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Abstract This chapter reports on the conceptual design of an octopus-inspired robot.
The investigation started from slow speed gaits, such as the crawling locomotion of
octopuses, and was followed by faster gaits such as bipedal walking and hopping.
Results envisage that this novel locomotion can be exploited to increase the mobility
of underwater robots in the benthic realm.

1 Underwater Legged Locomotion

Marine robotics experienced a steady growth over last years, fostered by the increased
request of underwater natural resources, as well as the number of scientific, explo-
ration and search and rescue missions performed in collaboration with underwater
robots. Although manipulation, interaction and motion are among the key system
abilities requested to underwater robots, the vast majority of those vehicles move in
what is called pelagic realm, i.e. the portion of the ocean ranging from above the
seabed to the water surface, and when they need to interact with underwater struc-
tures or surfaces, for example in inspection, sampling, and manipulation tasks, the
control complexity (and autonomy) drastically increases (or decreases) [11]. On the
contrary there exist a category of underwater vehicles, called generically crawlers
[19], which is purposely designed to explore the benthic real, i.e. the bottom of the
sea and some sub-surface layers. Crawlers are used to track mineral resources, oper-
ates in close-contact with structure or to provide high resolution information of the
benthos [16, 19]. They are usually rover-like vehicles, withwheels or tracks, and their
design should take into account water-related forces, which can tilt the vehicle over
and decrease the friction, resulting in reduced performance [19]. Moreover wheels
or tracks can get stuck in complex, uneven surfaces, thus reducing the motion capa-
bility of the robot, or they can cause serious damages to fragile substrates. On the
other hand, there is a great number of benthic animals which swiftly move onto
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the seabed or rocks, and gently interact with the environment: among them, we can
recognized several species of crab, lobsters, worms, shrimps, sea cucumbers, starfish
and octopuses.

Recently, octopus-inspired solutions attracted several researchers, especially in
the soft robotics niche: the amazing properties of the octopus arm,which are exploited
to manipulate objects and to move, have been source of inspiration for soft robotics
manipulators [12] and suckers [27], in addition to mobile soft vehicles. Octopuses
move in several different ways ranging from swimming by jet propulsion [25] or
sculling [26], to crawling [9] and bipedal walking [5, 6]. Octopus-like robots are
among the few pioneering prototypes of underwater legged machines, together with
other few examples [1, 3, 20], and this chapter presents three bioinspired solutions for
underwater legged locomotion. To begin with, the slowest movement of the octopus
was studied, called crawling, which is mainly used in shallow waters and on multiple
surfaces; then a faster locomotion, named bipedal walking, was investigated; and
finally an hopping-based locomotion is formulated, inspired by punting locomotion,
where the contact time is minimal and a flight (swimming phase) is clearly shown.
In the next sections I will report the principles of these kinds of underwater legged
gaits, while in Sect. 2 I will conclude the chapter and illustrate further developments.

1.1 Crawling

Octopus crawling appears as a cluttered sequence of pushing and pulling actions,
without a timely and organized coordination [23], however recent studies demon-
strated that octopus crawling relies on a few fundamental principles:

1. thrust tangential to the direction of elongation of the arm [9]
2. non-rythmical arm coordination made of instantaneous decision on which arm to

recruit to move in a certain direction [21]
3. stereotyped sequences of arm motions [9]

These three principles are illustrated in Fig. 1; practically, if the octopus wants to
move to the right, it elongates the arms to the left and pushes the body in the opposite
direction Fig. 1a; if a target suddenly appear, a novel set of arms is recruited to push in
the proper direction Fig. 1b, thus that an overall eight-arm coordination emerges from
single arm recruitment; and finally it is shown how the pushing action is based on four
repeated phases: a shorteningmotion (when the arm is shortened), an attaching phase
(when the arm sticks to the ground by means of the suckers), an elongation action
(when the arm elongates and pushes the body), and eventually a detaching phase,
Fig. 1c. These findings significantly reduce the features required to build a soft arm
devoted to locomotion: that arm should only be capable of shortening/elongating and
attaching/detaching. By taking as a reference these design objectives, a conical arm
made of silicone and cables was developed: the first version embedded one axial steel
cable and one longitudinal nylon cable, with two different functions. Thanks to the
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Fig. 1 Biological findings guided the development of the octopus inspired robot: a radial pushes,
b multi-arm recruitment, and c four phases pushing action

coiling or uncoiling of the steel cable, the arm reduced or increased its length,whereas
the longitudinal cable was used to bend the arm in a spiral like configuration. The
bending action was used to lift the arm (or to lie it) onto the ground, thus providing a
attaching/detaching mechanism, while the shortening/elongating strategy was used
to push the robot. Implementation and design details are reported in [9].

Following this seminal work, a further version of the arm was developed by using
the axial cable as a bar of a three-link mechanism, illustrated in Fig. 2: thanks to this
design, only one motor was needed to perform the sequence of actions required to
push the body forward. Moreover, a rotation in anti-clockwise direction allowed the
arm to push the robot, while a rotation in the opposite direction entailed a pulling
motion. By using this novel design it was possible to attach, in a radial configuration,
several copies of the compliant arm on a central rigid platform, which allowed the
underwater robot to move in every direction [4, 8]. Moreover, bioinspired control
strategies were implemented by taking into account the non-rythmical coordination
behaviour discovered in the animal. The positions of a target (balloon) on the frame
of an omni-directional camera were collected as input, while the actuations of the
corresponding armwereused as output of a goal-oriented sensory-motor coordination
strategy which was implemented on a six-arm robotic platform. This reactive control
strategy leaded to a reliable behaviour which allowed the robot to reach the target
in every position of the space, and moreover a two-arm coordination emerged when
the target was in between the direction of two pushing arms [22].

1.2 Bipedal Walking

The crawling solution, even if it was effective on several grounds [12], lacks the
dexterity and speed desired in underwater mobile robots, hence we tried to exploit
the compliant actuation mechanism developed for crawling in novel configurations,
with the goal of improving the mobility of the robot. A novel platform, called
PoseiDRONE, was developed for this purpose [2]: it featured only four-arms, but
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Fig. 2 The compliant arm is used as a bar of a three-link mechanism. The rotation of the crank (i)
entails a pseudo-elliptical loop in the arm (ii), which allow the robot to push or pull the ground

with robot geometries optimized (via evolutionary design) to realize faster gaits [5,
13, 14]. The work was again inspired by a gait performed by the octopus: the bipedal
walking. In this gait, the animal stands in a bipedal-like posture and, in a roughly
coordinate action, it uses a couple of arms to push forward the body [17, 18]. By
lodging over the body of the robot a controllable floating module, we tested a bipedal
actuation and reported the speed the robot, which was considerably higher than the
crawling one, while the behaviours was qualitatively influenced by sculling move-
ments as well [6]. Particularly, we noticed that it was possible to exploit body/water
relationships to design improved underwater legged robots [13, 14], and that the
duty factor drastically decreased, due to long swimming phases after short push-
ing phases, as the buoyancy contribution increased. This motivates the investigation
of a pushing-based motion which employed very brief, impulsive, pushing phases
followed by gliding phases, as to reduce to the minimum the contact with the envi-
ronment yet to increase the speed of the robot.

1.3 Underwater Hopping

Such desired dynamic motion was similar to the one-leg hopping behaviour imple-
mented on a pogo-stick machine to study terrestrial running [24]. Similar to the ter-
restrial counterpart, we expected that it was possible to obtain reliable self-stabilizing
running behaviours also in underwater legged locomotion, and a monopedal running
model was developed to test this hypothesis [10]. The model was based on the suc-
cessful Spring Loaded Inverted Pendulum (SLIP) template, which was extensively
used as a reference for the control of running machines [15]. The novel model, called
Underwater-SLIP (U-SLIP), included water related contributions such as the drag,
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buoyancy forces, and the addedmass. Results demonstrate how the U-SLIP reaches a
self-stabilizing periodic behaviour, even whenmoving over uneven terrains with ran-
dom disturbances. Based on those results, a monopedal robot was design, developed
and tested on several grounds, confirming the high stability of underwater robots
employing such hopping locomotion [7].

2 Conclusion

Underwater legged locomotion is using tools and strategies of soft robotics to increase
the interaction and motion capabilities of underwater robots. By using bioinspired
design, soft solutions can be quickly developed and tested, while more focussed
design methods can be used to properly exploit water/soft-body relationship. The
qualitative solutions presented envision the long term goal of demonstrating quanti-
tatively augmented capabilities related to stability of the locomotion, reduced damage
to the environment and improved motion on the benthic realm.
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