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1. Summary

This deliverable is for internal use as a quick reference for the existing knowledge on the
octopus biology and a guideline define the work on the successive WR$ and 6. It is also

for external use as a guide to aid project evaluation.

Here we aim to describe in detail the biological knowledg®©otopusvulgaris with an
arm anatomical description (see DoW Task 2.1) andamalysis of the nervous system
characteristics and organization (motor and sensory) both at the level of the higher and peripheral
motor centres (see DoW Task 2.2). We also provide a summary of the studies of the motor

control of the stereotypical goakrécted arm movements (see DoW Task 2.3).
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2. Introduction

Today there are about 700 species of coleoid cephalopods inhabiting almost every marine
environment, from the deep sea to the tide level, from the tropics to the Polar regions. Coleoid
cephalopds are molluscs, yet in their morphology, physiology, ecology and even behavior were
shaped by a co evolutionary arms race with modern teleost fish. They often developed abilities and
properties convergent to vertebrates (Packard 19@ppus vulgarislives fast and dies young";

it grows extraordinarily quickly (by mulluscan standards), they mature after about a year and yet
rarely live for more than a two or maybe three years. Despite their short lives octopuses are
"brainy” animals and their behavids complex and diverse. The brain/body ratio@détopus
vulgaris is comparable to that of lower vertebrates and they are among the largest of any
invertebrate brains. Apart from its behavioral plasticity and high cognitive capacity the large size of
the bain is needed to control the animals flexible body and 3kieir brain anatomy and neuronal
pathways have been extensively studied (for reviews see: Budelmann et al., 1997; Nixon & Young
2003; Young, 1971).

The octopus is an ideal animal for studying ttapabilities of the advanced invertebrate
brain because of its complex vertebrhite behaviors (Hochner et al 2003; 2006). Octopuses
have been, and still are, extensively used for training experiments, because they learn rapidly.
They also use body page, swaying, advance and retreat, slower and faster arm movements,
skin color, skin smoothness or roughness, eyes and iris permutation to exhibit many subtle signs
of their difficulties and frustrations during the learning procedure (Budelmann et @r). 10
further practical advantage of trainir@ctopus vulgariss that they are solitary animals, are
relatively easy to handle in captivity and can withstand surgical procedures (Wells 1978; Young,
1971).

Most important the octopus is an ideal animal elddr studying the generation and
control of the movements of flexible arms. The knowledge thus gained is of immense relevance
to the field of biologically inspired robotic
efficient nervous and museaul control of its eight flexible arms (Gutfreund et al., 1996; 1998;
2006; Sumbre et al., 2001) can inspire the design and control of flexible robotic arms.

Understanding the central organization of the higher motor centers and the basic-s®&itsory
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organization of the octopus may now help solving engineering problems related to flexible

robotic arms, particularly in simplifying the construction and control of such appendages.

I n the vertebrate brain the convertgeence o
central nervous system is one condition for planning motor commakdiindamental
organi zational princi pl eExtessivetstudes éf miorostntulatioro p i ¢
of higher motor centers have shown the absence of such an organizatenoctopus brain.

I ndeed a motor representation in f orTheseof 00
overlapping circuitswere shown to be consistent with the functional organization of the

octopusesd compl ex but aljuvaguldishedyel vy smal | brain

In the octopus, one of the major major questions is, how are complex behavioral
capacities and motor and sensory information integrated to generate a specific behavioral
response. Furthermore we need to understand how the central iphe@emervous systems act
together to reach this goal. To tackle these questions, it is first necessary to look at the
morphological organization, the physiology and the behavioral outputs of the octopus central and
peripheral nervous system.

3. Organzation of the octopus arm anatomy and control systems
3.1 Description of the octopus arm anatomy and biomechanics
3.1.1 Description of the octopus arm anatomy

The arm consists of four distinct parts:

1. The skin or tegument
2. The muscles
3. The nervous system
4. The vascular system

The skin is composed of two layers (Cloney and Brocco, 1983; Budelmann et al., 1997):
1. The epidermis
2. The dermis
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The epidermis consists of a single sheet and is covered by striated cuticle. The dermis of
the octopus arm consists of contige tissue, which surrounds the chief muscle bundle in equal
thickness on all sides. It is permeated by many blassels, by muscular and nerve strands, and
also contains chromatophores and luminous organs.

The arms of octopuses consist of a tightlcksal threedimensional array of muscle
fibers. The musculature of the arms of octopuses not only generates the forces required for
movement, deformation and changes i n stiffnes
This type odr thé key ttearh isuuptper med Amuscul ar hyc

The musclesof the arm are classified into (Graziadei 1965, 1971):

1. the intrinsic musculature of the suckers

2. the intrinsic musculature of the arms

3. the acetabuldrachial musculature that connects the suckerseto th
arm musculature

The intrinsic musculature of the arm consists of a densely packed;dihrersional
array of muscle fibers surrounding a large central axial nerve cord that extends the full length of
the arm.

The nervous systems composed of threedtinct parts (Graziadei, 1971):

1. the central or axial nerve

2. the group of ganglion cells situated above each sucker

3. the intramuscular nerves
The peripheral nervous system of the arm endows the arm withidzathand central neural
control It contains apprimately 5 x 10 neurons for each arm, arranged within one axial nerve
cord, five intramuscular nerve cords and the ganglia ostickers (Fig. 1)The cerebrobrachial
tracts of each arm are linked by two groups of fibers that together comprise theacttezib
commissure (Fig. 2)One group of these fibers serves as a direct connection of each tract in the
arm to its neighbor, the other group projects circularly to connect all the arm tracts (Graziadel,
1971).



D2.1 Fundamentals of inspirations from octopus biology to flexible robotics

Fig. 1: Schematic cutaway diagram of awctopus sucker. A, acetabulum; AR, acetabular roof; AW,
acetabular wall; C, circular muscle; CC, crossed connective tissue fibers; D, dermis; E, extrinsic muscle;
EC, extrinsic circular muscle; EP, epithelium; IN, infundibulum; IC, inner connective tiagae M,
meridional muscle; OC, outer connective tissue layer; R, radial muscle; S1, primary sphincter muscle; S2,
secondary sphincter muscle.

The ganglia within a tract share the same structure along the entire length of the arm
Connectives and sengemotor nerves arise from the ganglionic core. Connectives link the core
with the four intramuscular nerve cords and with the sucker ganglia. The semstorynerves
are the nerves to the suckers and the nerves of the intrinsic arm muscles. Thisdaper gr
contains two categor i emtor mdrvest) @robaldysto stres$ therd s
involvement in a sensomyotor neural network in the arm (Graziadei, 19Tk chain of ganglia
which run the length of the arm innervate the suckers via theaveatits which innervate the
intrinsic arm muscles and thus carry the motor signals that drive arm movements. Two axonal
tracts, the cerebrobrachial tracts, run dorsally along the arm nerve cord. These tracts contain

axons that transmit efferent signalghe arm and afferent information to the central brain.
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Fig. 2: Muscles and nerves in the arm, shown in transverse section.

3.1.2 Muscle fiber morphology and arrangement

3.1.2.1 Morphology

Electron microscopic observations have eded that the transverse muscles have
sarcomeres of obliquely striated muscles (Kier 1985, 1991). The myosin filaments are very short
compared to those found in vertebrates (approximately 1.58 mm (Offer 1987)). Short thick
filaments and sarcomeres are @ueristic of fibers reaching high strain rates at the cost of a
relatively low tensile stress (e.g. Josephson 1975; Van Leeuwen 1991, TR82yansverse

muscle mass of the arms consists of typical cephalopod obliquely striated cells.
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Fig. 3: Tranwerse section of the arm @ctopus bimaculoideshowing the major components of the
intrinsic arm musculature. Connective tissues are stained red and muscle tissue is stained brown in this
preparation. AN, axial nerve cord; ACT, aboral crosiieelr conrective tissue sheet; AR, artery; CT,
connective tissue; IN, intramuscular nerve; LM, longitudinal muscle fibers; OCT, oral cifizsed
connective tissue sheet; OME, external oblique muscle layer; OMI, internal obligue muscle layer; OMM,
median oblique nmacle layer; TM, transverse muscle fibers; TR, trabeculae. Scale bamm®2000 mm-

thick paraffin section stained with PiecRbnceau and Haematoxylin

3.1.2.2 Arrangement

The axial nerve cord (AN) is situated on the central axis of the arm , it includeth bo
nerve cell bodies and axons (Fig. 3). Surrounding the AN is a tightly packed mass of muscle and
connective tissue consisting of three major groups of musithessverse, longitudinal and
obligue. Muscle fibers in thetransverse muscle mass(TM) are orentated in planes
perpendicular to the longitudinal axis of the arm and extend to insedroective tissue layers
(CT) on the oral and aboral sides, and transversely on connective tissues surrounding the oblique
muscles.The transverse muscle fibers extling approximately parallel to the sagittal plane
originate on the thick crossditber connective tissue sheets located on the oral and the aboral
side of the arm. They extend towards the central axis of the arm in longitudinal sheets between

bundlesoff ongi tudi nal muscl e. These | ongitudinal

9
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1965).Thelongitudinal muscle fibers (LM), are oriented parallel to the longitudinal axis of the
arm and surround the central core of transverse muscle. The fibers &xtgitddinally as
bundles between the trabeculae of the TM. Three pairsbtiffue musclesare observed:
external (EO), medial (MO) and internal (10). The external and medial oblique muscles
originate and insert on the oral and aboral connective tisyeesl The connective tissue sheets
consist of a crossefiber array, i.e., their fibers are oriented obliquely to the long axis of the arm
in a highly ordered array of both rigrégnd lefthanded helixes oriented at an angle o680 to
the long axis. Ta external and medial oblique muscles are also oriented at a similar angle to the
long axis of the arm and thus form a composite helical array of muscle and connective tissue
fibers oriented as both a righind a lefthanded helix. The internal oblique sules appear to
have their origin and insertion on connective tissues surrounding the transverse muscle. The
internal obligue muscles appear to be oriented at a smaller angle to the long axis of the arm,
ranging from 4660° (Kier & Stella, 2007).

A thin layer of muscle fibers arrangedrcumferentiallyis also present. This layer is
thickest on the aboral side and covers the aboral crébsrcconnective tissue layer. It extends
down each side of the arm as a thin layer, wrapping the external obliquke mayscs, and then

inserts on the oral crosséiber connective tissue layefFi@. 4) (Kier & Stella, 2007)

10
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Fig. 4. Transverse section of the arm@¢topus bimaculoidesboral to the axial nerve cord showing the
details of the musculature and tb@nnective tissue arrangement. Connective tissues are stained red and
muscle tissue is stained brown in this preparation. Fibers of the transverse musculature originate on the
aboral connective tissue sheet and extend through the longitudinal musculizidieg it into elongate
bundles. Many of the transverse muscle fibers are visible as they extend through the transverse muscle
mass to insert on the connective tissue surrounding the axial nerve cord. ACT, aboraklfilyessed
connective tissue sheetRA artery; CM, circular muscle layer; CT, connective tissue; IN, intramuscular
nerve cord; LM, longitudinal muscle fibers; OME, external oblique muscle layer; OMM, median oblique
muscle layer; TM, transverse muscle fibers: TR, trabeculae. Scale bar: 10D0pm-thick paraffin

section stained with PiciBonceau and Haematoxylin.

3.1.3 Biomechanics

Muscularhydrostats differ from more common musculoskeletal systems because muscles
alternately stiffen and support a structure, or produce movement. The atusetiherefore acts
both as the effector of movement and as the support for movement.
The most important biomechanical feature of a musdujdrostat is that it is a structure of
constant volume. Muscle tissue is composed primarily of an aqueous ligigd is practically
incompressible at physiological pressure. In a musdwdrostat, any change in one dimension
will cause a compensatory change in at least one other dimension (Kier & Smith, 1985).
Analysis of arm morphology from the standpoint of bemtmanics suggests that the

transverse musculature is responsibleelongation dthe arms, the longitudinal musculature is
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