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Abstract
Rigid robotic grippers are not capable of self-adjusting their grip size based on any real-time changes in the dimensions of 
the target object. This problem of self-adjustment can be addressed by soft robotic grippers. In the past few decades, new 
methods, and techniques to develop and control soft actuators have been explored by researchers worldwide. Soft robotic 
grippers can be categorized into three technologies which are controlled actuation, controlled adhesion, and controlled stiff-
ness. Using these three technologies soft robots can mimic the morphology of the gripping and locomotion mechanisms of 
various animals. This study is aimed to present an introductory review for researchers who want to explore the field of soft 
robotics. While previous reports focussed on granular jamming structures to control stiffness, the present study emphasized 
laminar jamming structures and discussed the recent soft actuators developed using these structures. It was observed that 
soft actuators with a longitudinal strain like mckibben and peano HASEL exert high forces compared to bending actuators. 
Also, sandwiched laminar jammers can generate greater stiffness compared to homogeneous laminar jammers.
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1  Introduction

Traditional robotic grippers are made of rigid links which 
are highly accurate in adjusting their grip size as per the 
program or computer code. The rigid gripper attached 
to the free end of a manipulator is not capable of self-
adapting its grip size based on any changes in the dimen-
sions of the target object on the assembly line without any 
changes in the computer code or program which drives the 
manipulator. To solve this gripping problem, researchers 
have focused on the animal kingdom and tried to develop 
robotic grippers based on the morphology of animals [1]. 
Such grippers are designed using soft materials and actu-
ated using unconventional smart materials. The advantage 
of such grippers is that the complexity of the control sys-
tem is reduced due to mechanical compliance and material 

softness [2]. By replacing rigid grippers with soft grip-
pers on an industrial manipulator, the real-time ability of 
a robot to pick objects of different dimensions is enhanced. 
Soft robotic grippers or actuators are made of materials 
like elastomers [3], flexible shafts [4], polymers [5], and 
gels [6]. Unlike rigid grippers, the properties of the mate-
rial used in the construction of a soft robot play an impor-
tant role in the overall performance of the robot, therefore 
testing and simulation of such materials lay the foundation 
for the strength, motion, and energy needs of a soft grip-
per. Shintake et al. [7] presented three control technologies 
of soft actuators which are controlled through actuation, 
adhesion, and stiffness [7]. The reports gave a compre-
hensive overview of the material and mechanism of soft 
actuators [7]. The three control technologies are further 
subdivided based on the form of input energy required by 
an actuator, its material, and its mechanism. Researchers 
have even reported each technology separately. Fitzgerald 
et al. [8] presented the control of stiffness of soft actuators 
through jamming mechanisms [8]. Similarly, a study by 
Walker et al. [9] analyzed pneumatic soft actuators and 
their actuation behavior [9]. Adhesive properties of soft 
robots have also been separately presented by researchers. 
Boesel et al. [10] reported the fabrication methods and 
adhesive properties of gecko-inspired microfibrillar and 
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nano fibrillar surfaces [10]. With recent advancements in 
composite materials, researchers are developing new meth-
ods and mechanisms to develop soft robots. These three 
control mechanisms are being combined to develop soft 
actuators with high strain, adaptable stiffness, and good 
surface adhesion.

The objective of this study is to explain the principle 
and operations of various soft actuators developed by 
researchers over the years under the three control technol-
ogies of soft robotics and compare their performances. The 
objective is to give the reader a thorough understanding 
of the three control technologies which may help to fur-
ther improve the design of soft actuators. Section 2 classi-
fies soft actuators based on the three control technologies 
which are further classified based on the energy sources 
required for actuation.

A simple tree structure is provided for the reader to 
understand the classification of control mechanisms and the 
input energy sources of these actuators. Section 3 explains 
the principle and operation of various soft actuators based 
on control actuation which includes pneunet, mckib-
ben, hydraulically amplifying self-healing electrostatic 
(HASEL), low voltage dielectric actuators (LVDEAs), 
and shape memory alloy (SMA) actuators followed by a 
thorough discussion comparing the performances of these 
actuators. Thereafter, Sect. 4 discusses the operation of 
soft actuators based on the controlled stiffness technique 
which includes granular jamming, laminar jamming, mag-
netorheological (MR), and low melting point alloy (LMPA) 
jamming followed by the discussion comparing the perfor-
mances of these techniques, their advantages, and disad-
vantages. Section 5 discusses the operation of soft actuators 
based on electroadhesive and gecko adhesive techniques 
followed by a discussion comparing these techniques, their 
advantages, and disadvantages. Section 6 of this article, 
discusses the future challenges explaining the advantages 
and disadvantages of various actuators and the research 
required to improve the performance of these actuators, 
their advantages, and disadvantages. Section 7 summarized 
the performance of various soft actuators quantitatively.

Previous studies focussed on stiffness control through 
granular jamming, therefore in this article discussion of 
some recent advancements in the laminar jamming mecha-
nism to control stiffness is also done apart from granular 
jamming. This article provides a discussion on some recent 
actuators developed using homogeneous, discrete, and 
sandwiched laminar jamming techniques. It was observed 
through the comparison of performance parameters that 
mckibben actuators, peano HASEL actuators, and MR jam-
mers can exert high forces, while sandwiched laminar jam-
mers can generate high stiffness forces compared to homo-
geneous laminar structures.

2 � Classification of soft actuators

Soft robotic grippers when categorized based on the control 
mechanism can be of three types a) controlled actuation [2] b) 
controlled stiffness [11], or c) controlled adhesion [12]. These 
three technologies are mostly used in combination to develop 
a soft actuator or gripper. Figure 1 displays the tree structure 
of various soft robot control technologies developed under 
these three categories. Actuation or motion can be controlled 
using three sources of power which are pneumatic pressure 
[13], high voltage [14], and low voltage [15]. Two types of 
soft actuators driven by pneumatic energy are pneunet [16] 
and mckibben [17] actuators. High voltage actuators include 
electro-active polymers (EAPs) [5] like dielectric elastomers 
actuators (DEAs) [18] which are further classified as unimorph 
and bimorph based on the capability to bend in one or two 
directions. High voltages also drive HASEL [19] actuators. 
Actuators under the low voltage category include LVDEAs [15] 
and electro-active polymers like ionic polymer metal compos-
ites (IPMCs). Controlled stiffness generally can be achieved 
using vacuum energy or with the application of low voltages. 
Granular jamming [8] and laminar jamming [20] are two popu-
lar methods to control stiffness that require a vacuum source 
to activate. Laminar jamming structures can be homogenous 
[21] or non-homogenous [22] (also called “sandwiched”). Fur-
ther, both homogeneous and sandwiched laminar jammers can 
be categorized as continuous or discrete based on the condi-
tion of whether friction force in the laminar structure is act-
ing throughout the layers or discretely at some sections. Low 
voltage stiffness includes MR jammers [23], LMPA jammers 
[24], and SMA & SMPA [25] based stiffing actuators. Lastly, 
the adhesion of soft robots can be controlled by the applica-
tion of normal force [26] (which exploits the use of frictional 
forces and weak Vanderwall forces) and the use of high volt-
ages [27]. Geckoadhesive technology [28] for soft robots is 
inspired by observing mother nature’s creations such as lizards 
and other geckos who can climb walls with the help of millions 
of microscopic hair-like structures on their foot. High voltage 
adhesives include the use of electrostatic strips [29] and hydro-
gels [30]. The principle of operation & applications of some of 
these technologies are discussed in detail in further sections. It 
may also be noted that the techniques introduced in Fig. 1 may 
not be the only available methods to control soft robots, as the 
field is very extensive, and continuous research in this field is 
exploring new methods to control soft robots.

3 � Controlled Actuation

Actuation relates to the motion of a soft actuator. The effec-
tive control of the movement or strain of the soft robot is 
essential to interact with the environment. Controlling the 

Journal of Intelligent & Robotic Systems (2022) 106:5959   Page 2 of 24



1 3

movement of a soft gripper depends on the shape, size, and 
material of the gripper. Unlike traditional robotics where 
motors of various kinds (Brushless, Servo, Stepper, DC, AC) 
are used for the actuation of a joint, in soft robotics, other 
methods and materials for actuation are used such as soft 
pneumatic structures [31], dielectric elastomers [32], shape 
memory alloys (SMAs) & polymers (SMPs) [33], electro-
statics [34], etc. Soft pneumatic actuators can be broadly 
subdivided further into pneunet actuators and mckibben 
actuators.

3.1 � Controlled actuation through pneumatics

As shown in Fig. 2a, pneunet is a pneumatic actuator made 
of soft compliant material like rubber, silicone, thermoplas-
tic polyurethane (TPU), or any other material with hyper-
elastic or elastic properties. The shape and material of the 
pneunet determine the amount of actuation and pressure 
requirement. Under low pressure, pneunet is not actuated, 
and the only possible bending observed is due to the gravi-
tational force in this cantilever configuration. Under fluid 
pressure, the pneunet actuates Fig. 2b and bends due to its 
asymmetric geometry and relative expansion of thin wall 
surfaces compared to the thick base. Mckibben muscle or 
actuator consists of a soft elastic tube inside a braided mesh 
tube as shown in Fig. 2c. One end of the mckibben actua-
tor is sealed and the other connects the pneumatic pressure 
line. Under fluid pressure, the mckibben muscles Fig. 2d 
expand laterally and contract in the longitudinal direction. 

The braided sleeve assists this lateral expansion and longi-
tudinal contraction.

The applications of pneunet actuators range from the 
food industry to prosthetics. A group of researchers devel-
oped a hybrid gripper for the food industry with pneunet 
fingers and the suction cup on the fingertips [35]. The grip-
per was able to lift a “MacBook Air” weighing more than 
1 kg using this hybrid gripper [35]. The advantage of using 
soft grippers in the food industry is the added effectiveness 
to lift soft compressive objects of various sizes. Figure 3a 
and 3b display the energy source for a soft pneumatic actua-
tor. Any fluid with the capability to exert pressure can be 
used for the actuation of soft pneumatic robots. Soft actuat-
ing grippers are often integrated with jamming structures to 
increase their rigidity. Pneumatic actuators can be integrated 
with multistable laminate structures as shown in Fig. 3c to 
provide large deformations and improve the rigidity of the 
structure [31]. Figure 3d displays a vacuum-powered ultra-
light PAM (Pneumatic Actuated Muscle) having a bellow 
configuration integrated with rings at each convolution 
which increased the buckling load of the actuator [36]. Soft 
actuators can be cast, or 3D printed, 3D printed actuators 
bear considerably less elongation than cast material [37]. 
The rotational casting method can be employed to develop 
soft actuators, using this method a wearable assistive device 
for rehabilitation purposes was developed as shown in 
Fig. 3e [38]. Apart from grippers walking soft robots are 
also an area of interest, As shown in Fig. 3f researchers 
designed a multi-gait robot using soft elastomer and fluid 

Fig. 1   Tree of soft robots 
displaying various control 
mechanisms and their energy 
sources
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Fig. 2   Operation of pneunet and mckibben actuators: (a) unactuated pneunet actuator; (b) actuated pneunet actuator; (c) unactuated mckibben 
actuator; (d) actuated mckibben actuator

Fig. 3   Controlled actuation of soft actuators using pneumatic pres-
sure: (a) air compressor as an energy source; (b) compressed gas as a 
portable energy source; (c) pneumatic actuator with multistable lami-
nate structures [31]; (d) ultralight pneumatic actuator (PAM) [36]; (e) 
wearable assistive pneumatic actuator [38]; (f) multi-gait soft robot 

[39]; (g) electronics-free pneumatic robot [40]; (h) R type MBP 
under actuation [41]; (i) behavior of R type MBP outer walls under 
pressure [41]; (j) experimental setup to determine the bending behav-
ior of silicone-based 3D printed pneunet [37]
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actuation. The developed robot require low pressure (< 10 
psi) to actuate and was capable of walking in a gravitational 
field without an internal and external hard skeleton [39]. 
Researchers are also developing robots that do not require 
electronics but are driven completely using pneumatic cir-
cuits, Fig. 3g displays one such robot, the locomotion of this 
robot is efficient, fluent, and quite natural [40]. The disad-
vantage of such a robot is the dependency on the available 
quantity of compressed gas cylinders, which also reduces 
the performance (walking speed, response time) of robots 
as the level of gas decreases. Some researchers have also 
constructed different designs of monolithic bending pneu-
nets (MBPs) which were 3d printed using the fused filament 
fabrication (FFF) technique [41]. In their studies, different 
grades of TPU (shore hardness 95 and 80) were used to fab-
ricate inextensible and extensible segments of MBPs and, 
observations were made that the improved R-type actuator 
has the best performance and achieved a bending angle of 
72.90 with 4 bar of applied pressure [41]. Figure 3h displays 
the bending of R-type MBP under air pressure, and Fig. 3i 
displays how the outer walls of R-type MBP exert pressure 
on each other to create the bending shape. Another group of 
researchers studied the performance of a 3d printed pneunet 
made from silicone [37]. In their studies, observations were 
made that due to the inhomogeneity of 3D printed pneu-
net, it allows less elongation compared to cast pneunet and, 
simulation of the model using the YEOH model showed a 
10% deviation from the actual deformations achieved in the 
experiments [37]. Figure 3j displays the experimental setup 
to estimate the bending behavior of pneunet under various 
pressures [37].

3.2 � Controlled actuation through DEAs & SMAs

Electroactive polymers [42] like dielectric elastomers 
actuators (DEA) deform when a high voltage electric 
field is applied to them. Figure 4a displays a unimorph 
dielectric actuator, the active DEA layer consists of an 
elastomer sandwiched between two compliant electrodes. 
Figure 4b shows the unactuated unimorph DEA actuator 
with its connections to the high voltage power supply. 
Figure 4c displays the state of DEA when high voltage is 
provided to electrodes. The elastomer is compressed due 
to electrostatic attraction between the electrodes which 
stretch the elastomer, In Fig. 4c the DEA layer is not 
bonded to the substrate layer which is not elastic but flex-
ible enough to bend with the DEA layer. But when the 
DEA layer is bonded to the substrate layer as shown in 
Fig. 4d then the cantilever structure bends due to uneven 
stretching of the elastomer. The bonded surface of the 
DEA layer to the substrate prevents the elastomer from 
stretching in the lower region but it is free to stretch in 
the upper region which causes bending. Figure 4e dis-
plays the bimorph [18] configuration of DEA in which the 
substrate is sandwiched between two DEA layers. In this 
case, as shown in Fig. 4f there are four electrodes, two 
for the upper DEA layer and two for the lower DEA layer 
connected to a high voltage power supply. When high 
voltage is supplied to the electrodes of the upper DEA 
layer as shown in Fig. 4g a hogging effect is produced in 
this bimorph beam. Bimorph structure is bidirectional and 
when the lower DEA layer is actuated as shown in Fig. 4h 
it bends in another direction.

Fig. 4   Actuation states of dielectric actuators: (a) structure of uni-
morph DEA; (b) unactuated unimorph DEA connection with high 
voltage supply; (c) actuation state of unbonded unimorph DEA; (d) 
actuation state of bonded unimorph DEA; (e) structure of bimorph 

DEA; (f) unactuated bimorph DEA connection with high volt-
age supply; (g) hogging state in bimorph DEA; (h) sagging state in 
bimorph DEA
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A neon transformer can be used to power DEAs which 
convert line voltage to high voltage ranging from 2 to 15 kV. 
Rectification and control of current are some of the require-
ments at its output before the generated high voltage can 
be used to actuate the dielectric actuator. Another good 
source of power for DEAs can be a low current high voltage 
power supply like the open-source Arduino-based supply 
called “PetaPicoVoltron” [43] as shown in Fig. 5a. DEAs 
may require high voltages such as 7.5 kV to generate the 
required bending as shown in Fig. 5b [32], but very high 
voltage is not always necessary. Researchers have developed 
small-scale (1 g in weight, 4 cm long) untethered autono-
mous robots driven by low voltage stacked dielectric elasto-
mers (LVSDEAs) shown in Fig. 5c [44]. The driving voltage 

to actuate this robot was below 450 V with an operational 
frequency of around 600 Hz. Certain features of LVSDEAs 
such as low driving voltage requirement along with high 
power density make them suitable to be used as artificial 
muscles to drive such miniature robots. Another way of 
controlling the actuation of a soft robot is by integrating it 
with shape memory alloys (SMAs). The property of SMAs 
to retain shape when heated within a range of temperature 
make them suitable for producing complex movements in 
a soft robot. SMAs remember their shape in the austenite 
phase. In the martensite phase, SMA can be deformed to 
any shape. An efficient way of using SMAs in soft robots is 
to provide energy in the form of electricity to these alloys 
instead of external heating. Due to internal resistance and 

Fig. 5   Controlled actuation in DEA and SMA-based actuators: (a) 
“PetaPicoVoltron” open-source power supply to actuate DEAs [43]; 
(b) high voltage dielectric actuator [32]; (c) mini robot based on low 
voltage dielectric actuators (LVDEAs) [44]; (d) 3D printed unimorph 
DEA [42]; (e) 9-V battery as an energy source for SMA-based actua-

tors; (f) variable DC power supply for SMA-based actuators; (g) 
SMA integrated with PDMS actuator [33]; (h) caterpillar-inspired 
soft robot [45]; (i) states of a soft actuator based on reprogramma-
ble shape memory alloy [46]; (j) meshworm: SMA-based worm-like 
robot with peristaltic motion [47]
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hence heat generation phase is transformed from martensite 
to austenite where SMA changes its shape. Figure 5d shows 
a unimorph configuration of DEA developed by research-
ers through 3d printing technology. This DEA [42] is 
constructed from ionic hydrogel elastomer hybrid mate-
rial and was able to achieve a maximum tip deflection of 
9.78 ± 2.52 mm at 5.44 kiloVolts. Figure 5e-f shows the pos-
sible energy source to power SMA-based actuators. It can be 
a simple 9-V battery or a variable power supply. As shown in 
Fig. 5g an actuator developed by researchers was made from 
a PDMS (Polydimethylsiloxane) matrix integrated with flex-
inol/dynalloy SMA wire having a diameter of 203.2 µm [33]. 
Figure 5h shows a soft robot developed by researchers based 
on the morphology of a caterpillar. The robot consists of a 
flexible body made from silicone integrated with SMA wires 
for actuation. The developed robot was able to perform roll-
ing action like a caterpillar with an acceleration of 1 g and 
more than 200 rpm of angular velocity [45]. Some research-
ers proposed a reprogrammable SMPA (Shape memory pol-
ymer actuator) which can be reprogrammed to achieve desir-
able deformation [46]. The proposed design was constructed 
from a blend of copolymers which is shown in Fig. 5i [46]. 
Researchers also developed a structure with artificial circular 
and longitudinal muscles made from NiTi (nickel-titanium) 
coiled wires [47]. The antagonistic arrangement of muscles 
aided the peristaltic motion of this worm-shaped mechanism 
named “meshworm” [47] as shown in Fig. 5j.

3.3 � Controlled actuation through HASEL actuator

Controlled actuation can also be achieved using a com-
bination of electrostatics with the action of compressed 
fluid in a sealed flexible pocket. Such actuators are called 
Hydraulically amplified self-healing electrostatic light-
weight actuators (HASEL). These actuators are light-
weight and inexpensive and can exert large forces com-
pared to their weight. Figure 6a displays the construction 
of a HASEL actuator. These actuators consist of a series 
of dielectric fluid-filled pockets made of flexible material. 
Some portions of the outer periphery of these pockets are 
bonded with flexible electrodes. When a high voltage elec-
tric field is applied to the electrodes, due to electrostatic 
attraction the flexible membranes of fluid-filled pockets 
are compressed, and due to internal pressure, the other half 
of the pocket tries to achieve a spherical shape as shown 
in Fig. 6b. Due to this a contractive force is exerted in 
the longitudinal direction, the larger the number of pock-
ets, the more will be the contraction. Figure 6c and d dis-
play an artificial scorpion in an un-actuated state. When 
voltage is applied this tail can achieve a striking veloc-
ity of 1.26 m s−1, which resembles the striking velocity 
of an actual scorpion [19]. Figure 6e shows the stack of 
donut-shaped HASEL actuators performing a jump when 
7.8 kV is applied to it at a 3.9 Hz frequency [19]. It may be 
observed that HASEL actuators due to their high force to 

Fig. 6   Controlled actuation 
through HASEL actuators: (a) 
unactuated state of HASEL 
actuator; (b) actuated state of 
HASEL actuator; (c) unactuated 
state of HASEL actuator on 
an acrylic scorpion body [19]; 
(d) actuated state of HASEL 
actuator on an acrylic scorpion 
body [19]; (e) donut-shaped 
HASEL actuators performing a 
jump [19]
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mass ratio and quick response time are good at mimicking 
the dynamic actions performed by animals and humans.

3.4 � Comparison of soft actuators based 
on controlled actuation

Table 1 compares the soft actuators driven by energy sources 
like pneumatic pressure and high and low voltages. It may 
be observed that pneumatic actuators are typically large 
compared to dielectric actuators, also pneumatic actuators 
can exert significantly large forces as compared to dielec-
tric actuators. This is because fluid pressures have a greater 
tendency to resist opposing forces. As can be observed 
from Table 1, mcKibben actuators can exert high forces 
when compared to pneunet, and forces generated by peano 
HASEL actuators [48] are comparable to mckibben actuators 
[49]. This is because the mechanism of operation of peano 
HASEL and mckibben actuators are somewhat similar. The 
excess fluid pressure exerted on the inside walls of peano 
HASEL actuators which produces a compressive strain is 
similar to the action of air pressure exerted on the inside 
walls of mckibben actuators. In both types of actuators, lat-
eral fluid pressure produces longitudinal compressive strain.

It may be noted that the deflection in actuators like 
pneunets, unimorph DEAs, bimorph DEAs, LVDEAs, and 
IPMCs is generally bending type while actuators like mckib-
ben and peano HASEL bear the linear compressive strain as 
discussed above. The bending behavior is due to the pres-
ence of longitudinal layers with uneven properties in all such 
actuators. In the case of pneunet, the structural change in the 

bottom and top portions can be observed. The top portion 
is expandable using fluid pressure while the bottom bonded 
portion is non-expandable. Similarly, in the case of DEAs, 
the top portion can be stretched using electrostatic actua-
tion, while the bottom bonded portion is flexible but not 
stretchable.

It may be concluded that soft actuators with longitudinal 
strain whether directly or indirectly actuated by fluid pres-
sure (mckibben actuators directly driven, peano HASEL 
indirectly driven) produce much higher resistive force com-
pared to bending actuators like pneunet, DEAs, LVDEAs, 
or IPMCs. Table 1 provides a general overview of some of 
the key performance parameters based on some published 
results for grippers or actuators driven for controlled actua-
tion. The values in Table 1 do not represent the ultimate 
performance of such actuators but provide some quantified 
means for comparison. The range of forces generated by 
pneumatic, dielectric, and SMA & SMPA based actuators 
are compared in Fig. 7 which depicts that peano HASEL and 
mckibben actuators produce much higher forces.

From Fig. 8 it may be concluded that the input high volt-
age required by peano HASEL actuators is also large around 
8 kV compared to other high voltage actuators which may be 
attributed to the fact that HASEL actuators require a much 
higher electrostatic charge to compress the fluid pocket that 
generates high longitudinal compressive force.

Advantages and disadvantages of soft actuators based on 
controlled actuation.

Reports indicate that large bending deformations can be 
produced at low pressures using pneunet actuators, similarly, 

Table 1   Comparison of the performance parameters of various soft actuators that are governed through controlled actuation

Energy 
source

Actuator Type Effective Actua-
tor length (mm)

Deflection (mm) 
/Angle (deg.)/
Strain

Supplied power/
pressure /volt-
age/ Current

Resistive force 
(N)/
Stiffness (N/m)

Response time 
(s)

Surface Condi-
tion (Wet/Dry)

Pneumatics Pneunet actuator 70 to 150 [16, 
35, 37, 41]

90 to 130 mm 
[16, 37, 41]

, 700 [35]

24 to 400 kPa 
[16, 35, 37, 
41]

1 to 3.5 N [16, 
35]

1 to 2 [16, 35, 
37, 41]

dry [16, 35, 37, 
41]

McKibben 
actuator

180 to 300 
[49–51]

9 mm [49], 10 to 
27% [50, 51]

50 to 550 kPa 
[49–51]

4.5 to 60 N 
[49–51]

1 to 5 [49–51] dry [49–51]

High voltage Unimorph 
DEAs

20 to 60 [52, 53] 1.5 to 6.5 mm 
[52, 53]

3 to 3.5 kV [52, 
53]

– – dry [52, 53]

Bimorph DEAs 20 to 60 [54, 55] 6 to 6.5 mm [54, 
55]

3 to 5 kV [54, 
55]

0.003 N [55] 6 [54] dry [54, 55]

Peano -HASEL 
actuator

3 to 120 [48, 56] 10 to 15% [56], 
14 mm [48]

6 to 8 kV [48, 
56]

10 to 70 N [48, 
56]

5 to 10 [48, 56] dry [48, 56]

Low voltage LVDEAs 40 [44] 450 [57], 110 µm 
[44]

6 V [57],450 V 
[44]

– 0 to 50 
[57], > 0.2 
[44]

dry [44, 57]

IPMCs actuator 80 [58], 20 [59] Exceeds 1800 
[58],

1 to 4 V [58],  ~ 0.016 N [58] 2 [58] dry [58]

SMA & SMPA 
actuator

100 to 130 [33, 
60]

900 to 1800 [33, 
60]

1A [33, 60] 0.08 to 1.5 N 
[33, 60]

5 to 75 [33, 60] dry [33, 60]
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such large deformations can be obtained using DEAs at very 
low power consumption, but high voltages. Also, Mckibben 
and HASEL actuators can generate high uniaxial forces. The 
modular nature of HASEL actuators is an added advantage 
because individual elements of HASEL can be attached in 
series to generate large strains with high forces.

But even though pneunet’s, DEAs, LVDEAs, and IMPC 
actuators can generate large deformations, their bending 
stiffness is very low. The use of high voltages in actuators 
like DEAs and HASEL makes the system bulky and rela-
tively dangerous. The requirement of large input pressures 
to generate good uniaxial forces in Mckibben actuators is an 
added disadvantage.

3.5 � Controlled Stiffness

Apart from actuation of the gripper, stiffness can be utilized 
to grasp objects, in this case, shape memory alloys & shape 
memory polymers can be used to control the stiffness by 

exploiting the flexibility of its soft state to reach the desired 
position and then using its rigidity to achieve the forces 
required [7, 11, 61]. The stiffness of a soft robot can also be 
controlled by exploiting the fluid properties and change in 
the state of certain materials like magnetorheological (MR) 
fluid [23], Low melting point alloy [24, 62, 63], or a combi-
nation of both which react to electric and magnetic fields [7, 
8]. Granular jamming is another method to control the stiff-
ness of a soft robot. The physics behind granular jamming 
is to solidify the state of particles filled in a flexible, elastic 
membrane structure by reducing the space between the par-
ticles. Such jamming is mostly achieved simply by creating 
a vacuum inside the particle-filled elastic bag or pouch.

3.6 � Controlled stiffness through granular jamming

Figure 9 compares the process of granular jamming with 
MR fluid jammers. The structure and operation may seem 
similar but the physics behind these jammers is different. 
Broadly there are 3 steps involved in these grippers, which 
are required to lift an object effectively. These steps are 1) 
Unactuation, 2) Shape adjustment, and 3) Actuation. Fig-
ure 9a displays the granular jammer in an unactuated state 
where no vacuum is applied and all the particles inside the 
elastic membrane are loosely packed. Figure 9b shows the 
shape adjustment state in which the granular jammer is still 
unactuated, but it tries to adjust its membrane shape due to 
the compressive force given by the object. Figure 9c displays 
the third step in which a vacuum is applied to the jammer 
and particles tightly pack and generate a rigid structure suit-
able for good grip.

Researchers have created jamming structure with all sorts 
of granular material, such as with coffee powder [64–68], 
corn [69], crushed coffee [70], glass spheres [71–80], 
gravel [66], ground coffee [70, 72, 81–94], plastic cubes 
[95, 96] & spheres [66, 69, 85, 95–99], polystyrene [70, 
100], wooden cubes [100], rubber cubes [95, 101, 102] and 
even materials like rice [66, 103], salt [83] and sugar [83, 
104]. Figure 10a displays a granular jammer on a mobile 
robot. Researchers used crushed coffee, ground coffee, and 
Styrofoam of 2.5 mm and 1.2 mm size as the jamming par-
ticles. It was observed that small granular particles based 
jammer can exert high grasping force [70]. Figure 10b shows 
a granular jamming structure that works on the principle 
of the variable inner volume. A powder layer was intro-
duced by the researchers in between two silicon layered 
structures of the gripper. This arrangement reduced the 
amount of powder and pushing force required for grasping 
[65]. Some researchers also developed a soft actuator with 
an integrated granular jamming layer as shown in Fig. 10c, 
In the proposed structure corn was used as the jamming 
particle. In this parallel jammer and actuator arrangement, 
the stiffness was controlled by granular jamming while air 

Fig. 7   Comparison of range of forces generated by pneumatic, dielec-
tric, and shape memory alloys and polymer-based actuators

Fig. 8   Comparison of high voltage actuators in terms of input voltage 
requirement
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pressure was used for the movement of the structure [69]. 
Jamming structures can also be employed to effectively con-
trol the stiffness of a particular region in an actuator like 
controlling the stiffness of joints of an artificial soft finger. 
Figure 10d displays a robotic finger with a hybrid jamming 
structure employed at the joints and a layer jamming struc-
ture at the linkages. By controlling the vacuum supplied to 
the layer jamming and particle jamming structures a range 
of stiffnesses were obtained. Glass particles of 2 mm diam-
eter were used for particle jamming in this gripper [79]. 
The process of layer jamming will be discussed further. 
As shown in Fig. 10e researchers have developed a multi-
fingered gripper with torsion springs installed at the joints 
placed inside the rubber skin filled with granular material 
to generate stiffness. The actuation was performed using a 
wire attached to the inner skeleton of the finger. Coffee pow-
der, beads, rice, and gravel were used as granular material 
[66]. Granular jamming can also improvise the motion of a 
robot. Researchers investigated the use of granular jamming 
grippers for efficient locomotion of a quadruped robot as 
shown in Fig. 10f [102]. The reports suggested that the use 
of a jamming mechanism assisted to create a soft fluid state 
in the feet to damp impact forces along with a hard state 
for efficient propulsion [102]. As per the reports, the use 
of jammers also allowed the robot to climb steep surfaces 
at a faster rate [102]. Figure 10g displays a haptic glove 
developed by researchers for telemanipulation purposes. 
The glove can be used to sense virtual devices by providing 
resisting stiffness to fingers using jamming tubes or jam-
ming pads. The proposed glove was able to resist forces 
up to 7 N with 5 mm displacement in jamming structures 
[100]. An exoskeleton was also developed by researchers 
as shown in Fig. 10h for hand operations based on granular 
jamming. It was developed for rehabilitation purposes and 
experiments and simulations were performed to analyze the 

relation between jammer size and resistive force or bending 
stiffness generated within the jammer [104]. Researchers 
developed a jamming structure made of a rubber tube filled 
with rice [103]. Figure 10i displays the components of the 
structure. The proposed structure consists of a soft finger 
made of three pneumatic muscles integrated with this granu-
lar structure [103]. The studies showed that even with such 
a simple configuration the bending stiffness of a soft finger 
can be increased from 21 N/m to 71 N/m.

3.7 � Controlled stiffness through laminar jamming

The process of controlling stiffness through laminar jam-
ming in soft robotics is recently being explored by research-
ers due to its simple and effective operation. In this process, 
a stack of sheets of thin material (Paper, plastic, etc.) is 
sealed inside an airtight plastic or silicone covering. Origi-
nally this stack of paper is quite flexible and able to bend eas-
ily as sheets slide onto each other when bending is applied, 
but under a vacuum, it forms a rigid structure acting like a 
solid beam due to friction between the layers. Way before 
the field of soft robotics even emerged researchers exploited 
the principles of laminar jamming to develop variable stiff-
ness devices. Researchers developed devices with stacked 
layers of flexible polyimide films sandwiched between pat-
terned Ni electrodes as shown in Fig. 11a [105]. With the 
application of high voltages, the electrodes generate a com-
pressive force on flexible films to produce the laminar jam-
ming effect. Researchers developed actuators consisting of 
12 layers of acrylic sheets with teeth-like structures (200 µm 
thickness × 15 mm width × 50 mm length) micromachined 
on them as shown in Fig. 11b [106]. With the application of 
vacuum pressure, the structure produced the laminar jam-
ming effect. Researchers developed a multi-layered beam 
structure made from PMMA (polymethyl methacrylate) with 

Fig. 9   Operation of the granular 
jamming structure: (a) granular 
jammer in unactuated state; (b) 
state of shape detection by the 
granular jammer; (c) granular 
jammer activated using vacuum, 
space between particles is 
reduced and grip is obtained
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Fig. 10   Controlled stiffness using granular jamming structures: (a) 
jamming gripper on a mobile robot [70]; (b) granular jammer made 
using the principle of the variable inner volume [65]; (c) granular 
jammer integrated with pneumatic actuator [69]; (d) a hybrid lami-
nar and granular jamming structure [79]; (e) granular jammer inte-
grated with soft robotic finger actuated using wire [66]; (f) granular 

jammer with rubber cubes integrated at the feet of a quadruped robot 
[102]; (g) a telemanipulation glove with granular jammer filled with 
polystyrene beads [100]; (h) a rehabilitation device with a granular 
jammer [104]; (i) components of a simple granular jamming structure 
with rice as jamming particles [103]

Fig. 11   Early attempts on creat-
ing laminar jamming structures: 
(a) laminar jamming structure 
made from layers of polyimide 
films between NI electrodes 
[105]; (b) dimensions of the 
comb-type layer of a laminar 
structure [106]; (c) PMMA 
laminar structure with dielectric 
elastomers for controlling stiff-
ness [107]
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dielectric elastomer foils for controlling stiffness as shown 
in Fig. 11c [107]. Area moment of inertia of this beam was 
controlled via a proposed mechanism consisting of teeth 
structure and a stiffness ratio of 5.6 was achieved by them.

The principle of laminar jamming has also been explored 
for developing wearable robots to improve rehabilitation 
practices. As shown in Fig.  12a  researchers developed 
VSU (variable stiffness unit) made of flexible textile layers 
(polyethylene terephthalate fiber) coated with PVC (poly-
vinyl chloride) film to increase static friction [108]. For the 
application of minimally invasive surgeries, researchers 
developed a scale type of laminar structure resembling the 
body of a snake as shown in Fig. 12b. A maximum resisting 
force of 2 N was achieved with the application of 101 kPa 
of pressure [109]. Inspired by the use of laminar jamming 
in soft robotics some researchers developed variable stiff-
ness deformable day-to-day objects like furniture, shoes, 

etc. [110]. Figure 12c shows a shoe whose stiffness can be 
controlled through laminar jamming [110]. In the research, 
32 different types of thin sheet materials were surveyed 
including leather, sandpaper, Tyvek, copy paper, etc. [110]. 
Some researchers extensively experimented with laminar 
jamming with layers of printer copy paper as shown in 
Fig. 12e [21]. Analytical solutions of beam stiffness, strain 
energy, and deflection for pre-slip, transition, and full-slip 
regimes as presented in Fig. 12d [21]. Some researchers 
also reported the dynamic response of laminar jamming 
structures [111]. Figure 12f shows a quadcopter equipped 
with a laminar structure whose dynamic response helps 
minimize the landing force impact on the quadcopter [111]. 
Some researchers developed two degrees of freedom robotic 
wrist driven by a layer jamming mechanism as shown in 
Fig. 12g [112]. The proposed prototype demonstrated a large 
variation in stiffness (sixty-three times), sufficient for most 

Fig. 12   Homogeneous laminar jamming structures: (a) a laminar 
structure made from polyethylene terephthalate fiber layers coated 
with PVC [108]; (b) a laminar structure with scales constructed for 
minimally invasive surgeries [109]; (c) a shoe whose stiffness can 
be controlled via laminar jamming [110]; (d) no-slip and slip con-
dition of the laminar structure [21]; (e) stability of laminar struc-

ture at increased vacuum pressure [21]; (f) quadcopter with laminar 
legs to control the dynamic shock response during landing [111]; 
(g) 2 degrees of freedom robotic wrist integrated with laminar jam-
ming [112]; (h) laminar structure with layers of sandpaper [20]; (i) 
robotic finger integrated with sandpaper-based laminar structure at 
its joint [20]
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robotic applications [112]. The use of sandpapers for laminar 
jamming is also explored by some researchers [20]. P800, 
P360, and P150 size sandpapers were used to develop vari-
able stiffness flexure joints for a robotic gripper as shown 
in Fig. 12h [20], the best results were offered by the jam-
mer made from P150 size sandpaper. Figure 12i displays an 
adaptive finger developed with a jamming structure at its 
joint [20].

Some researchers investigated the discrete control of 
stiffness of laminar jammers by clamping a certain portion 
of layered material made from ABS (acrylonitrile butadi-
ene styrene) as shown in Fig. 13a [113]. It was observed 
that clamping 10% of the beam area with only two clamps 
increases the bending stiffness approximately 17 times [113]. 
Some researchers also developed a multiple-layer polycar-
bonate jamming structure as shown in Fig. 13b [114], whose 
stiffness is discretely controlled via SMA wire wrapped 

around its structure, and section-wise control of the beam 
was achieved [114]. Very recently some researchers are 
exploring laminar jamming composite structures investigat-
ing a tunable stiffness mechanism called ‘Sandwich jamming 
structure’ [22]. A composite structure was constructed by 
a group of researchers with laminar layers made of paper, 
PU (polyurethane), LDPE (low-density polyethylene), and 
low carbon steel as shown in Fig. 13c [22]. The reports con-
cluded that an increase in stiffness to mass ratio was 1800 
times compared to 550 times that of a jamming structure 
without composite layers [22].

3.8 � Controlled stiffness through MR jamming

Figure 14a-c displays the operation of the MR fluid jam-
mer. Figure 14a displays the unactuated state of the jammer, 
i.e., when no voltage is applied to the electromagnet, the 

Fig. 13   Discrete and sandwiched laminar jamming structures: (a) discrete control of laminar jamming structure using clamps [113]; (b) discrete 
control of laminar jamming structure using shape memory alloys [114]; (c) sandwiched laminar jamming structure [22]

Fig. 14   Structure and operation of MR jammers: (a) MR jammer 
in unactuated state, no voltage applied; (b) shape detection by MR 
jammer; (c) stiffening of MR fluid and gripping of an object due to 

the magnetic field generated by the activated electromagnet; (d) 
micropatterned comb structure [23]; (e) interlocking state between 
two patterns due to magnetic field [23]
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magnetic fluid is free to flow inside the membrane structure. 
Figure 14b displays the shape adjustment state where the 
jammer is still not activated. Figure 14c shows the actua-
tion state of MR fluid which turns solid due to interaction 
with the magnetic field generated by the electromagnet. This 
rigidness of MR fluid is responsible for a good grip on an 
object which can be lifted and transported if the magnetic 
field exists. Apart from using MR fluid in this configuration, 
researchers have also developed layer jamming structures 
filled with MR fluid. Figure 14d [23] displays a micropat-
terned comb structure of 250 µm in width. Two such surfaces 
exhibit a locking behavior when MR fluid-filled between 
them is exposed to 10 to 35 mT of the magnetic field as 
shown in Fig. 14e [23]. Such configuration is very useful to 
enhance the stiffness of low-powered portable soft robots.

3.9 � Controlled stiffness through LMPA

Low melting point alloys (LMPAs) can be employed to 
develop soft robots with increased stiffness and self-healing 

properties. LMPA consists of around 23% lead, 5% cad-
mium, 45% bismuth, 8% tin and 19% indium [24]. During 
the actuation of the robot, LMPA can be heated to prevent 
any resistive stiffness and allow the actuator to bend or 
rotate freely. The solidification of LMPA when cooled down 
at the specified position of the actuator causes an increase 
in stiffness. Figure 13 displays the principle of self-healing 
of LMPA based actuators. Figure 15a displays a soft actua-
tor integrated with a strip of LMPA. The thickness of the 
LMPA strip depends on the stiffness [62] and the response 
time required by the actuator. The soft actuator is integrated 
with nichrome wire to supply heat to the LMPA strip. Such 
actuators are also integrated with flexible electrical wiring 
as shown in Fig. 15a to make an electrical connection to 
nichrome wire. In this configuration, the LMPA strip is in 
a cold solid-state as no electrical connections of nichrome 
wire are made to the external power source. When a down-
ward force is applied at one end of the actuator as shown 
in Fig. 15b, cracks are formed throughout the LMPA strip. 
In this case, the LMPA strip tries to resist this force but 

Fig. 15   Structure and operation of LMPA actuators: (a) a soft actua-
tor integrated with LMPA strip and nichrome wire in an un-actuated 
state; (b) formation of cracks in LMPA strip due to bending; (c) 
melting and healing of LMPA strip when integrated nichrome wire 

is heated; (d) DEA actuator integrated with LMPA [62]; (e) pneunet 
integrated with LMPA [24]; (f) silicone actuator filled with LMPA 
[63]
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when the force exceeds the designed stiffness, cracks are 
formed and LMPA fails. However, this LMPA strip can be 
heated again as shown in Fig. 15c by connecting nichrome 
wire to an external power source. In this case, the LMPA 
strip achieves a molten state, due to heat generated from 
nichrome wire these cracks are healed. Figure 15d displays 
an actuator developed by some researchers composed of 
DEA and LMPA [62]. The proposed actuator used DEA 
for actuation and LMPA to provide stiffness. The stud-
ies reported that LMPA based actuator takes 30 s to melt 
at 1 Watt of power input and 60 s to cool and solidify 
[62]. It may be observed that the response time can be 
improved through the efficient design of the actuator with 
increased convection between LMPA and surroundings. 
Figure 15e shows a Pneunet actuator developed by some 
researchers [24]. The proposed actuator is integrated with 
LMPA and heated via an electrode. It was reported that a 
current of 4 A was required to melt LMPA from 260 to 480C 
in 160 s and at 8 A the time was reduced to 37 s [24]. Fig-
ure 15f displays a silicone actuator developed by research-
ers filled with molten LMPA via a syringe pump [63]. In the 
unique configuration, LMPA provides both actuation and 
stiffness, and nichrome wire wrapped around the actuator 
heats LMPA [63]. It was reported that the LMPA actuator 
takes 300 s to solidify and 190 s to heat and convert into 
a molten form [63]. It can be observed that the large time 
delay required by LMPA to change its state is an added 
disadvantage that needs to be improved.

3.10 � Comparison of soft actuators based 
on controlled stiffness

From Table 2, the input energy to actuate variable stiffness 
actuators can be in the form of vacuum pressure or applica-
tion of low voltages as per published research. In the cat-
egory of vacuum as an energy source, it can be observed 
that spherical granular jammers can exert high forces com-
pared to actuators like linear granular jammers, and laminar 
jammers. The high force can be attributed to the spheri-
cal shape of a granular jammer in which the compressive 
force is applied from all directions to the object, while in 
linear granular jammers the quantity of granular material is 
linearly distributed along the longitudinal direction, due to 
which the compressive force is uniformly distributed along 
the axis. Similar is the case with laminar jammers. However, 
sandwiched laminar jammers can exert high forces up to 
20 N [22] due to the presence of composite layers that can 
generate strong frictional forces under vacuum pressure. It 
may also be noted that the wet surface condition [72] of 
granular jammers increases the holding force generated by 
them, and it may be attributed to the property of such wet 
surfaces to create a temporary vacuum between two surfaces 
that holds the object even stronger.

Figure 16 depicts the range of forces generated by jamming 
actuators. It may be observed that in the category of low volt-
ages as an energy source, MR jammers which are somewhat 
similar to the operation of granular jammers can exert high 
force up to 60 N [115]. LMPA jammers can exert forces up 
to 3 N [24], while actuators integrated with SMA can exert 
forces greater than 4 N [114]. It may be noted that structures 
integrated with LMPA or SMA exert comparable forces which 
may be attributed to the similarity in the principle of opera-
tion. In both actuators metal wires or strips are used to provide 
stiffness to the actuators which result in similar forces. The 
resistive force of such actuators can be further improved by 
increasing the amount of this integration, but it will increase 
the input energy requirement and increase its heat dissipation. 
Note that the values in Table 2 do not represent the ultimate 
performance of stiffness actuators and only provide quantified 
means for the comparison of such actuators.

Figure 17 compares pneumatic actuators and jammers in 
terms of the input pressure required. It may be concluded that 
mckibben and pneunet actuators generally require high pressures 
as compared to spherical jamming structures, also the vacuum 
pressure required by linear granular and laminar jamming struc-
tures is not much as the layers or grains are tightly packed and a 
small vacuum is sufficient to initialize the jamming state.

3.11 � Advantages and disadvantages of soft 
actuators based on controlled stiffness

Granular jamming and laminar jamming structures are easy to 
construct and may be developed using inexpensive materials. 
The advantage of using granular jammers is their capability to 
grasp a variety of objects with complex shapes. Laminar jam-
mers can be integrated with pneunets to increase the bending 
stiffness without influencing the overall functionality and vol-
ume of the actuator. The advantage of using LMPA jammers 
is their self-healing property. As per reports, more investiga-
tions in sandwiched laminar jamming structures may further 
improve its performance.

Granular jamming structures are bulky. As per reports, 
the use of abrasive material like sandpaper for fabricating the 
layers of the jamming structure decreases the actuator per-
formance with time due to the wearing of abrasive surfaces. 
Therefore, the layer material of laminar jamming structures 
requires further investigations for sustainable performance. 
The self-healing of LMPA jammers requires appreciable time 
and is a slow process.

4 � Controlled adhesion

Controlled adhesion is achieved using two main technolo-
gies, electroadhesion [29, 117, 118] and geckoadhesion 
[12, 119]. Electroadhesion is achieved through the applied 
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electric field (require few kV) which creates an electro-
static attraction between two surfaces, while gecko adhe-
sion is typically inspired by nature, the grippers that are 
designed using geckoadhesion utilize the strong van der 
Walls forces which are acting between the designed micro-
structures and object surface.

4.1 � Controlled adhesion through electroadhesion

To effectively utilize the electroadhesion it is essential to 
widen electric fields for maximum electrostatic attraction 
or repulsion, for this, the electrodes are designed in an 
interdigitated fashion such as spiral shapes that can create 
out of plane electric fields. Optimizing the electrode geom-
etry (such as gap & width) and thickness of insulation 
material improves the overall performance of electroadhe-
sion based grippers [29, 117, 118]. Electroadhesive grip-
pers can be used for sensitive jobs like handling silicon 
wafers [120] and climbing walls [121].

Figure  18a  displays the computer-aided design of a 
gecko-inspired electroadhesive robot [121], the mecha-
nism of which is actuated via servo motors. Researchers 
estimated that with 3 kV of the input voltage the adhesive 
footpads can produce 3.2 N of force on the glass. In soft 
robotic grippers, electroadhesion may be combined with 
actuation systems driven by electromagnetic motors, such 
type of gripper was used by Grabit company in the past 
to pick a variety of objects [122], it can be observed from 
Fig. 18b this gripper is made of flexible PCB with inter-
digitated electrodes. Some researchers also combined 
electroadhesion with dielectric (DE) actuation to form a 
compact sleek gripper [123]. With the novel arrangement 
of electrodes in this gripper, both the in membrane electric 
fields and fringing electric fields are maximized generat-
ing over 10 times higher electroadhesion force [123] com-
pared to any conventional dielectric actuation system. Fig-
ure 18c displays this gripper under-voltage off conditions. 
Figure 18d displays the same gripper when 3.5 kV is applied 
to pick an egg weighing 60.9 g. In general, electroadhesive 
grippers are lightweight but require high voltages to actuate. 
Also, the problem of small hysteresis after turning off the 
voltage is prominent which reduces the response time of 
such grippers, the residual force due to hysteresis can last 
a few seconds for dielectric objects [124]. Some electroad-
hesive hydrogels [30] were also developed by researchers 
which can be activated using low voltages like 3.0 to 4.5 V, 
Fig. 18e displays the computer-aided design of a wheeled 
robot equipped with such hydrogel [30]. Figure 18f displays 
the actual prototype of a wall-climbing robot equipped with 
TBVA electroadhesive hydrogels at its wheels.

4.2 � Controlled adhesion through geckoadhesion

Researchers have developed biologically inspired micro-
fibers [10, 125, 126] similar to the natural fibers gifted by 
mother nature which helpsome creatures climb walls effec-
tively. When such microfibers are pressed against the object's 
surface in the normal direction, geckoadhesion is activated, 
and removing this pressure on the surface deactivates this 
adhesion. Wall climbing robots [28] and human climbing 
[127] systems have been developed using this adhesion 
technology. Figure 19a displays the SEM micrography of 
a 6 µm diameter SU-8 polymer developed by researchers 
using lithography, such structure bears the properties of 
geckoadhesion [126]. Another group of researchers devel-
oped a robot named ‘Stikybot’ as shown in Fig. 19b [28]. 
It is designed with directional polymer stacks (DPS) on its 
feet, it can walk with a speed of 4 cm/s on the vertical tile 
surface and 24 cm/s on horizontal surfaces. Some research-
ers inspired by the “Tokay gecko” developed a PDMS micro 
wedge adhesive (100 µm tall) following roughly the power-
law σmax ∝ A−1/50 [127]. As shown in Fig. 19c using this 

Fig. 16   Comparison of range of bending and compressive forces gen-
erated by jamming actuators

Fig. 17   Comparison of the input range of pressure required by pneu-
matic actuators and jamming structures
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system a human weighing 70 kg was able to ascend a height 
of 3.7 m on a vertical glass wall using 140 cm2 of developed 
adhesive in each hand.

4.3 � Comparison of soft actuators based 
on controlled adhesion

From Table 3 the reports suggest that a gecko adhesive actuator 
can be used to lift a person weighing 70 kg when the surface 
area of the adhesive is appropriately chosen [127]. The adhe-
sive force of a geckoadhesive is proportional to its surface area, 
which may be attributed to the fact that as the surface area of 
adhesive increases the number of microfibers increases.

Adhesive actuators whether gecko adhesive, electro-
static, or hydrogel in nature are effective on vertical sur-
faces, and the effectiveness of adhesion also depends on 
the surface properties. Geckoadhesives and electrostatic 

actuators are mostly effective on glass surfaces [28, 121, 
127] as the smooth surface of glass allows more contact 
between its surface and the surface of micropillars of a 
geckoadhesive. Also, the low voltage-driven hydrogel is 
effective on stainless steel surfaces [30] as it requires a 
conductive surface for adhesion. Note that Table 3 does 
not present the ultimate performance of adhesive actuators 
and only provides some quantified means for the compari-
son of these actuators.

4.4 � Advantages and disadvantages of soft 
actuators based on controlled adhesion

Geckoadhesive actuators require no external energy source 
like electric power or pneumatic pressure but only the normal 
force. As per reports geckoadhesives can be manufactured eas-
ily using molding of soft silicone materials. Electroadhesive 
actuators are light in weight with a high load-to-weight ratio. 

Fig. 18   Controlled adhesion using electroadhesion: (a) gecko-
inspired electroadhesive robot [121]; (b) electroadhesive gripper with 
flexible PCB fingers developed by Grabit inc [122]; (c) voltage off 
condition of DE actuator integrated with electroadhesive strips [123]; 

(d) voltage on condition of DE actuator integrated with electroactive 
strips [123]; (e) computer-aided design of the hydrogel-based wall-
climbing robot [30]; (f) actual prototype of the wall-climbing robot 
with hydrogel on its wheels [30]
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The low voltage electroadhesive hydrogels can be molded like 
clay into any desired shape based on the application.

However, electroadhesive actuators require high volt-
ages in the range of kilovolts to operate, which require high 
voltage power supplies. Safe electrical isolation of elec-
troadhesives is necessary and requires additional attention. 
Also, more investigations are required in material science to 
enhance the Geckoadhesive technology for practical usage.

5 � Prospective and future challenges

This study revealed that Mckibben actuators can generate 
high forces compared to pneunet actuators, but they also 
require high-pressure air. Future studies can investigate 
improving the portability and energy consumption of mck-
ibben and pneunet actuators. Further studies can focus on 
increasing the force exerted by dielectric and ionic poly-
mer metal composite actuators through composite interface 
materials. The electrical isolation of dielectric actuators 
needs to be explored for their safe application in the assis-
tance of surgeries and consumer robotics. Future investi-
gations can focus on novel mechanisms to apply discrete 
pressure on laminar jamming structures. Investigations on 
the use of smart materials like SMA and SMPA in laminar 
jamming will help reduce the dependency on vacuum energy 
and make laminar jammers energy efficient and applicable to 

mobile robotics. Further investigations on composite materi-
als with enhanced friction properties and flexibility will help 
improve the stiffness of laminar jammers. Investigations on 
the effect of temperature on frictional properties of laminar 
jammer need to be explored. Cost-effective geckoadhesives 
need to be investigated. New materials need to be explored 
which can be micro molded to fabricate strong gechoadhe-
sives with high adhesive force to adhesion area ratio.

6 � Summary and concluding remarks

The applications of soft robotics are diverse and range 
from space exploration to performing minimally invasive 
surgeries to lifting soft vegetables. However, they require 
controlling techniques to tune their rigidity or enhance their 
adhesion properties. Based on the recent reports, this article 
provides a detailed explanation of the controlling technolo-
gies that can be utilized to enhance the functionalities of a 
soft robot. After a thorough analysis of the techniques to 
control the actuation, it was revealed that recently developed 
Peano HASEL actuators due to their high resistive force 
can be used to develop next-generation artificial muscles. 
Investigations on the possible stiffening techniques revealed 
that MR jammers have high load carrying capacity, but in 
terms of high stiffness to volume ratio, sandwiched laminar 
jammers provide a promising future to develop low-cost, 

Fig. 19   Controlled adhesion using geckoadhesion: (a) SEM micrograph of 6 µm diameter SU-8 polymer gecko adhesive [126]; (b) stickybot 
robot with DPS on its feet [28]; (c) human climbing device made using PDMS micro wedge adhesive technology [127]
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portable, and energy-efficient hybrid soft robots with tunable 
stiffness. However, future investigations on the development 
of laminar jammers made of advanced composite materi-
als are required. Investigations are required on self-healing 
actuators based on LMPA to reduce their response time by 
improving their thermal properties. More investigations on 
improving the electric isolation properties of electroadhe-
sives are required for safe use in micro-robotics and con-
sumer soft robots.
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