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Abstract   Soft robotics, intended as the use of soft materials in robotics, is a 
young yet promising and growing research field. The need for soft robots emerged 
in robotics, for facing unstructured environments, and in artificial intelligence, too, 
for implementing the embodied intelligence, or morphological computation, para-
digm, which attributes a stronger role to the bodyware and its interaction with the 
environment. Using soft materials for building robots poses new technological 
challenges: the technologies for actuating soft materials, for embedding sensors 
into soft robot parts, for controlling soft robots are among the main ones. Though 
still in its early stages of development, soft robotics is finding its way in a variety 
of applications, where safe contact is a main issue, in the biomedical field, as well 
as in exploration tasks and in the manufacturing industry. Literature in soft robot-
ics is increasingly rich, though scattered in many disciplines. The soft robotics 
community is growing worldwide and initiatives are being taken, at international 
level, for consolidating this community and strengthening its potential for disrup-
tive innovation. 

21.1 Introduction: The Need for Soft Robots 

Soft robotics, intended as the use of soft materials in robotics, is a young yet 
promising and growing research field [1]. Soft robotics stems from robotics, on 
one side, and from artificial intelligence, on the other side.  

Robotics evolved significantly from its recent birth in the ‘50s and is today a 
solid discipline with a good wealth of knowledge and technologies. Though robot-
ics basically evolved in the field of industrial manufacturing, service applications 
were soon investigated by roboticists [2]. The huge difference in the two applica-
tion domains can be summarized in being the environment structured, in industrial 
manufacturing, and unstructured in service applications, where robots are ex-
pected to operate in a variety of scenarios, of our own world. For this reason, ser-
vice robotics brought to bioinspiration, as investigating the animals that evolved 
and successfully live in these environments is definitely a good starting point for 
building like-wise successful robots [3][4]. It is then clear that soft tissues have a 
dominant role in animals, with respect to their rigid skeletons and exoskeletons. 
The use of soft deformable and variable stiffness technologies in robotics repre-
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sents an emerging way to build new classes of robotic systems that are expected to 
interact more safely with the natural, unstructured, environment and with humans, 
and that better deal with uncertain and dynamic tasks (i.e. grasping and manipula-
tion of unknown objects, locomotion on rough terrains, physical contacts with 
human bodies, etc.) [5]. 

In artificial intelligence, too, one of the modern views is based on the decisive 
role of the interaction with the environment. This interaction is not just intended as 
reaction to external forces and perturbations, but especially as control of move-
ments. This means that the morphology of the body and the mechanical properties 
also play a decisive role in intelligent behaviour [6]. In other words, a part of 
movement control is not given by computation and neural processes, but by pas-
sive adaptation of body parts to the forces borne, in prevailing tasks, in so-called 
embodied intelligence and morphological computation. 

21.2 The Challenges for Soft Robotics, Through the Octopus 
Showcase 

Look at an octopus with a roboticist’s eyes: its arms are soft and deformable, they 
can bend in any direction, at any point along the arm; however, they can stiffen 
when needed and they can grasp and pull objects with considerable strength. The 
octopus is undoubtedly a good model for soft robotics, and an extreme one, con-
sidering that it has no rigid structures, of any kind.  

The octopus does not have a large brain, yet it can control this huge amount of 
possible movements and motion parameters [7]. Its soft body seems to simplify 
control exploiting its rich interaction with environment, which is thought to be at 
the base of its unexpected intelligence. The octopus then represents an ideal model 
for morphological computation, too. 

Understanding the secrets of the octopus soft dexterity and copying some of the 
key principles is an effective case-study for facing the different challenges, in dif-
ferent disciplines, related to the development of soft robots [8]. These have been 
the main objectives of the OCTOPUS project. 

21.2.1 Biological Insights 

The first big lesson from biology is the muscular hydrostat [9][10]: a muscular 
structure composed of longitudinal, transverse and oblique muscles, which allows 
all-direction bending, by selective contractions, elongation and shortening, by con-
tractions of the transverse and longitudinal muscles, respectively, torsion, by con-
tractions of the oblique muscles, and stiffening, by co-contractions. 

Among open questions were: how long can an octopus arm stretch? How are 
nervous fibres arranged inside the arm, not to be stretched and damaged? What 
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force can each arm generate when pulling? How are longitudinal and transverse 
muscles arranged and anchored along the arm? What are the mechanical proper-
ties of the octopus muscular tissue? What is the density of an octopus? How are 
the fibres of the connective tissue arranged? What are principles of the crawling 
mechanism?  

Biomechanical measurements on arms of specimens of Octopus vulgaris, with 
purposively designed bioengineering tools (see Fig. 21.1), gave evidence of an av-
erage 73% elongation and an average 40N force applied with one arm [11][12]. 
Imaging and biological analysis of the octopus arm tissue (ecography, histology, 
SEM) gave evidence of the helicoidal arrangement of nervous fibres in the central 
nerve chord [13], of the radial transverse fibres and of the anchoring of longitudi-
nal fibres at different lengths along the arm. Mechanical tests showed a hyperelas-
tic behaviour of the octopus arm tissue and a density very close to the water densi-
ty, giving neutral buoyancy. Video analysis of the swimming and of the crawling 
movements outlined the mechanisms of pulsed jet propulsion and back-arm push-
ing for crawling [14][15].  

The results have been translated into specifications for the robot design 
[16][17]. 

 

  
Fig. 21.1 From top to bottom, left to right: The experimental set-up for measurements and for 
echography of the octopus arm, and an image of corresponding histology, used for comparison. 
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21.2.2 Soft Actuation Technologies 

The actuation of soft bodies, producing the desired deformations and desired forc-
es, is one of the main challenges in soft robotics. In animals, analogous actuation 
is given by a number of muscle fibres, well distributed in the body. While artificial 
muscles are still an open objective for engineering, several technologies are cur-
rently being investigated to this purpose. 

An important technological field, in the quest for artificial muscles, is repre-
sented by EAP, ElectrActive Polymers [18][19]. They use the property by which 
two layers of conductive material tend to attract when powered, by a Coulomb at-
traction force, thanks to the Maxwell effect, if the medium between them can be 
compressed. They are then well-suited to stand as soft actuators, as they can be 
built with soft materials like silicone, though the geometry needs to be carefully 
designed in order to obtain useful strain [20]. 

Shape Memory Alloys (SMA) are alloys that deform to an original shape when 
heated [21]. They are not strictly soft materials, but they are used in wires that can 
well serve the purpose of actuating soft materials [22][23]. Despite of their well-
known drawbacks in slow deformation, difficult controllability, low strain, SMA 
springs stand as an effective solution for the OCTOPUS front arms, well comply-
ing with the specifications of the water environment, slow contractions, and on-off 
control [24]. 

Compressed air is a powerful actuation system for soft materials. In addition to 
the well-known McKibben actuators [25], compressed air has recently been used 
for deforming soft body parts at lower scales. In the starfish-like robot by [26], 
networks of channels in elastomers inflate for actuation.  

21.2.3 Soft Robot Modeling and Control 

New approaches are necessary for modelling and controlling soft-bodied struc-
tures. The 50-year history of robotics and of robot control is based on the assump-
tion that robots are kinematic chains of rigid links. Robot control theories and 
techniques have developed on this assumption and reached today a very high level 
of solidity, rigour, accuracy, and progress [2]. The use of soft materials in robotics 
is going to unhinge these fundamentals, as most rules no longer stand. Known 
techniques for kinematic and dynamic modelling in robotics cannot be used, while 
techniques for the modelling of continuum structures are needed. Control needs a 
deep rethinking, as well, not only for the lack of exact kinematics and dynamics 
models, but also for the increased role of interaction with environment. 

Most of the approaches currently in use for the direct model of continuum soft 
robot are limited to piecewise-constant-curvature approximation [27]. Recently, 
Jones et al. [28] presented a steady state model of continuous robot neglecting the 
actuation. In the work by Boyer et al. [29] the distributed force and torque acting 
on the robot are estimated but no discussion is made concerning on the actuators 
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that could generate them. A continuum geometrically exact approach for tendon-
driven continuum robot has been proposed by Renda et al. [30]. It is capable of 
properly simulating the coupled tendon drive behaviour of non-constant curvature 
manipulators, because it takes into account the torsion of the robot. The inverse 
model proposed in literature for controlling continuum soft robot follows different 
approaches. A modal approach was proposed by Chirikjian et al. [31]. A success-
ful Jacobian method for a non-constant curvature tendon-driven manipulator is 
proposed and compared with a neural approach [32][33]. 

21.2.4 Integration and Validation of an Octopus-like Robot 

The final OCTOPUS prototype is the first completely soft robot, which integrates 
a central body with 8 arms extending in radial directions and the main processing 
units (see Fig. 21.2). The front arms are mainly used for manipulation, elongation, 
grasping, the others are mainly used for locomotion. To optimize elongation, 
reaching and manipulation tasks the front arms are based on the SMA actuators, 
which reproduce the internal anatomical features of the real octopus arm, and thus 
allow to perform finely controlled and precise movements. The other arms, which 
are used for crawling, are based on silicone and cables, embedding the features 
needed to obtain an octopus-inspired locomotion. The robotic octopus works in 
water and its buoyancy is close to neutral. 

21.3 Soft Robots at Work 

21.3.1 Biomedical Applications of Soft Robotics: Octopus-derived 
Technologies in Surgery 

Minimally invasive surgery is nowadays widely used in clinical practice and pro-
gresses are going on at a good pace. Few limitations in modern laparoscopic and 
robot-assisted surgical systems are due to restricted access through Trocar ports, 
lack of haptic feedback, and difficulties with rigid robot tools operating inside a 
confined space filled with organs.  

The STIFF-FLOP21 project aims at taking inspiration from biological manipula-
tors like the octopus arm and the elephant trunk and at taking advantage of the 
OCTOPUS research and technologies for developing a highly dexterous soft ro-
botic arm able to locally control its stiffness for both being compliant with the en-
vironment and accomplishing surgical tasks.  

 

                                                           
21 www.stiff-flop.eu 
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Fig. 21.2 From left to right, top to bottom: Scheme of the OCTOPUS arm components; images 
of the OCTOPUS arm with SMA actuators in the braided structure (credits to Massimo Brega, 
The Lighthouse); an image of the OCTOPUS prototype exhibited at the Science Museum in 
London (credits to Jennie Hills, Science Museum); image of the 8-arm robot in water, with 2 
front SMA arms and 6 crawling arms. 

A combination of pneumatic actuation and granular jamming led to the first 
prototype of a soft endoscope with controllable stiffness [34]. 

21.3.2 Soft Robots in Explorations: An Octopus-like Underwater Robot 

Robotics has proved to be an essential tool for underwater operations. A number 
of tasks are today accomplished by robots, such as Remotely Operated Vehicles 
(ROVs) and Autonomous Underwater Vehicles (AUVs). Standard working proce-
dures for these kinds of vehicles envisage the robots to work at a safe distance 
from the sea bottom or the submerged structure upon which operation is being car-
ried out in order to avoid the risk of damage. Instead, the introduction of soft ro-
bots in this field brings a disruptive perspective to underwater explorations and 
operations.  
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The PoseiDRONE Project aims at developing a soft robot capable of swim-
ming, crawling over irregular and uneven substrates and perform complex manip-
ulation tasks in cramped environments underwater. The capability to perform mul-
tigait locomotion in the aquatic environment and manipulation along with an 
overall highly compliant structure provide this robot with unprecedented assets 
[35] (see Fig. 21.3). This robot will be applicable in marine operations such as 
those entailed with coastal and offshore engineering, petroleum and drilling tech-
nology as well as underwater archeology and environmental protection. 

 

   
Fig. 21.3 Images of the PoseiDRONE prototype, from left to right: view of the 4-arm prototype 
in a salt water tank, the prototype in sea water, detail of the pulsed-jet propulsion with the fluo-
rescein dyed vortex ring (credits to Massimo Brega, The Lighthouse). 

21.3.3 Soft Grippers for Manufacturing 

While robotics has contributed fundamental technologies for manufacturing pro-
cesses, there are still few industrial tasks that cannot be performed with current 
robotic grippers, requiring higher flexibility and adaptability to different shapes. 
For those tasks, soft robotics can be effectively applied, by producing soft grippers 
than can intrinsically adapt to grasp different shapes. 

The SMART-e22 Marie Curie Action aims at investigating this application of 
soft robotics through a European network of PhD research programmes. Specific 
topics are soft robotics and morphological computation, octopus-based technolo-
gies for manipulation in manufacturing, soft robotic grippers for industrial manu-
facturing. 

21.4 Conclusions 

The many challenges and the many potential applications of soft robotics involve 
a number of different disciplines and sectors. They also attract the interest of an 
increasing number of researchers worldwide and literature in this topic is growing 

                                                           
22 http://smart-e-mariecurie.eu/ 
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at a fast pace: from basically no papers until 2004, to 10 papers in 2008, and 40 
papers in 2012. 

While this interdisciplinary nature of soft robotics is one of its main strengths 
for disruptive innovation, at the same time one of the possible risks to jeopardize 
the full development of the potential of soft robotics is the scattered community. 

In 2012 a Technical Committee of the IEEE Robotics and Automation Society 
has been started on Soft Robotics23, to gather scientists in this field, at least from 
the robotics community, with the impressive results of collecting 379 members in 
less than two years. 

Including other disciplines, too, the scientific community of Soft Robotics is 
gathering around the ICT-FET Open RoboSoft24 Coordination Action, started in 
November 2013. A common forum helps soft robotics researchers to combine 
their efforts, to maximize the opportunities and to materialize the huge potential 
impact of soft robotics. RoboSoft is creating the missing framework for the soft 
robotics scientists, regardless of their background disciplines, and enabling the ac-
cumulation and sharing of the crucial knowledge needed for scientific progress in 
this field. RoboSoft is aiming not only to create and consolidate the soft robotics 
community, but also to establish effective links with relevant scientific communi-
ties potentially interested in exploiting soft robotics as case study. 

Soft robotics is not just a new direction of technological development. The use 
of soft materials in robotics is going to unhinge its fundamentals. Soft robotics is 
going to stand as a novel approach to robotics and artificial intelligence, and it has 
the potential to produce a new generation of robots, in the support of humans in 
our natural environments. 

Acknowledgments   These works have been supported by the European Commission with the 
OCTOPUS IP (# 231608, FET Proactive Initiative ICT 2007.8.5 “Embodied Intelligence”), the 
OCTO-PROP grant (#269477, Marie Curie European Re-integration Grants), the STIFF-FLOP 
IP (#287728, ICT Challenge 2), the SMART-e ITN (#608022, Marie Curie Action) and the Ro-
boSoft CA (#619319, ICT-FET Open) and by the Fondazione Livorno with the PoseiDRONE 
and PoseiDRONE II projects. The author wishes to acknowledge the work of the SSSA Soft Ro-
botics Team and of the project partners. 

21.5 References 

[1] Iida F, Laschi C (2011) Soft Robotics: Challenges and Perspectives. Procedia Computer 
Science, 7:99-102. doi:10.1016/j.procs.2011.12.030 

[2] Siciliano B, Khatib O (2008) Handbook of Robotics. Springer, Berlin 
[3] Brooks RA (1991) New approaches to robotics. Science 253:1227-1232. doi: 

10.2307/2879167 

                                                           
23 http://softrobotics.org/ 
24 http://www.robosoftca.eu/ 



263 

[4] Pfeifer R, Lungarella M, Iida F (2007) Self-organization, embodiment, and biologically in-
spired robotics. Science 318(5853):1088-1093. doi:10.1126/science.1145803 

[5] Kim S, Laschi C, Trimmer B (2013) Soft robotics: a bioinspired evolution in robotics. 
Trends in Biotechnology 31(5):287-294. doi:10.1016/j.tibtech.2013.03.002 

[6] Pfeifer R, Bongard JC (2007) How the Body Shapes the Way We Think: A New View of 
Intelligence. MIT Press, Cambridge 

[7] Wells MJ (1976) Octopus: Physiology and Behaviour of an Advanced Invertebrate. John 
Wiley & Sons, New York 

[8] Laschi C, Cianchetti M (2014) Soft Robotics: New Perspectives for Robot Bodyware and 
Control. Front. Bioeng. Biotechnol 2(3). doi:10.3389/fbioe.2014.00003 

[9] Kier WM, Smith KK (1985) Tongues, tentacles and trunks: the biomechanics of move-
ment in muscular-hydrostats. Zool J Linn Soc 83:307-324. doi:10.1111/j.1096-
3642.1985.tb01178.x 

[10] Kier WM, Stella MP (2007) The arrangement and function of octopus arm musculature 
and connective tissue. J. Morphol. 268:831–843  

[11] Mazzolai B, Margheri L, Dario P, Laschi C (2013) Measurements of Octopus Arm Elon-
gation Movement: Evidence of Differences by Animal Sex and Size. J Exp Mar Biol Ecol 
447:160–164. doi:10.1016/j.jembe.2013.02.025 

[12] Margheri L, Mazzolai B, Dario P, Laschi C (2012a) A bioengineering approach for in vivo 
measurements of the octopus arms. J Shellfish Res 30(3):1012-1012. 
doi:10.2983/035.030.0342 

[13] Margheri L, Ponte G, Mazzolai B, Laschi C, Fiorito G (2011) Non-invasive study of Octo-
pus vulgaris arm morphology using ultrasound. J Exp Biol 214:3727-3731. 
doi:10.1242/jeb.057323 

[14] Giorgio-Serchi F, Arienti A, Laschi C (2013) Biomimetic Vortex Propulsion: Toward the 
New Paradigm of Soft Unmanned Underwater Vehicles. IEEE/ASME Trans. Mechatron-
ics 18(2):484-493. doi:10.1109/TMECH.2012.2220978 

[15] Calisti M, Giorelli M, Levy G, Mazzolai B, Hochner B, Laschi C, Dario P (2011) An oc-
topus-bioinspired solution to movement and manipulation for soft robots. Bioinspir Bio-
mim 6:036002. doi:10.1088/1748-3182/6/3/036002 

[16] Margheri L, Laschi C, Mazzolai B (2012b) Soft robotic arm inspired by the octopus. I. 
From biological functions to artificial requirements. Bioinspir Biomim 7(2):025004. 
doi:10.1088/1748-3182/7/2/025004 

[17] Mazzolai B, Margheri L, Cianchetti M, Dario P, Laschi C (2012) Soft-robotic arm inspired 
by the octopus: II. From artificial requirements to innovative technological solutions. 
Bioinspir. Biomim. 7(2):025005. doi:10.1088/1748-3182/7/2/025005 

[18] Bar-Cohen Y (2004) Electroactive Polymer (EAP) Actuators as Artificial Muscles. SPIE 
Press, Bellingham 

[19] Carpi F, Smela E (2009) Biomedical applications of electroactive polymer actuators. 
Wiley, New York 

[20] Cianchetti M, Mattoli V, Mazzolai B, Laschi C, Dario P A new design methodology of 
electrostrictive actuators for bio-inspired robotics. Sensor Actuat B-Chem 142(1):288-297. 
doi:10.1016/j.snb.2009.08.039 

[21] Pons JL (2005) Emerging Actuator Technologies: A Micromechatronic Approach. John 
Wiley & Sons, Chichester 

[22] Cianchetti M (2013) Fundamentals on the Use of Shape Memory Alloys in Soft Robotics, 
in Interdisciplinary Mechatronics: Engineering Science and Research Development. In: 
Habib MK and Paulo Davim J (ed) Interdisciplinary Mechatronics: Engineering Science 
and Research Development. Wiley-ISTE, Hoboken. 

[23] Lin HT, Leisk GG, Trimmer B (2011) GoQBot: a caterpillar inspired soft-bodied rolling 
robot. Bioinspir. Biomim. 6:026007. doi:10.1088/1748-3182/6/2/026007 



264  

[24] Laschi C, Cianchetti M, Mazzolai B, Margheri L, Follador M, Dario P (2012) Soft Robot 
Arm Inspired by the Octopus. Adv Robotics 26(7):709-727. 
doi:10.1163/156855312X626343 

[25] Chou C-P, Hannaford B (1996) Measurement and modeling of McKibben pneumatic arti-
ficial muscles. IEEE Trans Robot Autom 12:90-102. doi:10.1109/70.481753 

[26] Shepherd RF, Ilievski F, Choi W, Morin SA, Stokes AA, Mazzeo AD, Chen X, Wang M, 
Whitesides GM (2011) Multigait soft robot. PNAS 108(51):20400-20403. 
doi:10.1073/pnas.1116564108 

[27] Camarillo DB, Carlson CR, Salisbury JK (2009) Configuration tracking for continuum 
manipulators with coupled tendon drive. IEEE Trans Robot 25(4):798-808. 
doi:10.1109/TRO.2009.2022426 

[28] Jones BA, Gray RL, Turlapati K (2007) Three dimensional statics for continuum robotics. 
IEEE/RSJ Int. Conf. on Intelligent Robots and Systems 11-15. 

[29] Boyer F, Porez M, Khalil W (2006) Macro-Continuous Computed Torque Algorithm for a 
Three-Dimensional Eel-Like Robot. IEEE Trans Robot 22:763-775. 
doi:10.1109/TRO.2006.875492 

[30] Renda F, Cianchetti M, Giorelli M, Arienti A, Laschi C (2012) A 3D Steady State Model 
of a Tendon-Driven Continuum Soft Manipulator Inspired by Octopus Arm. Bioinspir. Bi-
omim. 7:025006. doi:10.1088/1748-3182/7/2/025006 

[31] Chirikjian GS, Burdick JW (1994) A modal approach to hyper-redundant manipulator kin-
ematics. IEEE Trans Robot Autom 10(3):343–354. doi:10.1109/70.294209  

[32] Giorelli M, Renda F, Calisti M, Arienti A, Ferri G, Laschi C (2012) A two dimensional in-
verse kinetics model of a cable driven manipulator inspired by the octopus arm. IEEE Int. 
Conf. on Robotics and Automation 3819-3824. 

[33] Giorelli M, Renda F, Ferri G, Laschi C (2013) A Feed-Forward Neural Network Learning 
the Inverse Kinetics of a Soft Cable-Driven Manipulator Moving in Three-Dimensional 
Space. IEEE/RSJ Int. Conf. on Intelligent Robots and Systems 5033-5039. 

[34] Cianchetti M, Ranzani T, Gerboni G, Nanayakkara T, Althoefer K, Dasgupta P, Menciassi 
A (2014) Soft robotics technologies to address shortcomings in today’s minimally invasive 
surgery: the STIFF-FLOP approach. Soft Robotics 1(2):122-131. 
doi:doi:10.1089/soro.2014.0001 

[35] Arienti A, Calisti M, Giorgio-Serchi F, Laschi C (2013) PoseiDRONE: design of a soft-
bodied ROV with crawling, swimming and manipulation ability. MTS/IEEE OCEANS 

 
  


	Part V Soft Robotic Applications
	21 Soft Robotics Research, Challenges, and Innovation Potential, Through Showcases
	21.1 Introduction: The Need for Soft Robots
	21.2 The Challenges for Soft Robotics, Through the Octopus Showcase
	21.2.1 Biological Insights
	21.2.2 Soft Actuation Technologies
	21.2.3 Soft Robot Modeling and Control
	21.2.4 Integration and Validation of an Octopus-like Robot

	21.3 Soft Robots at Work
	21.3.1 Biomedical Applications of Soft Robotics: Octopus-derived Technologies in Surgery
	21.3.2 Soft Robots in Explorations: An Octopus-like Underwater Robot
	21.3.3 Soft Grippers for Manufacturing

	21.4 Conclusions
	21.5 References





