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Traditional robots have rigid underlying structures that limit their ability to interact with their environment. For example,
conventional robot manipulators have rigid links and can manipulate objects using only their specialised end effectors. These
robots often encounter difficulties operating in unstructured and highly congested environments. A variety of animals and
plants exhibit complex movement with soft structures devoid of rigid components. Muscular hydrostats (e.g. octopus arms
and elephant trunks) are almost entirely composed of muscle and connective tissue and plant cells can change shape when
pressurised by osmosis. Researchers have been inspired by biology to design and build soft robots. With a soft structure and
redundant degrees of freedom, these robots can be used for delicate tasks in cluttered and/or unstructured environments.
This paper discusses the novel capabilities of soft robots, describes examples from nature that provide biological inspiration,
surveys the state of the art and outlines existing challenges in soft robot design, modelling, fabrication and control.
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1. Introduction

Robots can be classified as hard or soft on the basis of

the compliance of their underlying materials, as shown

in Figure 1. A soft robot is inherently compliant and ex-

hibits large strains in normal operation. Over the last 10

years, researchers have developed soft robots that provide

new capabilities relative to traditional, hard robots. Table

1 compares the characteristics and capabilities of soft and

hard robots. The most commonly used hard robots are kine-

matically nonredundant. These robots are typically used in

well-defined environments in which they repetitively per-

form a prescribed motion with great precision. This capabil-

ity is exploited in many successful applications, primarily

in manufacturing. These robots are designed to be stiff so

that vibration and deformation of the structure and drive-

train do not reduce the accuracy of movement. In general,

hard robots have multiple flexible joints connected by stiff

links. Each joint is flexible in one rotary or translational

direction to provide a degree of freedom (df) of robot mo-

tion. The combined motion of all the df sweeps out the

workspace or the locus of points that the tip position can

attain. Hard robots are hyperredundant when the number of

joints is very large. Robots made of certain hard materials

such as shape memory alloys (SMAS) can also be designed

to have continuous deformation and thus infinite df. Hyper-

redundant robots have the potential to work in unstructured

environments and provide high dexterity.
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Soft robots and traditional hard robots use different

mechanisms to enable dexterous mobility (see Figure 2(a)).

Soft robots have distributed deformation with theoretically

an infinite number of df. This leads to a hyper-redundant

configuration space wherein the robot tip can attain ev-

ery point in the three-dimensional workspace with an infi-

nite number of robot shapes or configurations. Soft robots

have an additional advantage over hard hyper-redundant

robots in that they generate little resistance to compressive

forces and therefore can conform to obstacles. Therefore,

they can carry soft and fragile payloads without causing

damage. Using large strain deformation, they can squeeze

through openings smaller than their nominal dimensions.

This makes them ideal for applications such as personal

robots that interact with people without causing injury,

service and painting robots that need high dexterity to

reach confined spaces, medical robots, especially for use

in surgery, and defence and rescue robots that operate in

unstructured environments.

Soft robots differ from hard, hyper-redundant (e.g. ser-

pentine and continuum) robots. Hirose (1993) reviewed the

applications, kinematics and design of serpentine robots.

Robinson and Davies(1999) presented a short review of

continuum robots, distinguishing them from discrete (non-

redundant) and serpentine (hyper-redundant) robots. They

further classified continuum robots as intrinsic, extrinsic

or hybrid on the basis of the method and location of
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Table 1. Characteristics of different types of hard (first three columns) and soft robots.

Rigid Discrete hyperredundant Hard continuum Soft

Properties
df Few Large Infinite Infinite
Actuators Few, discrete Many, discrete Continuous Continuous
Material strain None None Small Large
Materials Metals, plastics Metals, plastics Shape memory alloy Rubber,

electroactive polymer
Capabilities

Accuracy Very high High High Low
Load capacity High Lower Lower Lowest
Safety Dangerous Dangerous Dangerous Safe
Dexterity Low High High High
Working environment Structured only Structured and unstructured Structured and unstructured Structured and

unstructured
Manipulable objects Fixed sized Variable size Variable size Variablesize
Conformability to obstacles None Good Fair Highest

Design
Controllability Easy Medium Difficult Difficult
Path planning Easy Harder Difficult Difficult
Position Sensing Easy Harder Difficult Difficult
Inspiration Mammalian limbs Snakes, fish Muscular hydrostats

mechanical actuation. Simaan et al. (2004) presented an

overview of snake-like active bending devices used for min-

imally invasive surgery (MIS) of the throat.

The finite, controllable df of a soft robot are dictated

by the actuators. Rigid-linked robots have an actuator, typi-

cally an electric motor, for every joint. The actuators of soft

robots are typically integrated into and distributed through-

out the structure. Often, the actuators make up most of

the structure. This dual actuator/structure functionality pre-

vents the use of many traditional hard actuators such as elec-

tric motors in soft robots. The deformation resulting from

activation of an actuator is defined by the actuation mecha-

nism and strain and the actuator size, shape and location in

the structure. Soft robots fall into a class of systems that are

termed ‘underactuated’ because, unlike hard robots, there

is not an actuator for every df . Other df may be influenced

by the actuators, but many df are not controllable.

Figure 1. Classification of robots based on materials and degrees
of freedom. Hatched area represents empty set.

Sensing and controlling the shape of a soft robot are

challenging. Their structure is a continuum, so exact mea-

surement of the shape and tip position is difficult. Deciding

what to measure and how to use the measurements to control

mobility is challenging. Hard robots measure the position

of each joint with a high-resolution encoder as shown in

Figure 2(b). Assuming a rigid robot, the joint positions can

be processed by the forward kinematics to accurately deter-

mine the shape and tip position of the robot. Similarly, the

inverse kinematics can be used to determine the joint posi-

tions that provide a desired tip position. The joint positions

Figure 2. Capabilities of hard and soft robots: (a) dexterity, (b)
position sensing, (c) manipulation and (d) loading.
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Figure 3. Gravitational loading on a soft robot manipulator
causes downward deflection (a), actuators bend the structure up-
ward (b) and net displacement has zero tip position but nonzero
shape (c).

measured by the encoders are compared with the desired

positions calculated from the inverse kinematics and the

actuators then servo the errors to zero. This servo action is

typically quite fast and forces the joints to precisely track

their desired positions.

Soft robots interact with the environment differently

from their hard counterparts. The environment applies loads

to the structure either through distributed loading (e.g.

gravity) or by contact. In a rigid-linked robot, Figure 2(c)

shows that loading causes the soft joints to change posi-

tion whereas the rigid links remain straight. The encoders

measure the position change, and the controller can either

compensate for the loading or understand that the robot has

contacted the surroundings. In either case, the shape and the

tip position can be exactly determined. Gravity and contact

loading cause continuous deformation in a soft robot that

may not be observable or controllable from the limited sen-

sors or actuators, respectively.

Contact and conformation with the surrounding en-

vironment play an important role in the mobility of soft

robots. Soft robot arms, for example, use whole arm ma-

nipulation to grasp and handle objects of varying size as

shown in Figure 2(d). The arm wraps around the object and

a tight grasp and a high-friction contact enable the arm to

lift the object. Hard robot arms grasp and handle objects

with a specialised end effector that is typically designed

for a specific size and type of object. Soft robots can lo-

comote by using a variety of gaits, with a large portion of

their structure in ground contact at any instant in time. Hard

robots use separate legs, tracks and wheels to contact the

ground and enable locomotion.

Figure 3 shows how a soft robot arm deforms under

combined gravitational loading and actuation. Hard robots

can servo the arm to any shape if the links are sufficiently

stiff and the load is sufficiently low. The actuators on a soft

robot arm often apply a moment or a torque at the tip of

the arm. For small displacements, this tip moment causes

the arm to bend upward with a quadratic shape. In a gravi-

tational environment, self-weight bends the arm downward

with a cubic shape. The tip moment can be adjusted to lift

the tip to the horizontal, position but the arm will have

a non-zero shape associated with the difference between

the quadratic and cubic shapes (Pritts 2005). Similarly, if a

sensor is employed that measures the moment at the base

of this soft robot arm, one cannot differentiate between a

point load at the tip and a distributed load. These loadings,

however, produce markedly different arm shapes.

This paper is the first review to focus exclusively on soft

robots. The state of the art is discussed and research chal-

lenges are presented. Biological inspiration in the design

and control of soft robots is presented and the complexities

of fabrication, modelling and path planning are introduced.

2. Biological inspiration

There are many examples in nature of mobile structures

made from soft materials. Muscular hydrostats such as ele-

phant trunks, mammal and lizard tongues and octopus arms

are soft structures that can bend, extend and twist. Fibre

reinforcement in soft plant cell walls enables the cell to

change shape when pressurised. Mimicry of these complex

structures is neither necessary nor practical to the devel-

opment of soft robots. Fundamental understanding of the

morphology and functionality of soft structures in nature,

however, increases insight and can lead to new design con-

cepts in soft robotics. The natural world demonstrates the

potential capabilities of soft robots.

2.1. Hydrostatic skeletons and muscular

hydrostats

Animals such as worms and sea anemones lack the rigid

jointed skeletons that are found, for instance, in the verte-

brates (e.g. mammals, birds and reptiles) and arthropods

(e.g. insects and crabs). Instead, these soft-bodied animals

depend on a ‘hydrostatic skeleton’ for support (Chapman

1958, 1975; Clark 1964; Gutmann 1981) . Hydrostatic

skeletons are typically cylindrical, fluid-filled cavities sur-

rounded by a muscular wall that is reinforced with connec-

tive tissue fibres. The fluid is usually a liquid (essentially

water) and thus resists significant volume change. Thus, if

muscle fibres in the wall contract to decrease one of the

dimensions, another dimension must increase. By arrang-

ing the musculature so that all dimensions can be actively

controlled, a diverse array of movements and shape change

can be produced. Force transmission is thus provided not by

rigid links but instead by pressure in the enclosed fluid. This

simple principle serves as the basis of support and move-

ment in a diverse group of soft-bodied animals. Hydrostatic

skeletal support may also be important in organisms that

typically rely on rigid skeletons. For example, crabs rely

on hydrostatic skeletal support after they have shed their

exoskeleton during molting and before the newly formed
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Figure 4. Examples of hydroskeletons and muscular hydrostats: (a) tube feet in starfish, (b) octopus arms, (c) colonial anemone, (d)
mammalian tongue, (e) squid, (f) elephant trunk, (g) echinoid, (h) Illex illecebrosus, (i) inchworm, and (j) snail feet.

cuticle has hardened (Taylor and Kier 2003, 2006) and hy-

drostatic pressure under the skin of sharks may provide a

means of transmitting force to the tail (Wainwright et al.

1978).

In addition to large fluid-filled spaces and muscle fibres

arranged in multiple orientations, the walls of most hydro-

static skeletons are reinforced with connective tissue fibres

(most commonly the protein collagen) arranged as contin-

uous parallel sheets of fibres that wrap the animal in both

left- and right-handed helical arrays. Such ‘crossed-fibre

helical connective tissue arrays’ provide reinforcement for

the walls and allow both smooth bending and change in

length (Wain-wright 1982, 1988). The fibre angle, the an-

gle that the fibres make with the long axis, has been shown

to control and limit shape change in a variety of wormlike

animals (Harris and Crofton, 1957; Clark and Cowey 1958)

and hydraulic structures, such as the tube feet of echin-

oderms (starfish, sea urchins, brittlestars, sea cucumbers)

(McCurley and Kier 1995).

Kier and Smith (1985) introduced the term ‘muscular

hydrostat’ to describe a group of soft animal structures that

lack the large fluid-filled cavities that characterise the hy-

drostatic skeletal support systems of other soft-bodied ani-

mals. Examples of muscular hydrostats include the arms of

octopuses, the arms and tentacles of squid, many tongues,

the elephant trunk and a variety of invertebrate structures

(see Figure 4). These structures are typically capable of

diverse and complex movement and are unusual because

the musculature generates both the force for movement

and provides skeletal support. Support and movement are

achieved in a similar way to conventional hydrostatic skele-

tons by exploiting the near incompressibility of muscle at

physiological pressures and arranging the musculature to

control all three dimensions. The morphology and biome-

chanics of several muscular hydrostats have been examined

including squid arms and tentacles (Kier and Smith 1985),

squid and cuttlefish fins (Kier 1989), chambered nautilus

tentacles (Kier 1987), octopus suckers (Kier and Smith
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1990), chameleon tongue (Herrel et al. 2001), microhylid

frog tongue (Meyers et al. 1999), human tongue (Napadow

et al. 2002) and African pig-nosed frog tongue (Nishikawa

et al. 1999).

Muscles and reinforcing connective tissue play an im-

portant role in the functionality of muscular hydrostats.

Animal muscle is particularly well suited to soft actuation.

Meijer et al. (2003) summarised the range of performance

metrics of muscle including the maximum force production

at constant length, length dependence of force production,

the rate at which force can be generated and velocity de-

pendence of force production. Muscles, while all being

contractile, have wide variability in characteristics among

different species and even among different muscles in the

same animal (Hunter and Lafontaine 1992). For instance,

the extensor musculature of the squid tentacle contracts at

a peak velocity of approximately 15 lengths per second

and shows a peak stress of approximately 130 mN mm−2,

whereas the analogous musculature in the arms of squid

(responsible for support of the arms) contracts at only 1.5

lengths per second but shows a peak stress of approxi-

mately 470 mN mm−2 (Kier and Thompson 2003; Kierand

and Curtin 2002). And although the extensor musculature

of the tentacles operates over a range of strain of less than

30%, the retractor musculature of the tentacles operates

over a range of strain of greater than 80% (van Leeuwen

and Kier 1997). As there are limited strain amplification

mechanisms in soft structures, high strain is often required

for high mobility. Inactivated muscle can be easily extensi-

ble and allow large deformation with limited stress. When

activated, however, the stress can be large to enable the

structure to do significant work on the environment. This

variable stress capability of animal muscle gives muscular

hydrostats unique dexterity and load-bearing capabilities.

As an example of a sophisticated muscular hydrostat,

Figure 5 shows the morphology of an octopus arm (Kier and

Stella 2007). Layers of muscle with different orientations

wrap around the central nerve cord. Fibres of the core of

transverse musculature are oriented in the radial direction

and interleave with the next two layers of oblique mus-

culature (OM) and longitudinal musculature (LM), which

helically wound around the arm and aligned along the axis

of the arm, respectively. Two layers of OM separated by

a layer of LM surround the arm just under the external

skin. The oblique muscle fibre layers are wound in both the

clockwise (CW) and counter-clockwise (CCW) directions.

The muscle layers are integrated with both discrete lay-

ers of connective tissue and networks of connective tissue

fibres in the musculature. Contraction of the longitudinal

muscle fibres causes the arm to shorten. Contraction of the

transverse muscle fibres acts antagonistically to the longi-

tudinal muscle fibres to cause arm extension. Simultaneous

contraction of the transverse and longitudinal muscle fi-

bres increases the flexural stiffness of the arm, allowing

it to bear loads. If the longitudinal muscle fibres are not

Figure 5. Diagram of the arm of Octopus showing three-
dimensional arrangement of muscle fibres and connective tissue
fibres. AN, axial nerve cord; AR, artery; CM, circumferential
muscle layer; CT, connective tissue; DCT, dermal connective tis-
sue; EP, epidermis; IN, intramuscular nerve; LM, longitudinal
muscle fibres; OME; external oblique muscle layer; OMI, internal
oblique muscle layer; OMM, median oblique muscle layer; SU,
sucker; TM, transverse muscle fibres; TR, trabeculae; and V, vein.

uniformly contracted around the circumference, the arm

bends in the softest direction. Thus, activating the longi-

tudinal and transverse muscle fibres along the length and

around the circumference of the arm causes the arm to

bend in complex shapes. Activation of the CW and CCW

oblique muscle fibre layers twists the arm in the CCW and

CW directions, respectively. This complex structure of soft

active material and connective tissue can produce large and

convoluted extension, bending and twisting motions.

2.2. Soft active plant structures

In many plants, the soft cell walls are reinforced by stiff

fibrillar networks. A variety of osmotic processes pres-

surise the cell in response to different stimuli (e.g. light

or pressure), leading to plant movement. The fibres are ori-

ented to ensure that the cell deforms in a specific direction

when pressurised. The guard cell shown in Figure 6, for

example, controls aspiration in plant leaves, thereby lim-

iting water loss (Hetherington 2001). The microfibrils are

wound around the circumference of the cell at an angle to

the curved longitudinal axis. When pressurised by osmosis,

the guard cells deform to open the stoma and allow gas ex-

change to take place. If large numbers of cells are aligned

in a plant structure, they can cause macroscopic changes

in shape. This mechanism is responsible for phototropism

or sun tracking (Takagi 2002) and the large and fast



104 D. Trivedi et al.

Figure 6. A schematic of open (a) and closed (b) stomata in plant
cells caused by osmotic pressurisation.

deformation of the Venus fly trap and Mimosa plants (Hod-

ick and Sievers 1989, Kanzawa et al. 2006).

3. State of the art in soft robotics

Inspired by the outstanding capabilities of soft animal and

plant structures researchers have developed hard robots that

mimic soft structures and soft robots that use electroactive

polymer (EAP) and pneumatic artificial muscle (PAM) ac-

tuators. Most soft robots developed so far are based on

these two technologies, and few examples of other kinds

of soft robots exist. The octopus arm and guard cell indi-

cate the potential for soft mobile structures, but significant

challenges remain in the development of soft robots and

specifically the areas of active materials, electromechanical

design, modelling for optimisation and control, and fabri-

cation.This section describes some of the most interesting

examples of soft terrestrial and aquatic robots and manipu-

lators that have been built and experimentally tested in the

last 20 years.

3.1. Hard robots with soft capabilities

Robotics researchers have developed a variety of terres-

trial (wheeled, tracked, crawling and legged) and aquatic

(swimming) robots and manipulators that employ primar-

ily rigid materials but achieve flexibility that is reminiscent

of biological structures. Notable examples of hard robots

that are inspired by soft structures found in nature include

crawling and swimming robots and trunk-like manipula-

tors. Crawling robots use undulatory locomotion based

on the coupling between the robot deformations and the

ground (Ostrowski and Burdick 1998). Examples of crawl-

ing robots include snake-like climbing robots (Wright et al.

2007) and snake robots (Miller 2007). Swimming robots

that mimic the continuous motion of fish using a rigid link-

age include the thunniform robots called RoboTuna I and

II (RoboTuna 2001), the AQUA Project (Georgiades et al.

2004), Essex robot fish (Liu et al. 2006), a micro underwa-

ter vehicle (Deng and Avadhanuala 2005), an amphibious

snake-like robot (Crespi and Ijspeert 2006) and the Boxy-

bot fish that can dive, move forwards and backwards, swim

on its side and spin (Lachat et al. 2006). These robots do

not provide the more efficient and noiseless continuous mo-

tion of a soft, flexible swimming body (Guo et al. 2003).

There are many legged robots with rigid structures that use

electric/magnetic, piezoactive or thermal (SMA) actuation

(Daugela et al. 1995). Sugiyama and Hirai(2006) developed

a spherical robot that can crawl and jump by using defor-

mation of its SMA body. Trimmer (2006a) built a robotic

climbing machine (“Softbot”) based on the biomechanics

and neuromechanics of the caterpillar Manduca sexta. The

body of this robot is made of highly elastic silicone rubber

and is actuated by using springs made of SMA, bonded

to the inside of the body wall. The robot is continuously

deformable and capable of collapsing into a small volume.

Examples such as these show that it is possible to achieve

most capabilities of soft robots even when the underlying

actuating materials are hard.

Trunk-like manipulators have also been built by us-

ing rigid structures and electric motors with cable tendons

for actuation. Cieslak and Morecki (1999) developed an

elastic manipulator by using cable tendon actuators. Han-

nan and Walker (2001) developed a four-section ‘elephant

trunk’ manipulator with sections actuated by a hybrid cable

and spring servo system (see Figure7). OCRobotics builds

trunk-like commercial robots called ‘snake-arm robots’

(Buckingham and Graham 2003) also using cable tendon

actuators with alternating rigid and soft disks to form a

bendable backbone. Simaan (2004) and Wei et al. (2006)

developed a manipulator for MIS of the throat, composed of

a base disk, an end disk, several spacer disks, four supere-

lastic backbone tubes and three push-pull actuators. Sears

and Dupont (2006) and Webster et al. (2006) proposed MIS

tools that derive bending actuation by relative rotation and

extension of curved concentric tubes.

3.2. Soft EAP robots

EAPs (Bar-Cohen 2000, Samatham et al. 2007) have many

characteristics, including low weight, fracture tolerance,

pliability and relatively large actuation strain that make

them especially suitable for soft robots (Meijer et al. 2001).

EAPs can be broadly classified into electronic EAPs (di-

electric elastomers, electrostrictive graft elastomers, elec-

trostrictive paper, electroviscoelastic polymers ferroelectric

polymers and liquid crystal elastomers) and ionic EAPs

(carbon nanotubes, conductive polymers, electrorheologi-

cal fluids, ionic polymer gels and ionic polymer metallic

composites) (Meijer et al. 2003). In general, ionic EAPs

operate at low voltage but require constant hydration and

produce low stress, limiting their applications. On the other

hand, electronic EAPs produce relatively large strains, re-

spond quickly and are relatively efficient, but often require

high actuation voltages (Meijer et al. 2003).

Pelrine et al. (2002) concluded that dielectric elastomers

(Kornbluh et al. 1998; Zang et al. 2005) are closest to animal
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Figure 7. Elephant trunk manipulator, an example of hard hyper-
redundant robot.

muscles based on criteria of strain, actuation pressure, den-

sity, efficiency and speed. Interesting applications of di-

electric elastomers in soft robotics include a lightweight

six-legged robot (Eckerle et al. 2001), a series of legged

robots called MERbots (Pei et al. 2004) that use multifunc-

tional electroelastomer rolls and lightweight robots with ac-

tuators that mimic the longitudinal muscles of earthworms

for locomotion (Jung et al. 2007). A hyper-redundant dig-

ital manipulator driven by embedded dielectric polymer

actuators can perform precise discrete motions without

the need for sensing and feedback control (Wingert et al.

2002).

Actuators developed by using conducting polymers

(Cortés and Moreno 2003) have been used to build many

biologically inspired robots. Nie et al. (2006), for exam-

ple, developed a tortoise-like flexible microrobot that can

crawl and swim underwater by using four legs actuated by

ionic conducting polymer film (ICPF). Likewise, Guo et al.

(2003) developed a 45-mm long fish-like underwater mi-

crorobot using ICPF actuators made from perfluorosulfonic

acid polymer films that drive a pair of tails with fins. Speeds

from 0 to more than 5 mm/s can be obtained by the chang-

ing frequency and amplitude of the input voltage from 0.1

to 5 Hz and 0.5 V to 10 V, respectively. Microgrippers (e.g.

Alici and Huynh 2006, 2007) and other actuated devices

have been fabricated by using conjugated polymers. Micro-

muscle AB (Micromuscle 2007) actuation devices based

on conjugated polymers, including tubes for blood vessel

sealers are commercially available.

Ionic polymer-metal composites are a popular material

for use in soft robots (Shahinpoor et al.1998, Shahinpoor

and Kim 2001; Nakabo et al. 2007). Successful applica-

tions include wormlike robots (Arena et al. 2006; Pak et al.

2006) that imitate the travelling wave observed in undula-

tory locomotion, an underwater propulsion robot that uses

the IPMC as a fin to generate forward impelling force (Mo-

jarrad and Shanhinpoor 1997), fish-like vehicles (Jalbert

et al. 1995; Ijspeert and Kodjabachain 1999; Kerrebrock

et al. 2001; Guo et al. 2003; Jung et al. 2003), a ciliary

based eight-legged walking microrobot (Kim et al. 2003)

and a multi-df micromanipulator (Tadokoro et al. 1999).

IPMC actuators are susceptible to dehydration and degra-

dation, however, control of these materials is complicated

by the poor understanding of their chemical and physical

structures (Bar-Cohen 2000).

EAP gels (Cortés and Moreno 2003) have been used

to fabricate a hand with gel fingers (Shiga et al. 1989) and

gel robots (Otake et al. 2002). The gel robots are made en-

tirely of EAP gel that changes shape under spatially varying

electric fields. Figure 8 shows a starfish gel robot that turns

over application of electric fields. Tabata et al. (2001) used

self-oscillating gel to develop a ciliary motion actuator.

The dynamics of the actuator is similar to oscillatory (e.g.

beating heart) biological phenomena.
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Figure 8. A starfish gel robot that turns over (Otake et al. 2002).

Soft actuators based on liquid crystal elastomers

(O’Halloran and O’Malley 2001) and electrostrictive graft

elastomers (Bar-Cohen 2000; Madden et al. 2004) have also

been developed but not used in soft robotics.

EAPs suffer from several shortcomings that make their

extensive use in soft robots difficult. Most ionic EAPs can

work only in aqueous media (Bar- Cohen 2000), conjugated

polymers and ionic polymer-metal composites have short

lifecycles due to creep and material degradation (Shahin-

poor et al. 1998), EAP gels require very high voltage for

actuation (up to 150 MV/m) (Cortés and Moreno 2003) and

most actuators made of EAPs are not significantly scal-

able. In spite of these challenges, EAPs remain a popular

material for soft robots. The reversibility of actuation and

sensing capabilities makes it possible to combine structural,

actuation and sensing functions in the same material, mak-

ing EAPs attractive for biomimetic applications. The first

actuators based on EAPs are now being commercialised.

3.3. Soft PAM Robots

Daerden and Lefeber (2002) reviewed PAMs, also known

as rubbertuators or braided pneumatic actuators (Figure 9),

and defined them as pneumatic actuators that consist of a

thin, flexible, tubular membrane with fibre reinforcement.

Braided and netted PAMs have high and low-density fibre

mesh, respectively. The fibres can be either embedded in

the wall of the actuator or applied as a braided sleeve on

the outside of the tube. The well-known McKibben mus-

cles have braided, embedded fibres (Kluate et al. 1999).

Several other designs for PAMs have been patented (Morin

1953; Yarlott 1972; Kukolj 1988; Paynter 1988a, 1988b).

The maximum contraction strain is approximately 57%.

Figure 9. Pneumatic air muscle actuators with a mesh angle of
less than 54◦44′ contract on pressurisation (left), with a mesh angle
of 54◦44′ neither extend nor contract (middle), and of greater than
54◦44′ extend on pressurisation (right).
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Figure 10. OctArm VI: (a) semi-transparent three-dimentional view of arm; (b) closed-up photograph of base; (c) closed-up, semi-
transparent view of first section and (d) photograph of complete arm (Dienno 2006).

The blocking force, which is the force required for con-

straining a fully energized actuator to zero displacement,

however, can be extremely large due to the leveraging of

the radial pressure through the braided fibres. As opposed to

McKibben muscles, which contract, Pritts and Rahn (2004)

introduced extensor actuators in which a large wind angle

(above 54◦44′, defined as the angle relative to the longitudi-

nal axis) causes the actuator to extend upon pressurisation.

Extensor actuators provide large extensional strain (200 %

for a wind angle of 78◦) but low extensional force. Ad-

ditionally, they are prone to buckling instabilities under

compressional axial loading.

PAMs have been used to make trunk-like soft robotic

manipulators. Kinetic Sciences Inc. (Immega and Antonelli

1995), for example, developed a tentacular robot, powered

by a hybrid system of pneumatic bellows and electric mo-

tors. It can extend, contract and bend in 6 df by using

tendons threaded through cable guides. In contrast to bel-

lows, Suzumori et al. (1991) developed a pneumatically and

hydraulically driven flexible microactuator made of fibre-

reinforced rubber. The actuator has three internal cham-

bers, each with a separate control valve. When the internal

pressure in the three chambers is increased equally, the ac-

tuator stretches in the axial direction. When the pressure of

only one of the chambers is increased, the actuator bends

in a direction opposite to the pressurised chamber. Wil-

son et al. (1993) achieved bending without using separate

chambers in a flexible four-section robotic arm manipula-

tor by using orthotropic polyurethane tubes that bend when

pressurised. Another actuation approach has been used in

the Active Hose, an elephant trunk-type manipulator de-

veloped by Tsukagoshi et al. (2001), consisting of a spiral

tube wound around the manipulator backbone like a coil.

Mangan et al. (2002) used sequential actuation of a se-

ries of three McKibben actuators to develop an endoscope

that can peristaltically locomote forwards and backwards

in the gastrointestinal tract. Menciassi and Dario (2003)

developed microendoscopy devices inspired by inchworm

locomotion. These devices have two types of actuators—a

clamper to adhere the device to the locomotion environ-

ment and an extensor to produce a positive displacement.

The extensor consists of a pneumatic bellow, whereas the

clampers are activated either by exploiting the reversible

phase change of diethyl ether leading to pressurisation of

an elastic membrane or by using an actuation mechanism

based on IPMCs.

Pritts and Rahn (2004) developed a soft robot manipula-

tor with two sections that each provide two axis bending and

extension. Half of the actuators in each section are exten-

sors and the other half are contractors. OctArm VI (Dienno

2006) is the latest in a series of soft robotic manipulators de-

signeded by using PAM extensors. Figure 10(a) shows a par-

tially transparent three-dimensional view of the entire arm

with a photograph of one of the two fabricated arms shown

below in Figure 10(d). In this manipulator, extensors are

connected together in groups of three and six to create three

independently actuated sections. The sections can bend

around the two transverse axes and extend longitudinally
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Figure 11. OctArm VI mounted on a mobile base (TALON),
reaching around a ball.

when pressure is applied to each control channel and the cor-

responding extensors elongate. The three sections are con-

nected in series and can be actuated independently through

tubing that connects to pressure control valves on the mo-

bile base, providing 9dF. This provides the ability shown in

Figure 11 to wrap the arm around objects.

Some PAM-based swimming robots have also been de-

veloped. Festo’s Bionic Learning Network (Festo 2007) de-

signs a swimming robot called Airacuda using pneumatic

muscles made of rubber reinforced with aramid fibre. The

robot has two muscles that are alternately pressurised to

bend the tail and drive the fish forward. Suzumori et al.

(2007) developed a soft-bodied manta swimming robot us-

ing an optimal pneumatic actuator cross-section and a new

prototyping method. Chen et al. (1999) developed a meta-

morphic underwater vehicle that propels by changing shape

through the inflation and deflation of water-filled latex bal-

loons.

PAM-based actuators suffer from some shortcomings

that restrict their applicability in soft robotics. They need a

bulky air compressor for continuous operation, restricting

mobility and making miniaturisation difficult. PAMs have

a short fatigue life (10,000 cycles) (Samatham et al. 2007).

Their advantages over EAP-based actuators is that they

are chemically more stable and easy to work with. EAP-

and PAM-based actuators are suitable for different kinds of

applications and both are likely to continue to be of interest

to soft robotics researchers and developers. For instance,

it is difficult scale up EAP-based robots and scale down

PAM-based robots.

3.4. Modelling

The structural mechanics of soft actuators and manipula-

tors, natural as well as artificial, is complicated owing to

both material and geometric nonlinearities. Researchers de-

veloped biomechanical models that predict the behavior of

several soft animal appendages. Skierczynski et al. (1996)

developed a model of the hydrostatic leech skeleton to pre-

dict the shape of and internal pressure within the animal in

response to motor neuron activity. Van Leeuwen and Kier

(1997) presented a forward dynamics model of tentacle

extension in squid to predict the changing geometry of the

tentacle as well as the pressure, stress and kinetic energy dis-

tributions. Yekutieli et al. (2005) derived a two-dimensional

dynamic multi-segment lumped parameter model of the oc-

topus arm and use it to explore movement control strategies.

Liang et al. (2006) presented a more sophisticated explicit

finite-element simulation scheme for biological muscular

hydrostats. Biomechanical models for tongue movements

(Chiel et al. 1992; Napadow et al. 2002; Gerard 2003),

caterpillar locomotion (Trimmer et al. 2006b) and elephant

trunks (Wilson et al. 1991) have also been developed.

Modelling of soft robotic manipulators combines large

deformation constitutive models of the active materials

that form the manipulator with non-linear kinematics of

the manipulator. Constitutive relations for active materials

vary widely, but general models for the kinematics of soft

robotics can be described by using, for example, spatially

varying quaternions (Trivedi et al. 2007b). Soft robotic ma-

nipulators are kinematically similar to hyper-redundant ma-

nipulators with extremely large df, so models that approxi-

mate continuum manipulators by finite df hyper-redundant

manipulators may be appropriate. In this approach, the ac-

curacy and computational cost are proportional to the num-

ber of df (Chirikjian 1993). Many researchers (Chirikjian

1993, 1995, 1997) take the opposite approach by approx-

imating the dynamics of hyper-redundant continuum ma-

nipulators. Mochiyama and Kobayashi (1998, 1999) and

Mochiyama and Suzuki (2003) approximated the kinemat-

ics and dynamics of manipulators with hyper df using a

continuum backbone curve and the Frenet-Serret formu-

las. For numerical simulation, however, they approximated

the backbone curve by a serial chain of rigid bodies with a

large number of df. Previous researchers account for the ge-

ometric nonlinearities by assuming fixed shapes for robot

backbone curves. Hirose (1993) gave a planar model for

snake robots based on a serpenoid backbone curve. Han-

nan and Walker (2000a) and Gravagne et al. (2003) assume

that each section of an elephant trunk manipulator bends

into a circular arc with constant curvature and an inextensi-

ble backbone (Hannan and Walker 2000b, 2003, Gravagne

and Walker 2000b). Similarly, Nakabo et al. (2007) used

the constant curvature assumption to study the kinematics

of a snake-like swimming robot. This assumption makes it

possible to formulate the forward manipulator kinematics
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Figure 12. Soft robotic manipulator modelled by using the
Cosserat rod approach, with the backbone position (r) and ori-
entation (d1, d2, d3) parametrised by a single variable s. The
manipulator is acted upon by distributed force (f) and discrete
forces (F) and moments (M).

that relate the position of the manipulator tip to the inputs by

using a Denavit-Hartenberg formulation that fits a virtual

rigid-link robot to the continuum backbone. Recent work

by Jones and Walker (2006) extends this approach by re-

moving the assumption of an inextensible backbone. These

methods rely, however, on the assumption of constant cur-

vature that is valid only when there are no external loads

(including self-weight) on the manipulator. Self-weight and

other loading can cause significant deviations from constant

curvature, leading to large tip position error. Tatlicioglu et

al. (2007) extended the model to include the effects of grav-

itational potential energy. Trivedi et al. (2007b) developed

a model for trunk-like robots by using the Cosserat-rod ap-

proach, taking into account extension and shear (see Figure

12). Likewise, Boyer et al. (2006) used geometrically ex-

act beam theory and the Newton-Euler technique to predict

control torques of an eel-like robot as a function of expected

internal deformations.

Complexity makes material model development dif-

ficult for soft EAP robots (Bar-Cohen 2000). Many re-

searchers (e.g. Otake et al. 2002, Rajamani et al. 2005) have

developed models to predict the performance of particular

EAP actuators. Madden et al. (2007) compiled an online

database of experimental methods and results (mechanical,

electrical, chemical and other properties) for EAP-based

actuators to facilitate actuator selection for design.

The inherent nonlinearity in underlying materials, ge-

ometry and actuators due to large strain and displacement

makes modelling a challenging task. The soft structure

makes the effect of distributed loading significant. Exclu-

sion of these factors from modelling leads to unacceptable

levels of inaccuracy, and their inclusion makes modelling

computationally too expensive to be of practical use. De-

velopment of fast and accurate models for soft robots needs

further study.

3.5. Control

To achieve point-to-point limb movements, the animal ner-

vous system generates a sequence of motor commands that

move the limb toward the target. In muscular hydrostats,

this process is complicated because of the virtually infinite

number of df (Sumbre et al. 2001). Reducing the num-

ber of df through coordination is a key problem in motor

control of hyper-redundant limbs. Gutfreund et al. (1996)

studied octopus arm movements to identify general princi-

ples of control. They concluded that the octopus actuates

its arm for locomotion, reaching for objects or searching by

a wave-like propagation of arm stiffening that travels from

the base of the arm toward the tip. The region of stiffen-

ing tends to move within a plane in a slightly curved path

connecting the centre of the animal’s body with the target

location. These authors proposed that this strategy reduces

the immense redundancy of the octopus arm movements

and hence simplifies motor control. Sumbre et al. (2005b)

concluded that octopuses use strategies similar to verte-

brates for transferring an object from one place to another

The octopus temporarily configures its arm into a stiffened,

articulated, quasi-jointed structure based on three dynamic

joints. Rotational movements around these joints bring the

object to the mouth. Certain kinematic characteristics in

octopus arm motion such as relationship among rotation

angles along the arm remain invariant at the joint level

rather than at the end-effector level, suggesting intrinsic

control co-ordination. This indicates that a kinematically

constrained articulated limb may provide an optimal solu-

tion for precise point-to-point movements (Sumbre et al.

2005a).

Yekutieli et al. (2005) showed that a simple command

producing a wave of muscle activation moving at a con-

stant velocity is sufficient to replicate the natural reaching

movements of octopus arms with similar kinematic fea-

tures. Sumbre et al. (2001) showed experimentally that the

basic motor program for voluntary movement of octopus

arm is embedded within the neural circuitry of the arm

itself. Such peripheral motor programs represent consider-

able simplification in the motor control of these appendages.

Wormlike robots employ sequential control input from

tail to head, resulting in successive bending of the body to
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Figure 13. Body/caudal fin propulsion (BCF) modes used for
swimming robots.

create the travelling wave observed in natural undulatory

motion. Cellular neural networks (CNNs) create central pat-

tern generators (CPGs) that propagate the travelling wave

for locomotion control (Arena et al. 2006). Each CNN cell

is a non-linear oscillator that is coupled to the other oscil-

lators and controls an actuator, acting as a motor neuron of

the CPG. Swimming robots often mimic fish dynamics for

locomotion, using, for example, body/caudal fin propulsion

(see Figure 13). Tadpole (Jung et al. 2003) and eel (Jalbert et

al.1995; Ijspeert and Kodjabachian 1999) robots use undu-

latory anguilliform locomotion. Anguilliform locomotion

is found in some long, slender fish such as eels, in which the

whole body is displaced laterally and there is little increase

in the amplitude of the flexion wave as it passes along the

body. The swimming robot of Guo et al. (2003) emulates

carangiform locomotion, in which movement is restricted

to the rear of the body and tail. Robo Tuna (2001) uses

thunniform locomotion for high-speed and long-distance

swimming, in which the lateral movement is in the tail and

the region connecting the main body to the tail. Laurent

and Piat (2001) have shown theoretically that robot fish

should use undulatory motion rather than oscillatory mo-

tion (e.g. ostraciiform locomotion; Sfakiotakis et al. 1999)

to obtain best performance. McIsaac and Ostrowski (2003)

presented a dynamic model of anguilliform swimming for

eel-like robots. Swimming gaits for forward and sideways

swimming, turning and following circular paths are devel-

oped by using perturbation analysis.

The IPMC-based robot developed by Kim et al. (2003)

is an example of a soft robot that locomotes on the ground

by using ciliary motion. In each cycle, the front and the rear

legs are alternately pushed downward and folded upward.

A motor scheme for the control of a single-joint robot

arm actuated by McKibben artificial muscles is proposed

by Eskiizmirliler et al. (2002). In this approach, classical

control elements of the cybernetic circuit are replaced by

artificial neural network modules having an architecture

based on the connectivity of the cerebellar cortex and whose

functioning is regulated by reinforcement learning. After

learning, the model accurately pilots the movements of the

robot arm, both in velocity and position.

Chitrakaran et al. (2007) and Hannan Walker (2005)

proposed the use of an external camera for shape estima-

tion and setpoint regulation of soft robotic arms. To sim-

plify the inverse kinematics, Gravagne and Walker (2000a)

proposed mapping infinite-dimensional arm configuration

space to the finite-dimensional actuator space by using nat-

ural and wavelet decompositions. They used manipulabil-

ity and force ellipsoids (Gravagne and Walker 2004) to

analyse the directional dependence of motion and force-

exerting capabilities of soft robotic manipulators. Gravenge

and Walker (2002) showed that under the assumption that

distributed damping exists on the backbone of a soft robotic

manipulator, a PD plus feed-forward controller can expo-

nentially regulate the manipulator configuration. Braganza

et al. (2006) presented a combination of conventional con-

troller with neural network–based learning for OctArm-

type manipulators. Gravagne et al. (2001) formulated a

vibration-damping setpoint controller. Otake et al. (2003)

simplified the inverse dynamics of gel robots by selection

of a central point on the robot and controlling the trajectory

of that point.

Accurate control of soft robots requires model-based

prediction of the set of possible configurations. Dynamic

models that accurately describe large-scale deflections of

soft robots and cover their entire workspace are currently

too complicated to be used for control. Current control ap-

proaches, based on simpler models, are not guaranteed to

be stable or effective for large deflections (Gravagene et

al. 2001). Also, including distributed forces such as grav-

ity, and structural stability of multiple section robots into

control schemes is a challenging problem.

3.6. Path planning

Path planning for soft robots involves deforming soft

appendages to conform to the environment or navigate

through confined spaces. Most higher animals navigate by

using cognitive maps based on current perceptions, mem-

orised events and expected consequences (Tolman 1948).

An enhanced navigation strategy can dramatically improve

the locomotive capabilities of an organism. In soft biolog-

ical appendages, path planning is complicated by the fact

that multiple appendage shapes can achieve the same tip

position and orientation. The processes by which animals

choose simple paths are not well understood (Hooper 2006).

It has been proposed (Sabes 2000; Wolpert and Ghahramani

2000; Flash and Sejnowski 2001) that those paths are cho-

sen that balance motor command amplitude and endpoint
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Figure 14. Path planning for reaching a cancer in the small in-
testine from the oral cavity.

tracking, leading to smooth and direct paths involving min-

imal motor commands and endpoint error.

Several researchers have attacked the problem of path

planning for deformable objects such as routing a soft

surgical tool into the small intestine as shown in Figure 14.

Conru (1994) used a genetic algorithm to find near optimal

routes for cables but did not include constraints imposed by

the physical characteristics of the cable or the environment.

Several researchers used a probabilistic roadmap (PRM)

strategy for path planning of deformable objects (Halleman

et al. 1998; Guibas et al. 1999; Lamiraux and Kavaraki

2001). In this approach, a large number of initial configura-

tions are randomly generated and collision-free configura-

tions with low energy are retained as roadmap nodes. Once

a dense roadmap has been generated, the planner can answer

queries by connecting initial and final configurations by

searching a path. Holleman et al. (1998) and Lamiraux and

Kavraki (2001) presented a probabilistic roadmap planner

capable of finding paths in an obstacle field by using

a low-degree Bezier surface patch and an approximate

energy function that penalises deformation. Guibas et al.

(1999) described an improved probabilistic algorithm for

a surface patch by using the medial axis of the workspace

to guide the random sampling. Prior to path planning,

the medial axis of the workspace is computed and the

flexible object is fitted at random points along the medial

axis. The energy of all generated configurations is min-

imised and the planner connects them with low-energy

quasi-static paths along the probabilistic roadmap.

Anshelevich et al. (2000) presented a path-planning al-

gorithm for deformable volumes such as pipes and cables

that uses a lumped-parameter model. This approach im-

poses constraints on the deformation to reduce complexity

and does not work on general deformable objects. Bayazit

et al. (2002) computed an approximate path and then refined

the path by applying geometric-based free-form deforma-

tion to the robot. The approximate path can penetrate obsta-

cles. The refined path is deformed to resolve any collisions.

Gayle et al. (2005) presented a motion planning algorithm

for simple closed robots that computes an approximate path

between the initial and final configurations by using the

probabilistic roadmap method. Constraint-based planning

is applied to make appropriate path adjustments and correc-

tions to compute a collision-free path. The algorithm takes

into account geometric constraints such as nonpenetration

and physical constraints such as volume preservation. Gayle

et al. (2005), presented a fast algorithm for collision detec-

tion between a deformable robot and fixed obstacles that

is used for path planning for a flexible robot in complex

environments. The algorithm handles complex deformable

models composed of tens of thousands of polygons.

Moll and Kavraki (2006) approached path planning as

a constrained minimisation problem in which the planner

is restricted to configurations that correspond to minimal-

energy curves. The path planner computes paths from one

minimal-energy curve to another such that all intermediate

curves are also minimal-energy curves.

The path-planning approaches available for soft robots

suffer from serious limitations, which make their practical

use difficult at this time. Probabilistic methods tend to be

computationally expensive because they require the gen-

eration of points in the configuration space, which grows

exponentially with df. Available methods do not take into

account the constraints imposed by the physical properties

of the robots. Most planners work only in specific cases and

do not work on general deformable objects.

4. Future research

The continued advancement of soft robotics depends on the

development of novel soft sensors and actuators, soft robot

designs with mobility and strength, models that enable de-

sign optimisation and control and fabrication techniques
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that build active soft structures and interconnections. Ac-

tive materials currently available for use in soft robotic

manipulators have shortcomings that make their commer-

cial use impractical. New active materials are needed that

provide the strain, stress and speed for this challenging ap-

plication. Materials research alone, however, will not pro-

duce material in sufficient quantities to develop macro-scale

actuators. Material science and engineering is required to

produce bulk quantities of high quality active material and

reliably fabricate high-performance actuators and sensors.

Fabrication of soft robots also poses several challenges. Tra-

ditional rigid connectors (e.g. metallic fasteners) and elec-

trodes cannot be used with soft structures, so new ways to

connect actuators both mechanically and electrically must

be developed.

With novel actuators available to the robot designer, new

soft robots can, in principle, be designed that provide out-

standing mobility, strength and reliability. The design pro-

cess, however, is complicated owing to several competing

and difficult-to-define design objectives. For example, there

is often a trade-off between providing sufficient dexterity

and maximising load capacity, both of which are design ob-

jectives for soft robotic manipulators (Dienno 2006, Trivedi

et al. 2007a). There are many definitions of dexterity and

load capacity, and the final design may depend significantly

on these definitions. Although soft manipulators are capa-

ble of performing a wide variety of tasks because of their

flexibility, designing a manipulator that performs optimally

for an entire range of tasks is difficult.

Biological continuum manipulators mostly rely on

hard/discrete elements in their structure and/or operation

to reduce complexity in interaction with their environment,

and similarly, a judicious mixture of continuous/soft and

discrete/hard elements would significantly improve the per-

formance of these robots in most applications (Cowan and

Walker 2008).

To enable rapid virtual prototyping of soft robots, ac-

curate physical models are needed. The design can be opti-

mised prior to fabrication and accurately controlled on the

basis of these models. Development of models that accu-

rately simulate the operation of these robots on the basis

of the actuation inputs is a challenging multiphysics prob-

lem that can involve simultaneous analysis of solid and

fluid mechanics, kinematics, electromechanics, thermody-

namics and chemical kinetics of the processes involved.

A greater understanding of these phenomena would facili-

tate the development of accurate models and lead to better

design and control.

Sensing and controlling the shape and motion of soft

robots are problem that must be addressed rigorously.

Soft robots theoretically have infinite df, but the num-

ber of sensors and actuators in any practical soft robot

is finite. Therefore, many df of soft robots are not di-

rectly observable and/or controllable. Models that accu-

rately describe the large-deflection dynamics of soft robots

are generally too expensive computationally to be use-

ful for real-time control. Appropriate model order reduc-

tion and efficient solution techniques may lead to fast yet

accurate dynamic models that would be useful for con-

trol. Inverse dynamics models will be useful in the de-

velopment of reliable feedforward control systems for soft

robots.

An important issue in practice is user and operator in-

terfaces for soft robots. User interfaces for soft robots are in

their infancy. Soft robot structure and movements are quite

different from those of humans, and human operators often

become confused and disoriented. Although there has been

some insightful early work in the area for soft manipula-

tors (Csencsits et al. 2005), there is a strong need for more

focused efforts in human factors, as well as hardware and

software designs for operator feedback and input devices

for soft robots.

New approaches in path planning that are computation-

ally efficient for deformable bodies with infinite df are re-

quired to make real-time path-planning viable. This would

require integration of the continuum mechanics of the robot

into the path-planning algorithm to directly obtain feasible

paths instead of generating a dense roadmap with a large

number of random paths, and then searching a feasible one.

Integrating motion planning with control and sensing is also

an open problem.

Grasping objects by using whole arm manipulation re-

quires the grasp to be stable so that the arm does not un-

dergo sudden changes in shape and drop the manipulated

object. Robust path-planning and control algorithms must

ensure the stability of all intermediate configurations of the

manipulator along the prescribed path. Extensive literature

exists for grasp synthesis and stability analysis of rigid-link

robots that contact objects only at finite points (Baker et al.

1985; Fearing 1986; Markenscoff et al. 1990; Bicchi 1993;

Ismaeil and Eills 1994; Jen et al. 1996; Xiong et al. 2005).

Stable grasp synthesis for highly compliant and continu-

ously deformable soft manipulators, however, will require

solutions to many untouched and challenging design, con-

trol and planning problems (Salisbury et al. 1988).
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