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Capitolo 1

Introduction

Traditional rigid-body robots have enabled the development of high-precision
and high-repeatability automation systems, particularly effective in structured
environments where tasks and operating conditions can be closely controlled. These
systems typically rely on articulated kinematic chains consisting of discrete joints
and a defined number of degrees of freedom, which allow precise description and
control of the robot’s movement. However, this rigid architecture also represents a
significant limitation when robots need to operate in more complex contexts, such
as interacting with fragile objects, performing tasks in unstructured or uncertain
environments, or physically collaborating directly with humans. In such scenarios,
careful motion planning is not sufficient: robots must be able to tolerate uncertainty,
absorb impacts, and adapt their shape and contact conditions to the surrounding
environment.

1.1 Soft robotics
These limitations have motivated the emergence of soft robotics, a research field
inspired by the compliance and continuous deformation properties observed in
biological organisms with soft bodies, particularly in muscular hydrostats (Fig. 1.1)
[1, 2]. Soft robotics can be broadly defined as the design and creation of robotic
systems whose bodies, or significant functional components, are made with highly
deformable and compliant materials, often inspired by biological organisms [3].
The main goal of this field is to exploit the principles present in natural systems
to develop robots capable of adapting to the environment, interacting safely with
objects and people, and performing complex movements through distributed body
deformations.
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Introduction

Figura 1.1: Representative examples of soft robotic systems illustrating the
use of compliant materials and continuous deformation for adaptive locomotion,
manipulation, and safe interaction: (a) microactuation [4], (b) soft-continuum
manipulation [5], (c) particle jamming gripper [6], (d) soft lithography gripper
fabrication [7], (e) underactuated dexterous grasping [8], (f) octopus-inspired
manipulation [9], (g) inflatable robotic manipulator [10], (h) feedback control of a
multisegmented arm [11], (i) soft rehabilitation glove [12].

Unlike rigid robots, in soft robots movement is not concentrated in discrete
joints but is distributed throughout the entire structure of the system. This
continuous deformation allows for large shape changes and a potentially high
number of effective degrees of freedom. The intrinsic compliance of the materials
used also improves safety during physical interaction and allows the robot to adapt
to geometric variability and positioning errors in contact with the environment
[1]. In this context, biological inspiration plays a central role: many soft robotics
systems are designed by emulating the morphology and movement strategies of
highly deformable organisms, such as tentacle appendages, peristaltic worms, or
aquatic animals (Fig. 1.2).These biological models demonstrate how complex and
adaptive movements can emerge from the interaction between materials, structure,
and environment, rather than being entirely determined by control algorithms.

2
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Figura 1.2: Examples of bio-inspired soft robotic systems demonstrating different
locomotion strategies enabled by compliant materials and distributed deformation:
(a) caterpillar-inspired locomotion [13], (b) multi-gait quadruped robot [14], (c)
active camouflage robot [15], (d) walking in hazardous environments [16], (e) worm-
inspired locomotion [17], (f) particle-jamming based actuation [18], (g) rolling
robot powered by pneumatic actuation [19], (h) hybrid hard–soft robot [20], (i)
snake-inspired locomotion [21], (j) jumping robot [22], (k) manta-ray inspired
swimming robot [23], (l) autonomous fish [24]
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1.1.1 Embodied Intelligence
This is the perspective of embodied intelligence, according to which material pro-
perties, geometry, and morphology directly contribute to system functionality. In
soft robotic systems, intelligence is not exclusively encoded in control software, but
is partially embedded in the physical structure of the robot itself, reducing the
reliance on precise modeling and high-bandwidth control [25, 3]. This concept is
strongly inspired by biological systems, in which body, control, and environment
are tightly coupled and co-evolve to produce adaptive behavior [26].

Figura 1.3: Conceptual representation of embodied intelligence, where system
behavior emerges from the interaction between the physical body, the control
system, and the environment. Mechanical feedback arising from body–environment
interaction can directly influence the system response.

A more detailed interpretation of embodied intelligence in robotic systems
is illustrated in Fig. 1.4, where sensing, actuation, control, and environmental
interaction form a closed loop. In this framework, actuation inputs are not translated
into motion through control alone, but are mediated by the mechanical properties
of the compliant structure and by its interaction with the surrounding environment.
As a result, the resulting behavior emerges from the physical coupling between
actuation, body mechanics, and environmental forces, which allows part of the
system behavior to emerge directly from the interaction between actuation, body
mechanics, and the environment [27].
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Figura 1.4: Extended representation of embodied intelligence in robotic systems.
The diagram highlights the interaction between sensing, control software, actuation
hardware, and the environment. In soft robots, actuation mechanisms interact with
compliant structures and environmental forces to generate adaptive behavior.

1.1.2 Actuation Technologies
Overall, soft robotics should be regarded not merely as a collection of technologies,
but as a design philosophy in which materials, morphology, and interaction play a
central role. While a wide variety of actuation principles, fabrication techniques,
and control strategies have been developed, they all share the common objective
of exploiting compliance and continuous deformation to achieve safe, adaptive,
and robust behavior. At the same time, the use of soft materials introduces open
challenges in modeling, control, and sensing integration, which remain central
research topics in the field [2, 28].

1.1.3 Design Principles and Bioinspiration
From an engineering standpoint, soft robots are typically constructed using elasto-
meric and polymeric materials whose mechanical properties are closer to those of
biological tissues than to those of metals. Common structural materials include
silicone rubbers and polyurethanes, which offer large elastic strains, resilience,
and ease of fabrication through casting and molding processes [28]. Depending
on the application, hydrogels and other soft polymer networks may also be em-
ployed, particularly when biocompatibility and gentle interaction are required. In
addition to these passive matrices, soft robotic systems often integrate structural
reinforcements—such as fibers, fabrics, or locally stiffer constraint layers—to tailor
deformation patterns and enable directional motion under actuation [28, 29].
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1.2 Octopus arm as a Paradigm for Dexterious
Robotic Arms

1.2.1 Biological Principles
Among biological systems, the octopus arm represents a paradigmatic example of a
soft structure that has been used to develop highly dexterious robotics counterparts.
Unlike vertebrate limbs, octopus arms lack rigid skeletal elements and are instead
classified as muscular hydrostats , a class of biological structures composed almost
entirely of densely packed, incompressible muscle tissue [30, 31]. In muscular
hydrostats, movement and force generation arise from coordinated muscle con-
tractions operating under the constraint of an approximately constant volume,
allowing complex deformations without the need for articulated joints. A schematic
representation of a muscular hydrostat and its internal organization is shown in
(Fig. 1.5).

Figura 1.5: Examples of muscular hydrostats. (A) Transverse section of a squid
tentacle stalk showing the arrangement of muscle fibres: transverse muscle fibres
(t), longitudinal muscle fibres (l), circular muscle layer (c), and helically arranged
muscle fibres (h) surrounding the axial nerve cord. (B) Transverse section of a cat
tongue illustrating a similar muscular hydrostat organization. Adapted from [30].

This biological structure is found in several animal species, including squid
tentacles, elephant trunks, and vertebrate tongues, each adapted to perform specific
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functional tasks such as manipulation, grasping, or protrusion [30, 32].Among
biological muscular hydrostats, the octopus arm stands out for its remarkable
versatility. It can elongate, shorten, bend, twist, and locally stiffen while interacting
safely with objects of different shapes, sizes, and compliance.

The arm is composed of a complex arrangement of muscle fibers embedded within
connective tissue, forming a continuous and highly deformable structure along its
entire length [33]. Unlike vertebrate limbs, it lacks rigid skeletal elements and
belongs to the class of muscular hydrostats, biological systems in which movement
and force generation arise from coordinated muscle contractions acting under the
constraint of nearly constant internal volume.

These characteristics enable a wide repertoire of movements and a high degree of
adaptability when interacting with the surrounding environment. For this reason,
the octopus arm has become an important biological model for the design of soft
robotic and continuum manipulators [9, 26].

1.2.2 Muscles
The internal musculature is organized into distinct muscle groups with different
orientations, whose spatial arrangement can be clearly observed in transverse
sections of the arm (Fig. 1.6). Three main muscle fiber orientations can be
identified: longitudinal, transverse, and oblique.
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(a) Simplified schematic of the octopus
arm muscular hydrostat.

(b) Histological cross-section of an octo-
pus arm showing muscle bundles.

Figura 1.6: Organization of muscle groups in the octopus arm. Longitudinal (L),
transverse (T), and oblique (O) muscles surround the central axial nerve cord (N).

Longitudinal muscle fibers run parallel to the main axis of the arm and
are primarily responsible for arm shortening and bending. When these fibers are
activated asymmetrically on one side of the arm, they generate localized shortening
that produces curvature and bending of the structure.

Transverse muscle fibers encircle the arm radially. When they contract, they
reduce the cross-sectional area of the arm. Due to the constant-volume constraint
typical of muscular hydrostats, this radial contraction results in elongation of the
arm.

Oblique muscle fibers are arranged helically around the arm and contribute
to torsional movements as well as fine modulation of arm stiffness.

In addition to muscle fibers, connective tissue networks provide structural
integrity, elastic energy storage, and resistance to excessive deformation. Ultrasound-
based observations further support the mechanical relevance of connective tissue
trabeculae and the intimate coupling between muscle arrangement and measured
echo-intensity patterns, consistent with a functional role in stiffness modulation
and load transmission [34]. Quantitative morphological analyses have further
shown that several parameters, including arm diameter, sucker diameter, and
internal volumes associated with muscular and neural elements, vary along the
longitudinal axis of the arm (Fig. 1.7) [35]. These variations indicate that the arm
is not mechanically uniform along its length and suggest that different regions may
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contribute differently to manipulation tasks.

Figura 1.7: Morphological analysis of the octopus arm. (a) Transverse section
with identification of anatomical regions; (b–d) variations of arm diameter, sucker
diameter, axial muscle volume, and ganglia volume along the longitudinal axis of
the arm (adapted from [35]).

Functionality: The combination of the three-dimensional muscle architecture
and the constant-volume constraint allows the octopus arm to generate a wide range
of continuous deformations, including bending, elongation, shortening, and torsion.
The principal deformation mechanisms arise from the coordinated activation of
the different muscle groups. Bending is mainly generated through unilateral
activation of longitudinal muscles, producing local shortening on one side of the
arm while the opposite side remains elongated. Elongation and shortening result
from the coordinated interaction between longitudinal and transverse muscles,
whereas torsional movements are enabled by the activation of oblique muscle fibers
arranged helically around the arm. These deformation mechanisms, governed by
the constant-volume constraint, are schematically illustrated in Fig. 1.8 [30, 31].
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Figura 1.8: Mechanisms of bending and elongation in muscular hydrostats. Uni-
lateral contraction of longitudinal muscles induces bending, while coordinated
contraction of transverse muscles leads to elongation under constant-volume con-
straints (adapted from [30]).

Octopus arms are also capable of remarkable elongation. During reaching
movements, they can extend to more than twice their reference length. Moreover,
elongation performance depends on individual characteristics, such as body size
and sex, as well as on the specific arm used for the task [36]. These observations
suggest that biomechanical and morphological factors influence arm-use strategies
and motor performance.
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Figura 1.9: Experimental setup for in vivo measurement of arm elongation during
reaching. A graduated tube constrains the arm to extend toward a bait target,
enabling direct quantification of elongation capability (adapted from [36]).

1.3 Octopus-inspired Soft Robotic Arms
1.3.1 Principles exploit from nature
The distinctive morphological and functional characteristics of the octopus have
made it a paradigmatic biological model for the development of soft robotic
systems. In particular, the octopus arm represents a unique example of a biological
manipulator capable of performing complex reaching, grasping, and manipulation
tasks without the support of rigid skeletal elements. This remarkable dexterity is
achieved through the muscular hydrostat architecture, in which densely packed
muscle fibers arranged in longitudinal, transverse, and oblique orientations enable
bending, elongation, shortening, torsion, and variable stiffness along the entire arm
length [30, 32].

From an engineering perspective, the octopus arm embodies several properties
that are highly desirable for robotic manipulation in unstructured and uncertain
environments, such as continuous deformation, intrinsic compliance, adaptability to
external constraints, and the ability to distribute contact forces over large surface
areas. These features have motivated extensive interdisciplinary research aimed at
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translating the biological principles underlying octopus arm function into artificial
systems [37].

A key conceptual framework supporting this bio-inspired approach is the notion
of embodied intelligence, according to which intelligent and adaptive behavior
emerges not solely from centralized control strategies, but from the dynamic
interaction between body morphology, material properties, control architecture, and
the environment. In the octopus, the tight coupling between soft body mechanics
and distributed neural control allows the animal to simplify motion generation
and interaction with the environment, effectively offloading part of the control
complexity to the physical structure of the body itself. This principle has strongly
influenced the design philosophy of soft robotic systems inspired by the octopus
arm [38].

1.3.2 Materials and Actuation Technologies
Soft robotic manipulators rely on a variety of actuation technologies to generate
motion within compliant structures. Common approaches include pneumatic or
hydraulic actuation, cable-driven mechanisms, shape memory alloy (SMA) actua-
tors (Fig. 1.11), and electroactive polymers (EAPs) (Fig. 1.10). These strategies
exploit different physical principles to produce deformation in soft materials while
maintaining structural flexibility and enabling safe interaction with the surrounding
environment [1, 39].

Figura 1.10: Conceptual design of a robotic muscular hydrostat inspired by the
octopus arm. (a) Cylindrical longitudinal actuation elements running along the arm
length. (b) Transverse actuation elements arranged orthogonally to the longitudinal
ones. (c) Integrated structure combining longitudinal and transverse elements to
reproduce deformation modes such as bending, elongation, and shortening. Adapted
from [40].
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Figura 1.11: Behaviour of a cylindrical unit composed of a silicone structure
reinforced by an external braided sleeve and actuated by transverse SMA coils. The
radial contraction of the transverse actuator reduces the diameter of the structure
and, due to the constant-volume constraint, produces axial elongation. (a) Initial
configuration (t = 0 s) with braid fibre angle of approximately 70° relative to
the longitudinal axis. (b) Activated configuration (t = 3 s) in which the actuator
reduces the diameter of the structure, producing elongation and decreasing the
braid fibre angle to approximately 50°. Experimental measurements show that a
20% reduction in diameter results in about 90% elongation (adapted from [41]).

Cable-driven actuation Among the different actuation strategies employed in
soft robotics, cable-driven actuation has been widely adopted in octopus-inspired
robotic arms due to its mechanical simplicity, reliability, and ability to generate
distributed bending along compliant structures. In these systems, tendons are
embedded within soft bodies and routed along the arm at a certain radial distance
from the central axis, typically being anchored near the distal region in order to
generate curvature through asymmetric cable tension [42, 43] (Fig. 1.12).
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Figura 1.12: Time sequence illustrating the curling and extension of an octopus-
inspired soft robotic arm in water. The images highlight the distributed curvature
and continuous deformation along the arm during actuation (adapted from [43]).

Cable placement The position of the cable within the structure plays a funda-
mental role in determining the resulting deformation. In cable-driven continuum
manipulators, tendons are typically routed at a certain radial distance from the
neutral axis of the structure. When tension is applied to the cable, this offset
generates a bending moment that induces curvature in the manipulator. By coordi-
nating multiple tendons arranged around the body of the arm, it becomes possible
to control both the direction and magnitude of bending. Similar actuation principle
is widely employed in tendon-driven continuum robots, where cables routed along
a flexible backbone generate distributed deformation of the structure [44, 45].

Cable type and mechanical properties To achieve large and controllable
deformations while preserving structural integrity, many soft robotics projects use
highly compliant elastomeric materials, such as silicone, within which low-elasticity
cables are integrated, for example, nylon fishing lines. These elements allow efficient
transmission of tensile forces and precise control of deformation.

In some cases, the system may also include elastic elements, such as rubber
bands, or structural reinforcements such as braided sleeves or embedded fibers
[41]. The introduction of such components modifies the mechanical response of the
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structure, increasing the overall compliance of the system and allowing smoother
deformations.

These design strategies allow the creation of soft manipulators capable of
generating continuous curvatures and complex spatial configurations, while at the
same time maintaining safe interaction with the surrounding environment.

Embedded routing In many soft robotic designs, cables are embedded directly
within elastomeric structures during fabrication. Embedding allows forces to be
distributed along the manipulator body while maintaining a compact design and
protecting the cable from external interference. At the same time, the interaction
between the cable and the surrounding material can introduce friction, which affects
force transmission and may influence the repeatability of motion.

Passive behavior Cable-driven systems may also contribute to passive mechani-
cal behaviors within the structure. Depending on the routing configuration and
material properties, the manipulator may exhibit passive restoring forces that
assist in returning the structure toward its original configuration. This passive
contribution can be beneficial in soft robotic systems, as it reduces the need for con-
tinuous actuation and can improve energy efficiency while maintaining mechanical
simplicity.

Hysteresis and design limitations Despite their advantages, cable-driven soft
robotic systems present several limitations. Friction between the cable and the
surrounding elastomeric material, combined with the viscoelastic properties of soft
polymers, can lead to hysteresis effects in which loading and unloading phases follow
different deformation paths. This phenomenon may reduce motion repeatability
and control precision, particularly during cyclic actuation.

Additionally, the routing and integration of cables within soft structures may
introduce fabrication challenges and potential wear over time. For these reasons,
the design of cable-driven soft manipulators requires careful consideration of cable
type, placement, and integration within the compliant structure in order to balance
actuation performance, durability, and controllability.

1.3.3 Limitations in the current approaches
Despite their effectiveness, cable-driven soft manipulators have several limitations.
One major challenge concerns the integration of tendons within highly deformable
materials, where the friction between the cable and the surrounding structure
can reduce actuation efficiency and lead to non-uniform curvature along the arm.
Furthermore, tendon routing often ends before reaching the distal tip of the
manipulator to avoid structural damage or excessive stress concentrations. As a
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result, the distal region frequently remains largely passive (Fig. 1.13), limiting
the system’s ability to reproduce the fine manipulation capabilities observed in
the biological arms of the octopus. A further limitation concerns the difficulty of
achieving precise control of distributed deformation. Since cable-based actuation
typically generates curvature by shortening only one side of the structure, the
resulting movement may not fully replicate the coordinated muscle activations that
occur in biological muscular hydrostats.

(a)

(b)

Figura 1.13: Examples of bending octopus-inspired soft robotic arms with passive
distal tips. (a) Time sequence showing the bending and extension of a silicone soft
arm during actuation (adapted from [41]). (b) Example of grasping with an object
using a cable-driven soft arm where the distal tip remains passive (adapted from
[43]).
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1.4 Motivation for Thesis
Within this context, the present thesis pursues two main research objectives.

The first objective is to investigate alternative actuation strategies for soft
robotic arms inspired by the octopus. In particular, different types of actuation
elements were integrated within the body of the soft arm in order to evaluate how
the internal structure influences the resulting motion, with specific attention to the
curvature

The second objective is to study the biological behavior of the octopus arm in
order to better understand the mechanical and functional role of the distal tip.
While the distal region is often left passive in many octopus-inspired robotic arms,
its role in biological grasping behavior remains not fully understood. Through
experimental observations of octopus arm interactions, this work investigates
whether the tip behaves as a purely passive element, whether it exhibits distinct
motion patterns, or whether it contributes actively to the grasping process. Insights
derived from these biological observations are then used to inform the design of a
soft robotic arm in which the distal region is explicitly considered in the mechanical
design, with the aim of improving the reproduction of biologically inspired grasping
strategies.
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Capitolo 2

Biological Experiments on
Octopus Arm Behavior

2.1 Introduction
Biological systems provide a fundamental source of inspiration for the development
of soft robotic manipulators. In particular, studying how animals exploit compliance,
distributed actuation, and morphology to achieve dexterous manipulation allows
the identification of functional behaviors that can be adapted to the robotic
structure under development. Beyond material selection and prototype fabrication,
systematic observation of the biological model plays a crucial role in guiding design
choices.

In this context, and in collaboration with the Acquario di Genova, a series of
behavioral experiments on octopuses was conducted to investigate arm use during
object interaction and grasping. The experimental analysis focused on the distal
region of the arm, not as an isolated grasping unit, but as a key observable segment
to study the coordination between the arm tip and the rest of the arm during
grasp formation. In particular, the distal region was analyzed to assess whether its
motion exhibits a predominantly passive behavior—moving as a consequence of
the global arm deformation—or whether it displays independent or locally driven
dynamics.

This chapter describes the experimental environment, acquisition setup, and
protocol adopted during the trials. It then presents the main experimental results,
focusing on recurring behavioral and kinematic patterns observed during distal
arm interaction. Finally, the biological findings are summarized and interpreted in
terms of design-relevant implications, providing a bridge toward the development
of octopus-inspired soft robotic arms.
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2.2 Methods
2.2.1 Experimental Environment and setup
Animal conditions

Experiments were conducted on three octopus species, each housed in a dedicated
tank appropriate to its size and behavioral needs:

• Octopus vulgaris: tank dimensions 260 × 80 × 100 cm

• Enteroctopus dofleini: tank dimensions 420 × 220 × 280 cm

• Octopus maya: tank dimensions 120 × 80 × 60 cm

The experiments were conducted following the daily husbandry schedule of the
aquarium. A typical experimental morning involved sequential observations of the
three species in the order Enteroctopus dofleini / Octopus vulgaris – Octopus maya
– Octopus vulgaris / Enteroctopus dofleini. Enteroctopus dofleini and Octopus
vulgaris were fed three times per week, whereas Octopus maya was fed daily.

All trials were carried out during regular husbandry activities and followed the
standard animal care protocols of the hosting aquarium. Observations were typically
performed early in the morning (around 08:00), coinciding with feeding time, when
the animals were generally more responsive and interactive. This facilitated the
observation of reaching and grasping behaviors during object interaction.

Data acquisition setup

To capture the movement of the arm and the interaction with objects, a two-camera
acquisition system was used. A Nikon camera was positioned in front of the octopus
to observe in detail the bending and curvature dynamics of the arm, allowing an
accurate view of the distal region of the arm during interaction with objects.

In parallel, a fixed Logitech webcam was positioned laterally to the aquarium to
capture a wider view of the experimental scene and provide contextual information
about the overall interaction between the animal and the objects.

Due to differences in tank geometry and experimental layout, the position
of the cameras varied slightly depending on the species and tank configuration,
as illustrated in Fig. 2.1. In particular, the Nikon camera was positioned at
approximately 76 cm height and 76 cm distance from the tank for Enteroctopus
dofleini, 92 cm distance and 124 cm height for Octopus vulgaris, and 135 cm height
and 240 cm distance for Octopus maya.
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(a) Octopus vulgaris
(b) Octopus maya

(c) Enteroctopus dofleini

Figura 2.1: Aquarium environments used for the experiments with the three
species: (a) Octopus vulgaris, (b) Octopus maya, and (c) Enteroctopus dofleini.
The photographs illustrate the tanks and surrounding experimental areas where
behavioral recordings were performed.
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Interaction elements

To elicit reaching, curling, and grasping behaviors, both food stimuli and manipula-
ble objects were employed. The food stimuli consisted of fish or crustaceans, while
the objects used for interaction included rope (Fig. 2.2b), plastic jar (Fig. 2.2a) ,
feeding tubes commonly used by aquarium biologists, and two spherical objects
(balls) with different surface textures (one smooth and one rough) (Fig. 2.2c),used
to examine how surface properties influenced arm-tip adhesion.

(a) (b)
(c)

Figura 2.2: Interaction elements used during the experiments: (a) rigid plastic
jar (7.1 cm diameter × 8.5 cm height), (b) braided polypropylene rope (10 mm
diameter, 10 m length), (c) sponge balls (7 cm diameter each).

The objects were presented using different methods depending on their physical
properties and the experimental purpose. Whenever possible, they were suspended
at a controlled height within the aquarium to encourage arm extension into free
space. Feeding tubes were frequently used, as octopuses tend to spontaneously
attach to and manipulate them, providing repeatable and biologically relevant
interaction scenarios.

Lightweight spherical objects could not be suspended due to their buoyancy and
were therefore manually introduced into the water by the aquarium biologists. In
some trials, these objects were gently set in motion through manual movements in
the water to stimulate exploratory responses. Two types of spheres were used: one
with a smooth surface and one with a rough surface.

2.2.2 Experimental protocol
Each experimental session consisted of a sequence of trials conducted according to
the following procedure:

1) Activation: the octopus was initially stimulated using food delivered through
a feeding tube to promote active engagement. (Fig. 2.3)
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Figura 2.3: Activation phase of the experimental protocol: The octopus is fed by
a tube with a shrimp attached at the tip.

2) Object presentation: once the animal was active and alert, the selected object
was introduced into the tank according to the planned modality (suspended
or manually released, depending on its physical properties). The octopus
was then allowed to freely approach, explore, and interact with the object.
(Fig. 2.4)

Figura 2.4: Object presentation phase: manual introduction and dynamic ma-
nipulation of a spherical object to stimulate grasping behavior in response to a
moving target.

3) Low-interest condition: if the object was ignored, food was occasionally placed
inside or attached to it to increase attractiveness. A known limitation of this
approach is that the octopus may pull the object under the mantle, reducing
visibility and preventing reliable observation of distal arm motion.(Fig. 2.5)
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Figura 2.5: Low-interest condition: a shrimp is placed inside the object to increase
its attractiveness when the octopus initially ignores the stimulus.

4) Recording: both cameras recorded each trial. Manual annotations included
latency to first contact, contact duration, grasp modality, and trial outcome.
(grasp success or failure).

2.3 Results
The experimental results are presented in terms of aggregated behavioral obser-
vations derived from video analysis of analyzable trials. Rather than reporting
trial-by-trial measurements, the focus is placed on identifying recurring interaction
patterns and context-dependent strategies adopted by the octopus arm during
object exploration and grasping. Particular attention is given to how different
regions of the arm are recruited depending on object properties and interaction
dynamics.

Video analysis revealed that the initiation of grasping behavior is not governed by
a fixed sequence, but instead depends on object geometry, accessibility, and spatial
context. When interacting with small (Fig. 2.10), distant, or partially enclosed
objects, such as items located inside boxes or narrow containers, exploration and
grasping were frequently initiated by the distal tip. In these cases, the distal region
exhibited localized bending and fine exploratory movements, enabling access to
confined spaces.

Conversely, when interacting with large, elongated, or easily accessible objects,
initial contact often occurred through sucker attachment of the mid-arm region,
while the remaining portion of the arm remained curled. As interaction progressed,
the arm gradually uncurled and extended along the object, with suckers attaching
sequentially as the animal explored or pulled the object toward the body.So grasp
configuration depend on object size, geometry, and the functional context of
interaction
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When interacting with moving objects, the octopus frequently adopted faster
and more abrupt arm movements compared to those observed during interaction
with stationary objects. In these dynamic conditions, the arm often performed
rapid and highly regular curling motions, resulting in near-perfect circular or spiral
configurations. These movements appeared optimized for intercepting and enclosing
a moving target rather than for detailed shape adaptation. In addition, moving
objects were often approached using multiple arms simultaneously, suggesting a
coordinated capture strategy aimed at increasing enclosure efficiency.

Surface properties also strongly influenced the interaction strategy. Smooth
spherical objects were frequently grasped through effective sucker attachment,
whereas rough-surfaced spheres did not allow effective suckers adhesion. As a
consequence, the octopus shifted its strategy and relied predominantly on arm
wrapping and whole-arm enclosure to grasp the object. Infact, as we can see in
Fig. 2.10 the ball is not attached to the suction cups, but he grabs it because the
roughness of the ball does not allow it to stick.

In contrast, when exploring stationary objects, the arm exhibited slower, conti-
nuous, and highly adaptive movements. The distal region tended to closely follow
the shape of the object, resulting in arm configurations that varied significantly
depending on object geometry. Stationary objects were more frequently explored
using a single arm, indicating a more localized and fine-tuned interaction strategy
focused on detailed exploration rather than rapid capture.

Despite the variability in exploration strategies, a consistent functional orga-
nization along the arm emerged across trials and species. The mid and proximal
portions of the arm primarily contributed to object stabilization through sucker
attachment, while the distal region was selectively recruited for fine exploration
and shape adaptation when required.

In several trials involving both Enteroctopus dofleini and Octopus maya, the
proximal or mid-arm region stabilized the object, while the distal tip explored
the object interior (Fig. 2.6) or surface details. Notably, the distal tip appeared
extremely soft and compliant, capable of closely following object contours. However,
when external forces were applied, the same region exhibited high resistance,
indicating a non-linear mechanical behavior that combines conformability with
robustness.
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Figura 2.6: The octopus inserts the distal arm tip into the test tube to actively
explore its interior.

Regardless of object interaction, the distal tip frequently exhibited continuous
and fluid motion even in the absence of contact. This observation indicates
that distal arm elasticity is an intrinsic property rather than a passive to object
constraints.

In multiple trials, the distal region was observed to remain curled on the side
opposite (Fig. 2.7) to the interaction surface during active exploration that did not
directly involve the distal tip. This persistent curvature may reflect a passively
stable or mechanically preferred resting configuration requiring minimal active
neuromuscular effort. Alternatively, it could represent a protective or defensive
posture, with the suckers oriented outward and ready for rapid engagement.
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Figura 2.7: Example of persistent distal curvature with exposed suckers during
non-contact arm motion.

A representative example of this behaviour during interaction with the food
delivery tube is shown in Fig. 2.8. The arm initially engaged the tube through
proximal suction cup attachment while the distal portion remained curled on the
opposite side. As the interaction progressed, the distal region gradually uncoiled,
contributing to a more complete wrapping of the object.
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Figura 2.8: Time sequence of arm interaction with the food delivery tube in
Enteroctopus dofleini. At t = 0 s the arm attaches to the tube using proximal
suckers while the distal region remains curled on the oppiste side. During conti-
nued interaction (t = 1–6 s) the distal portion progressively uncurls and extends,
contributing to a more complete wrapping of the object. Arrows indicate the distal
arm tip.

A similar exploratory behavior of the distal arm region was also observed in
Octopus maya, as shown in Fig. 2.9. In this case, the arm not only uncurls along
the object but also moves around it, exploring the tube from the opposite side.
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Figura 2.9: Time sequence of arm interaction with the food delivery tube in
Maya. At t = 0 s the distal portion of the arm is curled while approaching the
tube. At t = 1 s the arm extends and begins to uncoil along the object. At t = 3 s
the distal tip moves around the tube, exploring the object from the opposite side.
Arrows indicate the distal arm tip.

During arm retraction, particularly evident in trials involving Enteroctopus
doflein, the arm often shortened through an accordion-like mechanism. Rather than
retracting through simple bending, the arm locally compressed and thickened along
its length, enabling axial shortening while maintaining contact with the object. This
behavior is likely enabled by the dense three-dimensional muscular architecture of
the arm, characteristic of a muscular hydrostat, in which coordinated activation of
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longitudinal and transverse muscle groups allows axial shortening while preserving
volume.(Fig. 2.10)

Figura 2.10: Time sequence illustrating arm retraction during interaction with
the object in Enteroctopus Dofleini. (a) Extended configuration prior to retraction
(t = 0 s). (b) Retraction phase (t = 1 s), showing axial shortening and local
thickening of the arm while maintaining contact with the object, consistent with a
muscular hydrostat mechanism.

2.4 Functional Interpretation and Design-Relevant
Implications

The experimental observations indicate that octopus arm behavior relies on a reper-
toire of interaction modes rather than a single grasping strategy. The arm exhibits
different movement patterns depending on object geometry, surface properties,
motion, and interaction context.

To provide a concise synthesis of the main findings, the observed biological
behaviors are summarized and interpreted in terms of their functional relevance for
artificial systems. Table 2.1 reports the key experimental observations and outlines
how each behavior can be translated into design principles for octopus-inspired soft
robotic manipulators.
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Experimental Observation Design Implementation in the
Proposed Robotic Arm

The distal tip exhibits high conforma-
bility and closely follows object con-
tours during exploration.

Use of highly compliant materials in
the distal region to preserve shape
adaptability and soft contact beha-
vior.

Proximal segments stabilize the ob-
ject while the distal region performs
fine adjustments.

Differentiated structural organization
along the arm, combining tendon-
driven bending for global motion with
localized distal flexibility.

Arm retraction occurs through distri-
buted axial shortening rather than
pure bending.

Integration of braided sleeve reinforce-
ments to guide deformation and sup-
port controlled axial compression du-
ring tendon actuation.

The entire arm (including the distal
region) combines high conformability
with resistance to external load.

A compliant segmented internal ske-
leton is introduced within the silicone
body, designed to guide bending and
improve structural robustness while
maintaining overall softness.

Tabella 2.1: Summary of biological observations and their direct translation into
structural and material design choices for the octopus-inspired soft robotic arm.

The synthesis reported in Table 2.1 highlights the apparent functional differentia-
tion along the arm and the context-dependent role of the distal region. However, it
is important to emphasize that the octopus arm operates as a continuous muscular
hydrostat rather than as a structure divided into discrete functional units. The
distal tip does not represent a separately controlled “hand-like” segment; instead,
the entire arm is subject to distributed neuromuscular control.

The great fluidity observed at the distal end is therefore primarily related to its
reduced diameter and mass, which mechanically allow higher curvature and finer
motion, rather than to a fundamentally different control strategy. Across tasks,
the arm exhibits coherent and integrated actuation, with variations in movement
patterns emerging from geometry and interaction context rather than from strict
functional compartmentalization.

These findings directly motivate the design choices discussed in the following
chapters. Rather than directly replicating the biological structure of the octopus
arm, these observations were used to identify movement patterns that could be
beneficial to reproduce in a soft robotic manipulator. In many octopus-inspired
soft robotic arms, actuation typically terminates before the distal tip, leaving the
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final segment as a purely passive silicone extension. To date, limited attention has
been devoted to systematically investigating the functional implications of this
passive configuration.

The objective of this thesis is therefore to investigate the role of the distal
tip during arm bending and object interaction, in order to better understand
whether its behavior is primarily passive or actively controlled. The experimental
observations presented in this work aim to clarify how the distal tip behaves in
relation to the rest of the arm during grasping and bending. These insights are
then used to inform the design of soft robotic arms that seek to reproduce key
movement patterns observed in the animal—particularly the coordinated curvature
that emerges during whole-arm bending—while preserving softness, flexibility, and
mechanical robustness.
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Design

3.1 Introduction
Following a targeted review of the soft robotics literature, which frames the motiva-
tions of the field and its main research directions, the design of an octopus-inspired
soft robotic arm was initiated with the objective of developing a functional prototype
[43, 46].

Octopus arms represent a paradigmatic example of soft biological manipulators,
characterized by continuous deformation, high compliance, and the ability to
generate complex grasping behaviours without rigid skeletal support [43, 46]. These
properties have strongly motivated research on continuum and soft robotic arms
for manipulation tasks in unstructured environments [9]. In addition to the global
arm behaviour, the distal tip is treated as a dedicated design target. In biological
octopus arms, distal segments are frequently involved in exploratory interactions,
initial contact, and grasp initiation [43, 46]. Accordingly, the following design
iterations focus on tailoring the mechanical response of the distal region to better
support tip-driven manipulation.

3.2 Methods
A common baseline solution for octopus-inspired soft arms consists of a silicone
continuum body embedding internal tendons routed along the arm length (Fig. 3.1).
In this work, the tendons were implemented using nylon fishing lines and actuated
by an external unit to generate bending.

The fishing lines are routed inside internal silicone tubes embedded within the
silicone structure. These tubes prevent direct contact between the fishing lines
and the surrounding silicone, reducing friction and allowing smooth sliding during
actuation. Without such guiding elements, the tendon would interact directly with
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the silicone body, increasing friction and reducing the controllability of the resulting
deformation.

Figura 3.1: Braided sleeve (fiber 187-4600) used as internal reinforcement.

A three-tendon routing was adopted, with tendons arranged symmetrically
around the cross-section and placed near the outer perimeter to increase the
effective lever arm and improve achievable curvature. Dedicated supports were used
to ensure repeatable tendon placement and alignment, and to position any internal
inserts prior to casting. Once the internal components were correctly positioned,
the mould was closed and filled with silicone Ecoflex 00-30 (Fig. 3.2) . The silicone
was then left to cure for 4 hours before demoulding the final soft arm structure.
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Figura 3.2: Braided sleeve (fiber 187-4600) used as internal reinforcement.

Building upon this baseline architecture, the present work investigates alterna-
tive internal elements and structural configurations aimed at improving bending
behaviour, interaction capability, and force transmission. Particular attention is
devoted to solutions that combine active tendon-driven actuation with favourable
mechanical responses. In this study, fishing lines were inserted into guide tubes
embedded in the silicone arm. Instead of using standard silicone tubes, different
materials were tested for the guide elements in order to evaluate how their proper-
ties affect the bending and curvature behavior of the arm. Although the supports
allow the symmetrical placement of three tendons around the cross-section of the
arm, not all experimental configurations employed the full set of three tendons.
Since the aim of this work was to study how different internal materials influence
the mechanical behavior of the arm, some experiments were conducted using only
one, two or three tendons.

This mold architecture allowed the testing of different internal configurations
while maintaining the same external geometry of the arm. In particular, several
experimental configurations were implemented by varying the internal elements
and tendon arrangements in order to evaluate how different materials influence the
bending behaviour and curvature of the arm.

3.3 Goal
The goal of this chapter is to investigate alternative design solutions for an octopus-
inspired soft robotic arm, starting from a consolidated tendon-driven silicone
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architecture. The study is organized around two main objectives, both aimed at
improving curvature generation and grasping performance.

First, the work explores different materials and internal elements to be em-
bedded within the silicone body in order to tune the arm mechanical response.
In particular, the aim is to evaluate how these internal solutions affect bending
efficiency, achievable curvature, force transmission, and grasp stability during object
interaction.

3Second, the work focuses on the design and analysis of an active distal tip.
Inspired by biological observations derived from video recordings and annotations of
octopus arm grasping actions, this study investigates design principles that enable
the distal region to support stable contact and effective wrapping. In particular, the
objective is to promote the formation of a near-planar circular arc during grasping,
improving adaptability and contact stability without significantly increasing control
complexity.

Overall, the outcomes of this chapter provide the basis for a soft robotic arm
in which active tendon actuation and tailored structural responses are effectively
combined, with particular emphasis on enhancing distal grasping functionality.

3.4 Actuation mechanisms
3.4.1 Braided with silicone coating
The aim of these preliminary experiments was to evaluate how an internal structural
element can influence the mechanical behavior of a soft robotic arm, particularly in
terms of stiffness, elongation, and potential bending capability. The first concept
was inspired by braided sleeves commonly used for cable insulation and by braided-
sheath architectures widely adopted in soft actuators such as McKibben-type
pneumatic artificial muscles, where the braid constrains and guides deformation
[47]. The smallest braided sleeve available was selected (fiber 187-4600, diameter
≈ 3 mm) .
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Figura 3.3: Braided sleeve (fiber 187-4600) used as internal reinforcement.

An initial fabrication attempt used a 3D-printed PLA cylindrical mould to
maintain alignment during casting and prevent the silicone from slipping off the
sleeve. Although casting was successful, demoulding frequently damaged the
external silicone layer, locally exposing portions of the braid. Fig. 3.4
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(a) (b) (c)

Figura 3.4: Preliminary fabrication attempt using 3D-printed PLA tooling: (a)
inner cylindrical core for sleeve alignment, (b) braided sleeve mounted on the core,
(c) assembly placed inside an external cylindrical shell to contain the silicone during
curing.

For this reason, I switched to a manual coating protocol. With the sleeve
supported by a steel tube (Fig. 3.5),
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Figura 3.5: Prototype of the first model: braided sleeve (fiber 187-4600) pre-
coated with silicone and supported by a thin metal tube during fabrication.

silicone was applied using a thin brush in multiple layers while rotating the
tube by hand to correct local sagging. Compared to pouring, this method provided
better control of the deposited thickness, reduced air entrapment, and improved
adhesion to the braid. Although the surface finish was not perfectly uniform, it
reliably ensured continuous coverage, which was the main objective at this stage.
The target coating thickness was approximately 2,mm along the entire length. The
silicone was mixed at a 1A:1B ratio (50/50) and cured for approximately 4 hours
at room temperature.

Following this protocol, three prototypes were produced using different silicone
rubbers: Ecoflex 10, Ecoflex 20, and Ecoflex 30 (Fig. 3.3). Samples were cut into
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5 cm segments and tested to evaluate force and elongation. Ecoflex 50 was also
tested; however, due to its very low viscosity, it was difficult to handle and tended
to form voids and air gaps during curing.

Tensile Test

Figura 3.6: Initial tensile test setup

Tensile tests were performed using a Zwick/Roell universal testing machine
equipped with a 1 kN load cell. Specimens were clamped between two metal grips
and aligned to minimize eccentric loading and slippage. A monotonic tensile load
was applied until failure, and force was recorded as a function of elongation.

For consistency across samples, the results are reported as force–extension curves
(force as a function of elongation). Figure 3.7 shows representative responses for
the tested materials.
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Figura 3.7: Ecoflex 10 and 20 graphs (force [N] vs strain [mm])

Ecoflex 10 exhibited a steeper initial response and a higher peak force (approxi-
mately 70–75 N), indicating a higher apparent stiffness. Ecoflex 20 reached a lower
peak force (approximately 35–40 N) and sustained larger elongation before rupture,
consistent with a softer and more compliant behavior.

A hysteresis loop is visible in both curves, reflecting viscoelastic energy dis-
sipation typical of silicone elastomers. The loop appears more pronounced for
Ecoflex 10, suggesting greater internal losses during loading–unloading, whereas
Ecoflex 20 shows a smoother response and a more progressive recovery.

Ecoflex 00-10 was selected for the internal element because it is softer and more
compliant than Ecoflex 00-20. As a result, the internal sleeve can bend more readily
and does not excessively resist the tendon-driven deformation when the fishing line
is pulled, helping the arm achieve larger curvature with lower actuation effort.

From a fabrication perspective, Ecoflex 00-10 also has a higher mixed viscosity,
which was advantageous during coating: it reduced uncontrolled dripping and
helped maintain a more consistent layer around the braided sleeve during curing.

Compression test in Ecoflex 10
Compression tests were performed using the same Zwick/Roell universal testing

machine used for the tensile tests (1 kN load cell). The goal was to qualitatively
evaluate the behavior of the Ecoflex 10 specimen under axial compressive loading.

Ecoflex 10 is highly compliant; therefore, in the first attempt the specimen buc-
kled as soon as compressive force was applied, preventing a repeatable measurement
(Fig. 3.8a). When the specimen was compressed manually over a smaller effective
length, buckling was reduced and compression could be achieved more reliably.
Based on this observation, the test was repeated using a reduced contact length
(approximately 2 cm instead of the original 5 cm), leading to a stable compression
of about 0.5 cm (Fig. 3.8b).
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(a) Initial compression test setup: the
Ecoflex 10 specimen buckled under axial
loading.

(b) Compression test with reduced con-
tact length (about 2 cm), enabling stable
compression.

Figura 3.8: Comparison of compression test configurations.

Figure 3.9 shows the force–displacement curve for specimen 2. An initial
nonlinear region is observed, mainly due to settling of the specimen and contact
stabilization at the grips. The curve then reaches a maximum load of approximately
10–14 N followed by a plateau, where the force remains nearly constant despite
increasing deformation, which is consistent with the viscoelastic response of silicone
elastomers. Beyond approximately 12 mm of displacement, the force increases again,
which can be attributed to densification: as the structure becomes compacted,
resistance to further compression rises. The three overlapping curves indicate good
repeatability, with minor deviations likely caused by small differences in initial
alignment and surface contact conditions.
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Figura 3.9: Compression test for specimen 2: force–displacement response (three
repeated runs).

3.4.2 Design implications for the octopus-inspired arm
Overall, the tensile and compression tests support the feasibility of the silicone-
coated braided sleeve as an internal reinforcement for the octopus-inspired soft
arm. Ecoflex 10 was identified as the most suitable coating material, as it provi-
des the required compliance for tendon-driven bending while offering improved
processability during coating due to its higher mixed viscosity.

Compression tests highlighted that the primary constraint is not material failure
but geometric instability (buckling) under axial loading when the effective unsup-
ported length is large. This finding motivates the need for geometric guidance
and/or encapsulation within the silicone body to stabilize the internal element and
ensure repeatable behavior under combined loading during grasping.

3.4.3 Pneumatic
The fiber employed in the first design iteration of the octopus-inspired arm was
further investigated as a candidate reinforcement for a McKibben-like Pneumatic
Artificial Muscle (PAM). PAMs are contractile and/or extensible actuators driven by
pressurized air: the inflation of an internal bladder generates an axial deformation
that is mechanically constrained by an external reinforcement. By analogy with
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biological muscles, PAMs are often arranged in agonist–antagonist pairs to obtain
controlled motion.

To promote an extensible McKibben-inspired behavior, the original braided coil
was mechanically re-shaped into a bellow-like profile. The procedure was inspired
by the approach reported by Ansari et al. [48], where a braided sheath is deformed
and subsequently heat-treated to stabilize (i.e., “memorize”) the imposed geometry.

In the present work, the geometry modification was carried out as follows:

• a tube was used as a support to keep the braided structure aligned during
forming;

• the coil was manually shaped to obtain a bellow-like profile along the longitu-
dinal axis;

• the shaped coil was heat-treated using a hot-air heater in order to stabilize
the geometry and preserve the imposed configuration.

After pre-shaping the braided sleeve to the desired geometry, a short tube
was inserted into the proximal end of the sleeve to provide a pneumatic interface.
Inside the sleeve, a small elastic balloon was positioned so as to act as an internal
inflatable chamber. The tube was then connected to a DC-powered pneumatic
source (pump/valve), enabling controlled pressurization of the balloon. Upon
inflation, the balloon expanded within the sleeve and induced an axial elongation
of the structure, increasing the overall extension of the internal element.

The resulting specimen (Figure 3.10) was connected to a pneumatic supply line
and tested to qualitatively assess (i) shape stability under repeated pressurization
cycles and (ii) feasibility for McKibben-type extension.
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Figura 3.10: Bellow-shaped braided specimen used for preliminary McKibben-
type extension tests.

Figure 3.11 reports the instrumentation used in the preliminary pneumatic tests.
A diaphragm pump was used as pneumatic source, while an electro-pneumatic
element (valve/regulator) modulated the delivered actuation level to the specimen.
The command was provided as a DC voltage. In this work, Vset indicates the
voltage set on the bench power supply, whereas Vmeas denotes the voltage measured
with a multimeter at the input of the electro-pneumatic component.
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(a) Bench DC power supplies used to ge-
nerate the control voltage for the electro-
pneumatic element.

(b) Diaphragm pump (pneumatic source)
and digital multimeter used to monitor the
applied voltage.

Figura 3.11: Experimental setup instrumentation for preliminary pneumatic
tests.

During the experiment, the specimen was placed on a planar surface with a
regular grid pattern, used as a visual reference for length measurements. For each
voltage step, the system was allowed to reach a quasi-steady configuration and the
axial position of the distal end was recorded from the grid. Table 3.1 summarizes
the recorded distal-end positions as a function of the electrical command.

Tabella 3.1: Preliminary axial extension of the braided specimen as a function of
the applied control voltage. Distal-end position was estimated from the cutting-mat
reference scale.

Vset [V] Vmeas [V] Position [cm] ∆Position [cm]
0.00 – 65 0
0.58 1.047 67 2
1.34 1.487 ∼69 ∼4
1.44 1.520 70 5
1.70 1.604 71 6

Representative configurations during extension are reported in Figure 3.12,
showing the progressive increase in axial length as the actuation command increased.
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Figura 3.12: Representative extension configurations of the bellow-shaped braided
specimen under increasing actuation command. The distal-end position was read
from the cutting-mat scale.

Overall, the modified braided specimen exhibited a clear extensible response
as the electrical command increased, with an estimated distal-end displacement
of approximately 6 cm over the investigated range. These preliminary results
support the feasibility of using the reshaped braided coil as a reinforcement for
McKibben-like actuation.

3.5 First model
Based on the silicone-coated braided sleeve’s behaviour under tension and compres-
sion, I developed the first robotic arm prototype incorporating this reinforcement.
A practical challenge emerged when preparing a 27 cm-long coated element: due to
its slender geometry, obtaining a uniform and bubble-free silicone layer by manual
coating is difficult. In the initial approach, a metal tube (diameter ≈ 3.25 mm)
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was inserted inside the braided sleeve to provide support and alignment, and the
sleeve was then manually coated with silicone along its length. Ecoflex 00-10, which
provided the best results in the preliminary tests, was particularly suitable for this
step because its higher viscosity reduced uncontrolled flow and helped maintain a
more consistent coating thickness.

Thanks to this property, I decided not to use any external support. Instead, I
held the silicone-coated fiber vertically and manually adjusted its position as the
silicone slowly flowed downward. By carefully repeating this process for about 30
to 40 minutes, I obtained a nearly perfect silicone coating. This result was only
possible thanks to the high viscosity of Ecoflex 10.

Once the silicone had fully cured (4 hours), the nylon fishing line was routed
through the braided sleeve. To anchor the tendon, a small 3D-printed cylindrical
support with a flared base was designed (Fig. 3.13). The part includes a through-
hole ( 0.8 mm) to guide the fishing line. After threading the line through the
support, a stopper knot was tied at the end, mechanically locking the tendon within
the printed component. This anchoring strategy prevents slippage during actuation
and enables reliable bending of the arm when the tendon is pulled, as the tensile
load is effectively transferred to the embedded internal element.

Figura 3.13: support for the fiber

At this point, I inserted the fiber with the wire into the mold (Figure 3.14),
closed the mold, and poured in Ecoflex 20 silicone (which is commonly used in soft
robotic arms).
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Figura 3.14: Mold with the fiber insert

After the silicone had fully cured, I removed the arm from the mold; the result
is shown in Figure 3.15.

Figura 3.15: Firs octopus arm

3.6 Second model
After preliminary tests on the pneumatic part were performed, the design process
was redirected towards the original concept. This shift was made possible thanks
to the collaboration with a company that provided materials with geometries and
designs similar to those previously used, but with smaller dimensions and therefore
more suitable for the purpose of the project. Specifically, two types of nylon fiber
were identified:

• a nylon fiber with the same coil-like geometry used in the first design phase,

• the same nylon fiber coated with a silicone layer, in order to improve mechanical
resistance and durability.

The main idea is to build a soft robotic arm by exploiting the complementary
properties of these two materials. Inside the structure, a fishing line is placed which,
is allowed to protrude outside the arm and is manipulated externally. By pulling
the fishing line, the arm bends, thus enabling controlled motion and allowing the
movement principle of the prototype to be tested and validated. The combined use
of nylon and silicone therefore allows the development of a flexible yet resistant
design, capable of mimicking, although in a simplified manner, the behavior of an
octopus tentacle, while also providing a solid experimental basis for the subsequent
development of control strategies.
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As a first experimental step, the white nylon fiber was tested by constructing a
prototype of the soft robotic arm. In this configuration, two fibers were employed:
the first with a standard length, ending at the same position used in previous
designs, and the second slightly longer, extending deeper into the structure. This
design choice was made in order to observe and compare the behavior of the arm
tip as a function of the different fiber lengths. Figure 3.16

Figura 3.16: Mold of the octopus-inspired soft arm with two nylon fibers of
different lengths positioned prior to silicone casting.

Subsequently, as illustrated in the Figure 3.17, small supports were added at the
fiber terminations and secured with knots, in order to guarantee proper anchoring
and prevent fiber slippage during actuation. With this arrangement, the external
traction applied to the fibers enables the arm to bend smoothly and consistently,
without stability losses or undesired detachment.

Figura 3.17: Detail of the tendon anchoring and termination system used in the
prototype.
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3.7 Third model
As a next step, a fourth prototype of the octopus-inspired arm was developed
by modifying the internal reinforcement material while preserving the external
geometry of the arm. The objective of this design iteration was to investigate
the effect of a commercially manufactured reinforcement with improved geometric
regularity and reduced diameter, compared to the manually fabricated silicone-
coated braided coil adopted in previous designs.

3.7.1 Materials and structural configuration
The reinforcement adopted in this design consists of a silicone-rubber-coated braided
fiberglass sleeve. The sleeve is composed of an internal woven fiberglass braid,
which provides high tensile strength and dimensional stability, uniformly coated
with a thin layer of silicone rubber.

The braided fiberglass core ensures mechanical robustness and resistance to
axial loads, while the external silicone coating enhances flexibility and compliance.
In addition, the silicone layer improves adhesion and frictional interaction with
the surrounding elastomeric matrix of the arm, reducing relative sliding during
deformation and actuation.

Compared to the previously used hand-coated braided reinforcement, this com-
mercially available sleeve offers a more uniform diameter, a regular braid pattern,
and improved manufacturing repeatability. The reduced diameter of the sleeve
allowed easier integration within the arm cross-section while maintaining sufficient
stiffness for force transmission. For these reasons, this material was selected as
an alternative reinforcement solution aimed at improving structural consistency
and repeatability without compromising the compliant behavior required for soft
robotic applications.

3.7.2 Integration within the arm
A single silicone-coated braided sleeve was inserted along the length of the arm,
extending from the base up to approximately 6 cm from the distal end. A fishing
line was routed inside the sleeve and used as a tendon for actuation: when pulled
from outside the arm, it generates bending by applying tensile load along the
reinforced path.

The braided sleeve and the fishing line were positioned within the arm following
the same internal configuration adopted in the previous design based on the
silicone-coated fiber. The terminal support previously used in earlier iterations
was retained to ensure reliable anchoring of both the reinforcement and the tendon
during operation.
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The overall external shape and dimensions of the arm remained unchanged
with respect to previous prototypes; the modifications introduced in this design
were limited exclusively to the characteristics of the internal reinforcement and the
actuation layout.

Figura 3.18: Fourth design prototype integrating a silicone-rubber-coated braided
fiberglass sleeve as internal reinforcement.

3.7.3 Design considerations
The use of a commercially manufactured silicone-coated braided sleeve was motiva-
ted by the need for improved geometric precision and repeatability compared to
manually fabricated reinforcements. While the functional concept remains similar
to that of the silicone-coated braided coil described in earlier sections, the present
solution reduces fabrication variability and provides a more controlled structural
response.

This design represents an intermediate step toward more reliable and scalable fa-
brication of soft robotic arms, maintaining bio-inspired compliance while improving
robustness and consistency of the internal reinforcement.

3.8 Fourth model
In a later stage of the design, I investigated the use of an internal skeleton inspired
by the spiral robotic structure ( Fig. 3.19) presented in the literature [49].
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Figura 3.19: Bioinspiration and design principle of spiral robots [49].

Figure 3.20 reports the reference SpiRobs geometry reproduced in Siemens NX
and used as an initial baseline for this study. Since SpiRobs was originally conceived
as an autonomous robot rather than an insertable reinforcement, I first fabricated
a reduced prototype by resin printing the reference geometry. The printed part was
placed in a mold and cast in silicone to qualitatively evaluate feasibility aspects,
namely resin–silicone adhesion and the resulting bending behaviour (Fig. 3.21).

Figura 3.20: Reference CAD geometry of the SpiRobs-inspired spiral structure
reproduced in Siemens NX and used as the initial baseline.
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Figura 3.21: Resin-printed prototype of the reference SpiRobs-inspired geometry,
cast in silicone to qualitatively assess resin–silicone adhesion and bending behaviour.

After resin-printing the skeleton and analysing its qualitative kinematics, we
verified the material compatibility and manufacturability of the resin–silicone
pairing at the target scale. To this end, the skeleton was placed inside a dedicated
mold and over-moulded to fabricate a silicone arm embedding the structure. This
prototype was not intended to be functional or actuated; its sole purpose was to
assess:

• whether the resin cured and bonded properly within silicone without interfacial
defects,

• whether an internal skeleton embedded in the silicone body could support and
guide the bending motion without constraining it

During assembly and silicone casting, the skeleton was successfully integrated,
confirming compatibility between resin and silicone: the silicone cured properly
around the resin without noticeable interfacial issues. However, initial manual
bending tests revealed that some regions of the skeleton were relatively thick,
generating significant internal friction and increasing resistance to bending. Ad-
ditionally, careful attention during casting was required to avoid air bubbles and
ensure correct centering of the skeleton, in order to achieve uniform and repeatable
bending.

Based on these observations, the geometry was re-parameterized to operate as
an internal skeleton embedded within a silicone arm, while preserving the key spiral-
inspired feature of SpiRobs designs, namely a graded, self-similar discretization
that promotes increasing curvature capability toward the distal end.

To provide an immediate visual overview of the graded discretization along the
arm, Fig. 3.22 reports a clean side view of the skeleton, highlighting the progressive
reduction of feature size toward the distal end.
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Figura 3.22: Aligned side view of the internal skeleton showing the graded
discretization into modular units and the progressive reduction in size and spacing
toward the distal end. The inter-unit angle (θ ≈ 40◦) is also highlighted.

3.8.1 Geometrical re-parameterization inspired by SpiRobs
The redesign aimed at enabling tendon-driven actuation while preserving the spiral-
inspired graded architecture. In SpiRobs, the spiral/logarithmic construction leads
to a self-similar structure where local geometry is preserved while scale changes
progressively along the body [49]. In the present work, rather than explicitly
generating a spiral curve, the same principle was captured through a graded
discretization along the arm longitudinal axis.

Each modular unit consists of a toothed profile with three symmetrically distri-
buted longitudinal holes that define tendon routing and preserve cross-sectional
symmetry. The unit shape is kept constant, while its overall size and the axial
spacing between consecutive units are progressively scaled from proximal to distal
regions.

A perspective view of the skeleton is reported in Fig. 3.23b to clarify the graded
modular construction prior to introducing the scaling laws.
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(a) Aligned view showing the combined
reduction in unit size and axial spacing
from proximal to distal regions.

(b) Perspective view showing the graded
modular architecture along the longitu-
dinal axis.

Figura 3.23: Graded internal skeleton architecture. (a) Aligned view highlighting
the progressive reduction in unit size and spacing. (b) Perspective view illustrating
the modular arrangement along the longitudinal axis.

The skeleton was decomposed into a sequence of N stacked modular units indexed
by i ∈ {0, . . . , N − 1}. A characteristic size parameter si (e.g., maximum unit
width in top view) was defined for each unit and described through an exponential
scaling law:

si = s0 q i, 0 < q < 1, (3.1)

where s0 is the size of the proximal unit and q is the constant reduction factor
controlling the degree of downsizing toward the distal region. Once s0, sN−1, and
N are measured in NX, the scaling factor can be obtained as:

q =
3

sN−1

s0

4 1
N−1

. (3.2)

Similarly, the axial spacing (pitch) between consecutive units was re-parameterized
to increase unit density toward the distal end:

pi = p0 q i
p, 0 < qp < 1, (3.3)
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where pi denotes the spacing between unit i and unit i + 1. From the measured
values p0 and pN−1, the pitch reduction factor is:

qp =
A

pN−1

p0

B 1
N−1

. (3.4)

This combined reduction in unit size and spacing increases distal compliance and
enables smaller achievable bending radii, thus promoting curling behaviour under
tendon actuation. An aligned view illustrating the effect of the graded scaling is
shown in Fig. 3.23a.

3.8.2 Structural modifications for tendon actuation and
manufacturability

After the initial experiments, the internal skeleton was redesigned to enable tendon-
driven actuation and improve flexibility. The design of the cross-sectional geometry
was therefore driven by the need to accommodate three tendons, leading to a
three-holes configuration in which each holes hosts one tendon channel. As shown
in Fig. 3.24, the tendon channels are symmetrically distributed and positioned close
to the outer boundary to increase the actuation moment arm and enhance bending
performance. To ensure geometric consistency, the unit shape was constructed
starting from a circular reference by defining three radial directions equally spaced
by 120°, which were used to position the tendon channels and generate the external
profile.

Figura 3.24: Top view of a single modular unit showing the three symmetrically
distributed tendon channels and the three-lobed geometry used for tendon routing.

To address the internal friction and local stiffness observed in the first prototype,
unit size and thickness were reduced, sharp corners were filleted, and the spacing
between segments was re-parameterized according to the graded law described
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above. In addition, the thickness of the “teeth” was reduced and the inter-unit
angle was set to approximately 40◦, limiting resin–silicone rubbing, facilitating
smoother curling, and reducing wear.

These modifications also improved manufacturability during casting by mitiga-
ting air entrapment and alignment issues. The resulting redesigned structure is
shown in Fig. 3.25, where the combined effect of geometric smoothing, downsizing,
and graded spacing can be observed.

Figura 3.25: Redesigned internal skeleton in Siemens NX: three edge tendon
channels, downsized units with filleted geometry, and a pronounced distal spacing
gradient.

In addition to the overall downsizing of the units, the spacing gradient was
made more pronounced, starting at approximately 1.5 mm and decreasing to about
0.4 mm toward the distal end. This refinement was essential to increase bending
compliance and achieve smoother, more controlled curling under tendon actuation.

Figura 3.26: Small skeleton on the mold

3.8.3 Reduced-scale prototype and qualitative assessment
To characterise the behaviour at the distal section, a reduced-scale prototype of
the arm was fabricated. The model was designed in Siemens NX and printed on
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a Prusa resin printer. The resin components were made slightly thinner than the
surrounding arm (5 mm vs. 8 mm) to ensure a sufficient silicone cover after casting,
improving adhesion, elasticity, and structural integrity.

Along the skeleton, three longitudinal holes housed a white flexible sleeve
containing a nylon fishing line. The sleeve prevented the line from cutting into
the resin under tension. At the distal end, a disk-shaped support with three holes
secured the cables and prevented slippage, thus preserving system stability and
avoiding rework.

(a) Reduced-scale silicone arm
used to assess distal-section be-
haviour.

(b) Bending sequence showing flexibility and silicone
distribution during deformation.

Figura 3.27: Experimental evaluation of the reduced-scale arm. (a) Prototype
used for distal behaviour assessment. (b) Bending sequence illustrating deformation
under actuation.

Preliminary manual manipulation suggested a favourable qualitative behaviour:
bending appeared smoother and more uniform, with a consistent elastic response.
Although no quantitative evaluation was performed at this stage, the graded
architecture seemed to facilitate curling during tendon pulling and to improve
controllability by hand. Based on these initial impressions, this skeleton was
selected as the final design, extending along the entire arm up to 10 mm from the
tip.

3.9 Final design
The final design focused on the development of a dedicated distal section, where
strong geometric and dimensional constraints prevented the adoption of the same
multi-tendon architecture used in the central portion of the arm. In particular,
the reduced diameter of the octopus arm tip made it impractical to route three
independent tendon channels. As a result, the terminal segment was intentionally
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designed to accommodate a single tendon only, leading to an asymmetric yet
controlled bending behaviour.

The overall arm configuration builds directly upon the fifth design presented in
the previous section. The internal skeleton geometry developed for that prototype
was retained along the main body of the arm, as it demonstrated satisfactory
mechanical performance in terms of compliance, robustness, and reliable tendon
routing. Consequently, the design effort for the final iteration was concentrated
on the distal region, while keeping the rest of the structure unchanged in order to
limit the number of variables introduced between successive prototypes.

3.9.1 Single-tendon distal terminal geometry
The distal terminal segment was designed as a tooth-like structure mechanically
coupled to the end of the internal skeleton. Unlike a purely passive terminal element,
this segment is tendon-driven: a nylon fishing line runs inside a dedicated channel
and, when tension is applied, the tip bends predominantly toward the tendon side.
The tendon channel was designed with a diameter of 0.8 mm, sufficient to route a
single fishing line while preserving structural integrity at this scale.

The geometry consists of a sequence of discrete teeth arranged along the longitu-
dinal axis. Both the characteristic size of the teeth and the axial spacing between
consecutive teeth decrease progressively toward the distal end. In other words,
the terminal geometry follows a graded discretization, where smaller features and
denser spacing are found near the tip. This gradual reduction was introduced
to locally decrease bending stiffness and facilitate curling during tendon pulling,
promoting smoother deformation and reducing the likelihood of abrupt kinks.

Importantly, the shape of each tooth remains geometrically similar along the
sequence Fig. 3.28., while its scale and spacing are progressively reduced. This
approach captures the same functional principle observed in spiral-inspired robotic
structures, such as SpiRobs, where self-similarity and scale variation along the
body lead to enhanced distal curvature. In the present design, this effect is
achieved without explicitly generating a spiral geometry, but rather through a
one-dimensional graded discretization compatible with the severe dimensional
constraints at the arm tip.
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Figura 3.28: Overview of the final distal terminal geometry integrated with the
internal skeleton. The tooth-like structure follows a graded discretization with
decreasing feature size and spacing toward the distal end.

A detailed view of the terminal geometry is shown in Fig. 3.29. The progressive
reduction in tooth size and spacing leads to a compliant region that naturally
assists curling under tendon tension, despite the absence of independent actuators
embedded in the distal section.

Figura 3.29: Detail of the tooth-like distal segment. A single tendon channel
(0.8 mm diameter) routes the fishing line; the graded reduction in tooth size and
spacing increases distal compliance and assists curling during tendon pulling.

This geometric solution was motivated by qualitative observations of octopus
arm behaviour, where active control appears to be concentrated in a limited portion
of the limb, while the distal end often remains curled. By exploiting a graded,
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tooth-based geometry together with a single tendon, the final design supports a
controlled curling response at the tip while respecting the dimensional constraints
of the distal region.

3.9.2 Assembly and tendon anchoring
Figure 3.30 shows the internal layout of the final prototype before silicone casting.
The main body retains the previously developed graded internal skeleton, while
the tooth-like distal component is coupled to its end to form the terminal section.
This modular approach ensured continuity between the reinforced central region
and the redesigned tip, while allowing the distal geometry to be modified without
altering the rest of the skeleton.

The nylon fishing line is routed through the distal tip via the internal channel
and guided by a protective sleeve to improve alignment and mitigate local abrasion
during tensioning. At the proximal end, the tendon is secured to a dedicated
anchoring support , which provides a stable attachment point and helps maintain
repeatable tendon positioning during casting and subsequent operation. After
positioning the skeleton, distal tip, tendon sleeve, and anchoring support, the
mould was closed and silicone was poured , resulting in a monolithic soft arm
embedding the complete internal architecture.

Figura 3.30: Internal assembly of the final prototype before silicone casting: the
previously developed internal skeleton is integrated with the tooth-like distal tip,
while the nylon fishing line is routed through a protective sleeve and anchored
proximally via a dedicated support.

Overall, the final design combines the validated internal skeleton developed in the
fifth design with a dedicated single-tendon distal geometry tailored to morphological
and manufacturing constraints. This approach allowed incremental refinement of
the arm architecture while preserving a clear link between geometry, actuation
strategy, and expected tendon-driven deformation behaviour.
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Experimental results on
design

4.1 Introduction

4.2 Experimental Evaluation
This section presents the experimental evaluation of the designed soft robotic
arm prototypes. The aim of these experiments was to analyse the deformation
behaviour and bending actuation of the arm when actuated through a tendon-driven
mechanism.

Several arm prototypes with different internal structural configurations were
tested in order to evaluate how the internal reinforcement affects the bending
behaviour of the arm. In particular, three configurations were investigated: a white-
wire reinforced arm, a braided sleeve reinforced arm, and a red-wire reinforced
arm.

The experiments were designed to measure the relationship between the motor
actuation input and the resulting bending angle of the arm. The obtained results
allow a quantitative comparison of the different internal structures and provide
insights into their influence on the mechanical response of the soft robotic arm.

4.3 Methods
4.3.1 Experimental Setup
The actuation system consists of two Dynamixel servo motors (Dynamixel XM430-
W210-R), but in the test it’s just one needed, which are used to generate the pulling
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forces required to bend the arm.

Figura 4.1: Dynamixel XM430-W210-R servo motors used for tendon actuation.

The motors are mounted on a rigid structure placed above the arm support.
Each motor is connected to a tendon of each arms . The tendons are routed from
the base of the arm to the motors and wrapped around the motor pulleys.

4.3.2 Tendon-Driven Actuation System
The soft arm is actuated through a tendon-driven mechanism. The tendons pass
through the base of the arm and are guided toward the motors positioned above
the structure. The tendons are wrapped around the motor pulleys so that when
the motors rotate, the tendons are pulled, generating tension along the arm and
producing bending deformation.

The rotation of the motors therefore results in a linear displacement of the
tendons. By controlling the motor rotation, different levels of tendon displacement
can be applied, which in turn produce different bending configurations of the soft
arm. This allows the deformation behaviour of the arm to be analysed as a function
of the motor input.

4.3.3 Experimental Configuration
The complete experimental setup is shown in Fig. 4.3. The arm is mounted vertically
and clamped to ensure a fixed boundary condition at the base. This configuration
allows the arm to deform freely while the tendons are actuated by the motors.
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Figura 4.2: Experimental setup used to actuate the soft robotic arm through a
tendon-driven mechanism.

During the experiments, the motors were commanded to rotate by a predefined
amount, producing a controlled displacement of the tendons and therefore bending
the arm.

4.3.4 Motion Tracking and Data Processing
The deformation of the arm during the experiments was recorded using video
acquisition. The recorded videos were analysed using the motion analysis software
Kinovea, which allowed tracking the position of specific points on the arm, such as
the base reference point and the tip of the arm.

During the experiment, the arm was initially positioned in its straight confi-
guration (Fig. 4.3), corresponding to a motor input value equal to zero. This
configuration was used as the reference configuration for the bending angle compu-
tation. The base of the arm was fixed to the support structure, and a reference
point located at the base was used as the origin for the geometric measurements.

The actuation was applied by progressively increasing the motor command using
the Dynamixel Wizard interface. Different motor input values were tested in order
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to generate increasing tendon tension and therefore increasing arm deformation. In
particular, the following actuation values were applied during the test: 2000, 3000,
4000, 5000, and 7000 motor units.

Figura 4.3: Example of tracking with Kinovea

The coordinates extracted from Kinovea were then processed in MATLAB to
compute the bending angle of the arm during the actuation.

4.3.5 Bending Angle Computation
The bending behaviour of the soft robotic arm was evaluated by analysing the
recorded videos of the experimental tests. The videos were processed using the
motion analysis software Kinovea, which allows tracking the position of selected
points along the structure.

Two points were defined on the arm for the analysis: a reference point located
at the base of the arm and a point located at the tip of the arm. The position
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of the tip was tracked in two different configurations of the arm: the initial
straight configuration and the actuated (bent) configuration obtained during tendon
actuation.

By marking these points in the video frames, the corresponding coordinates
were extracted. The bending angle of the arm was then computed by comparing
the direction of the arm in the straight configuration with the direction of the arm
in the bent configuration.

Let refpoint be the point located at the base of the arm, p1 the position of the tip
in the straight configuration, and p2 the position of the tip in the bent configuration.
Two vectors describing the orientation of the arm in the two configurations can
therefore be defined as

v1 = p1 − refpoint (4.1)

v2 = p2 − refpoint (4.2)
The bending angle θ between the two vectors was computed using the following

formulation

θ = rad2deg (atan2 (∥v1 × v2∥, v1 · v2)) (4.3)
where θ represents the bending angle between the initial straight configuration of

the arm and the actuated configuration. The extracted coordinates were processed
using MATLAB in order to compute the bending angle for the different actuation
levels applied during the experiments.

4.4 Results
4.4.1 White Wire Arm Test
The results of the White Wire Arm Test shows a progressive increase of the bending
angle as the motor input increases. For example, when the motor command was
set to 2000 units, the arm exhibited a moderate bending configuration with a
measured bending angle of approximately 9.83◦. Increasing the motor input to 3000
resulted in a larger deformation, producing a bending angle of approximately 25.78◦.
Further increases of the motor command generated more pronounced curvature of
the arm, reaching approximately 42.26◦ at 4000 motor units, 57.27◦ at 5000 motor
units, and approximately 74.05◦ at 7000 motor units.

These results confirm that the tendon-driven actuation system is capable of pro-
ducing controlled and progressive bending of the soft robotic arm. The relationship
between motor input and bending angle demonstrates the ability of the system to
generate different arm configurations through tendon tension control.
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Figura 4.4: Deformation of the white-wire soft arm prototype under different
motor actuation levels. From left to right: 2000, 3000, 4000 and 7000 Dynamixel
motor units.
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Figura 4.5: Relationship between the Dynamixel motor input and the resulting
bending angle of the white-wire soft arm prototype.

4.4.2 Braided Sleeve Arm Test
A second experimental campaign was conducted using a soft arm prototype rein-
forced with a braided sleeve structure covered with silicone. The resulting bending
angles obtained from the experiments are reported below:

• 2000 motor units: 18.03◦

• 3000 motor units: 32.46◦

• 4000 motor units: 45.85◦

• 5000 motor units: 50.90◦

• 7000 motor units: 62.57◦

The results show that the braided sleeve structure produces a progressive bending
behaviour as the tendon actuation increases. However, compared to the previous
white-wire configuration, the arm exhibits a different stiffness profile, with the
deformation increasing more gradually for higher motor inputs.

This behaviour can be attributed to the mechanical constraints introduced by
the braided reinforcement, which partially limits the radial expansion of the silicone
body and influences the resulting bending mechanics of the arm.
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Figura 4.6: Deformation of the white-wire soft arm prototype under different
motor actuation levels. From left to right: 2000, 3000, 4000 and 7000 Dynamixel
motor units.
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Figura 4.7: Relationship between the Dynamixel motor input and the resulting
bending angle of the white-wire soft arm prototype.

4.4.3 Red Wire Arm Test
A third experimental test was performed using a soft robotic arm prototype
reinforced with red internal wires embedded in the silicone body.

The bending angles measured during the experiment are reported below:

• 3000 motor units: 19.43◦

• 4000 motor units: 37.98◦

• 6000 motor units: 53.38◦

• 7000 motor units: 54.04◦

The results show that the arm exhibits progressive bending as the motor input
increases. However, compared with the previous designs, the increase in bending
angle becomes smaller for higher motor inputs, suggesting that the internal red
wire structure introduces additional stiffness that limits the maximum achievable
curvature of the arm.
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Figura 4.8: Deformation of the red-wire soft arm prototype under increasing
motor actuation levels.
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Figura 4.9: Relationship between the Dynamixel motor input and the resulting
bending angle of the white-wire soft arm prototype.

4.4.4 Discussion of the Experimental Results
The experimental tests allowed the evaluation of the bending behaviour of the
different soft robotic arm prototypes under tendon-driven actuation. By analysing
the relationship between the motor input and the resulting bending angle, it was
possible to investigate how the internal structural elements influence the mechanical
response of the arm.

For all the tested configurations, the bending angle increases as the motor input
increases. This behaviour confirms that the tendon-driven actuation mechanism
successfully generates controlled deformation of the arm.

Despite this common behaviour, the experimental results highlight significant
differences between the tested internal structures. In particular, the white-wire arm
exhibited the largest bending angles, reaching approximately 74◦ at the highest
motor input. This indicates that this configuration provides the highest level of
compliance, allowing the silicone structure to deform more freely under tendon
tension.

In contrast, the braided sleeve configuration showed a more moderate bending
response. Although the bending angle increased with the motor input, the maximum
curvature achieved was lower compared to the white-wire arm. The braided
reinforcement likely constrains the radial deformation of the silicone body and

72



Experimental results on design

distributes the internal stresses more evenly, increasing the overall structural
stiffness of the arm.

Similarly, the red-wire configuration exhibited a more limited bending behaviour
compared to the white-wire prototype. The internal wires introduce additional
stiffness along the arm structure, which restricts the deformation of the silicone
body. As a consequence, the achievable curvature becomes more limited for higher
actuation levels.

Another relevant observation concerns the nonlinear growth of the bending
angle for higher motor inputs. In particular, the increase in curvature becomes
progressively smaller at higher actuation values. This behaviour suggests the
presence of mechanical constraints within the structure, such as material stiffness,
geometric limitations, or tendon routing effects, which limit further deformation
once a certain curvature is reached.

Overall, the results demonstrate that the internal structural elements play a
fundamental role in determining the deformation capabilities of soft continuum
arms. Different reinforcement strategies lead to different stiffness characteristics,
which directly influence the relationship between tendon actuation and resulting
curvature.

From a design perspective, these findings highlight how the mechanical response
of soft robotic manipulators can be tuned by modifying the internal reinforcement
structure. By selecting different internal elements, it is possible to adjust the balance
between flexibility and structural stability depending on the desired manipulation
capabilities.
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Figura 4.10: Relationship between the Dynamixel motor input and the resulting
bending angle of the white-wire soft arm prototype.

Arm with Internal Skeleton

Although the previous configurations exhibit different bending behaviours, the dif-
ferences in maximum curvature remain relatively limited in the final configurations.
For this reason, an additional arm configuration incorporating an internal skeleton
was investigated, in order to explore a more structurally distinct solution and assess
its effect on bending performance.

To ensure a consistent and fair comparison with the previously tested confi-
gurations, the bending angle was evaluated over the same reference arm length.
Specifically, the tracked point was placed at a distance of 277.13 mm from the base,
corresponding to the reference length adopted for the other arm configurations.
This approach enables a direct comparison of the bending behaviour across different
designs, independently of their total length. As a consequence, the calculated
bending angle does not include the final distal portion of the arm, where additional
curling occurs.

The experimental results showed that this configuration required higher motor
inputs to achieve comparable bending deformations. For a motor input of 7000
units, the measured bending angle was approximately 46.37◦. By increasing the
motor input to 9000 units, the bending angle increased up to approximately 98.91◦.

So the results suggest that the internal skeleton increases the effective stiffness
of the arm, requiring a larger actuation input to generate significant bending. At
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the same time, the deformation pattern differs from the previous prototypes. In
particular, the arm develops a more constrained curvature and, at higher actuation
levels, a double-curling configuration can be observed.

This behaviour indicates that the internal skeleton does not only affect the
magnitude of the bending angle, but also modifies the overall deformation mode
of the structure. Rather than behaving as a homogeneous elastic body, the arm
with internal skeleton exhibits a guided deformation influenced by the internal
reinforcement.

Figura 4.11: Deformation of the arm prototype with internal skeleton under
different motor inputs. Left: configuration obtained with a motor input of 7000
units. Right: configuration obtained with a motor input of 11000 units, showing
the development of a double-curling pattern.
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4.5 Comparison of tip designs
A comparison between the configurations with and without internal skeleton hi-
ghlights key differences in their mechanical response under tendon-driven actuation.

The arm without internal skeleton achieves a lower curvature for the same
amount of tendon pulling, indicating a less effective transmission of the actuation
input. In addition, this configuration exhibits a noticeable out-of-plane twisting,
resulting in a less predictable and less controlled deformation. Furthermore, the
bending is distributed along the entire length of the arm, leading to a less localized
and less controllable motion.

On the other hand, the configuration incorporating the internal skeleton shows
a higher curvature for the same tendon displacement, demonstrating a more
efficient conversion of tendon input into bending. As observed in Fig. 4.12, the
deformation is more localized near the distal region, while the rest of the arm
remains relatively straight during the initial bending phase. Moreover, the presence
of the internal skeleton suppresses undesired twisting and ensures a more stable
and repeatable behaviour, maintaining the deformation within a well-defined plane.
These observations highlight the role of the internal skeleton in enhancing bending
efficiency, spatial localization of deformation, and overall stability, leading to a
more controlled actuation response.

76



Experimental results on design

(a) Arm without internal skeleton. (b) Arm with internal skeleton.

Figura 4.12: Comparison of distal tip behaviour under tendon-driven actuation.
The configuration without internal skeleton (a) achieves a larger curvature for
the same tendon displacement, but exhibits significant out-of-plane twisting. In
contrast, the arm with internal skeleton (b) shows reduced curvature due to
increased stiffness, while ensuring a more stable and controlled deformation, with
negligible twisting.

4.6 Mechanical Characterization of the Arm Tip
In addition to the bending experiments performed on the full arm prototypes,
further tests were conducted to investigate the mechanical behaviour of the distal
region of the arm. In particular, tensile tests were performed on arm configurations
including the distal tip, in order to analyse the mechanical response of the tip
under axial loading.

Experimental Setup

The experiments were carried out using a universal testing machine (Zwick/Roell).
During the test, the base of the arm was rigidly fixed to the upper clamp of the
machine. A controlled vertical displacement was applied, progressively stretching
the arm while measuring the corresponding reaction force.
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The machine recorded the applied force as a function of the imposed displacement,
allowing the evaluation of the force–displacement behaviour of the tested arm tips.

Figura 4.13: Experimental setup used for the tensile tests performed on the arm
prototypes including the distal tip.

Tested Tip Configurations

Two different arm configurations were tested, including the distal tip.
The first configuration consisted of a homogeneous silicone arm reinforced with

a fishing line and externally covered with a white cross-linked nylon thread. The
total length of this prototype, including the tip, was about 31 cm.

The second configuration concerned the resin skeleton in the silicone body. The
total length of this arm was about 47 cm, with a length of the internal skeleton of
about 42 cm (33 cm excluding the distal tip and 42 cm including the tip).

Force–Displacement Results

For each configuration, multiple tensile tests were performed to evaluate the
mechanical behaviour of the arm tip. The resulting force–displacement curves are
reported in Figures 4.14 and 4.15.

These curves represent the measured reaction force as a function of the imposed
displacement applied by the testing machine.
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Figura 4.14: Force–displacement curves obtained for the arm configuration
including the internal skeleton.
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Figura 4.15: Force–displacement curves obtained for the silicone arm reinforced
with fishing line and covered with white wire.

Comparison of Tip Behaviour

The comparison between the two configurations highlights clear differences in the
mechanical behaviour of the arms with the tip.

The arm including the internal skeleton shows a higher resistance to deformation,
as indicated by the larger forces required to reach similar displacement levels. This
behaviour suggests that the internal skeleton significantly increases the effective
stiffness of the distal region of the arm.

In contrast, the homogeneous silicone arm reinforced with the fishing line
exhibits a more compliant mechanical response. Lower forces are required to
achieve comparable displacements, indicating a more flexible structure where the
deformation is mainly governed by the elastic behaviour of the silicone material.

Additionally, the force–displacement curves exhibit nonlinear behaviour and
noticeable hysteresis between loading and unloading phases. This phenomenon
is typical of soft elastomeric materials and reflects energy dissipation within the
silicone structure.
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Conclusion

Biological observations highlight that the distal tip of the octopus arm does not
behave as a purely passive element, but plays an active role in exploration and
interaction with the environment. In particular, the distal region exhibits continuous
and fluid motion even in the absence of contact, suggesting an intrinsic dynamic
behavior.

At the same time, the octopus demonstrates a high level of control along the
entire arm. Although the arm can be considered mechanically continuous and
structurally coherent along its length, the distal portion appears more flexible and
responsive. This behavior is mainly related to its smaller size, which results in lower
bending stiffness and a faster dynamic response. Therefore, the increased flexibility
observed at the tip does not arise from a fundamentally different structure, but
rather from a scaling effect along the arm.

Based on these observations, a series of robotic arms with different internal
configurations was developed to investigate how such variations influence the overall
mechanical behavior. This approach enabled a direct comparison between different
design solutions and highlighted the role of internal architecture in determining
the system response.

However, due to design and anchoring constraints, a small distal portion of the
robotic arm remains made exclusively of silicone and is not directly actuated. As
a result, the implemented tip does not fully replicate the continuous actuation
observed in biological systems, representing a limitation of the current prototype.

Experimental tests with tendon-driven actuation showed a clear relationship
between motor input and bending angle, confirming the system’s ability to generate
controlled curvature. The results demonstrate that both the type and the dimensions
of the internal elements significantly affect the mechanical response of the arm.

Considering the global deformation (excluding the distal tip), the configuration
with an internal skeleton achieves a larger curvature range, but requires greater
tendon displacement and higher forces due to increased structural stiffness. In
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contrast, the configuration with a braided nylon guide exhibits a more compliant
response and smoother deformation.

When focusing on the distal region, a different trend emerges: the configuration
with an internal skeleton enables greater, faster, and more controlled curvature,
as well as improved localization of deformation. This behavior can be further
interpreted by considering the effect of scale and the amount of material involved.
In larger structures, characterized by a higher volume of silicone, the internal
skeleton significantly increases overall stiffness, as both the material volume and the
structural reinforcement contribute to resisting deformation. Consequently, higher
forces and displacements are required to achieve comparable global curvature.

Conversely, in the distal region, characterized by smaller dimensions and reduced
material volume, the stiffness introduced by the skeleton becomes less limiting and
instead enhances control, allowing for more effective and localized bending..
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