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1. Introduction

Grasping and manipulation are fundamental functions of both 
animals and robots. A simplified description of grasping is 
the ability to pick up and hold an object against external dis-
turbances, while manipulation is the ability to exert forces on 
an object and thus cause its rotation and displacement with 
respect to the reference frame of the manipulator. In addition 

Advances in soft robotics, materials science, and stretchable electronics have 
enabled rapid progress in soft grippers. Here, a critical overview of soft robotic 
grippers is presented, covering different material sets, physical principles, and 
device architectures. Soft gripping can be categorized into three technologies, 
enabling grasping by: a) actuation, b) controlled stiffness, and c) controlled 
adhesion. A comprehensive review of each type is presented. Compared to 
rigid grippers, end-effectors fabricated from flexible and soft components can 
often grasp or manipulate a larger variety of objects. Such grippers are an 
example of morphological computation, where control complexity is greatly 
reduced by material softness and mechanical compliance. Advanced materials 
and soft components, in particular silicone elastomers, shape memory mate-
rials, and active polymers and gels, are increasingly investigated for the design 
of lighter, simpler, and more universal grippers, using the inherent function-
ality of the materials. Embedding stretchable distributed sensors in or on soft 
grippers greatly enhances the ways in which the grippers interact with objects. 
Challenges for soft grippers include miniaturization, robustness, speed, inte-
gration of sensing, and control. Improved materials, processing methods, and 
sensing play an important role in future research.
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to grasping and manipulation, animals 
and robots may use their end effectors 
for other actions, such as locomotion, 
perching, digging, sorting, scratching, and 
many more. Furthermore, these end effec-
tors can gather sensory information about 
the physical properties of the objects. In 
this article, we use the word “gripper” to 
indicate robotic end effectors that can pro-
vide one or more of those functionalities.

Traditional robotic grippers consist of a 
set of mostly rigid joints and links.[1] Actua-
tors can be housed within the links, within 
the joints, or at the gripper base by means 
of cables or tendon-like structures. Robotic 
grippers can be equipped with proprio-
ceptive sensors (e.g., Hall-effect sensors, 
encoders, torque sensors, tendon tension 
sensors) to estimate position and velocity of 
the gripper elements, and with exterocep-
tive sensors (e.g., pressure sensors, optical 
sensors, resistive and conductive sensors, 
electromagnetic sensors) to gather infor-
mation about the objects. Gripper designs 

range from two-fingered grippers all the way to anthropomorphic 
hands with articulated fingers and palm. The choice of anthropo-
morphic grippers is often motivated by the quest for flexibility 
and dexterity of human hands, by the need of being compatible 
with the human environments, or by the tele-operation with 
smart gloves. Although several impressive anthropomorphic 
grippers have been recently described,[2] they still present chal-
lenges, such as the high mechanical and control complexity 
required to achieve the speed, flexibility, and dexterity of human 
hands and the difficulty in handling soft and deformable objects. 
Recently, more compliant and mechanically simpler, anthropo-
morphic grippers have been described that resort to flexible and 
partly soft components.[3,4] These grippers are often cited as an 
example of morphological computation where control complexity 
is reduced by material softness and mechanical compliance.[5]

Advanced materials and soft components are increasingly 
studied for the design of lighter, simpler, and possibly more uni-
versal grippers. The importance of compliance in grasping has 
long been recognized. Unless very carefully controlled, making 
contact between a hard gripper and a hard object leads to shocks 
that could damage the object or push it out of the desired path. A 
simple but only partial solution, widely employed in robotic end 
effectors, is to add compliant materials to the gripping elements 
(for instance in the simple form of rubber pads).

Contact between bodies introduces constraints to the 
movement of those bodies. For this reason, underactuation 
(i.e., having a higher number of degrees of freedom than the 
number of actuators) is essential for grippers, since it can allow 
them to conform to the objects’ shape without active position 
control. Human fingers are an example of such underactuation, 
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each one consisting of one tendon and three links (two degrees 
of freedom). Soft grippers integrate underactuation and com-
pliance by replacing rigid joints with a structure made of 
hyperelastic materials that deform continuously in response 
to external or internal actuators and to the interaction with the 
objects.

Compliant materials thus play a key role in soft grippers: 
material characteristics such as maximum elastic deformation, 
stiffness and viscoelasticity influence the stroke of the gripper, 
the force it can generate, and its response time. The selection 
and engineering of materials is therefore central in the design 
of soft grippers with enhanced capabilities.

The most widely used materials for soft grippers are elas-
tomers, thanks to the large strains they can reversibly sustain 
(>100%). Silicone rubbers have been the most popular choice 
for grippers thanks to their ease of fabrication, low toxicity, 
robustness, and low mechanical damping coefficients. For 
instance, they are used to fabricate grippers based on fluidic 
elastomer actuators (FEAs), often with the addition of rein-
forcing fibers. Combining conductive and dielectric silicones 
enable grippers based on dielectric elastomer actuators (DEAs), 
which can also feature electroadhesion.

Materials that change their properties in response to stimuli 
can greatly expand the functionalities of soft grippers. An 
example is materials whose stiffness varies in response to tem-
perature, such as shape memory alloys (SMAs), shape memory 
polymers (SMPs), and low-melting point alloys (LMPAs). These 
materials have been used both as actuators and as holding 
elements in grippers based on controlled stiffness, exploiting 
their soft state to conform to the object's shape and their rigid 
state to generate high forces. Other ways to achieve controlled 
stiffness include materials that react to electric and magnetic 
stimuli and materials in granular form (particle jamming). 
Researchers have explored materials able to respond to sev-
eral other stimuli, for instance pH, chemical concentration, 
humidity, or light. Ionic materials are another class of advanced 
materials used in soft grippers. These materials can serve as 
actuators in response to an applied electric field, as in the case 
of ionic polymer-metal composites (IPMCs), or can be used to 
build grippers that are invisible in aqueous environments, as in 
the case of hydrogels. Surface conditions are very important for 
soft grippers. Biocompatibility and food safety are required in 
the health and food sectors. Micro- and nanopatterned surfaces 
enable gripping by dry adhesion. Finally, the increasing pres-
sure for environmentally compliant technologies has induced 
researchers to explore soft grippers made of biodegradable, and 
even edible, materials.

Figure 1 is an abridged timeline of milestones in the devel-
opment of soft gripper technologies, starting with tendon-
driven multilink devices in the 1970s, then extending to other 
gripping modalities in the 1980s and 1990s, with improved 
concepts, materials and methods. The 2000s saw the emer-
gence of electroactive polymers and increased used of elasto-
mers, granular jamming and fluidic elastomer actuators. The 
rapid progress in soft robotics[6–9] in this decade leads to further 
improvements in gripper performance and robustness, and 
recently to the commercialization of soft grippers. Soft grip-
pers can operate on a large variety of objects of diverse shapes, 
textures and consistencies. Soft grippers have enabled the 

increasing automation of many tasks deemed previously to be 
far too delicate for robotic manipulation.

In this article, we provide a critical overview of the broad 
field of soft robotics grippers, covering different material sets, 
physical principles, and device architectures.

2. Gripper Technologies

We have categorized soft gripping in three technologies: i) by 
actuation (Section 3), ii) by controlled stiffness (Section 4), and 
iii) by controlled adhesion (Section 5). These three categories 
are not exclusive, and many devices make use of combinations 
of two technology classes to reach higher performance. The pre-
ferred technology and materials for a given task will depend on 
properties of the object being manipulated, the operating envi-
ronment (e.g., wet, dry, clean), required force, required speed, 
permissible power consumption and weight, biocompatibility, 
as well as system constraints including the integration or use 
of external sensors, and control methods. Since soft grippers 
provide excellent shape adaptation to a broad range of objects, 
control is dealt with differently than for more conventional 
grippers based on rigid technologies.

Table 1 provides an overview of some key performance met-
rics for soft grippers, based on published results. While the 
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Figure 1.   (1970s) Soft gripper were demonstrated using rigid multilink and tendon-driven. Reproduced with permission.[36] Copyright 1978, Elsevier. 
(1980s) Early developments of grippers using granular jamming and ER fluid. Reproduced with permission.[268] Copyright 1988, Heinz Weißmantel. 
Reproduced with permission.[305] Copyright 1989, IEEE. (1990s) Developments of grippers using FEAs, IPMCs, shape memory materials, and electro-
adhesion. Reproduced with permission. Image leftmost, Copyright Koichi Suzumori. Reproduced with permission. Image second from the left, Copy-
right Yoseph Bar-Cohen. Reproduced with permission.[109] Copyright 1991, IEEE. Reproduced with permission.[306] Copyright 1992, Cambridge University 
Press. (2000s) Tendon-driven grippers with compliant materials were developed (entirely soft structure and elastic hinges). Early developments on grip-
pers were performed using DEAs and LMPAs. Reproduced with permission.[62] Copyright 2005, IEEE. Reproduced with permission.[43] Image courtesy 
of Aaron M. Dollar. Reproduced with permission.[169] Copyright 2007, AIP. Reproduced with permission.[280] Copyright 2002, IEEE. (2010s) Revisiting 
the early developments and commercialization. Extension of application to underwater (FEAs), use of exotic materials (FEAs), and of gecko adhesion. 
Reproduced with permission.[12] Copyright 2011, Emerald Publishing. Reproduced with permission. Copyright 2010, John Amend. Reproduced with 
permission.[334] Copyright Grabit Inc. Reproduced with permission.[143] Copyright Soft Robotics Inc. Reproduced with permission.[84] Copyright 2016, 
Mary Ann Liebert. Reproduced with permission.[262] Copyright 2016, Mary Ann Liebert. Reproduced with permission.[355] Copyright 2015, IEEE. Repro-
duced with permission.[54] Copyright 2016, IEEE. Reproduced with permission.[127] Copyright 2017, AAAS. Reproduced with permission.[236] Copyright 
2016, The Authors, published by Springer Nature.
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numbers in the table do not reflect ultimate performance limits 
of the selected technologies, they do provide a quantified means 
of comparing the different technologies, in terms of lifting ratio 
(the ratio of object mass to gripper mass), gripper and object 
size, speed, power consumption, and requirements on sur-
face conditions. Different size scales have different preferred 
operating principles due to scaling laws.

Figure 2 provides a qualitative overview of the suitability 
of the three different gripper technologies for different object 
shapes (e.g., flat objects are easy to pick up using controlled 
adhesion, but not using variable stiffness).

Gripping by actuation consists of bending gripper fin-
gers or elements around the object, as we do with our fingers 
when picking up an egg or glass of water. The bending shape 
can be actively controlled, or one can exploit contact with the 
object to induce deformation. Of the many approaches, those 
with external electromagnetic motors and FEAs are the most 
mature, with many devices shown in past 30 years. These tech-
niques work well in air and in water, and are not overly sensi-
tive to surface conditions or surface energy. There remain many 
challenges for gripping by actuation, including obtaining suffi-
cient forces, controlling force and force distribution, especially 
for handling deformable objects. Flat objects are not suited to 
this method.

Gripping using controlled stiffness exploits the large change 
in rigidity of some materials or material combinations to hold 

an object. An actuator is needed to envelop the object with part 
of the gripper, but as the gripper is in the soft state, the actua-
tion force can be very low, allowing very delicate objects to be 
caged. Key examples are phase change materials such as shape 
memory polymers and low-melting point alloys, granular jam-
ming, and electrorheological (ER)/magnetorheological (MR) 
fluids. Such grippers can be fast and allow tuning of the stiff-
ness to a desired level. Limitations are the range of stiffness 
change that can be achieved, and for thermal systems the time 
constants can be long.

Gripping using controlled adhesion, like variable stiffness, 
requires an actuation method to partially envelop the object. 
Controlled adhesion by electroadhesion or dry adhesive (the so-
called geckoadhesive) relies on surface forces at the interface 
between gripper and object. This operating principle is a major 
advantage when manipulating very delicate objects, as it avoids 
the high compressive forces required in gripping by actuation, 
because one can obtain high shear forces without exerting large 
overall normal forces on object. Controlled adhesion is also 
ideal for flat objects or objects that cannot be enveloped. Limi-
tations include requiring clean and relatively smooth and dry 
surfaces.

Overall challenges for soft grippers include robustness, 
speed, integration of sensing, and control. Improved materials 
(elastomers, phase change materials) and processing methods 
play a large role in future improvements.

Adv. Mater. 2018, 30, 1707035

Table 1.  Comparison of soft gripper performance for different grasping technologies.

Categorya) Technology Lifting ratio Object 
mass / gripper mass

Gripper sizef)  
[10−2 m]

Object size  
[10−2 m]

Response  
timeb) [s]

Power  
consumption [W]

Surface conditions Any 
(A), Dry (D), Clean (C)

Actuation Passive structure with 

external motors

4.5[49]c)–16.3[46]c) 1.2[34]–15.8[49] 0.01[34] to ≈60[44] N/A 101 (A)

Fluidic elastomer  

actuators (FEAs)

2[4]–68[77] 0.5[138]–120[133] 0.1[138] to ≈100[72] 0.1[132]–6[105] 101d) (A)

Electroactive polymers: 

dielectric elastomer 

actuators (DEAs)

8.7[171] 2[173]–10.3[171] ≈1[173] to ≈8[171] 0.1[171]–1[173] 10−1e) (A)

Electroactive polymers: 

Ionic polymer-metal 

composites (IPMCs)

2[185]–3.5[187] 0.5[187]–8[186] 0.1[187] to ≈4[186] 1[189]–10[186] 10−1 (A)

Shape memory mate-

rials: shape memory 

alloys (SMAs)

15[212]–25.8[213] 0.9[216]–11.5[210] 0.2[219] to ≈20[212] 0.67[212]–11[213] 100 (A)

Controlled Stiffness Granular jamming 7.6–15.1[262] 4.3[261]–35.5[265] 0.43[261] to ≈30[269] 0.1[262]–1.1[261] 101d) (A)

Low melting point 

alloys (LMPAs)

2.2[280]–5.5[174] 3.5[174]–9[280] ≈5[174]–12[280] 30[174]–40[91] 100 (A)

Electro-rheological (ER) 

and magneto-rheolog-

ical (MR) fluids

N/A ≈5[308] ≈5[308] 0.001[305]–0.46[308] 10−1(ER),  

100(MR)

(A)

Shape memory mate-

rials: Shape memory 

polymers (SMPs)

30[320]–925[244] ≈0.5[200]–15.6[322] ≈0.5[200]–8[319] 5[320]–60[89] 100 (A)

Controlled Adhesion Electro-adhesion 54.7[175] 3[336]–4.8[175] 3[336] to ≈100[335] 0.1[175] 10−1e) (D), (C)

Geckoadhesion 39[360]–286.7[355] 1.8[358]–8[355] 0.16[95] to ≈60[355] 0.09[355] N/A (D), (C)

a)Values do not reflect exact the ultimate limits of each technology, but rather the best results published to date. For more details of performance on the actuation, con-
trolled stiffness, and adhesion technology, see refs. [19,52,71,151,253,363] and Sections 3, 4, 5; b)Grasping time; c)Gripper mass includes entire hand; d)Including pressure 
generator; e)Including high-voltage dc/dc converter; f)Length of finger/manipulator or diameter of bag.
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3. Gripping by Actuation

In soft grippers, grasping of an object can be performed through 
the adaptation of compliant structures deformed by external or 
integrated actuators. Researchers have investigated soft grasping 
by actuation in many different ways. Here, we focus our review 
on the representative actuators technologies listed in Figure 3: 
passive structure with external motors (Section 3.1), fluidic elas-
tomer actuators (Section 3.2), electroactive polymers (Section 3.3),  
and shape memory materials (Section 3.4). The deformation of 
passive structures can either exploit the reaction forces arising 
from the contact with the object (Figure 3a), or derive from 
the pulling of embedded cables (Figure 3b). Fluidic elastomer 
actuators rely on the inflation of their elastomeric chambered 
structure, whose deformation is shaped through the use of asym-
metric geometries or reinforcing fibers (Figure 3c). Electroactive 
polymers, such as dielectric elastomer actuators (Figure 3d) and 
ionic polymer-metal composites (Figure 3e), actively deform in 
response to electrical stimuli. The shape memory effect of some 
materials can be also used as a means of soft grasping actua-
tion. Major materials of this type include shape memory alloys 
(Figure 3f) and shape memory polymers (Figure 3g). At the end 
of this section, we will also review some other active materials 
applied to soft grippers (Section 3.5). We exclude piezo-ceramic 
materials from our review, due to their inherent high rigidity and 
low strains limiting their use in adaptive grasping.

3.1. Passive Structure with External Motors

Soft grasping can be achieved by compliant structures that are 
moved by external electromagnetic motors and passively adapt 

to the shape of the object. The main feature of this method lies 
in the absence of active elements inside the gripper structure 
in contact with the object. Hence, high mechanical robustness 
can be achieved. Additionally, since the motor is external, its 
size and weight are mostly independent from the geometry 
of the gripper itself, providing a wide selection range. It is 
therefore possible to obtain high forces by choosing suitable 
high-torque motors. As a mature technology, the use of elec-
tromagnetic motors also provides ease of integration with elec-
tronics and well-known control methods. These features make 
the implementation and building of the gripper system simpler 
on a practical level. As a consequence, soft grippers consisting 
in passive structures and external motors are widely used in 
industry and robotics.

We can distinguish between two main types of externally 
motorized soft grippers. The first one relies on the contact 
with the object to trigger the deformation of gripper structure, 
which results in grasping. We call it contact-driven deforma-
tion (Figure 3a). The second one consists in tendon-driven 
grippers, for which the actuation is transmitted through cables 
embedded in the structure. Most of these grippers are made by 
articulated fingers (Figure 3b). In this section, we focus on the 
review of these two categories, contact-driven deformation and 
tendon-driven, which can be found in Sections 3.1.1 and 3.1.2, 
respectively. We will discuss challenges and future work at the 
end of Section 3.1.2.

3.1.1. Contact-Driven Deformation

The passive deformation of a compliant structure forced 
by external mechanical inputs can be used as a strategy for 

Adv. Mater. 2018, 30, 1707035

Figure 2.  One possible classification of the characteristics of soft grippers for different gripping technologies and object types.
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grasping. One representative example of such passive struc-
tures is the Fin Ray, which is inspired from the deformation 
of fish fins.[10] When the structure touches an object, it bends, 

conforming to the surface, grasping in response to the reac-
tion forces (Figure 3a). Grippers based on this method are 
actuated by external servomotors providing rotation or parallel 

Adv. Mater. 2018, 30, 1707035

Figure 3.  Working principle of technologies for soft grasping. a) Contact-driven deformation (Fin Ray structure). b) Tendon-driven. c) Fluidic elastomer 
actuators (FEAs). Reproduced with permission.[8] Copyright 2015, Springer Nature. d) Dielectric elastomer actuators (DEAs). e) Ionic polymer-metal 
composites (IPMCs). Reproduced with permission.[400] Copyright 2013, IOP Publishing. f) Shape memory alloys (SMAs). Reproduced with permis-
sion.[210] Copyright 2016, Elsevier. g) Shape memory polymers (SMPs). Reproduced with permission.[401] Copyright 2007, Elsevier.
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movements of the grasping parts. Including an example shown 
in Figure 4a,[11] several Fin Ray grippers have been devel-
oped, which have been used to handle a wide range of items 
including a ball, an egg, a fruit, a tulip bulb, tools, and office 
supplies.[12–14] Harvesting vegetables in a greenhouse has been 
shown,[15] and the company bionicTOYS produced gripper toys 
using the Fin Ray structure (Figure 4b).[16] Sensing elements 
were implemented in these structures using 3D printed con-
ductive circuits to obtain contact information.[17]

Passive structures can also be combined with rigid sys-
tems as end-effectors in the form of pads,[18–22] fingertips,[23] 
threads,[24] and strips.[25] In some cases, passive grasping struc-
tures can even take the role of locomotion units, as in the 
example of an octopus robot developed by Sfakiotakis et al.[26] 
There are also developments showing the encapsulation of 
functional materials inside the passive structures, such as 
smart fluids and particles to enable controlled stiffness, which 
are discussed in Section 4. Compliant mechanisms provide 
an additional method to exploit passive structural deforma-
tion for grasping. They are composed of flexible beams with 
monolithic or articulated structures.[27–30] The essential differ-
ence with respect to the previous examples is that, in compliant 
mechanisms, the actuation consists of a simple movement of 
the base of the gripper and the grasping action results from 
bending and/or buckling of the structure (Figure 4c). Liu 
et al.[30] showed that with the aid of topological optimization, a 
gripper of this kind was able to handle diverse objects including 
a PCB, a USB flash drive, marble, clips, a battery, and coins 
(Figure 4d). Issa et al.[31] embedded resistive sensing elements 
made of a conductive silicone elastomer into the connections 
of a compliant mechanism, and showed that it was possible to 
detect the presence of the object being held. Due to the sim-
plicity of the structure, compliant mechanisms are also suitable 
for microgrippers.[32–35]

3.1.2. Tendon-Driven

Inspired by human fingers, tendon-driven underactuated 
structures have been widely employed in robotic hands and 
grippers. They generally consist of a multi degree of freedom 
articulated body actuated by a single tendon. Traditionally, grip-
pers using this actuation method consisted of rigid links, joints, 
and springs.[36–42] In this section, we will focus on reviewing 
tendon-driven grippers incorporating soft materials.

One approach is to use hinges made of elastic materials, 
leading to simpler systems compared to rigid joints with 
mechanical springs.[43–50] Elastic hinges allow exploiting stored 
bending energy to return the actuated fingers to their initial 
position. Figure 4e is an example of such compliant tendon-
driven grippers that demonstrated grasping of a wide range of 
items from a plastic bottle to a glass cup.[50] The fingers of the 
devices are made of 3D printed segments and rubber flexure 
joints that are monolithically integrated by molding process. 
This technique also enables integration of tactile and bending 
sensors.[46,51]

Mimicking the structure of the human hand by using rigid 
and elastic parts to resemble bones and tissues respectively, 
anthropomorphic design was used to build tendon-driven 

grippers.[52–54] The concept aimed to achieve the high dexterity 
provided by the biomechanics of the human hand. Figure 4f 
displays an anthropomorphic hand developed by Xu and 
Todorov[54] which faithfully mimics geometry of bones and 
placement of muscles and tendons. Thanks to the biomimetic 
structure, the device showed many types of grasping categorized 
according to hand taxonomy.[55] Another approach combines 
the use of soft materials and a dedicated control paradigm in 
an anthropomorphic hand where the rigid tendons have been 
replaced by elastic ligaments.[3]

A compliant skin, like that of human hands, can improve 
the friction of tendon-driven grippers with objects for better 
handling.[56–58] Another benefit of skins is that they can be 
sensorized to obtain pretouch and contact information of the 
object, useful for selecting grasping patterns. Tavakoli et al.[59] 
made a robotic hand whose fingers are covered with capacitive 
sensors made of elastomers (Figure 4g). Triggered by informa-
tion about the object obtained through the distributed sensors, 
the hand displayed different closing patterns according to the 
object type.

Fabricating the conventionally rigid elements of tendon-
driven systems using soft materials is a promising approach. 
Such grippers have been developed by replacing both the 
articulated segments and the joints with elastomers.[60,61] Car-
rozza et al.[62] presented a robotic hand made of a monolithic, 
molded structure (Figure 1). They employed a silicone elas-
tomer (Dow Corning Sylgard 186) to realize an entirely com-
pliant structure. Other researchers also demonstrated soft 
cable-driven grippers by placing cables inside an elastomeric 
bag,[63] textiles,[64] and origamis,[65] similar to continuum 
tendon-driven manipulators.[66] Calisti et al.[67] demonstrated 
the grasping of a pencil and screws by a tendon-driven elasto-
meric manipulator inspired by the Octopus arm (Figure 4h), 
which was later implemented in a robot capable of locomotion 
and object manipulation.[67] An interesting example is shown 
in Figure 4i.[63] This gripper consists of a compliant elastomeric 
bag that is actively deformed by the tendon pulling the central 
bottom of the structure. The device is successful at lifting up of 
numerous objects such as cups and tools.

A potential limitation of soft grippers using external motors 
is the difficulty of miniaturization of the entire system, which 
can limit the use of the technology in compact mobile plat-
forms. Since the mechanics of such grippers and the external 
electromagnetic actuators are both well established, future 
work can be expected to be mostly in control. As an example, 
Catalano et al.[3] proposed the concept of soft synergies for the 
control of an underactuated hand with compliant cables. Fur-
thermore, miniaturization could be achieved by substituting 
electromagnetic motors with more compact actuators, such as 
smart materials. In this regard, researchers have showed the 
integration of shape memory alloys into tendon-driven fingers 
and grippers.[68–70]

3.2. Fluidic Elastomer Actuators

FEAs (also referred to as soft pneumatic actuators) are among 
the oldest but still today the most widespread actuation tech-
nologies for soft robotics due to a number of advantages, 

Adv. Mater. 2018, 30, 1707035
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including easy fabrication, robustness, and low cost elastomer 
materials.[9,71] Actuation is obtained through the pressure 
exerted by a fluid (liquid or gas) on a chamber made by highly 

deformable materials (Figure 3c). The structures of FEAs are 
generally asymmetric by geometry or anisotropic by mate-
rials so that the inflation of the chamber is converted into a 

Adv. Mater. 2018, 30, 1707035

Figure 4.  Soft grippers using passive structure with external motors. a) Fin Ray robotic gripper.[11] Reproduced with permission. Copyright Festo AG 
& Co. KG. b) Fin Ray (toy). Reproduced with permission.[16] Copyright BionicToys GmbH. c) Working principle of compliant mechanism. Reproduced 
with permission.[28] Copyright 2013, Emerald Publishing. d) Compliant mechanism. Reproduced with permission.[30] Copyright 2017, Springer Nature. 
e) Tendon-driven with elastic hinges. Reproduced with permission.[50] Copyright 2017, IEEE. f) Anthropomorphic tendon-driven. Reproduced with per-
mission.[54] Copyright 2016, IEEE. g) Tendon-driven with sensor embedded soft skin. Reproduced with permission.[59] Copyright 2017, IEEE. h) Tendon-
driven elastomeric manipulator. Reproduced with permission.[67] Copyright 2011, IOP Publishing. i) Tendon-driven with a compliant elastomeric bag. 
Reproduced with permission.[63] Copyright 2016, IEEE.
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bending of the whole actuator. FEAs can generate high forces, 
which are proportional to the pressure of the fluid and to the 
surface area where the active pressure is applied. For example, 
blocked forces of 80 N at 300 kPa and 112 N at 200 kPa have 
been reported.[72,73] Fluidic based systems can have extremely 
large strokes as they are limited mainly by the maximum strain 
that the material can reliably sustain. Bending FEAs can reach 
bending angles around 300° in a reaction time of ≈0.05 s to 
1.0 s.[74,75] The reaction time depends on the pressure-flow rate 
characteristic of the pump/compressor, on the internal volume 
of the chamber and on the stiffness of the elastomer.

There exist numerous architectures for FEAs. The most 
common ones include: elongated elastomeric chambers with 
the addition of reinforcing fibers and layers, bellows-like 
structures, and tube-like tentacles.[9,71] Fabrication of FEAs 
relies generally on the molding of the elastomer constituting 
the chamber. The molding process, dealing with the material 
in its liquid form, offers the possibility of incorporating func-
tional elements in the actuator such as fibers,[76–79] inextensible 
layers (e.g., papers and fabrics),[74,80,81] porous materials,[82–85] 
origamis,[80] variable stiffness elements,[86–94] adhesion,[95] and 
strain sensors.[96–105]

Pioneering soft grippers in the early 1990s were devel-
oped using FEAs, as represented by the four-fingered gripper 
developed by Suzumori et al., shown in Figure 5a.[106,107] Each 
finger, 12 mm in diameter and composed of three pneumatic 
chambers, can bend in any direction, resulting in dexterous 
grasping able to manipulate various objects (e.g., a beaker filled 
with liquid, a metallic wrench) and even able to tighten a small 
bolt without the use of tools. Another example of gripper at 
larger scale is composed of three FEA fingers and can manipu-
late a copper pipe and a fragile light bulb.[108] Monkman and 
Taylor developed pneumatically actuated fingers made of a 
shape memory foam and performed the handling of a fruit 
(Figure 1).[109] Dohta et al. made soft fingers using fibers as 
radial constraint to the expansion of the chamber and a longi-
tudinal plastic sheet to turn the elongation into bending.[104,105] 
Using an electroconductive carbon paste, they equipped each 
finger with a resistive strain sensor. Their four-fingered hand 
lifted a weight up to 20.8 N and manipulated a soft piece of 
tofu.

Following the early developments, new materials, pro-
cessing methods and device configurations were developed. 
Figure 5b presents a gripper composed of three layers using 
the so-called PneuNets, bending FEAs fabricated using soft 
lithography.[110] This 6-fingered gripper could bend both 
upward and downward and was able to pick up a raw egg and 
a live anesthetized mouse. Rather than using traditional com-
pressors or syringes, Yamaguchi et al.[111] developed a robotic 
hand actuated through rigid but integrated electrohydrody-
namic[112] (EHD) units (Figure 5c). Using one unit for each 
of the five fingers, the hand held a small and a large cup and 
a tape roll with a mass of 12.7 g. Fiber-reinforced FEAs led to 
the development of a bioinspired soft hand able to mimic var-
ious human grasps and to manipulate everyday objects such 
as bottles, pens, sunglasses (Figure 5d).[4,76] A bellows-like 
gripper employed structural reinforcement of a silicone elas-
tomer with polyaramid fibers to increase the tear resistance 
and obtain self-healing over small punctures.[113] Bending 

bidirectionally using positive or negative pressure, the gripper 
was able to lift a wine glass by picking it either from the inside 
or the outside. Various application fields have been proposed 
for soft grippers made by FEAs. Low et al.[114] used two fin-
gers to manipulate a surgical wire. Galloway et al.[84] showed 
the manipulation of delicate deep reefs (Figure 1) and Zhou 
et al.[115] reported picking up of various food items, such as 
a banana, a pear, a piece of tofu, and an egg, using the inte-
gration of special materials in the palms of the grippers: a 
memory foam sheet and a patterned elastomeric layer. Manip-
ulation of objects in amphibious environment was demon-
strated by Hao et al.[116]

Researchers demonstrated rapid fabrication through printing 
of FEA-based grippers. Figure 5e shows a hand using pneu-
matic pouch motors and a flexible structure that can be printed 
in 15 min.[117] MacCurdy et al.[118] developed a two-fingered 
gripper by inkjet printing of a soft elastomer. A customized 
3D printer (layer resolution 0.1 mm) using fusion deposition 
molding of a commercial thermoplastic elastomer, was used to 
fabricate a four-fingered gripper, able to lift a chair of 3.2 kg 
of mass.[72] Another 3D printed gripper performed handling of 
different types of food filled in paper containers.[119,120] Patel 
et al.[121] and Thrasher et al.[122] demonstrated a 3-fingered 
gripper made of UV curable elastomers that are 3D printed 
through digital light processing.

In order to expand the functionality of the grippers, 
researchers have integrated functional elements in their struc-
ture, exploiting the versatility offered by the molding process. 
Curvature sensing was implemented using resistive strain 
sensors made of stretchable or flexible electrodes,[96,97,100–105] 
stretchable optical waveguides,[98] as well as force sensing 
using a piezoresistive fabric component.[123] The integration of 
variable stiffness elements can offer increased holding weight. 
The proposed solutions include particle jamming,[88,93] shape 
memory polymers,[89] thermoplastic ligaments,[92] and low-
melting point alloys.[91] Hao et al.[124] manually added a nylon 
wire around the fingers of the gripper to change their func-
tional length and handle objects of different sizes, such as a 
screw, a pen, a chain of keys and a cactus.

Recently, materials that are highly unconventional for 
robotics have been used for FEAs grippers. Figure 5f shows 
the use of hydraulically actuated hydrogels to obtain a gripper 
that is optically and sonically camouflaged in water, as demon-
strated by the capture and release of a living goldfish.[75] Walker 
et al.[125] used a biodegradable elastomer, i.e., poly(glycerol 
sebacate) with calcium carbonate, to develop an environmen-
tally safe device, while Shintake et al.[126] achieved even an 
edible gripper using a gelatin–glycerol material. Terryn et al.[127] 
addressed self-healing based on thermo-reversible Diels–Alder 
polymers (Figure 5g).

In additions to the use of bending fingers, researchers have 
demonstrated FEAs in different configurations. Yang et al.[128] 
connected two passive fingers to a bladder containing cham-
bers that collapse due to negative pressure, generating the 
opening of the gripper. Al Abeach et al.[129] employed elon-
gating and contracting McKibben muscles in an antagonistic 
configuration, achieving a force of 10N at 400 kPa. The use of 
multifilament McKibben actuators (measured contraction force 
of 70 N) as muscles, allowed Faudzi et al.[130] to develop a robotic 
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hand mimicking the anatomy of the human one, combining 
the actuators with ligaments and a rigid skeleton. Following 
a different approach, researchers at Festo presented a gripper 
composed by a vacuum-actuated elastomeric bladder, inspired 

by the chameleon's tongue (Figure 5h).[131] This gripper proved 
simple handling of objects with wide range of shapes and sizes. 
A similar grasping device was also developed, which is special-
ized for delicate objects.[132]

Adv. Mater. 2018, 30, 1707035

Figure 5.  Soft grippers using fluidic elastomer actuators (FEAs). a) Multichambered fingers.[106,107] Reproduced with permission. Copyright Koichi 
Suzumori. b) PneuNets.[110] c) Fingers actuated by electrohydrodynamics. Reproduced with permission.[111] Copyright 2011, Elsevier B.V. d) Bio-inspired 
hand.[4] Reproduced with permission. Copyright Raphael Deimel. e) Pouch motors. Reproduced with permission.[117] Copyright 2015, Mary Ann Liebert. 
f) Hydraulically actuated hydrogels. Reproduced under the terms of the CC BY license.[75] Copyright 2017, The Authors, published by Springer Nature. g) 
Self-healing polymers. Reproduced with permission.[127] Copyright 2017, AAAS. h) Chameleon’s tongue inspired bladder.[131] Reproduced with permis-
sion. Copyright Festo AG & Co. KG. i) Microtentacle. Reproduced under the terms of the CC BY license.[138] Copyright 2015, The Authors, published 
by Springer Nature.
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The last categories of FEAs gripper that we discuss here are 
tentacles, whose grasping strategy consists in wrapping around 
the object, as would an elephant trunk. Walker et al.[133] demon-
strated handling of an object with a 120 cm long manipulator, 
which consisted of 12 McKibben actuators. Udupa et al.[134] 
developed asymmetric tube-like pneumatic tentacles made in 
nitrile rubber. Their four-fingered hand grabbed a bottle and a 
cup. Martinez et al reported a single soft tentacle able to hold 
flowers and to wrap around and lift a metallic wrench.[135] A 
large manipulator inspired by the octopus used McKibben 
actuators and showed the holding of a basketball.[136] Another 
manipulator using multiple FEAs demonstrated planar 
manipulation.[137]

FEAs have been scaled down successfully by several groups: 
Paek et al.[138] developed the microtentacle shown in Figure 5i, 
with an inner diameter of 100 µm, small enough to wrap around 
an ant. It can exert a force of 0.78 mN with a pressure of 
60–70 kPa. Russo et al. developed a millimeter-scale articulated 
arm that is fluidically actuated for tissue handling.[139]

One potential challenge of FEA grippers consists in the 
use of external pumps and compressors to generate the com-
pressed fluid that drives the actuators. Such components are 
often bulky and heavy and can compromise the portability 
of the devices. Preliminary attempts to integrate and minia-
turize the generation of compressed fluids showed promising 
results.[111,140–142] Response time can constitute an additional 
challenge, since reaching frequencies higher than 1 Hz can be 
difficult to achieve given the fluidic impedance of the channels 
and required flow rates for full actuation.

Grippers using FEAs represent one of the most mature tech-
nologies among soft grippers, such that the technology has 
been already spun off in industrial companies,[143,144] and also 
used for educational purpose.[145] However, most of the existing 
grippers manipulate only centimeter-size objects and have lim-
ited or more often simply no sensing. A potential expansion of 
this technology consists in its scaling for the manipulation of 
objects with different sizes and in the integration of advanced 
distributed sensing. Additionally, the development of integrated 
soft transducers for the generation of the compressed fluid can 
further enhance the portability and miniaturization of FEAs 
grippers, expanding their application fields.

3.3. Electroactive Polymers

Polymers that reversibly deform in response to electric stimuli 
are called electroactive polymers (EAPs). DEAs[146,147] and 
IPMCs[148] are the two most widespread EAPs technologies, 
employed in various fields, including robotics.[149–153] In this 
section we discuss grippers based on DEAs and IPMCs, while 
devices based on other types of EAPs and active materials are 
discussed in Section 3.5.

3.3.1. Dielectric Elastomer Actuators

DEAs are composed of a thin elastomer membrane (thickness 
3–500 µm[144,151,154]) sandwiched between two compliant elec-
trodes (Figure 3d). Electromechanical actuation is obtained 

by applying a high voltage (typically several kV) across the 
electrodes, which generates an electrostatic attraction (known 
as Maxwell stress) between them, squeezing the elastomer 
membrane, resulting in elastomer thickness reduction and 
area expansion. DEAs are typically composed of soft elasto-
mers (≈1 MPa elastic modulus), can generate large actuation 
strokes (more than 1000% strain in area expansion[155] has been 
reported, though 10% to 50% is more typical for long-term 
operation), fast response time (less than 200 µs[156]), and self-
sensing capability.[157,158] Additionally, their electromechanical 
efficiency can theoretically reach 90%.[159] Thanks to the sim-
plicity of their working principle, DEAs have been shaped into 
numerous actuator configurations, applied to diverse devices 
and robots.[160] The large actuation stroke of DEAs corre-
sponds to a low generated stress; therefore multilayer stacking 
is required when high output forces are demanded, resulting 
in a more complicated fabrication process.[161,162] The use of 
high voltage can induce the risk of electric discharges outside 
the actuator. However, DEAs require very small currents, far 
below the human-safe threshold. Researchers demonstrated 
that DEAs can work even in conductive fluids with the proper 
electrical insulation, consisting for example in additional sili-
cone layers.[163–165] The commercial availability of miniatur-
ized high voltage components, and the recent development 
of kV thin-film transistors[166] enabled self-contained, mobile 
DEA robots,[164,167] paving the way for compact systems with 
embedded high-voltage switching.[166]

The use of DEAs for grasping was first demonstrated with 
a configuration called self-organized dielectric elastomer 
minimum energy structures (DEMESs).[168] This configura-
tion consists of a prestretched DEA attached to a flat flexible 
frame. With no voltage applied, the equilibrium of the entire 
structure results in a bent shape where the internal stress 
of the DEA and the bending moment of the frame balance 
each other. Applying a voltage releases the internal stress and 
unfolds the actuator structure. This configuration enables out-
of-plane actuation using DEAs. Figure 6a illustrates the opera-
tion principle of a DEMES gripper developed by Kofod et al.[169] 
Applying a voltage opens the gripper's fingers, and removing 
the voltage closes them, providing sufficient grasping force to 
lift up the object. This device uses a single set of electrodes, but 
it is also possible to segment them to, for example, building 
longer fingers.[170] Figure 6b is an example of grippers using 
multisegmented DEMES.[171] The 103 mm long fingers are 
made of acrylic elastomer as DEA part and polyimide and poly-
vinyl chloride as frame part. Unlike the previous example, this 
device developed by Lau et al. exploits unfolding of the actua-
tors to perform pinching grasping, exhibiting the handling of 
highly deformable objects, here an egg yolk. Meanwhile, other 
DEA configurations were also applied in grasping. One repre-
sentative device shown in Figure 6c combines DEAs with stiff 
fibers.[172] Arranging alignment and rigidity of the fibers con-
strains in-plane deformation of DEAs, generating various out-
of-plane shapes as a consequence of the electrostatic actuation. 
In Figure 6c, the actuator exhibits wrapping movement capable 
of adapting to different objects (a cylinder and a grape in the 
figure) while producing sufficient holding force.

Future developments on DEA-based soft grippers need to over-
come the low generated stress. Other than multilayer stacking, 

Adv. Mater. 2018, 30, 1707035
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recent researches have demonstrated promising approaches to 
compensate the low grasping force. One is to incorporate a vari-
able stiffness functionality to improve the holding force, through 
electrostatic chuckling[173] or rigidity tunable materials.[174] 
Another approach consists in the implementation of controllable 
adhesion that provides shear holding force.[175] DEA-based soft 
grippers including the use of variable stiffness and adhesion are 
further discussed in Sections 4.2 and 5.1, respectively.

3.3.2. Ionic Polymer-Metal Composites

IPMCs consist of an electrolyte-swollen polymer membrane 
(thickness typically 100–300 µm) sandwiched between two thin 

metallic layers. The working mechanism of IPMCs is illustrated 
in Figure 3e. With no voltage applied, the anions and cations in 
the electrolyte in the polymer are uniformly distributed. When 
a voltage bias is applied to the electrodes, the cations migrate 
toward the cathode, and the anions toward the anode. This 
leads to differential swelling, causing a bending deformation of 
the entire structure toward the positive side.[181] Depending on 
the applied polarity, the device can thus bend in both directions.

The stiffness of IPMCs varies from 0.6 to 21 GPa,[176,177] 
depending on the materials used for the polymer membrane 
and the electrodes. This actuator technology provides large 
bending strokes with low actuation voltages (1–5 V). The use 
of electrolytes often requires the actuators to be submerged 
in aqueous solutions, but encapsulation enables operation in 

Adv. Mater. 2018, 30, 1707035

Figure 6.  Soft grippers using dielectric elastomer actuators (DEAs) and ionic-polymer–metal composites (IPMCs). a) Dielectric elastomer minimum 
energy structure (DEMES). Reproduced with permission.[169] Copyright 2007, AIP. b) Segmented DEMES. Reproduced with permission.[171] Copyright 
2017, AIP. c) DEA with stiff fibers.[172] d) IPMC fingers.[186] Reproduced with permission. Copyright Yoseph Bar-Cohen. e) Micro-IPMC fingers. Adapted 
with permission.[187] Copyright 2008, Springer Nature.
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dry environments[178,179] Similar to DEAs, IPMCs are capable 
of self-sensing.[180] However, their response speed is slow (e.g., 
0.5 and 3.5 min to achieve 50° and 270° of bending angle, 
respectively[181,182]) and exhibit hysteresis. Moreover, the output 
stress and efficiency are low.

The bending actuation nature of IPMCs have inspired 
researchers to exploit them in fingered grippers.[183–186] An 
example is shown in Figure 6d,[186] where an object with 
10.3 g mass is lifted up by a gripper with four fingers. An 
advantage of IPMCs is that they can easily be manufactured 
at millimeter size. Deole et al. and Lumia and Shahinpoor 
developed microgrippers composed of two IPMC actuators 
(dimensions 5 mm × 1 mm × 0.2 mm),[187,188] manipulating 
a metallic ball with a mass of 15 mg (Figure 6e). In addi-
tion, Jain et al.[189] investigated the behavior of a two-fingered 
microgripper.

Compared to those of DEAs, recent developments on IPMC-
based grippers are rather limited, perhaps due to drawbacks 
such as slow actuator response and low produced stress. One 
potential way of pushing this technology toward grasping appli-
cations is to exploit its ability to work in aqueous environments. 
Such applications could include sample return in sea explora-
tion,[84] and drug delivery and surgical manipulation in body 
fluid.[190]

3.4. Shape Memory Materials

Some polymers and alloys present a shape memory effect: in 
response to a stimulus (which is often thermal), the material 
returns from a temporary deformed shape to an initial shape. 
Representative materials are SMPs and SMAs.[191–194] These 
materials have been employed in numerous applications across 
automotive, aerospace, and biomedical field as well as robotics. 
A summary of the technologies and details of their applications 
can be found in review articles.[195–197]

SMPs consist of a polymer network composed of elastic 
domains and transition domains. Heating above the transition 
temperature causes the transition domain to soften, allowing 
the deformation of the elastic domain in response to an external 
force. After cooling, the transition domain stiffens and blocks 
the deformation of the elastic domain. Heating the material 
again releases the elastic domain and the device recovers its 
original, undeformed, state (Figure 3g). In SMPs, the transi-
tion occurs due to phase change of the material, where crys-
tallization-melting or vitrification-glass takes a role. SMPs are 
often employed as composites with other materials to improve 
their mechanical properties (strength, recovery stress, etc.), and 
to enable other stimuli effects such as electroactive effect and 
magnetic-active effect.[198]

SMAs exhibit a shape memory effect due to crystallographic 
change of the alloy between martensite phase and austenite 
phase induced by temperature. At low temperature, the alloy 
is in martensitic form with lower modulus, and can be plasti-
cally deformed by an external stress. Heating above the transi-
tion temperature transforms the alloy into austenitic form with 
higher modulus, leading to recovery of the shape to its original 
undeformed state (Figure 3f). SMAs can also be used as actua-
tors by exploiting the up to 5% contraction upon heating from 

martensite to austenite phases (this will be discussed later in 
this article)

Both SMPs and SMAs show stiffness change via phase tran-
sition, which can be exploited to use them as variable stiffness 
components. The use of SMPs as main actuation elements in 
soft grippers is rare, only little work has been reported.[199,200] 
This is probably due to their low recovery stress (1–3 MPa[195]) 
and the fact that they usually need external heaters. SMPs are 
rather used as variable stiffness components in combination 
with other active elements, as discussed in Section 4.4. An 
exception is the device demonstrated by Behl et al.(Figure 7a), 
consisting of a four-fingered gripper using a reversible bidi-
rectional SMP, which has demonstrated pick and place of a 
coin.[199] Another work presented by Ge et al.[200] showed a 3D 
printed SMP microgripper (Figure 7b). The gripper, which has 
fingers of a few mm in length, is capable of picking up a screw 
when exploiting the shape recovery.[200] In the rest of this sec-
tion, we focus our discussion on SMAs.

SMAs exhibit high active stress (on the order of several hun-
dreds of MPa), with substantial strains up to 5%.[201] Nickel 
titanium is the most commonly used alloy for this type of tech-
nology. SMAs have a high elastic modulus (10–83 GPa below 
transition temperature, and 0.1–41 GPa above transition tem-
perature[195,202,203]). However, SMAs can be formed into coiled 
springs with a wire diameter of 25–500 µm, exhibiting compli-
ance and large actuation strain (e.g., 50% linear contraction[204]). 
The conductivity of the alloys enables direct Joule heating 
through the material, producing thermal activation intrinsically, 
without the need for an external heater. SMAs can also be used 
as strain sensors by monitoring the change in resistivity.[205,206] 
The response speed is relatively slow (≈3 Hz[195]), and they pre-
sent hysteresis in actuation cycles. SMAs can be driven by low 
voltage, but they require high currents and have low efficiency.

One approach to building SMA-based adaptive grippers con-
sists in combining them with flexible beams and hinges.[207–209] 
Simone et al.[70] developed a prosthetic gripper made of 3D 
printed tendon-driven structures mimicking the shape of the 
human hand. The device has three fingers that can be actuated 
independently enabling grasping and holding a coffee cup, a 
screwdriver, a pencil, and a rectangular box.

Another recently developed approach is the integration 
of SMAs and compliant materials (e.g., silicone elastomers) 
that provide improved adaptability to the object.[69,210–214] She 
et al.[214] developed a robotic hand shown in Figure 7c, where 
every finger is composed of SMA strips and a silicone rubber 
structure. Shape recovery of the strips toward programmed 
curved shape realizes the finger motion. The robotic hand dis-
played adaptability and dexterity resulting in the grasping of var-
ious objects, from a wire spool to a thin card. Another example 
of a robotic hand based on the same technology is presented 
in Figure 7d; the device is composed by SMA wires encapsu-
lated in an elastomeric articulated structure with a glass fiber 
sheet.[69] The SMA wires contract when heat is applied to them, 
resulting in bending motion of the fingers, in the same manner 
of tendon-driven actuation (see Section 3.1.2). This device has 
grasped different objects, such as a light bulb, a mouse, a pair 
of scissors, and a ball of crumpled paper. An advantageous fea-
ture of SMAs is their easy miniaturization. SMA microgrip-
pers have been developed based on rigid materials and flexural 

Adv. Mater. 2018, 30, 1707035
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joints.[215–217] Softness in such devices can be increased by the 
using superelastic SMAs[218] or compliant materials,[219] or by 
decreasing the thickness of the structure.[220] Figure 7e shows 
a soft microgripper developed by Lan et al.[219] that has two 
fingers (10 mm length), consisting in SMA wires and a poly-
oxymethylene flexible frame. Each finger is equipped with self-
sensing through the measurement of the resistance change of 
the SMA wire. The gripper demonstrated manipulation of a 
string and screws (diameter 1.7–4 mm), as well as holding a fly.

Future work on grippers based on shape memory materials 
could address shape recovery (actuation) speed and hysteresis. 
Speed is dominate by the cooling time constant, which can be 
decreased by scaling down the actuator.[221] Larger actuators 
therefore would require additional cooling elements such as 

circulating water or electrocaloric systems.[222] For SMPs, it has 
been reported that blending of carbon nanofibers improves the 
recovery speed.[223,224] Hysteresis can be lowered in SMAs by 
magnetization.[225] Similarly, in SMPs, it has been reported that 
polymers composed of poly(vinyl chloride) and polyesterure-
thanes show reduction of hysteresis during shape recovery.[193,226]

3.5. Other Active Materials

When developing stimuli-responsive polymers and gels, 
researchers often demonstrate soft grippers as a potential 
application. Such materials have shown grasping in response to 
the application of various external stimuli including chemical 

Adv. Mater. 2018, 30, 1707035

Figure 7.  Soft grippers using actuation of shape memory materials. a) Bidirectional shape memory polymers (SMPs).[199] b) 3D printed SMP structure. 
Reproduced under the terms of the CC BY license.[200] Copyright 2016, The Authors, published by Springer Nature. c) Shape memory alloys (SMAs) with 
elastomeric finger structure. Reproduced with permission.[214] Copyright 2016, Mary Ann Liebert. d) Articulated elastomeric structure with SMA wires. 
Reproduced with permission.[69] Copyright 2016, Elsevier. e) SMA microfingers. Reproduced with permission.[219] Copyright 2010, IEEE.
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(pH change,[227–229] salt concentration,[230] and solvent expo-
sure[231]), dissolution,[232] humidity change,[233] electrical,[234,235] 
thermal,[236–242] optical,[235,243,244] and magnetic.[245–247] Those 
stimuli triggered actuators exploit swelling, ion migration, oxi-
dation, thermal expansion, phase transition, and field deforma-
tions. For more details on stimuli-responsive soft actuation, a 
recent review is available.[248]

A promising application of such stimuli-responsive mate-
rials are microgrippers for assembly of micro-objects, sur-
gery, and drug delivery.[190] Figure 8a top shows schematics 
of a microgripper developed by Ongaro et al.,[236] consisting 
of folding arms that can be actuated by thermal stimulus on 
a hydrogel (N-isopropylacrylamide-co-acrylic acid) integrated 
with a stiff frame (SU-8 polymer). The gripper has diam-
eters of 4 and 0.8 mm in the flat and folded states, respec-
tively. By doping of the gel with magnetic nanoparticles, the 
gripper can be remotely displaced by an external magnetic 
field. Figure 8a bottom shows pick and place operation of the 

gripper, where the temperature change of the surrounding 
fluid induces a phase transition with associated swelling 
and shrinkage of the hydrogel, resulting in reversible open-
close motions of the folding arms. The external magnetic 
field controls the positioning of the device. Diller and Sitti[245] 
instead used the external magnetic field also to induce the 
gripping action of their microgrippers, as shown in Figure 
8b. The devices presented are made of a polymer filled with 
a magnetic powder. The jaws of the grippers are magnet-
ized in opposite directions, generating reversible open-close 
movements according to the applied field. With this opera-
tion, manipulation of 200 µm microspheres and of a several 
mm diameter rod were demonstrated. An interesting micro-
gripper is shown in Figure 8c, which works by stimulation 
with infrared (IR) light.[244] The grippers’ fingers (≈10 mm 
length) are made of a polystyrene sheet patterned with a black 
ink. Absorption of the light by the ink surface results in local-
ized heating that induces shrinkage of the structure when the 

Adv. Mater. 2018, 30, 1707035

Figure 8.  Soft grippers using other active materials. a) Thermally-responsive hydrogel. Reproduced with permission.[236] Copyright 2016, The Authors, 
published by Springer Nature. b) Magnetic polymer.[245] c) Light-responsive polymer. Reproduced with permission.[244] Copyright 2017, RSC. d) Humidity-
responsive polymer.[233] e) Bio-hydrogel (chitosan and cellulose/carboxymethylcellulose). Reproduced with permission.[229] Copyright 2017, RSC.

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

1707035  (16 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature exceeds the activation temperature. The device 
is able to hold ≈925 × its own weight. Alici and Huynh.[249] 
demonstrated microgripping using a type of electroactive pol-
ymer[250]: their two-fingered gripper showed the lifting up of 
an object weighing 8 mg.

Swelling is a major type of actuation that can be stimu-
lated by various means. Taccola et al.[233] developed a soft 
gripper that exploits the water swelling nature of PEDOT:PSS 
(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) for 
humidity stimulated actuation (Figure 8d). The conductivity of 
PEDOT:PSS allows the Joule heating of the material to control 
the amount of swelled water contents by evaporation, enabling 
reversible grasping actuation. Another example of swelling 
gripper presented by Duan et al.[229] is made of biohydrogel 
(chitosan and cellulose/carboxymethylcellulose)(Figure 8e). 
In aqueous solution of 0.1 m HCl, the fingers are actuated by 
pH-triggered swelling, achieving the lifting of a hydrogel cube 
weighing 5 g.

Combining materials with different thermal expansion coef-
ficients, heating can produce out-of-plane actuation as a con-
sequence of thermal expansion. Yao et al. showed a grasping 
device composed of a PDMS layer and a heater membrane 
made of silver nanowires.[238] Upon heating, the expansion of 
the PDMS layer produced bending of the fingers’ structure, 
enabling the handling of an object. Similarly, Zhou et al.[242] 
demonstrated grasping of crab’s egg with ≈1 mm diameter, 
using microthermal actuators made of a platinum heater and 
parylene covering layers.

Research in the use of stimuli-response materials for grip-
ping is not as mature as the gripping methods described ear-
lier in this paper. However, investigation of grasping based on 
new stimuli could lead to grippers that can react to chemical 
properties and photo/thermal energies of the object or the 
environment without the need of additional sensing. Such sys-
tems are expected to expand the application fields and working 
environments.

4. Gripping by Controlled Stiffness

Grippers based on variable stiffness materials and structures 
use a different mechanism respect to the gripping by actua-
tion presented in Section 3. The general method consists 
of setting the gripper’s structure in its “soft” configuration, 
approaching and enveloping the object to be grasped, and 
finally stiffening the structure to hold it through caging. This 
method can result in high holding forces with a minimal 
compression applied to the object. Moreover, the grasping 
strategies can be expanded through the use of local stiff-
ening of the structure, enabling multiple degree-of-freedom 
shape change with a single actuation input. In this section, 
we review and discuss variable stiffness technologies used in 
soft grippers, such as granular jamming, low-melting point 
alloys, electrorheological and magnetorheological fluids, and 
shape memory materials. For other stiffness tunable materials 
such as thermoplastics,[92,251,252] a review on variable stiffness 
technologies for soft robotics is available.[253] Tendon-driven 
is also able to achieve variable stiffness through antagonistic 
configurations.[254] However, since little work has been done 

with soft materials, we focus on the others technologies listed 
above.[255,256]

4.1. Granular Jamming

A vacuum-sealed package of ground coffee beans is hard, but 
becomes soft as soon as it is opened. The mechanism under-
lying this phenomenon is called granular jamming or gran-
ular transition. The change in stiffness is a consequence of 
the change of pressure between the granules:[257] the depres-
surization of a loose granule-filled bag produces compressive 
forces between the granules, which constrain their physical 
movements, making the whole bag behave as one solid object. 
Injection of air into the bag returns it to a soft state: the gran-
ules free to move, with a liquid-like behavior. Ground coffee 
is the most widely used type of granules, but the following 
have also been reported: glass, plastic, metallic beads and 
beans.[258,259] Jamming actuators feature simple structure and 
stiffness control by means of pressure. Stiffness change achiev-
able with this technology is reported to be up to 24 times.[260] 
The rate of stiffness change is rather fast; 0.1–1.1 s to solidify, 
and 0.1–1 s to liquefy.[261,262] Transition time generally depends 
on the pressure difference and flow rate provided by the pump, 
and the volume of granule-filled bag. The need for a pump 
generating a relatively high pressure difference is a limitation 
when portability is required. Nevertheless, in robotics, granular 
jamming has been demonstrated in mobile robots as well as in 
manipulators.[263–267]

After its shape adaptive grasping capability was demon-
strated in its early development by Rienmüller et al. in 1988 
(Figure 1),[268] granular jamming was shown to enable high 
performance in soft grippers. One representative example 
is the device called the “universal soft gripper” developed by 
Brown et al.,[269] shown in Figure 9a. The high compliance of 
the ground coffee-filled bag adapts to the object, and evacua-
tion of air provides sufficient rigidity to hold and lift it up. This 
gripper successfully handled objects with highly diverse shapes, 
such as small flashlight bulbs, small plastic bags, LEDs, bottle 
caps, plastic tubing, foam ear plugs, and a variety of hardware 
items and office supplies in addition to the objects shown in 
Figure 9b. The device cannot grasp flat objects, as it cannot 
envelop and cage them. Granular jamming may not be a good 
match for handling deformable objects, because it is almost 
impossible to conform to the object deformations after the 
gripper structure has been solidified. The universal jamming 
gripper has been applied to industrial environment,[262] and 
several research applications have been demonstrated, such as 
in prosthetic,[270] assembly tasks,[271] and human-robot coop-
eration,[272] as well as integration with learning algorithms.[273] 
Licht et al.[274] employed jamming gripper as an end effector of 
a remotely operated vehicle for deep sea sampling, and showed 
that the gripper was able to generate over 35 N of pulling 
force on a sample (stainless steel rod) at a depth of 1200 m 
(Figure 9c). When multiple granule-filled bags are used as end 
effectors, granular jamming shows improved versatility to deal 
with an even larger variety of objects. Figure 9d presents a two-
fingered robotic hand developed by Amend and Lipson,[275] 
where each finger is equipped with a granular jamming bag. 

Adv. Mater. 2018, 30, 1707035
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They showed that this configuration features high dexterity to, 
for example, handle chopsticks to manipulate small objects.

As a variable stiffness element, granular jamming can also 
be combined with other actuation technologies into soft grip-
pers. Li et al.[88] integrated a jamming component into a fluidic 

elastomer actuator (Figure 9e). The bending deformation of 
the actuator elongates and squeezes the jamming part. This 
confines granules inside, realizing passive stiffening without 
the need for vacuum. In a similar work, the jamming part 
is actively controlled and is independent from the fluidic 

Adv. Mater. 2018, 30, 1707035

Figure 9.  Soft grippers using granular jamming. a) Representative configuration, its working mechanism, and b) Holding force for different types 
of object geometry. Reproduced with permission.[269] Copyright 2010, National Academy of Sciences. Image top left: reproduced with permission, 
copyright 2010, John Amend. c) Holding force test in deep sea (1200 m depth). Reproduced with permission.[274] Copyright 2017, Mary Ann Liebert. 
d) Two-fingered configuration. Reproduced with permission.[275] Copyright 2017, Mary Ann Liebert. e) Combination with fluidic elastomer actuator. 
Reproduced with permission.[88] Copyright 2017, IEEE.
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elastomer actuator.[93] Since both granular jamming and pneu-
matic actuators are based on pressure difference, their com-
bination is advantageous since the pressure-generating device 
can be shared, increasing the global dexterity while avoiding 
the increase in complexity of the system. Fujita et al.[276] used 
a linear actuator to adjust the inner volume of the granular bag 
to increase adaptability to object. Combining jamming with 
tendon-driven actuation, Cheng et al.[265] developed a manipu-
lator with four segmented sections. The device showed holding 
of a heavy object, as well as dexterous manipulation of a cup.

Future research regarding granular jamming could address 
for further increasing versatility on object types. For example, 
jamming grippers could be equipped with an adhesion tech-
nology to enable handling flat and deformable objects that 
are currently difficult to handle. Another potential approach 
is to modify geometry of the granular-filled elastic bag, as can 
be seen in the literature.[277] Layer jamming, a variable stiff-
ness technology that relies on friction between overlapping 
layers,[278,279] is a promising technology for future applications 
due to its low thickness structure, leading to lightweight fin-
gered grippers with variable stiffness.

4.2. Low-Melting Point Alloys

LMPAs, also known as Field's metal or Fusible alloys, change 
their phase from solid to liquid in response to heat. This 
phase change can be exploited to obtain variable stiffness 
structures, once the alloys are encapsulated in soft structures 
made of elastomers and foams.[280–283] Reported relative stiff-
ness changes are ranging from 25 to over 9000 times.[284–286] 
In these components, heat is applied externally by integrating 
a heating element, or directly by Joule heating by running 
current through the alloy. Melting temperature of the alloys  
is typically 47–62 °C. In the solid state, their Young’s modulus  
is 3–9 GPa, which determines the maximum theoretical stiff-
ness achievable. An example of LMPA variable stiffness element 
is shown in Figure 10a. This element consists of an LMPA track 
embedded in elastomer matrix. Applying electric current to the 
track heats it, and the entire structure goes from rigid to soft.

LMPAs were first used as adaptive grasping in a four-fingered 
metamorphic robot able to grip and hold a 120 mm diameter 
ball and a block (Figure 1).[280] This robot, developed by Nakai 
et al.(Figure 1), in which every finger is moved externally by ser-
vomotors, consists of a silicone elastomer matrix encapsulating 
an LMPA and a heater made of a conductive fabric. There is 
also a temperature sensor integrated in the same structure. 
The stiffening effect enabled the robot to climb up a ladder, 
by exploiting both its soft and rigid states. Another example 
is a two-fingered soft gripper shown in Figure 10b.[174] Each 
finger consists of an silicone structure containing an embedded 
LMPA track and a prestretched DEA (Figure 10c). The bending 
part of the finger is 35 mm long, and weighs ≈1 g. The  
LMPA track is conductive and can be Joule-heated. When the 
LMPA is in liquid phase, the whole structure is in its soft state, 
and the electrostatic actuation from the DEAs moves the fin-
gers from the bent shape to a flat shape. Solidifying the LMPA 
(by removing the heating current) while keeping the DEAs 
actuated results in a desired rigid shape of the fingers, and 

the DEA can be turned off. With this operating procedure, the 
gripper has successfully picked up a plastic dish filled with 
metal washers with a mass of 11 g (5.5 times its own weight) 
using an extremely small active grasping force of 0.24 g, clearly 
exploiting the variable stiffness effect given from the LMPA. A 
similar device, displayed in Figure 10d,e, consists of an LMPA 
track encapsulated elastomer structure combined with a flu-
idic elastomer actuator.[91] In that work, the variable stiffness 
actuator is integrated in a three-fingered gripper capable of 
lifting up an object with a mass of 780 g, much heavier than 
the device itself.

For further developments, a challenge is to decrease the 
phase transition time of LMPAs. Depending on size and geom-
etry, reported melting time for LMPAs ranged from 1 to 30 s, 
while solidifying (cooling) time takes over 60 s.[174,286] Although 
melting time can be made decreased by increasing electric 
input power, solidifying time is limited by the thermal conduc-
tivity of the encapsulating elastomer and heat transfer between 
the surface of the device and the surrounding air. The slow 
response can be an issue when quick manipulation of multiple 
objects is required. Potential solutions involve the use of soft 
materials with high thermal conductivity (e.g., refs. [287,288]) 
for the substrate encapsulating LMPAs, or the integration of 
an additional cooling element based on, for instance, the elec-
trocaloric effect[222] or circulating water. Surface patterning to 
increase the exposed area[289] and fractal channel design[290] can 
be a further method to decrease the cooling time.

4.3. Electrorheological Fluid and Magnetorheological Fluids

When exposed to electromagnetic fields, some fluids increase 
their apparent viscosity until reaching a viscoelastic behavior. 
When encapsulated in an elastic structure, such a change in vis-
cosity leads to a mechanical stiffness change of the entire struc-
ture. There are two types of field-responsive fluids: ER fluids 
and MR fluids. ER fluids consist of polarizable particles (size 
0.1–100 µm) suspended in a dielectric fluid such as an oil.[291] 
Under an electric field (typically up to 5 kV mm−1), the parti-
cles develop fibrillated chains in the direction of the electrical 
flux lines, due to the dielectric polarization and the oriented 
polarization of molecular dipoles.[292] The fibrillated chains 
resist the deformation of the fluid domain, leading to increased 
stiffness of the structure. Similarly, in response to a magnetic 
field, MR fluids forms chains of ferromagnetic particles (size 
3–5 µm) by magnetization, along the magnetic flux lines.[293] 
In MR fluids, oil is often used as fluidic media. Typically, mag-
netic fields of up to 500 mT are applied to obtain a viscoelastic 
behavior. The response time of ER/MR fluids is relatively short, 
less than 10 ms.[292] Their relative stiffness change ranges from 
a few times to a few tens of times,[294–297] and generally MR 
fluids have shown greater changes than ER fluids.[298,299] ER 
fluids have generally lower energy consumption power require-
ments, because the generation of electric fields relies only on 
applying an electrical potential (with no steady state current 
flow), while magnetic fields are proportional to electric current. 
In addition, ER/MR particles can also be mixed into foams and 
elastomers, but the obtained stiffness change is greatly reduced 
with respect to their use in fluids.[300,301] ER/MR fluids are 
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traditionally used in dampers, clutches, and valves,[302,303] while 
they have been also implemented in some robotics applications 
such as manipulators.[304]

For soft grasping applications, ER fluids were first used 
in 1989 in a robotic finger covered by conductive elastomeric 
skin encapsulating the ER fluid over grid of copper electrodes 
(Figure 1).[305] With no electric field applied, the ER fluid layer 
acts as a compliant tactile sensor. When the finger touches an 
object, the layer deforms, thus changing the capacitance meas-
ured using the electrodes. After being pushed onto an object, 
when the ER layer can be solidified by applying a high voltage 
on the electrodes, and it then interlocks with the object, pro-
viding large lifting forces. An ER fluid layer was also com-
bined with an electroadhesive pad in another robotic gripper 
in 1992 by Monkman (Figure 1).[306] Since both ER fluids and 

electroadhesion work with high electric fields (i.e., require gen-
erally high voltages), the configuration of this adaptive gripper 
is simple despite the multifunctionality, providing both variable 
stiffness and electroadhesion since the high voltage connec-
tions can be efficiently reused. The use of ER fluids was fur-
ther extended to micromanipulation.[307] Arai et al. developed a 
microgripper consisting in a finger with a joint containing an 
ER fluid; the stiffness of the flexible finger can be changed by 
controlling the voltage applied to the ER joint.

MR fluids have also been used in gripping applications. Pet-
tersson et al.[308] developed an end effector consisting of two 
rigid arms, each equipped with an electromagnet and an MR 
fluid-filled pouch. With no magnetic field applied, the pouch 
conforms to the object as the arms squeeze. Activating of the 
electromagnets solidifies the pouches, caging the target that 

Adv. Mater. 2018, 30, 1707035

Figure 10.  Soft grippers using low-melting point alloys (LMPAs). a) An LMPA variable stiffness element.[286] b) Combination with dielectric elastomer 
actuator (DEA), and c) its structure and operating principle. Reproduced with permission.[174] Copyright 2015, IEEE. d) Combination with fluidic elas-
tomer actuator (FEA), and e) gripping operation. Reproduced with permission.[91] Copyright 2017, IEEE.
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can be therefore successfully lifted. This gripper demonstrated 
handling of various food items, such as, apples, tomatoes, car-
rots, and strawberries. Nishida et al.[309] also created a similar 
end-effector composed of an electromagnet and an elastomeric 
bag filled with a reinforced MR fluid. They demonstrated han-
dling of a plastic container, an eraser, a tape, and small sphere 
and cube.

The implementation of ER/MR fluids in soft grasping sys-
tems is limited except for the early developments discussed 
above.[305–307] The reason may be due to low absolute stiffness 
achievable by solidifying the fluids. Reported yield stress is up 
to 250 kPa,[310–312] which coincides with the low stiffness of 
the entire structure encapsulating the fluid. Absolute stiffness 
could be increased by applying higher electric/magnetic fields. 
However, in MR fluids, higher magnetic fields require higher 
current, resulting in high energy consumption and heating. For 
ER fluids, the use of microfabrication processes is a potential 
approach to increase their stiffness variation, since the intensity 
of the electric field depends on the gap between the electrodes 
sandwiching the fluid. It would also be interesting to combine 
ER/MR fluids with other actuation and adhesion technologies 
relying on the same field source. For example, ER fluids can 
be combined with electroadhesion as reviewed above, but also 
DEAs could be good candidates, since they all require high elec-
tric fields.

4.4. Shape Memory Materials

Materials that exhibit shape memory effect, such as SMPs and 
SMAs change their stiffness through phase transition. In this 
section, we focus our discussion on their variable stiffness capa-
bility, while other properties were covered in Section 3.4. SMPs 
have generally larger relative stiffness change and lower mod-
ulus in both soft and rigid states (0.01–3 GPa below transition 
temperature, and 0.1–10 MPa above transition temperature, 
corresponding to 100–300 relative change), compared to SMAs 
(10–83 GPa below transition temperature, and 0.1–41 GPa 
above transition temperature, corresponding to 2–10 relative 
change).[195,202,203] The small relative stiffness change of SMAs 
encourages their use in soft grippers as actuators rather than 
variable stiffness components. Therefore, in this section we 
focus on SMPs. As variable stiffness components, SMPs have 
been coupled to other soft actuator technologies including 
FEAs,[86,90,313] SMAs,[314] and DEAs.[315]

Following the initial investigation in the early 1990s using 
shape memory foams,[109] several variable stiffness soft grip-
pers using SMPs have been developed. Firouzeh and Paik[316] 
recently presented a gripper that has three tendon-driven fin-
gers with an origami structure (Figure 11a). In this configura-
tion, hinges between the origami segments are composed of 
SMP layers, acting as variable stiffness joints. Control of stiff-
ness relies on a heater made by a metallic mesh embedded 
in the SMP layer. The stiffness change enables two grasping 
modes: a stiff mode to exert large forces, and a soft mode to 
gently handle the object, a sponge in this case. Moreover, the 
same group showed another gripper with similar tendon-ori-
gami configuration, which exhibited independent stiffness con-
trol of every SMP joint for achieving various finger shapes,[317] 

or multiple grasping modes thanks to different origami pat-
terns enabling bending about multiple axes (Figure 11b).[318]

Wang and Ahn[319] demonstrated another approach of SMP-
based variable stiffness grasping, shown in Figure 11c. In this 
case, SMP joints with Ni-chrome wire heaters are embedded in 
a layered finger (120 mm length) made of polydimethylsiloxane 
(PDMS) (Figure 11d). The same structure also contains SMA 
wires providing bending actuation of the finger. Selective acti-
vation of different SMP parts enables both high holding force 
and different grasping postures similar to those displayed by a 
human hand, realizing handling of delicate objects (a raw egg 
and a vegetable). It can withstand up to ≈590 g of pulling force 
when holding a test object with a diameter of 80 mm.

SMPs have demonstrated their usefulness also in DEA-based 
soft grippers (Figure 11e).[320] This grasping device, devel-
oped by McCoul et al., has a layered structure composed by a 
stretchable circuit, a dielectric elastomer, and a flexible sub-
strate (Figure 11f). The electrodes, made of an SMP-carbon 
composite, can simultaneously provide electrostatic actua-
tion and variable stiffness by Joule heating. Their gripper was 
able to hold an object weighing 30 g, 30 times its own weight. 
The phase transition behavior of SMPs also allows them to 
be used in multimaterial 3D printing.[321] This approach has 
been employed to manufacture a soft gripper composed of 
3D printed parts with SMP and PLA materials, and elastomer 
pneumatic actuators.[89,322]

Potential challenge of SMP-based variable stiffness for soft 
grippers is the transition time, mainly for the cooling phase. 
Similar to the case of LMPAs discussed in Section 4.2, the 
grippers rely on heat dissipation primarily through convection 
around the SMP parts, resulting in slow operation frequency 
(≈0.05 Hz[316]). Solutions may follow the approaches already 
discussed for LMPA, such as the use of highly thermally con-
ductive materials, integration of a cooling unit and surface 
patterning.

5. Gripping by Controlled Adhesion

Adhesion is the interface attraction between two surfaces; 
it then leads to a shear stress proportional to the generated 
normal pressure. Soft grippers with integrated adhesion can 
generate high holding forces thanks to the large shear fric-
tion force. At the same time, the closing force normal to the 
surface of the object is much smaller than when gripping by 
actuation, allowing the manipulation of very fragile objects. 
The high ratio between shear force and closing force is a prom-
ising feature for lightweight portable grippers, thanks to the 
high device-to-object mass ratio and low power requirements. 
Since the adhesion force is normal to the surface of the object, 
it enables additional strategies for handling, such as single-
point grasping, which is impossible for grippers based on 
active shear force or enveloping. These features improve dex-
terity and versatility of soft grippers. For example, a flat item 
is often difficult to handle by fingered systems but is easy to 
pick up by normal adhesion. Adhesion is also effective for soft, 
deformable objects, because the interface attraction automati-
cally chases the object deformations when the gripper structure 
is sufficiently compliant.

Adv. Mater. 2018, 30, 1707035
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There are two major adhesion technologies used in soft grip-
pers: electroadhesion and what we will call here geckoadhesion. 
The former relies on electrostatic attraction between surface 
charges induced by applied electric fields. Inspired by gecko’s 
foot structure, the latter is a synthetic directional adhesive that 
exploits the strong van der Waals forces between compliant 
hierarchical microstuctures and the surface of an object.[323] In 
this section, we focus on these two adhesion strategies, and dis-
cuss other related technologies at the end.

5.1. Electroadhesion

The Coulomb force, or electrostatic force, is the attraction 
between positive and negative electric charges. Electroadhesion 
exploits this phenomenon by controlling the amount of electric 
charges on both sides of the interface between the device and 
the object. An applied electric field, often from interdigitated 
electrodes covered by a thin passivation layer, leads to polari-
zation charges in dielectric objects and to electrostatic induc-
tion on conductive objects. Electroadhesion has been shown 
to be effective on both smooth and rough surfaces.[306,324] This 
adhesion technology relies on high electric fields, and thereby 

generally requires voltages on the order of a few kV. Meas-
ured adhesion pressure is up to 13 kPa in the normal direc-
tion (on a paper surface, device made of elastomer),[175] and 
62 kPa in shear direction (on a glass surface, device made of 
elastomer).[325] Applications of electroadhesion include wafer 
handling,[326] wall-climbing robots,[324,327,328] flying robot 
perching,[329] and rigid grippers.[330] For electroadhesion, it is 
essential to generate out-of-plane electric fields from the gripper 
to have high electric fields in the object being grabbed. For this 
reason, most electroadhesion devices use electrodes with later-
ally bipolar design, such as coplanar interdigitated and spiral 
shapes. The performance of electroadhesion can be improved 
by optimizing the electrode geometry (e.g., gap and width) and 
the thickness of the insulation layer, as has been suggested 
in the literature.[325,331,332] Ruffatto et al.[333] demonstrated the 
combination of electroadhesion with other adhesion technolo-
gies, in particular geckoadhesion.

For use in soft grippers, electroadhesion is implemented 
in association with an actuation unit to deform the gripper, 
such as electromagnetic motors,[334,335] FEAs (Figure 12b),[336] 
and SMPs.[337] Figure 12a shows an electroadhesion gripper 
developed by Grabit Inc. The gripper on the left side consists 
of eight fingers made of flexible-PCBs with interdigitated 

Adv. Mater. 2018, 30, 1707035

Figure 11.  Soft grippers using variable stiffness of shape memory polymers (SMPs). a) Tendon-driven fingers with an origami structure. Reproduced 
with permission.[316] Copyright 2017, IEEE. b) Tendon-driven fingers with independent joint stiffness control. Reproduced with permission.[318] Copy-
right 2017, IOP Publishing. c) Combination with SMA wires, and d) its structure. Reproduced with permission.[319] Copyright 2017, Mary Ann Liebert. 
e) Combination with dielectric elastomer actuators (DEAs), and f) its structure. Reproduced with permission.[320] Copyright 2016, IOP Publishing.
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electrode patterns to generating the adhesion. These fingers 
are moved externally by motors. The device is showed handling 
a cookie box, an apple, and metallic cans. Moreover, the same 
company demonstrated the transportation of a package using 
a flying drone (quadrotor) equipped with a similar gripper. 
Schaler et al.[335] developed the electroadhesive gripper shown 
in Figure 12b, and demonstrated handling of a large, flexible 
metallized PET film. Each finger is 32.5 mm long, and made of 
a flexible-PCB. Liang et al. employed FEAs to actuate the elec-
troadhesive fingers (30 mm length) made of polyimide and a 
conductive silver paint, as shown in Figure 12c. In these grip-
pers, the adhesion part consists in a flexible material. An excep-
tion is represented by the soft gripper developed by Shintake 
et al.[175] (Figure 12d), where both electroadhesion and electro-
static actuation are combined in a single stretchable element. 
In this gripper, the electrodes of the DEA are realized with an 

interdigitated shape, obtaining finger actuation by thickness 
reduction and area expansion of the elastomer while forming 
out-of-plane electric fields; such fields penetrate into the object 
surface and lead to electroadhesion forces by inducing sur-
face charges on the object. The gripper can handle of a wide 
range of objects such as a raw egg, a highly deformable water 
balloon, and a flat piece of paper. Thanks to the hybrid design, 
the gripper is lightweight (≈1.5 g), and is capable of lifting up 
weights up to 82.1 g, 54.7 times its own weight. As mentioned 
in Section 4.3, electroadhesion has also been combined with 
ER fluids to improve object holding performance, thanks to the 
stiffness change provided from the ER fluid.[306]

A potential challenge for soft grippers using electroadhe-
sion is the small hysteresis in the adhesion force due residual 
charges that remains after turning off the applied voltage. The 
residual force is low and can lasts several seconds for dielectric 

Adv. Mater. 2018, 30, 1707035

Figure 12.  Soft grippers using electro-adhesion. a) Flexible-PCB with external magnetic motors. Reproduced with permission.[334] Copyright Grabit Inc. 
b) Flexible-PCB with external magnetic motors. Reproduced with permission.[335] Copyright 2017, IEEE. c) Combination with fluidic elastomer actuators 
(FEAs). Reproduced with permission.[336] Copyright 2016, IEEE. d) Integration with dielectric elastomer actuators (DEAs).[175]
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objects.[338] It has been reported that bare electrodes reduce 
the residual forces for this type of material.[339] For conductive 
objects, an effective solution is to use AC voltage instead of 
DC.[326] The surface conditions (e.g., the presence of dust and 
moisture on at the interface between the gripper and object) 
also affect the performance of electroadhesion and can lead to a 
reduced holding force. A potential solution to this problem is to 
implement self-cleaning.[340]

5.2. Geckoadhesion (Dry Adhesion)

Geckos are able to climb surfaces thanks to microfibers on 
their bottom foot surface which attract the object surface by 
the van der Waals force, resulting in generation of shear force. 
Geckoadhesion is inspired by the microfibers of geckos.[341–343] 
The adhesion is activated by pressing the microfibers against 
the object surface in the direction normal to the surface (pre-
loading), and deactivated by removing the preloading force. By 
setting the angle of the fibers, it is also possible to realize direc-
tional shear adhesion force.[344] Geckoadhesive works on both 
smooth and rough surfaces, but it has difficulty in adhering to 
low surface-energy materials.[345] Self-cleaning is unique fea-
ture in this type of adhesion technology.[346,347] It has been also 
shown that surface coating, in particular with poly(dopamine 
methacrylamide-co-methoxyethyl acrylate), allows geckoin-
spired pillars to adhere on wet surfaces.[348] Reported adhesion 
pressure is up to 23.5 kPa in normal direction, and 120 kPa 
in shear direction.[343,349,350] Previously developed applications 
using geckoadhesion include wall climbing robots,[344,351] 
human surface climbing device,[352] perching mechanism for 
flying robots,[353] and object manipulation in space.[354]

Geckoadhesion has been implemented in soft grippers 
where a passive mechanism enables both activation and deac-
tivation of the microfibers arranged on a flexible film substrate 
(Figure 13a).[355–357] When the object is touched, the passive 
mechanism conforms the film and preloads the microfibers. 
Releasing can be done simply by pressing the gripper to the 
object. These grippers showed handling of various objects with 
curved surfaces such as a basketball, rolls, a water bottle, a 
coffee cup, an apple, a large plastic container, and a water-filled, 
deformable plastic bag, as well as a flat glass plate. The gripper 
was able to lift 4.3 kg, even though its weight was only 0.015 kg, 
corresponding to 286.7 times its own weight. Geckoadhesion 
has also been combined with actuation elements. Figure 13b 
shows an inflatable membrane gripper covered with geck-
oinspired, mushroom-shaped microfibers.[95] Inflation of the 
membrane controls the contact area, enabling both picking and 
releasing of the object. Thanks to the large membrane area, the 
gripper has demonstrated simultaneous transfer of steel balls 
of different size. A similar research has been performed by 
Song et al.,[358] where an elastomer membrane with mushroom-
shaped microfibers has exhibited holding of various objects as 
shown in Figure 13c: a rounded glass flask, a coffee cup, a pair 
of cherry tomatoes, and a plastic bag. In this system, adhesion 
is controlled by the internal pressure of the elastomer mem-
brane, and the loading force normal to the interface. Another 
approach has shown a multifingered gripper where each finger 
is made of a liquid crystal polymer (LCP), with a geckoadhesive 

pad placed on the fingertip.[359] The adhesion of the pads to the 
object is obtained through magnetic force established between 
an external electromagnet and small magnets placed on each 
finger, while the thermal actuation of the LCP fingers produces 
their bending, resulting in the peeling-off of the pads. Geck-
oadhesion has also shown ability to manipulate micro-objects. 
Mengüç et al.[360] studied the adhesion abilities of a single geck-
oinspired pillar of 35 µm; they demonstrated the pick-and-place 
of silicon microplatelets with dimensions 100 µm × 100 µm.

Soft grippers with geckoadhesion showed good versatility, 
adhesion to a broad range of objects, most of which are rigid 
and have relatively smooth surfaces. Potential challenges are 
represented by the handling of objects with rough surfaces and 
the manipulation of soft, deformable objects. For the former, 
a potential solution can be the optimization of the shape and 
materials of the microfibers. Enhancing the bending behavior 
of geckoadhesion pillars has led to improved adhesion perfor-
mance on rough surfaces.[361] Microspines are also a good can-
didate that showed excellent grasping ability on rough surfaces 
such as of concrete and rocks.[362] The latter could be addressed 
by fabricating the grippers with highly compliant materials; 
however, such strategy can lead to issues when releasing the 
object.

5.3. Other Adhesion Technologies

Vacuum can generate adhesion through the negative pres-
sure induced at the interface between the gripper and 
the object.[363] Suction cups made of compliant materials 
exploit this mechanism, and are widely used in industry. 
Figure 14a,b shows examples of compliant suction cups com-
mercially available.[364,365] In suction grippers, vacuum can be 
achieved either actively or passively.[366] Suction works only on 
smooth, nonporous surfaces because one needs to establish a 
good seal between the suction cup and the object. Figure 14c 
shows an octopus-inspired tentacle composed of a pneumatic 
bending actuator equipped with suction cups whose vacuum 
adhesion can be controlled actively through an external com-
pressor.[367] The device combines grasping by suction to the 
folding of the tentacle around the object; it achieved the 
holding of a rolled magazine, a metallic pipe, a ball, and a 
plastic water bottle. Researchers explored the use of a bidirec-
tional EHD pump to realize a miniaturized suction cup.[368] 
By switching between positive and negative pressure of the 
EHD pump, they showed the holding and release of a small 
paper sheet weighting 2.9 g.

Capillary adhesion has been used specifically for manipula-
tion of micro-objects.[369–372] Grippers using this adhesion tech-
nology exploit capillary lifting force of a liquid (generally water) 
bridging the gripper and the object. Picking and releasing of the 
object can be controlled by applying a low voltage electric field 
to the liquid bridge, changing the contact angle (i.e., changing 
the surface tension). Grippers in this category are suitable for 
micromanipulation, since the capillary force is dominant at the 
micro-nanoscale. Figure 14d shows the operation of a capillary 
gripper picking up a micro-object made of polystyrene.[372] The 
object, which has diameter of 30 µm, is lifted using the thin 
water layer formed on the gripper due to ambient humidity.

Adv. Mater. 2018, 30, 1707035
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Since the capillary grippers interface objects via liquid, 
they are advantageous for minimizing the risk of potential 
damages. However, their grasping performance on materials 
with different surface energy remains unclear. There are other 
adhesion technologies paving the way for soft grippers. Exam-
ples are electrically actuated suction cups,[373] and octopus-
inspired nanosucker arrays film.[374,375] Once integrated, they 
could bring novel functionalities and applications to soft 
grippers.

6. Sensing Technologies

Embedding stretchable sensors in or on soft grippers would 
greatly enhance the ways in which the grippers can interact 
with the objet being manipulated. Compared to more conven-
tional “hard” grippers, compliant grippers offer a much larger 
contact area with the target, allowing for a broad range of 
sensing methods that can be spatially resolved over the object. 
One could embed sensors in the gripper so that, while the 

Figure 13.  Soft grippers using gecko-adhesion. a) Combination with a passive mechanism that pre-loads microfibers arranged on a flexible film sub-
strate. Left) Reproduced with permission.[355] Copyright 2015, IEEE. Right) Reproduced with permission.[356] Copyright 2015, ASME. b) Combination 
with fluidic elastomer actuators (FEAs) (an inflatable membrane).[95] c) Holding of different items by an elastomer membrane with mushroom-shaped 
microfibers. Reproduced with permission.[358] Copyright 2017, The Authors, published by National Academy of Sciences.
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object is being manipulated (or even before touching), one 
simultaneously obtains information on shape, elasticity, tem-
perature, surface texture, mass, color, presence of biochemical 
markers, etc. One can envisage an intelligent soft gripper thus 
able to respond to the presence of an object, or to specific attrib-
utes of an object (e.g., making a simple decision such as closing 
when near an object, or making more complex decisions such 
as determining whether a banana is ripe based on mechanical 
properties and skin color).

Key challenges for sensors designed for soft gripper are 
that the sensors must: i) be at least flexible, but preferably 
stretchable, ii) they must not add significant stiffness and thus 
restrict motion of the soft gripper, while allowing for distrib-
uted sensing with high spatial resolution. Biocompatibility, 
robustness, reliability, simple readout, stability, and ease of 
integration are desired. Several recent review articles have 
been published on e-skins,[376–380] on stretchable and wearable 

strain sensors,[381] and on sensors used in soft robotics.[9] We 
summarize here some key sensing technologies that could be 
integrated with soft grippers.

Stretchable strain sensors, and related force and pressure 
sensors, are most commonly based on resistive or capacitive 
structures. In both cases, electrodes that conduct at high strain 
are needed. The most widely used electrodes are silicones 
loaded with conductive particles such as carbon black, carbon 
nanotubes, or metal nanowires, though many other stretchable 
electrode types have been reported, as reviewed in ref. [382]. The 
speed of these sensors is generally of order 100 ms, limited by 
the mechanical response of the elastomer.

Capacitive sensors respond to geometrical changes: the 
area of the electrodes and spacing between electrodes change 
when the sensor is stretched. Resistive sensors rely on geomet-
rical changes but also on change in conduction mechanisms 
between nanoparticles, or on cracking at large strain.[381] While 

Figure 14.  Soft grippers using other adhesion technologies. a) A commercially available compliant suction cup. Reproduced with permission.[364] 
Copyright FIPA GmbH. b) Products of compliant suction cup in different size. Reproduced with permission.[365] Copyright VacMotion Inc. c) Suction 
cups integrated in an octopus inspired tentacle made of a fluidic elastomer actuator (FEA).[367] Reproduced with permission. Copyright Festo AG & Co. 
KG. b) Operation of a capillary gripper picking up a micro-object. Reproduced under the terms of the CC BY license.[372] Copyright 2017, The Authors, 
published by MDPI.
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easier to implement, resistive strain sensors show a history-
dependent resistance, making calibration quite challenging. 
Capacitive sensors are nearly insensitive to the conductivity of 
the electrodes, and are preferred for larger strains, but require 
a more complex readout scheme.[383] Capacitive sensors have 
been integrated for example in electroluminescent skin,[384] and 
can be made to be very robust.[385]

Based on FEAs, several soft grippers with embedded resis-
tive strain sensing have been developed.[96,97,100–105,123] They 
mostly use strain sensors to detect curvature of gripper’s 
finger, or to obtain contact information. Figure 15a displays 
a resistive sensor embedded soft gripper developed by Koi-
vikko et al.[97] The curvature sensor is integrated in a multi-
chambered FEA as a part of the strain limiting substrate, and  

is made by screen-printing of either silver ink or carbon ink. 
There are also FEA grippers combining flexible, resistive 
strain gauges that are commercially available, as shown in 
Figure 15c,d, showing one finger of the sensorized grippers 
developed by Elgeneidy et al.[102] and Wang and Hirai,[103] 
respectively. Capacitive sensors have also been employed in 
the form of a sensorized skin in tendon-driven soft grippers 
(Figure 4g, see also Section 3.1.2).[59] Gafford et al. developed 
a tendon-driven surgical gripper (Figure 15b) with embedded 
microelectromechanical systems (MEMS) pressure sensor on 
its fingertips.[51] Ho implemented a fabric capacitive sensor as 
a strip of compliant gripper that wraps object,[25] and also cre-
ated elastomer fingers that can act as a compliant capacitor, 
leading to acquisition of proximity and contact information.[386]

Figure 15.  Soft grippers with integrated sensors. a) A resistive curvature sensor embedded in a fluidic elastomer actuator (FEA). Reproduced with 
permission.[97] Copyright 2018, IEEE. b) Tendon-driven fingers with integrated MEMS pressure sensors. Reproduced with permission.[51] Copyright 
2014, ASME. c,d) A finger of FEA grippers equipped with embedded commercially available resistive strain gauges. c) Reproduced under the terms 
of the CC BY license.[102] Copyright 2017, The Authors, published by Elsevier. d) Reproduced with permission.[103] Copyright 2016, IEEE. e) FEA fingers 
with stretchable optical waveguides. Reproduced with permission.[98] Copyright 2016, AAAS.
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Optical methods based on lossy waveguides have been devel-
oped, and were integrated into an FEA soft gripper by Zhao et al. 
(Figure 15e).[98] Using soft polymer optical fibers is an appealing 
method, as it can allow detecting chemical compounds, in addi-
tion to pressure sensing.[387–389] A conventional optical flexure 
sensor has been implemented in a tendon-driven compliant 
gripper.[46] Embedding small magnets in an elastomer a few 
mm above a two or three axis Hall sensor or matrix of Hall sen-
sors allows the measurement of normal and shear force,[390–394] 
allowing both tactile sensing as well as use in closed-loop con-
trol. The method is fast, and has low hysteresis. By choosing 
the elastomer material and thickness, it can be tuned to respond 
a wide range of forces. Using a matrix of Hall sensors allows 
making the device insensitive to fixed external magnetic fields. 
This method requires integrating Hall sensors and adds some 
bulk due to the magnets and surrounding elastomer.

By combining rigid elements with soft elastomers, a broad 
range of sensors can be integrated in deformable arrays.[395–397] 
For instance, ECG sensors, pH sensors, and temperature sen-
sors have been reported in a compliant device that could be 
mounted on a rabbit heart.[398] Using a 1.4 µm thick substrate, 
Drack et al.[399] developed extremely compliant temperature 
sensors and electronics. Sensors will play an essential role 
in enabling grippers to respond to the environment and will 
greatly increase the application areas for soft grippers.

7. Summary and Outlook

There has been tremendous progress in the performance and 
versatility of soft grippers since the first tendon-driven concept in 
the late 1970s. This progress has been made possible both by new 
concepts and by the improved understanding and development of 
compliant and active materials. In this review, picking up objects 
was often shown as the main illustration of soft grippers. However, 
as the field of soft robotics blossoms, soft gripper technologies will 
be used not only as end effectors, but as the means to actuate the 
entire body, leading to locomotion, body shape control, prehen-
sion, and thus enable key functions of autonomous soft robots.

Advanced materials are at the heart of future soft grippers: 
force, speed, adhesion, kinematics, are all determined by the 
materials. Being soft and stretchable is central to most soft grip-
pers concepts, and elastomers have been a material of choice 
thanks to wide range of commercially available formulations, 
high strain at rupture, and low stiffness. However, the use of elas-
tomers has often meant a lack of long-term robustness, though 
effective solutions have been demonstrated for devices that have 
been commercialized.[143,144,262] Progress in self-healing materials 
will be important for reliable grippers. Phase change materials 
are poised for a larger role. For instance, new SMP with sharper 
transitions, or SMPs combined with conductive particles to 
enable flexible integrated Joule heating are active research areas. 
Taking the device life-cycle into consideration leads to a larger 
role for recyclable, biocompatible, degradable, or even edible 
compliant materials. This paves the way for new application sce-
narios where soft robots vanish after use, but requires the devel-
opment of new materials and new processing methods.

One important trend in compliant grippers is the combi-
nation of different technologies and different materials sets. 

This review includes several examples of such combinations, 
such as a two-fingered gripper with both DEA bending and 
electroadhesion (Figure 12d),[175] or the FEA combined with 
LMPA (Figure 10d,e).[91] Combining materials and operating 
principles often adds complexity to the fabrication process or 
the control, but can greatly enhance performance.

Soft robotics have been demonstrated across a wide range 
of size scale, from a hundreds of µm[245] to over one meter.[133] 
The scaling laws are well understood for all actuation principles 
presented in this review. When object dimensions are reduced 
below ≈50 µm, surface forces) become comparable to inertial 
forces, and different grasping strategies are called for.

Most of gripping principles reported here were demonstrated 
in air, and could also be used underwater, or even in vacuum. 
Pneumatic systems are particularly easy to adapt to different 
external pressures. Electroadhesion and dry adhesion work well 
in vacuum, but are not effective in liquid environments. Actua-
tors relying on heating and cooling can have very different time 
constants if placed in liquids or in air.

Embedding distributed sensing in soft grippers will enable 
more autonomous or intelligent use of soft grippers, by 
providing a means for the gripper fingers to not only sense con-
tact or proximity to an object, but to acquire a broad range of 
information about the object, and then act on that information. 
Flexible strain and pressure sensors have been incorporated as 
illustrated in Figure 15. The sensors must either be stretchable 
and soft, or if they are rigid (e.g., MEMS silicon-based inertial 
measurement units (IMUs) or thermal sensors) they must then 
be so small compared to the scale of the gripper that they can 
be integrated without changing the overall compliance, or at 
least without changing the compliance of key contact points. If 
a gripper could, by grasping an object, obtain information on 
overall shape, elasticity, temperature distribution, surface tex-
ture, mass, color, or the presence of biochemical markers, vast 
new fields of applications become possible.

Ongoing research to address key challenges in soft and 
active materials, processing methods, gripper architectures, dis-
tributed sensors, control methods, and local information pro-
cessing pave the way for a wide range of applications for soft 
robotics grippers, in manufacturing, haptics, for drug delivery 
or even object manipulation in space.
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Syst. Appl. 2012, 39, 13295.

[28]	 D.  Petkovic, N. D.  Pavlovic, S.  Shamshirband, N. B.  Anuar, Ind. 
Rob. Int. J. 2013, 40, 610.

[29]	 B. Belzile, L. Birglen, Auton. Robots 2014, 36, 79.
[30]	 C. H.  Liu, G. F.  Huang, C. H.  Chiu, T. Y.  Pai, J. Intell. Rob. Syst. 

Theory Appl. 2017, 1.
[31]	 M. Issa, D. Petkovic, N. D. Pavlovic, L. Zentner, Int. J. Adv. Manuf. 

Technol. 2013, 69, 1527.
[32]	 S. Kota, J.  Joo, Z. Li, S. M. Rodgers, J. Sniegowski, Analog Integr. 

Circuits Signal Process. 2001, 29, 7.
[33]	 S. Kota, K. J. Lu, Z. Kreiner, B. Trease, J. Arenas, J. Geiger, J. Bio-

mech. Eng. 2005, 127, 981.
[34]	 A. N.  Reddy, N.  Maheshwari, D. K.  Sahu, G. K.  Ananthasuresh, 

IEEE Trans. Rob. 2010, 26, 867.

[35]	 E.  Boudreault, C. M.  Gosselin, in 30th Annual Mechanisms and 
Robotics Conf., ASME, Philadelphia, PA 2006, pp. 119–127.

[36]	 S. Hirose, Y. Umetani, Mech. Mach. Theory 1978, 13, 351.
[37]	 S. Ma, S. Hirose, H. Yoshinada, IEEE Control Syst. 1993, 13, 30.
[38]	 B.  Massa, S.  Roccella, M. C.  Carrozza, P.  Dario, in IEEE Int. 

Conf. Robotics and Automation, IEEE, Piscataway, NJ, USA 2002,  
pp. 3374–3379.

[39]	 C. Gosselin, F. Pelletier, T. Lalibert, in IEEE Int. Conf. Robotics and 
Automation, IEEE, Piscataway, NJ, USA 2008, pp. 749–754.

[40]	 A. Caffaz, G. Cannata, in IEEE Int. Conf. Robotics and Automation, 
IEEE, Piscataway, NJ, USA 1998, pp. 2075–2080.

[41]	 S. Hirose, S. Ma, in IEEE Int. Conf. Robotics and Automation, IEEE, 
Piscataway, NJ, USA 1991, pp. 1268–1275.

[42]	 L. Birglen, T. Laliberté, C. Gosselin, Underactuated Robotic Hands, 
Springer, Berlin/Heidelberg, Germany 2008.

[43]	 A. M.  Dollar, R. D.  Howe, IEEE/ASME Trans. Mechatronics 2006, 
11, 154.

[44]	 A. M. Dollar, R. D. Howe, Springer Tracts Adv. Rob. 2009, 54, 3.
[45]	 M. Ciocarlie, P. Allen, in IEEE Int. Conf. Robotics and Automation, 

IEEE, Piscataway, NJ, USA 2010, pp. 1292–1299.
[46]	 L. U.  Odhner, L. P.  Jentoft, M. R.  Claffee, N.  Corson, Y.  Tenzer,  

R. R. Ma, M. Buehler, R. Kohout, R. D. Howe, A. M. Dollar, Int. J. 
Rob. Res. 2014, 33, 736.

[47]	 L. U. Odhner, A. M. Dollar, Int. J. Rob. Res. 2015, 34, 1347.
[48]	 A. K. Mishra, E. Del Dottore, A. Sadeghi, A. Mondini, B. Mazzolai, 

Front. Rob. AI 2017, 4, 4.
[49]	 H.  Stuart, S.  Wang, O.  Khatib, M. R.  Cutkosky, Int. J. Rob. Res. 

2017, 36, 150.
[50]	 R. Ma, A. Dollar, IEEE Rob. Autom. Mag. 2017, 24, 32.
[51]	 J.  Gafford, Y.  Ding, A.  Harris, T.  McKenna, P.  Polygerinos, 

D. Holland, A. Moser, C. Walsh, J. Med. Devices 2014, 8, 30927.
[52]	 R.  Balasubramanian, V. J.  Santos, Springer Tracts Adv. Rob. 2014, 

95, 219.
[53]	 U. Çulha, F. Iida, Bioinspiration Biomimetics 2016, 11, 0.
[54]	 Z. Xu, E. Todorov, in IEEE Int. Conf. Robotics and Automation, IEEE, 

Piscataway, NJ, USA 2016, pp. 3485–3492.
[55]	 M. R. Cutkosky, IEEE Trans. Rob. Autom. 1989, 5, 269.
[56]	 M. Baril, T. Laliberté, C. Gosselin, F. Routhier, J. Mech. Des. 2013, 

135, 121008.
[57]	 M.  Ciocarlie, F. M.  Hicks, R.  Holmberg, J.  Hawke, M.  Schlicht, 

J. Gee, S. Stanford, R. Bahadur, Int. J. Rob. Res. 2014, 33, 753.
[58]	 M.  Tavakoli, A.  Sayuk, J.  Lourenço, P.  Neto, Int. J. Adv. Manuf. 

Technol. 2017, 91, 2607.
[59]	 M.  Tavakoli, P.  Lopes, J.  Lourenço, R. P.  Rocha, L.  Giliberto,  

A. T. De Almeida, C. Majidi, IEEE Sens. J. 2017, 17, 5669.
[60]	 M.  Manti, T.  Hassan, G.  Passetti, N.  D’Elia, C.  Laschi, 

M. Cianchetti, Soft Rob. 2015, 2, 107.
[61]	 R. Mutlu, G. Alici, M. in het Panhuis, G. M. Spinks, Soft Rob. 2016, 

3, 120.
[62]	 M. C.  Carrozza, G.  Cappiello, G.  Stellin, F.  Zaccone, F.  Vecchi, 

S. Micera, P. Dario, in Proc. 2005 IEEE Conf. Robotics and Automa-
tion, IEEE, Piscataway, NJ, USA 2005, pp. 2661–2666.

[63]	 T.  Zhu, H.  Yang, W.  Zhang, in Int. Conf. Advanced Robotics and 
Mechatronics, IEEE, Piscataway, NJ, USA 2016, pp. 512–517.

[64]	 J. M.  Bern, G.  Kumagai, S.  Coros, in IEEE/RSJ Int. Conf. Intel-
ligent Robots and Systems, IEEE, Piscataway, NJ, USA 2017, 
pp. 3739–3746.

[65]	 D. Jeong, K. Lee, Robotica 2018, 36, 261.
[66]	 D. B.  Camarillo, C. F.  Milne, C. R.  Carlson, M. R.  Zinn,  

J. K. Salisbury, IEEE Trans. Rob. 2008, 24, 1262.
[67]	 M. Calisti, M. Giorelli, G. Levy, B. Mazzolai, B. Hochner, C. Laschi, 

P. Dario, Bioinspiration Biomimetics 2011, 6, 36002.
[68]	 V. Bundhoo, E. Haslam, B. Birch, E. J. Park, Robotica 2009, 27, 131.
[69]	 H.  Il Kim, M. W. Han, S. H. Song, S. H. Ahn, Composites, Part B 

2016, 105, 138.

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.festo.com/group/en/cms/10221.htm
https://www.festo.com/group/en/cms/10221.htm
http://bionictoys.de/fin-ray


www.advmat.dewww.advancedsciencenews.com

1707035  (29 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2018, 30, 1707035

[70]	 F. Simone, G. Rizzello, S. Seelecke, Smart Mater. Struct. 2017, 26, 
095007.

[71]	 B.  Gorissen, D.  Reynaerts, S.  Konishi, K.  Yoshida, J. W.  Kim, 
M. De Volder, Adv. Mater. 2017, 29, 1604977.

[72]	 H. K. Yap, H. Y. Ng, C.-H. Yeow, Soft Rob. 2016, 3, 144.
[73]	 M. A. Robertson, H. Sadeghi, J. M. Florez, J. Paik, Soft Rob. 2017, 

4, 23.
[74]	 B.  Mosadegh, P.  Polygerinos, C.  Keplinger, S.  Wennstedt,  

R. F.  Shepherd, U.  Gupta, J.  Shim, K.  Bertoldi, C. J.  Walsh,  
G. M. Whitesides, Adv. Funct. Mater. 2014, 24, 2163.

[75]	 H.  Yuk, S.  Lin, C.  Ma, M.  Takaffoli, N. X.  Fang, X.  Zhao, Nat. 
Commun. 2017, 8, 1.

[76]	 R.  Deimel, O.  Brock, in IEEE Int. Conf. Robotics and Automation, 
IEEE, Piscataway, NJ, USA 2013, pp. 2047–2053.

[77]	 K. C. Galloway, P. Polygerinos, C. J. Walsh, R. J. Wood, in 16th Int. 
Conf. Advanced Robotics, IEEE, Piscataway, NJ, USA 2013, pp. 1–6.

[78]	 F. Connolly, P. Polygerinos, C. J. Walsh, K. Bertoldi, Soft Rob. 2015, 
2, 26.

[79]	 F.  Connolly, C. J.  Walsh, K.  Bertoldi, Proc. Natl. Acad. Sci. USA 
2017, 114, 51.

[80]	 R. V. Martinez, C. R. Fish, X. Chen, G. M. Whitesides, Adv. Funct. 
Mater. 2012, 22, 1376.

[81]	 J. H.  Low, N.  Cheng, P. M.  Khin, N. V.  Thakor, S. L.  Kukreja, 
S.  Member, H. L.  Ren, C. H.  Yeow, in IEEE/RSJ Int. Conf. Intel-
ligent Robots and Systems, IEEE, Piscataway, NJ, USA 2017,  
pp. 1180–1186.

[82]	 B. C.  Mac Murray, X.  An, S. S.  Robinson, I. M.  van  Meerbeek,  
K. W. O’Brien, H. Zhao, R. F. Shepherd, Adv. Mater. 2015, 27, 6334.

[83]	 A.  Argiolas, B. C.  Mac Murray, I.  Van  Meerbeek, J.  Whitehead, 
E.  Sinibaldi, B.  Mazzolai, R. F.  Shepherd, Soft Rob. 2016, 3,  
101.

[84]	 K. C.  Galloway, K. P.  Becker, B.  Phillips, J.  Kirby, S.  Licht, 
D. Tchernov, R. J. Wood, D. F. Gruber, Soft Rob. 2016, 3, 23.

[85]	 M. A. Robertson, J. Paik, Sci. Rob. 2017, 2, eaan6357.
[86]	 K.  Takashima, K.  Sugitani, N.  Morimoto, S.  Sakaguchi, 

T. Noritsugu, T. Mukai, Smart Mater. Struct. 2014, 23, 125005.
[87]	 V. Wall, R. Deimel, O. Brock, in 2015 IEEE Int. Conf. Robotics and 

Automation, IEEE, Piscataway, NJ, USA 2015, 252–257.
[88]	 Y. Li, Y. Chen, Y. Yang, Y. Wei, IEEE Trans. Rob. 2017, 33, 446.
[89]	 Y.  Yang, Y.  Chen, Y.  Li, M. Z. Q.  Chen, Y.  Wei, Soft Rob. 2017, 4, 

147.
[90]	 Y. Yang, Y. Chen, Y. Li, Z. Wang, Y. Li, Soft Rob. 2017, 4, 338.
[91]	 Y.  Hao, T.  Wang, X.  Fang, K.  Yang, L.  Mao, J.  Guan, L.  Wen, in 

Chinese Control Conf. CCC, IEEE, Piscataway, NJ, USA 2017,  
pp. 6781–6786.

[92]	 A.  Mohammadi Nasab, A.  Sabzehzar, M.  Tatari, C.  Majidi, 
W. Shan, Soft Rob. 2017, 4, 411.

[93]	 Y. Wei, Y. Chen, T. Ren, Q. Chen, C. Yan, Y. Yang, Y.  Li, Soft Rob. 
2016, 3, 134.

[94]	 A.  Shiva, A.  Stilli, Y.  Noh, A.  Faragasso, I.  De  Falco, G.  Gerboni, 
M. Cianchetti, A. Menciassi, K. Althoefer, H. A. Wurdemann, IEEE 
Rob. Autom. Lett. 2016, 1, 632.

[95]	 S. Song, M. Sitti, Adv. Mater. 2014, 26, 4901.
[96]	 B. S. Homberg, R. K. Katzschmann, M. R. Dogar, D. Rus, in IEEE/

RSJ Int. Conf. Intelligent Robots and Systems, IEEE, Piscataway, NJ, 
USA 2015, pp. 1698–1705.

[97]	 A.  Koivikko, E. S.  Raei, M.  Mosallaei, M.  Mantysalo, V.  Sariola, 
IEEE Sens. J. 2017, 18, 223.

[98]	 H.  Zhao, K.  O'Brien, S.  Li, R. F.  Shepherd, Sci. Rob. 2016, 1, 
eaai7529.

[99]	 Z.  Wang, D. S.  Chathuranga, S.  Hirai, in IEEE Int. Conf. Robotics 
Biomimetics, IEEE, Piscataway, NJ, USA 2016, pp. 503–508.

[100]	 R. Adam Bilodeau, E. L. White, R. K. Kramer, in IEEE/RSJ Int. Conf. 
Intelligent Robots and Systems, IEEE, Piscataway, NJ, USA 2015, 
p. 2324.

[101]	 B.  Shih, D.  Drotman, C.  Christianson, Z.  Huo, R.  White,  
H. I.  Christensen, M. T.  Tolley, in IEEE/RSJ Int. Conf. Intelligent 
Robots and Systems, IEEE, Piscataway, NJ, USA 2017.

[102]	 K.  Elgeneidy, N.  Lohse, M.  Jackson, Mechatronics 2017, https://
doi.org/10.1016/J.MECHATRONICS.2017.10.005.

[103]	 Z.  Wang, S.  Hirai, in IEEE/SICE Int. Symp. System Integration, 
IEEE, Piscataway, NJ, USA 2016, pp. 629–633.

[104]	 S.  Dohta, H.  Matsushita, T.  Kawamura, JFPS Int. Symp. Fluid 
Power 1999, 1999, 383.

[105]	 S. Dohta, T. Shinohara, H. Matsushita, JFPS Int. Symp. Fluid Power 
2002, 2002, 49.

[106]	 K. Suzumori, S.  Iikura, H. Tanaka, in IEEE Int. Conf. Robotics and 
Automation, IEEE, Piscataway, NJ, USA 1991, pp. 1622–1627.

[107]	 K.  Suzumori, S.  Iikura, H.  Tanaka, IEEE Control Syst. 1992, 12,  
21.

[108]	 A. Abo-Ismail, JFPS Int. Symp. Fluid Power 1993, 1993, 701.
[109]	 G. J. Monkman, P. M. Taylor, in Fifth Int. Conf. Advanced Robotics, 

IEEE, Piscataway, NJ, USA 1991, pp. 339–342.
[110]	 F.  Ilievski, A. D.  Mazzeo, R. F.  Shepherd, X.  Chen,  

G. M. Whitesides, Angew. Chem., Int. Ed. Engl. 2011, 50, 1890.
[111]	 A.  Yamaguchi, K.  Takemura, S.  Yokota, K.  Edamura, Sens. Actua-

tors. A 2011, 170, 139.
[112]	 A.  Castellanos, Electrohydrodynamics, Springer-Verlag, Wien, Aus-

tria 1998.
[113]	 R. F. Shepherd, A. A. Stokes, R. M. D. D. Nunes, G. M. Whitesides, 

Adv. Mater. 2013, 25, 6709.
[114]	 J.-H. Low, I. Delgado-Martinez, C.-H. Yeow, J. Med. Devices 2014, 8, 

44504.
[115]	 J. Zhou, S. Chen, Z. Wang, IEEE Rob. Autom. Lett. 2017, 2, 2287.
[116]	 Y.  Hao, T.  Wang, Z.  Ren, Z.  Gong, H.  Wang, X.  Yang, S.  Guan, 

L. Wen, Int. J. Adv. Rob. Syst. 2017, 14, 1.
[117]	 R. Niiyama, X. Sun, C. Sung, B. An, D. Rus, S. Kim, Soft Rob. 2015, 

2, 59.
[118]	 R. MacCurdy, R. Katzschmann, Y. Kim, D. Rus, in IEEE Int. Conf. 

Robotics and Automation, IEEE, Piscataway, NJ, USA 2016, pp. 
3878–3885.

[119]	 Z. Wang, M. Zhu, S. Kawamura, S. Hirai, Rob. Biomimetics 2017, 
4, 10.

[120]	 Z. Wang, Y. Torigoe, S. Hirai, IEEE Rob. Autom. Lett. 2017, 2, 1909.
[121]	 D. K.  Patel, A. H.  Sakhaei, M.  Layani, B.  Zhang, Q.  Ge, 

S. Magdassi, Adv. Mater. 2017, 29, 1.
[122]	 C. J. Thrasher, J. J. Schwartz, A. J. Boydston, ACS Appl. Mater. Inter-

faces 2017, 9, 39708.
[123]	 J. H.  Low, W. W.  Lee, P. M.  Khin, S. L.  Kukreja, H. L.  Ren,  

N. V. Thakor, C. H. Yeow, in IEEE RAS/EMBS Int. Conf. Biomedical 
Robotics and Biomechatronics, IEEE, Piscataway, NJ, USA 2016,  
pp. 1230–1235.

[124]	 Y. Hao, Z. Gong, Z. Xie, S. Guan, X. Yang, Z. Ren, T. Wang, L. Wen, 
in Chinese Control Conf. CCC, IEEE, Piscataway, NJ, USA 2016,  
pp. 6109–6114.

[125]	 S. Walker, J. Rueben, T. Van Volkenburg, S. Hemleben, C. Grimm, 
J. Simonsen, Y. Mengüç, Int. J. Intell. Rob. Appl. 2017, 1, 124.

[126]	 J. Shintake, H. Sonar, E. Piskarev, J. Paik, D. Floreano, in IEEE/RSJ 
Int. Conf. Intelligent Robots and Systems, IEEE, Piscataway, NJ, USA 
2017.

[127]	 S. Terryn, J. Brancart, D. Lefeber, G. Van Assche, B. Vanderborght, 
Sci. Rob. 2017, 2, eaan4268.

[128]	 D.  Yang, B.  Mosadegh, A.  Ainla, B.  Lee, F.  Khashai, Z.  Suo, 
K. Bertoldi, G. M. Whitesides, Adv. Mater. 2015, 27, 6323.

[129]	 L. A. T.  Al Abeach, S.  Nefti-Meziani, S.  Davis, Soft Rob. 2017, 4, 
274.

[130]	 A. A. M. Faudzi, J. Ooga, T. Goto, M. Takeichi, K. Suzumori, IEEE 
Rob. Autom. Lett. 2017, 3, 1.

[131]	 Festo Co. Ltd., FlexShapeGripper | Festo Corporate, https://www.
festo.com/group/en/cms/10217.htm (accessed: November 2017).

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/J.MECHATRONICS.2017.10.005
https://doi.org/10.1016/J.MECHATRONICS.2017.10.005
https://www.festo.com/group/en/cms/10217.htm
https://www.festo.com/group/en/cms/10217.htm


www.advmat.dewww.advancedsciencenews.com

1707035  (30 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2018, 30, 1707035

[132]	 J. M. Krahn, F. Fabbro, C. Menon, IEEE/ASME Trans. Mechatronics 
2017, 22, 1276.

[133]	 I. D. Walker, D. M. Dawson, T. Flash, F. W. Grasso, R. T. Hanlon, 
B. Hochner, W. M. Kier, C. C. Pagano, C. D. Rahn, Q. M. Zhang, 
Proc. SPIE 2005, 5804, 303.

[134]	 G.  Udupa, P.  Sreedharan, K.  Aditya, in IEEE Workshop Advanced 
Robotics and Its Social Impacts, IEEE, Piscataway, NJ, USA 2010,  
pp. 111–116.

[135]	 R. V  Martinez, J. L.  Branch, C. R.  Fish, L.  Jin, R. F.  Shepherd,  
R. M. D. Nunes, Z. Suo, G. M. Whitesides, Adv. Mater. 2013, 25, 205.

[136]	 R. Kang, D. T. Branson, T. Zheng, E. Guglielmino, D. G. Caldwell, 
Bioinspiration Biomimetics 2013, 8, 36008.

[137]	 R. K. Katzschmann, A. D. Marchese, D. Rus, Soft Rob. 2015, 2, 155.
[138]	 J. Paek, I. Cho, J. Kim, Sci. Rep. 2015, 5, 10768.
[139]	 S. Russo, T. Ranzani, C. J. Walsh, R. J. Wood, Adv. Mater. Technol. 

2017, 2, 1700135.
[140]	 A. Miriyev, K. Stack, H. Lipson, Nat. Commun. 2017, 8, 1.
[141]	 K.  Nakahara, K.  Narumi, R.  Niiyama, Y.  Kawahara, in IEEE Int. 

Conf. Robotics and Automation, IEEE, Piscataway, NJ, USA 2017, 
pp. 1856–1863.

[142]	 K. Suzumori, A. Wada, S. Wakimoto, Sens. Actuators, A 2013, 201, 
148.

[143]	 Soft Robotics Inc., Soft Robotics, https://www.softroboticsinc.com/  
(accessed: November 2017).

[144]	 Super-Releaser Robotics, Super-Releaser Robotics, http://superreleaser.
com/ (accessed: November 2017).

[145]	 J. Zhang, A.  Jackson, N. Mentzer, R. Kramer, Front. Rob. AI 2017, 
4, 1.

[146]	 R. Pelrine, R. Kornbluh, Q. Pei, J. Joseph, Science 2000, 287, 836.
[147]	 R. Pelrine, R. Kornbluh, G. Kofod, Adv. Mater. 2000, 12, 1223.
[148]	 M. Shahinpoor, K. J. Kim, Smart Mater. Struct. 2001, 10, 819.
[149]	 M. Shahinpoor, K. J. Kim, Smart Mater. Struct. 2005, 14, 197.
[150]	 C. Jo, D. Pugal, I. K. Oh, K. J. Kim, K. Asaka, Prog. Polym. Sci. 2013, 

38, 1037.
[151]	 P. Brochu, Q. Pei, Macromol. Rapid Commun. 2010, 31, 10.
[152]	 I. A. Anderson, T. A. Gisby, T. G. McKay, B. M. O'Brien, E. P. Calius, 

J. Appl. Phys. 2012, 112, 41101.
[153]	 S. Rosset, H. R. Shea, Appl. Phys. Rev. 2016, 3, 31105.
[154]	 A.  Poulin, S.  Rosset, H. R.  Shea, Appl. Phys. Lett. 2015, 107, 

244104.
[155]	 C.  Keplinger, T.  Li, R.  Baumgartner, Z.  Suo, S.  Bauer, Soft Matter 

2012, 8, 285.
[156]	 L.  Maffli, S.  Rosset, M.  Ghilardi, F.  Carpi, H.  Shea, Adv. Funct. 

Mater. 2015, 25, 1656.
[157]	 S.  Rosset, B. M.  O’Brien, T.  Gisby, D.  Xu, H. R.  Shea,  

I. A. Anderson, Smart Mater. Struct. 2013, 22, 104018.
[158]	 T. A.  Gisby, B. M.  Obrien, I. A.  Anderson, Appl. Phys. Lett. 2013, 

102, 193703.
[159]	 F.  Carpi, Dielectric Elastomers as Electromechanical Transducers : 

Fundamentals, Materials, Devices, Models and Applications of an 
Emerging Electroactive Polymer Technology, Elsevier, Amsterdam, 
The Netherlands 2008.

[160]	 G. Y.  Gu, J.  Zhu, L. M.  Zhu, X.  Zhu, Bioinspiration Biomimetics 
2017, 12, 011003.

[161]	 C.  Federico, S.  Claudio, R.  Danilo De, F.  Carpi, C.  Salaris, 
D. De Rossi, D. De Rossi, Smart Mater. Struct. 2007, 16, S300.

[162]	 M. Duduta, R. J. Wood, D. R. Clarke, Adv. Mater. 2016, 28, 8058.
[163]	 H. Godaba, J. Li, Y. Wang, J. Zhu, IEEE Rob. Autom. Lett. 2016, 1, 

624.
[164]	 T.  Li, G.  Li, Y.  Liang, T.  Cheng, J.  Dai, X.  Yang, B.  Liu, Z.  Zeng, 

Z. Huang, Y. Luo, T. Xie, W. Yang, Sci. Adv. 2017, 3, e1602045.
[165]	 J.  Shintake, H.  Shea, D.  Floreano, IEEE/RSJ Int. Conf. Intelligent 

Robots and Systems, IEEE, Piscataway, NJ, USA 2016, pp. 4957–4962.
[166]	 A.  Marette, A.  Poulin, N.  Besse, S.  Rosset, D.  Briand, H.  Shea, 

Adv. Mater. 2017, 29, 1700880.

[167]	 J.  Shintake, S.  Rosset, B. E.  Schubert, D.  Floreano, H. R.  Shea, 
IEEE/ASME Trans. Mechatronics 2015, 20, 1997.

[168]	 G. Kofod, M. Paajanen, S. Bauer, Appl. Phys. A 2006, 85, 141.
[169]	 G. Kofod, W. Wirges, M. Paajanen, S. Bauer, Appl. Phys. Lett. 2007, 

90, 89.
[170]	 O. A.  Araromi, I.  Gavrilovich, J.  Shintake, S.  Rosset, M.  Richard, 

V. Gass, H. R. Shea, IEEE/ASME Trans. Mechatronics 2015, 20, 438.
[171]	 G. K. Lau, K. R. Heng, A. S. Ahmed, M. Shrestha, Appl. Phys. Lett. 

2017, 110, 182906.
[172]	 S. Shian, K. Bertoldi, D. R. Clarke, Adv. Mater. 2015, 27, 6814.
[173]	 H. Imamura, K. Kadooka, M. Taya, Soft Matter 2017, 13, 3440.
[174]	 J. Shintake, B. Schubert, S. Rosset, H. Shea, D. Floreano, in IEEE 

Int. Conf. Intelligent Robots and Systems, IEEE, Piscataway, NJ, USA 
2015.

[175]	 J.  Shintake, S.  Rosset, B.  Schubert, D.  Floreano, H.  Shea, Adv. 
Mater. 2016, 28, 231.

[176]	 S. J. Lee, M. J. Han, S. J. Kim, J. Y. Jho, H. Y. Lee, Y. H. Kim, Smart 
Mater. Struct. 2006, 15, 1217.

[177]	 C. K. Chung, P. K. Fung, Y. Z. Hong, M. S. Ju, C. C. K. Lin, T. C. Wu, 
Sens. Actuators, B 2006, 117, 367.

[178]	 J.  Barramba, J.  Silva, P. J.  Costa Branco, Sens. Actuators, A 2007, 
140, 232.

[179]	 H. Lei, W. Li, X. Tan, Sens. Actuators, A 2014, 217, 1.
[180]	 A. Punning, M. Kruusmaa, A. Aabloo, Sens. Actuators, A 2007, 136, 

656.
[181]	 S. Nemat-Nasser, Y. Wu, J. Appl. Phys. 2003, 93, 5255.
[182]	 S. J. Kim, D. Pugal, J. Wong, K. J. Kim, W. Yim, Rob. Auton. Syst. 

2014, 62, 53.
[183]	 M. Sahinpoor, J. Smart Mater. 1998, 7, 15.
[184]	 R. C.  Richardson, M. C.  Levesley, M. D.  Brown, J. A.  Hawkes, 

K. Watterson, P. G. Walker, IEEE/ASME Trans. Mechatronics 2003, 
8, 245.

[185]	 E. Hamburg, V. Vunder, Proc. SPIE 2016, 9798, 7.
[186]	 Y.  Bar-Cohen, T.  Xue, M.  Shahinpoor, J.  Simpson, J.  Smith, 

Proc. Robotics '98, American Society of Civil Engineers, ASCE,  
Albuquerque, NM 1998, pp. 15–21.

[187]	 U. Deole, R. Lumia, M. Shahinpoor, M. Bermudez, J. Micro-Nano 
Mechatronics 2008, 4, 95.

[188]	 R. Lumia, M. Shahinpoor, J. Phys. Conf. Ser. 2008, 127, 012002.
[189]	 R. K.  Jain, S. Datta, S. Majumder, A. Dutta, Int. J. Adv. Rob. Syst. 

2011, 8, 1.
[190]	 A. Ghosh, C. Yoon, F. Ongaro, S. Scheggi, F. M. Selaru, S. Misra, 

D. H. Gracias, Front. Mech. Eng. 2017, 3, 1.
[191]	 G. J. Monkman, Mechatronics 2000, 10, 489.
[192]	 K.  Otsuka, C. M.  Wayman, Shape Memory Materials, Cambridge 

University Press, Cambridge, UK 1999.
[193]	 M. Behl, M. Y. Razzaq, A. Lendlein, Adv. Mater. 2010, 22, 3388.
[194]	 L. Sun, W. M. Huang, Z. Ding, Y. Zhao, C. C. Wang, H. Purnawali, 

C. Tang, Mater. Des. 2012, 33, 577.
[195]	 J. Mohd Jani, M. Leary, A. Subic, M. A. Gibson, Mater. Des. 2014, 

56, 1078.
[196]	 M. D. Hager, S. Bode, C. Weber, U. S. Schubert, Prog. Polym. Sci. 

2015, 49–50, 3.
[197]	 G. J. Monkman, J. Intell. Mater. Syst. Struct. 1994, 5, 567.
[198]	 H. Meng, G. Li, Polymer 2013, 54, 2199.
[199]	 M. Behl, K. Kratz, J. Zotzmann, U. Nöchel, A. Lendlein, Adv. Mater. 

2013, 25, 4466.
[200]	 Q. Ge, A. H. Sakhaei, H. Lee, C. K. Dunn, N. X. Fang, M. L. Dunn, 

Sci. Rep. 2016, 6, 1.
[201]	 I. W. Hunter, S. Lafontaine, J. M. Hollerbach, P. J. Hunter, in IEEE 

Int. Conf. Micro Electro Mechanical System, IEEE, Piscataway, NJ, 
USA 1991, pp. 166–170.

[202]	 J. M. M.  Gallardo Fuentes, P.  Gümpel, J.  Strittmatter, Adv. Eng. 
Mater. 2002, 4, 437.

[203]	 C. Liu, H. Qin, P. T. Mather, J. Mater. Chem. 2007, 17, 1543.

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.softroboticsinc.com/
http://superreleaser.com/
http://superreleaser.com/


www.advmat.dewww.advancedsciencenews.com

1707035  (31 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2018, 30, 1707035

[204]	 S. Kim, E. Hawkes, K. Choy, M. Joldaz, J. Foleyz, R. Wood, in 2009 
IEEE/RSJ Int. Conf. Intelligent Robots and Systems, IEEE, Piscataway, 
NJ, USA 2009, pp. 2228–2234.

[205]	 N. Ma, G. Song, H. J. Lee, Smart Mater. Struct. 2004, 13, 777.
[206]	 C. C. Lan, C. H. Fan, Sens. Actuators, A 2010, 163, 323.
[207]	 S. B. Choi, Y. M. Han, J. H. Kim, C. C. Cheong, Mechatronics 2001, 

11, 677.
[208]	 A. Manuelle Bertetto, M. Ruggiu, J. Rob. Syst. 2003, 20, 649.
[209]	 G. Jung, S. Member, J. Koh, K. Cho, IEEE Trans. Rob.  2013, 29, 1.
[210]	 W. Wang, H. Rodrigue, H. Il Kim, M. W. Han, S. H. Ahn, Compos-

ites, Part B 2016, 98, 397.
[211]	 H. Rodrigue, W. Wang, D. R. Kim, S. H. Ahn, Compos. Struct. 2017, 

176, 398.
[212]	 H. Jin, E. Dong, M. Xu, C. Liu, G. Alici, Y. Jie, Smart Mater. Struct. 

2016, 25, 85026.
[213]	 Y. She, C. Li, J. Cleary, H.-J. Su, J. Mech. Rob. 2015, 7, 21007.
[214]	 Y. She, J. Chen, H. Shi, H.-J. Su, Soft Rob. 2016, 3, 71.
[215]	 K.  Ikuta, in IEEE Int. Conf. Robotics and Automation, IEEE, 

Piscataway, NJ, USA 1990, pp. 2156–2161.
[216]	 P.  Krulevitch, A. P.  Lee, P. B.  Ramsey, J. C.  Trevino, J.  Hamilton,  

M. A. Northrup, J. Microelectromech. Syst. 1996, 5, 270.
[217]	 Y.  Fu, W.  Huang, H.  Du, X.  Huang, J.  Tan, X.  Gao, Surf. Coat. 

Technol. 2001, 145, 107.
[218]	 D. H. Kim, M. G. Lee, B. Kim, Y. Sun, Smart Mater. Struct. 2005, 

14, 1265.
[219]	 C.  Lan, C.  Lin, C.  Fan, IEEE/ASME Trans. Mechatronics 2011, 16, 

141.
[220]	 V.  Seidemann, S.  Bütefisch, S.  Büttgenbach, Sens. Actuators, A 

2002, 97–98, 457.
[221]	 W. Huang, Mater. Des. 2002, 23, 11.
[222]	 R. Ma, Z. Zhang, K. Tong, D. Huber, R. Kornbluh, Y. S. Ju, Q. Pei, 

Science 2017, 357, 1130.
[223]	 X. Luo, P. T. Mather, Soft Matter 2010, 6, 2146.
[224]	 H.  Lu, Y.  Liu, J.  Gou, J.  Leng, S.  Du, Appl. Phys. Lett. 2010, 96, 

2008.
[225]	 E.  Stern-Taulats, P. O.  Castillo-Villa, L.  Mañosa, C.  Frontera, 

S.  Pramanick, S.  Majumdar, A.  Planes, J. Appl. Phys. 2014, 115, 
173907.

[226]	 G.  Baer, T. S.  Wilson, D. L.  Matthews, D. J.  Maitland, J. Appl. 
Polym. Sci. 2007, 103, 3882.

[227]	 L. Zhao, J. Huang, Y. Zhang, T. Wang, W. Sun, Z. Tong, ACS Appl. 
Mater. Interfaces 2017, 9, 11866.

[228]	 X. Li, X. Cai, Y. Gao, M. J. Serpe, J. Mater. Chem. B 2017, 5, 2804.
[229]	 J. Duan, X. Liang, K. Zhu, J. Guo, L. Zhang, Soft Matter 2017, 13, 

345.
[230]	 S. Xiao, Y. Yang, M. Zhong, H. Chen, Y. Zhang, J. Yang, J. Zheng, 

ACS Appl. Mater. Interfaces 2017, 9, 20843.
[231]	 Q. Fu, H. Zhang, Z. Wang, M. Chiao, J. Mater. Chem. B 2017, 4025.
[232]	 J. S.  Randhawa, T. G.  Leong, N.  Bassik, B. R.  Benson,  

M. T. Jochmans, D. H. Gracias, J. Am. Chem. Soc. 2008, 130, 17238.
[233]	 S.  Taccola, F.  Greco, E.  Sinibaldi, A.  Mondini, B.  Mazzolai, 

V. Mattoli, Adv. Mater. 2015, 27, 1668.
[234]	 C. Yang, Z. Liu, C. Chen, K. Shi, L. Zhang, X. J. Ju, W. Wang, R. Xie, 

L. Y. Chu, ACS Appl. Mater. Interfaces 2017, 9, 15758.
[235]	 Y.  Hu, J.  Liu, L.  Chang, L.  Yang, A.  Xu, K.  Qi, P.  Lu, G.  Wu, 

W. Chen, Y. Wu, Adv. Funct. Mater. 2017, 27, 1704388.
[236]	 F.  Ongaro, S.  Scheggi, C. K.  Yoon, F.  van  den Brink, S. H.  Oh,  

D. H. Gracias, S. Misra, J. Micro-Bio Rob. 2017, 12, 45.
[237]	 J. C. Breger, C. Yoon, R. Xiao, H. R. Kwag, M. O. Wang, J. P. Fisher, 

T. D. Nguyen, D. H. Gracias, ACS Appl. Mater. Interfaces 2015, 7, 
3398.

[238]	 S. Yao, J. Cui, Z. Cui, Y. Zhu, Nanoscale 2017, 9, 3797.
[239]	 C.  Pacchierotti, F.  Ongaro, F.  van  den Brink, C. K.  Yoon, 

D.  Prattichizzo, D. H.  Gracias, S.  Misra, IEEE Trans. Autom. Sci. 
Eng. 2018, 15, 290.

[240]	 J.  Wang, J.  Wang, Z.  Chen, S.  Fang, Y.  Zhu, R. H.  Baughman, 
L. Jiang, Chem. Mater. 2017, 29, 9793.

[241]	 L. Chen, C. Liu, K. Liu, C. Meng, C. Hu, J. Wang, S. Fan, ACS Nano 
2011, 5, 1588.

[242]	 J. W. L. Zhou, H. Y. Chan, T. K. H. To, K. W. C. Lai, W. J. Li, IEEE/
ASME Trans. Mechatronics 2004, 9, 334.

[243]	 A.  Zolfagharian, A. Z.  Kouzani, B.  Nasri-Nasrabadi, S.  Adams, 
S. Yang Khoo, M. Norton, I. Gibson, A. Kaynak, KnE Eng. 2017, 2, 
15.

[244]	 A. M. Hubbard, R. W. Mailen, M. A. Zikry, M. D. Dickey, J. Genzer, 
Soft Matter 2017, 13, 2299.

[245]	 E. Diller, M. Sitti, Adv. Funct. Mater. 2014, 24, 4397.
[246]	 Z. Ji, C. Yan, B. Yu, X. Wang, F. Zhou, Adv. Mater. Interfaces 2017, 

4, 1700629.
[247]	 J.  Zhang, O.  Onaizah, K.  Middleton, L.  You, E.  Diller, IEEE Rob. 

Autom. Lett. 2017, 2, 835.
[248]	 L.  Hines, K.  Petersen, G. Z.  Lum, M.  Sitti, Adv. Mater. 2017, 29, 

1603483.
[249]	 G.  Alici, N. N.  Huynh, IEEE/ASME Trans. Mechatronics 2007, 12, 

73.
[250]	 G.  Inzelt, Conducting Polymers: A New Era in Electrochemistry, 

Springer-Verlag, Berlin, Germany 2012.
[251]	 A.  Balasubramanian, M.  Standish, C. J.  Bettinger, Adv. Funct. 

Mater. 2014, 24, 4860.
[252]	 S. Rich, S.-H. Jang, Y.-L. Park, C. Majidi, Adv. Mater. Technol. 2017, 

2, 1700179.
[253]	 M. Manti, V. Cacucciolo, M. Cianchetti, B. M. Manti, V. Cacucciolo, 

M. Cianchetti, IEEE Rob. Autom. Mag. 2016, 23, 93.
[254]	 S.  Wolf, G.  Grioli, O.  Eiberger, W.  Friedl, M.  Grebenstein, 

H. Hoppner, E. Burdet, D. G. Caldwell, R. Carloni, M. G. Catalano, 
D.  Lefeber, S.  Stramigioli, N.  Tsagarakis, M.  Van  Damme, 
R.  Van  Ham, B.  Vanderborght, L. C.  Visser, A.  Bicchi,  
A. Albu-Schaffer, IEEE/ASME Trans. Mechatronics 2016, 21, 2418.

[255]	 J.  Nagase, S.  Wakimoto, T.  Satoh, N.  Saga, K.  Suzumori, Smart 
Mater. Struct. 2011, 20, 105015.

[256]	 M. E.  Giannaccini, I.  Georgilas, I.  Horsfield, B. H. P. M.  Peiris, 
a. Lenz, a. G. Pipe, S. Dogramadzi, Auton. Rob. 2013, 36, 93.

[257]	 H. M. Jaeger, Soft Matter 2015, 11, 12.
[258]	 A. J.  Loeve, O. S.  Van  De Ven, J. G.  Vogel, P.  Breedveld, 

J. Dankelman, Granular Matter 2010, 12, 543.
[259]	 T. Nishida, D. Shigehisa, N. Kawashima, K. Tadakuma, in Joint 7th 

Int. Conf. Soft Computing and Intelligent Systems (SCIS) and 15th 
Int. Symp. Advanced Intelligent Systems (ISIS), IEEE, Piscataway, 
NJ, USA 2014, pp. 242–246.

[260]	 A.  Jiang, T.  Ranzani, G.  Gerboni, L.  Lekstutyte, K.  Althoefer, 
P. Dasgupta, T. Nanayakkara, Soft Rob. 2014, 1, 192.

[261]	 J. R.  Amend, E.  Brown, N.  Rodenberg, H. M.  Jaeger, H.  Lipson, 
IEEE Trans. Rob. 2012, 28, 341.

[262]	 J.  Amend, N.  Cheng, S.  Fakhouri, B.  Culley, Soft Rob. 2016, 3,  
213.

[263]	 E.  Steltz, A.  Mozeika, N.  Rodenberg, E.  Brown, H. M. M.  Jaeger, 
in IEEE/RSJ Int. Conf. Intelligent Robots and Systems, IEEE, 
Piscataway, NJ, USA 2009.

[264]	 E.  Steltz, A.  Mozeika, J.  Rembisz, N.  Corson, H. M.  Jaeger, Proc. 
SPIE 2010, 7642, 764225.

[265]	 N. G.  Cheng, M. B.  Lobovsky, S. J.  Keating, A. M.  Setapen,  
K. I. Gero, A. E. Hosoi, K. D. Iagnemma, in IEEE Int. Conf. Robotics 
and Automation, IEEE, Piscataway, NJ, USA 2012, pp. 4328–4333.

[266]	 A. Arezzo, Y. Mintz, M. E. Allaix, S. Arolfo, M. Bonino, G. Gerboni, 
M.  Brancadoro, M.  Cianchetti, A.  Menciassi, H.  Wurdemann, 
Y.  Noh, K.  Althoefer, J.  Fras, J.  Glowka, Z.  Nawrat, G.  Cassidy, 
R.  Walker, M.  Morino, Surg. Endosc. Other Interv. Tech. 2017, 31, 
264.

[267]	 I. De Falco, M. Cianchetti, A. Menciassi, Bioinspiration Biomimetics 
2017, 12, 56008.

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

1707035  (32 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2018, 30, 1707035

[268]	 T.  Rienmüller, H.  Weissmantel, in 18th Int. Symp. Ind. Rob., IFS, 
Lausanne, Switzerland 1988.

[269]	 E.  Brown, N.  Rodenberg, J.  Amend, a.  Mozeika, E.  Steltz,  
M. R.  Zakin, H.  Lipson, H. M.  Jaeger, Proc. Natl. Acad. Sci. USA 
2010, 107, 18809.

[270]	 N.  Cheng, J.  Amend, T.  Farrell, D.  Latour, C.  Martinez, 
J. Johansson, A. McNicoll, M. Wartenberg, S. Naseef, W. Hanson, 
W. Culley, Soft Rob. 2016, 3, 205.

[271]	 K.  Harada, K.  Nagata, J.  Rojas, I. G.  Ramirez-Alpizar, W.  Wan, 
H. Onda, T. Tsuji, Adv. Rob. 2016, 30, 1186.

[272]	 S.  Reitelshofer, C.  Ramer, D.  Graf, F.  Matern, J.  Franke, in IEEE/
SICE Int. Symp. Syst. Integr. IEEE, Piscataway, NJ, USA 2014, 
pp. 1–5.

[273]	 Y.  Jiang, J. R.  Amend, H.  Lipson, A.  Saxena, in IEEE Int. Conf. 
Robotics and Automation, IEEE, Piscataway, NJ, USA 2012,  
pp. 2385–2391.

[274]	 S. Licht, E. Collins, M. L. Mendes, C. Baxter, Soft Rob. 2017, 4, 305.
[275]	 J. Amend, H. Lipson, Soft Rob. 2017, 4, 70.
[276]	 M.  Fujita, K.  Tadakuma, E.  Takane, T.  Ichimura, H.  Komatsu, 

A. Nomura, M. Konyo, S. Tadokoro, in 2016 IEEE Int. Symp. Safety, 
Security, and Rescue Robotics, IEEE, Piscataway, NJ, USA 2016, pp. 
390–395.

[277]	 J.  Kapadia, M.  Yim, in IEEE Int. Conf. Robotics and Automation, 
IEEE, Piscataway, NJ, USA 2012, pp. 5301–5306.

[278]	 Y. J. Kim, S. Cheng, S. Kim, K.  Iagnemma, IEEE Trans. Rob. 2013, 
29, 1031.

[279]	 I. Choi, N. Corson, L. Peiros, E. W. Hawkes, S. Keller, S. Follmer, 
IEEE Rob. Autom. Lett. 2017, 3766, 1.

[280]	 H. Nakai, Y. Kuniyoshi, M. Inaba, H. Inoue, in IEEE/RSJ Int. Conf. 
Intelligent Robots and Systems, IEEE, Piscataway, NJ, USA 2002, pp. 
2025–2030.

[281]	 A. C. Siegel, D. A. Bruzewicz, D. B. Weibel, G. M. Whitesides, Adv. 
Mater. 2007, 19, 727.

[282]	 I. M. Van Meerbeek, B. C. Mac Murray, J. W. Kim, S. S. Robinson, 
P. X. Zou, M. N. Silberstein, R. F. Shepherd, I. M. Van Meerbeek, 
B. C.  Mac Murray, J. W.  Kim, S. S.  Robinson, P. X.  Zou,  
M. N. Silberstein, R. F. Shepherd, Adv. Mater. 2016, 28, 2801.

[283]	 N. Kazem, T. Hellebrekers, C. Majidi, Adv. Mater. 2017, 29, 1.
[284]	 W. Shan, T. Lu, C. Majidi, Smart Mater. Struct. 2013, 22, 85005.
[285]	 A.  Tonazzini, S.  Mintchev, B.  Schubert, B.  Mazzolai, J.  Shintake, 

D. Floreano, Adv. Mater. 2016, 28, 10142.
[286]	 B. E. Schubert, D. Floreano, RSC Adv. 2013, 3, 24671.
[287]	 S. H.  Jeong, S. Chen, J. Huo, E. K. Gamstedt, J. Liu, S. L. Zhang, 

Z. Bin Zhang, K. Hjort, Z. Wu, Sci. Rep. 2015, 5, 1.
[288]	 M. D.  Bartlett, N.  Kazem, M. J.  Powell-palm, X.  Huang, W.  Sun,  

J. A.  Malen, C.  Majidi, Proc. Natl. Acad. Sci. USA 2017, 114,  
2143.

[289]	 S.  Launay, A. G.  Fedorov, Y.  Joshi, A.  Cao, P. M.  Ajayan, Micro
electron. J. 2006, 37, 1158.

[290]	 Y. Chen, P. Cheng, Int. J. Heat Mass Transfer 2002, 45, 2643.
[291]	 T. Hao, Adv. Mater. 2001, 13, 1847.
[292]	 P. Sheng, W. Wen, Annu. Rev. Fluid Mech. 2012, 44, 143.
[293]	 J.  de  Vicente, D. J.  Klingenberg, R.  Hidalgo-Alvarez, Soft Matter 

2011, 7, 3701.
[294]	 C. Majidi, R. J. Wood, Appl. Phys. Lett. 2010, 97, 2008.
[295]	 C. Cao, X. Zhao, Appl. Phys. Lett. 2013, 103, 4.
[296]	 Y. Li, J. Li, T. Tian, W. Li, Smart Mater. Struct. 2013, 22, 129501.
[297]	 S.  Sun, H.  Deng, H.  Du, W.  Li, J.  Yang, G.  Liu, G.  Alici, T.  Yan, 

IEEE/ASME Trans. Mechatronics 2015, 20, 2621.
[298]	 M. Eshaghi, R. Sedaghati, S. Rakheja, J. Intell. Mater. Syst. Struct. 

2016, 27, 2003.
[299]	 K. D. Weiss, J. D. Carlson, D. A. Nixon, J. Intell. Mater. Syst. Struct. 

1994, 5, 772.
[300]	 M. Kallio, T. Lindroos, S. Aalto, E. Järvinen, T. Kärnä, T. Meinander, 

Smart Mater. Struct. 2007, 16, 506.

[301]	 J. D. Carlson, M. R. Jolly, Mechatronics 2000, 10, 555.
[302]	 J. P. Coulter, K. D. Weiss, J. D. Carlson, J. Intell. Mater. Syst. Struct. 

1993, 4, 248.
[303]	 J. D. Carlson, D. M. Catanzarite, K. A. St. Clair, Int. J. Mod. Phys. B 

1996, 10, 2857.
[304]	 A. Tonazzini, A. Sadeghi, B. Mazzolai, Soft Rob. 2016, 3, 34.
[305]	 G. L. Kenaley, M. R. Cutkosky, in Proc. 1989 Int. Conf. Robotics and 

Automation, IEEE, Piscataway, NJ, USA 1989, pp. 132–136.
[306]	 G. J. Monkman, Robotica 1992, 10, 183.
[307]	 F.  Arai, K.  Morishima, T.  Kasugai, T.  Fukuda, in IEEE Int. Conf. 

Intelligent Robots and Systems, IEEE, Piscataway, NJ, USA 1997,  
pp. 1300–1305.

[308]	 A. Pettersson, S. Davis, J. O. Gray, T. J. Dodd, T. Ohlsson, J. Food 
Eng. 2010, 98, 332.

[309]	 T. Nishida, Y. Okatani, K. Tadakuma, Int. J. Humanoid Rob. 2016, 
13, 1650017.

[310]	 G. Monkman, Ind. Robot. 2003, 30, 326.
[311]	 W. Wen, X. Huang, P. Sheng, Appl. Phys. Lett. 2004, 85, 299.
[312]	 X. Huang, W. Wen, S. Yang, P. Sheng, Solid State Commun. 2006, 

139, 581.
[313]	 N.  Besse, S.  Rosset, J. J.  Zarate, H.  Shea, Adv. Mater. Technol. 

2017, 2, 1700102.
[314]	 W. Wang, H. Rodrigue, S. H. Ahn, Sci. Rep. 2016, 6, 1.
[315]	 S. Yun, X. Niu, Z. Yu, W. Hu, P. Brochu, Q. Pei, Adv. Mater. 2012, 

24, 1321.
[316]	 A.  Firouzeh, J.  Paik, IEEE/ASME Trans. Mechatronics 2017, 22, 

2165.
[317]	 A.  Firouzeh, M.  Salerno, J.  Paik, U. R.  Origamis, A.  Firouzeh, 

S. Member, M. Salerno, J. Paik, IEEE Trans. Rob. 2017, 33, 1.
[318]	 A. Firouzeh, J. Paik, Smart Mater. Struct. 2017, 26, 55035.
[319]	 W. Wang, S.-H. Ahn, Soft Rob. 2017, 3, 379.
[320]	 D.  McCoul, S.  Rosset, N.  Besse, H.  Shea, Smart Mater. Struct. 

2017, 26, 25015.
[321]	 M.  Zarek, M.  Layani, I.  Cooperstein, E.  Sachyani, D.  Cohn, 

S. Magdassi, Adv. Mater. 2016, 28, 4449.
[322]	 Y. Yang, Y. Chen, Y. Wei, Y. Li, J. Mech. Rob. 2016, 8, 61010.
[323]	 M. R. Cutkosky, Interface Focus 2015, 5, 20150015.
[324]	 H. Prahlad, R. Pelrine, S. Stanford, J. Marlow, R. Kornbluh, in IEEE 

Int. Conf. Robotics and Automation, IEEE, Piscataway, NJ, USA 
2008, pp. 3028–3033.

[325]	 D. Ruffatto, J. Shah, M. Spenko, J. Electrost. 2014, 72, 147.
[326]	 K.  Asano, F.  Hatakeyama, K.  Yatsuzuka, IEEE Trans. Ind. Appl. 

2002, 38, 840.
[327]	 H.  Wang, A.  Yamamoto, T.  Higuchi, Int. J. Adv. Rob. Syst. 2014,  

11, 1.
[328]	 R. Chen, IEEE Potentials 2015, 34, 15.
[329]	 M. A.  Graule, P.  Chirarattananon, S. B.  Fuller, N. T.  Jafferis,  

K. Y. Ma, M. Spenko, R. Kornbluh, R. J. Wood, Science 2016, 352, 
978.

[330]	 G. Monkman, Ind. Rob. Int. J. 2003, 30, 326.
[331]	 K.  Yatsuzuka, F.  Hatakeyama, K.  Asano, S.  Aonuma, IEEE Trans. 

Ind. Appl. 2000, 36, 510.
[332]	 R. Liu, R. Chen, H. Shen, R. Zhang, Int. J. Adv. Rob. Syst. 2013, 10, 

1.
[333]	 D.  Ruffatto, A.  Parness, M.  Spenko, J. R. Soc. Interface 2014, 11, 

20131089.
[334]	 Grabit Inc., Grabit electroadhesion robotic each pick gripper -  

boxes, bags, cans, bare goods, https://www.youtube.com/
watch?v=RiAiNjd6ukk (accessed: November 2017).

[335]	 E. W. Schaler, D. Ruffatto, P. Glick, V. White, A. Parness, in IEEE/
RSJ Int. Conf. Intelligent Robots and Systems, IEEE, Piscataway, NJ, 
USA 2017, pp. 1172–1179.

[336]	 X. Liang, Y. Sun, H. Wang, R. C. H. Yeow, S. L. Kukreja, N. Thakor, 
H. Ren, in IEEE RAS EMBS Int. Conf. Biomedical Robotics and Bio-
mechatronics, IEEE, Piscataway, NJ, USA 2016, pp. 401–406.

 15214095, 2018, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201707035 by Politecnico D
i B

ari, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.youtube.com/watch?v=RiAiNjd6ukk
https://www.youtube.com/watch?v=RiAiNjd6ukk


www.advmat.dewww.advancedsciencenews.com

1707035  (33 of 33) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2018, 30, 1707035

[337]	 L. Savioli, G. Sguotti, A. Francesconi, F. Branz, J. Krahn, C. Menon, 
Proc. SPIE 2014, 9061, 906129.

[338]	 G. J.  Monkman, P. M.  Taylor, G. J.  Farnworth, Int. J. Cloth. Sci. 
Technol. 1989, 1, 14.

[339]	 J.  Singh, P. A.  Bingham, J.  Penders, D.  Manby, in Conf. Towards 
Auton. Robotic Syst., Springer, Sheffield, UK  2016, pp. 327–338.

[340]	 Y. Lu, S. Sathasivam, J. Song, C. R. Crick, C. J. Carmalt, I. P. Parkin, 
Science 2015, 347, 1132.

[341]	 L. F. Boesel, C. Cremer, E. Arzt, A. Del Campo, Adv. Mater. 2010, 
22, 2125.

[342]	 M. Zhou, N. Pesika, H. Zeng, Y. Tian, J. Israelachvili, Friction 2013, 
1, 114.

[343]	 Y. Li, J. Krahn, C. Menon, J. Bionic Eng. 2016, 13, 181.
[344]	 S.  Kim, M.  Spenko, S.  Trujillo, B.  Heyneman, D.  Santos,  

M. R. Cutkoskly, IEEE Trans. Rob. 2008, 24, 65.
[345]	 K. Autumn, A. M. Peattie, Integr. Comp. Biol. 2002, 42, 1081.
[346]	 J. Lee, R. S. Fearing, Langmuir 2008, 24, 10587.
[347]	 Y.  Menguc, M.  Rohrig, U.  Abusomwan, H.  Holscher, M.  Sitti,  

J. R. Soc. Interface 2014, 11, 20131205.
[348]	 H. Lee, B. P. Lee, P. B. Messersmith, Nature 2007, 448, 338.
[349]	 H. Zhang, L. W. Wu, S. X. Jia, D. J. Guo, Z. D. Dai, Chin. Sci. Bull. 

2012, 57, 1343.
[350]	 H. Izadi, M. Golmakani, A. Penlidis, Soft Matter 2013, 9, 1985.
[351]	 C. Menon, M. Murphy, M. Sitti, 2004 IEEE Int. Conf. Robotics and 

Biomimetics, IEEE, Piscataway, NJ, USA 2004, pp. 431–436.
[352]	 E. W.  Hawkes, E. V.  Eason, D. L.  Christensen, M. R.  Cutkosky,  

J. R. Soc. Interface 2015, 12, 20140675.
[353]	 L. Daler, A. Klaptocz, A. Briod, M. Sitti, D. Floreano, in IEEE Int. 

Conf. Robotics and Automation, IEEE, Piscataway, NJ, USA 2013, 
pp. 4433–4438.

[354]	 H.  Jiang, E. W.  Hawkes, C.  Fuller, M. A.  Estrada, S. A.  Suresh, 
N.  Abcouwer, A. K.  Han, S.  Wang, C. J.  Ploch, A.  Parness,  
M. R. Cutkosky, Sci. Rob. 2017, 2, 1.

[355]	 E. W.  Hawkes, D. L.  Christensen, A. K.  Han, H.  Jiang,  
M. R. Cutkosky, in IEEE Int. Conf. Robotics and Automation, IEEE, 
Piscataway, NJ, USA 2015, pp. 2305–2312.

[356]	 S. A.  Suresh, D. L.  Christensen, E. W.  Hawkes, M.  Cutkosky,  
J. Mech. Rob. 2015, 7, 21005.

[357]	 E. W. Hawkes, H. Jiang, M. R. Cutkosky, Int. J. Rob. Res. 2015, 16.
[358]	 S.  Song, D.-M.  Drotlef, C.  Majidi, M.  Sitti, Proc. Natl. Acad. Sci. 

USA 2017, 114, E4344.
[359]	 H. Shahsavan, S. M. Salili, A. Jákli, B. Zhao, Adv. Mater. 2017, 29, 1.
[360]	 Y.  Mengüç, S. Y.  Yang, S.  Kim, J. A.  Rogers, M.  Sitti, Adv. Funct. 

Mater. 2012, 22, 1246.
[361]	 H.  Hu, H.  Tian, J.  Shao, X.  Li, Y.  Wang, Y.  Wang, Y.  Tian, B.  Lu, 

ACS Appl. Mater. Interfaces 2017, 9, 7752.
[362]	 S. Wang, H. Jiang, M. R. Cutkosky, Int. J. Rob. Res. 2017, 36, 985.
[363]	 G. J. Monkman, S. Hesse, R. Steinmann, H. Schunk, Robot Grip-

pers, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany 2007.
[364]	 FIPA GmbH, Flat vacuum cups, http://www.fipa.com/en_US/

products/2111504-flat-vacuum-cups-metal-sheet-handling/25/1 
(accessed: November 2017).

[365]	 VacMotion Inc., Suction Cups, Vacuum Cups, Vacuum Pads, 
http://www.vacmotion.com/Suction Cups.htm (accessed: November 
2017).

[366]	 G.  Fantoni, M.  Santochi, G.  Dini, K.  Tracht, B.  Scholz-Reiter, 
J.  Fleischer, T.  Kristoffer Lien, G.  Seliger, G.  Reinhart, J.  Franke, 
H.  Nørgaard Hansen, A.  Verl, CIRP Ann. - Manuf. Technol. 2014, 
63, 679.

[367]	 Festo Co. Ltd., OctopusGripper | Festo Corporate, https://www.
festo.com/group/en/cms/12745.htm (accessed: November 2017).

[368]	 Y.  Kuwajima, H.  Shigemune, V.  Cacucciolo, M.  Cianchetti, 
C.  Laschi, S.  Maeda, in IEEE/RSJ Int. Conf. Intelligent Robots and 
Systems, IEEE, Piscataway, NJ, USA 2017.

[369]	 A. Vasudev, A. Jagtiani, L. Du, J. Zhe, J. Micromech. Microeng. 2009, 
19, 75005.

[370]	 A.  Al Amin, A.  Jagtiani, A.  Vasudev, J.  Hu, J.  Zhe, J. Micromech. 
Microeng. 2011, 21, 125025.

[371]	 J. Giltinan, E. Diller, C. Mayda, M. Sitti, in IEEE Int. Conf. Robotics 
and Automation, IEEE, Piscataway, NJ, USA 2014, pp. 2077–2082.
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