantly lower cable pull (e.g. 50%). Translating
this to the Force-Displacement plot, reaching an 80% pull requires significantly more me-
chanical work (a much larger area under the curve) than a 50% pull, due to the non-linear

stiffening of the silicone under high compression.

Therefore, the integration of the translational DOF is not only functionally advantageous
for adapting to different target sizes, but also energetically convenient. By reducing the
gap between the arms, the system minimizes the required tendon stroke, saving in this way
a considerable amount of actuation work. The higher the efficiency of the translational
DOF’s mechanical components, the more significant this energetic advantage becomes.
Despite being a 3D-printed prototype, it demonstrated a remarkable degree of mechanical
efficiency, proving to be robust enough to withstand the grasping forces and reliable
in smoothly adjusting the spacing between the arms. However, since the current is a
preliminary setup, a rigorous quantitative efficiency analysis of this specific DOF falls
outside the scope of this study; these components will be replaced with optimized, low-

friction mechanisms in future iterations.

A similar consideration applies to the motors: while the current consumption during
peak actuation was recorded at 1.6A, this parameter is highly dependent on the specific
commercial servos used and could be easily optimized and reduced by adopting more

efficient motors.
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8 ‘ Conclusions

The objective of this work was to design, develop, and validate a novel bio-inspired robotic
system, to address the challenges of underwater grasping of delicate and complex-shaped
targets. Building upon previous studies that investigated the performance of a single
octopus-inspired arm, this research introduces the cooperative integration of multiple

arms, an approach that had never been designed before.

By taking inspiration from the biological strategies observed during the experiments in
Acquario di Genova, the proposed architecture integrates three soft arms with a trans-
lational degree of freedom. This approach successfully overcomes the typical limitations
of traditional rigid grippers, which struggle with irregular geometries and risk damaging
fragile organisms, as well as the payload constraints of single-arm soft manipulators. The
extensive experimental campaign demonstrated the validity and the high effectiveness of
the multi-arm cooperative design. The transition from a single-arm setup to the three-
arm configuration provided a substantial performance increase, extending the payload
capacity by up to 400% within the tested set of objects. Dynamic testing validated the

two discovered bio-inspired grasping strategies: Pinching and Basal Grasping.

The system showed remarkable adaptability across a wide range of targets, effectively
exploiting the intrinsic compliance of the silicone structure to secure items without re-
quiring precise geometrical alignment. However, a notable limitation was observed during
the interaction with small targets, a challenge that will require further investigation. Fur-
thermore, the experiments highlighted the crucial role of the aquatic environment. The
cooperative action of the arms applies opposite compressive forces that naturally force
the passive suckers against the object’s surface. This engagement proved to be highly
effective, leading to an average payload capacity increase of 34.3% in water compared to
dry conditions. A key mechanical contribution of this work is the implementation and
validation of the translational degree of freedom. Adjusting the initial distance between
the frontal arms proved to be fundamental not only for geometrical adaptation to different
target sizes but also for overall energy efficiency. As demonstrated by the tensile tests,

physically reducing the gap between the arms significantly minimizes the required tendon
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stroke to achieve a stable grasp, saving a considerable amount of mechanical actuation

work.

The successful validation of this preliminary prototype provides a solid foundation for fu-
ture engineering refinements. While the PLA rack-and-pinion mechanism proved robust
and reliable during the experimental phase, future prototypes will integrate optimized,
low-friction transmission mechanisms. Moreover, subsequent iterations will target the
hardware optimization of the actuation unit, adopting more efficient commercial servos
to significantly minimize current consumption during peak loads. Also the aluminum sup-
porting framework will be optimized to allow its integration and experimental testing on
ROVs. Furthermore, while the current system relies exclusively on the intrinsic compli-
ance of the soft silicone to adapt to the target, future work could explore the integration of
localized sensory feedback. Embedding tactile or force sensors along the soft arms would
allow the system to close the control loop, enabling the robot to autonomously adjust the
tendon pulling force based on the perceived stability of the grasp, further enhancing its
versatility in unstructured underwater environments, especially in cases where visibility is
low or absent. Finally, the transition from a controlled laboratory setup to a fully deploy-
able underwater system requires complete waterproofing of the mechatronic components,
an highly challenging phase. These steps are currently being developed for a single arm,
with the ultimate goal of conducting experimental validation in a real marine environment,

thus opening the path to in-situ biological sampling and delicate manipulation tasks.
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