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Abstract
This paper reviews the current status of soft robots in biomedical field. Soft robots are made of materials that have comparable 
modulus of elasticity to that of biological systems. Several advantages of soft robots over rigid robots are safe human interac-
tion, ease of adaptation with wearable electronics and simpler gripping. We review design factors of soft robots including 
modeling, controls, actuation, fabrication and application, as well as their limitations and future work. For modeling, we 
survey kinematic, multibody and numerical finite element methods. Finite element methods are better suited for the analysis 
of soft robots, since they can accurately model nonlinearities in geometry and materials. However, their real-time integration 
with controls is challenging. We categorize the controls of soft robots as model-based and model-free. Model-free control-
lers do not rely on an explicit analytical or numerical model of the soft robot to perform actuation. Actuation is the ability 
to exert a force using actuators such as shape memory alloys, fluid gels, elastomers and piezoelectrics. Nonlinear geometry 
and materials of soft robots restrict using conventional rigid body controls. The fabrication techniques used for soft robots 
differ significantly from that of rigid robots. We survey a wide range of techniques used for fabrication of soft robots from 
simple molding to more advanced additive manufacturing methods such as 3D printing. We discuss the applications and 
limitations of biomedical soft robots covering aspects such as functionality, ease of use and cost. The paper concludes with 
the future discoveries in the emerging field of soft robots.
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1  Introduction

Robots are in use in every industry, and they render a valu-
able service in our daily lives. General applications of 
robots have been implemented into the workforce to take 

off manual labor aiming to increase the efficiency of the pro-
duction lines [1, 2]. Healthcare, automotive, aviation, food 
production and agriculture are just few examples of fields 
that operate with heavy reliance on robots [3–7].

Present-day robots are mainly rigid, since they are com-
posed of hard structural elements to perform different tasks 
[8]. Soft robotics is an emerging technology that has the 
potential to provide novel solutions that rigid robots are not 
capable of addressing with satisfaction. Soft robots do not 
contain rigid joints or require a fully mechanical system to 
complete actuation [9]. They are capable of conforming to 
the surface of any geometry without causing damage [10, 
11].

The development of soft robots is a growing interdiscipli-
nary field of study and experimentation involving research 
in chemistry, material sciences, mechanics and electronics 
to name a few [12, 13]. Unlike rigid-body robots that have a 
finite number of joints and degrees of freedom, soft robots 
are made of flexible materials such as silicone and operate 
by continuous deformation [14, 15]. Soft robotics is on the 
brink of affecting several industries across the globe today. 
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They are heavily sought after due to their ability to be mul-
tifaceted in application, capable of handling delicate items, 
ability to emulate the human body and their ability to work 
in a variety of conditions that rigid robots cannot perform 
[16–18].

A distinct advantage of soft robots in medical field is the 
possibility of designing the components to distribute forces 
evenly over larger areas of contact. This feature prevents 
damage caused by relatively high force concentrations at dis-
crete points of contact due to compliance matching to human 
body [19–21]. Therefore, soft robots are safe to interact and 
interface with humans as assistive devices [22, 23]. Another 
advantage of soft robots over rigid robots is the soft mate-
rial’s intrinsic ability to adapt to a wide variety of stimuli 
with limited use of sensors [24, 25]. Rigid robots require 
sophisticated sensors to safely interact with soft objects [26, 
27]. Even with these sensors, they tend to cause irritation 
and damage to soft objects [28–31].

Soft robots experience diverse working conditions and 
environment, and they require different manufacturing 
techniques [32]. With the advancement of additive manu-
facturing technology, it is now possible to design, mold and 
fabricate soft robots with relative ease and a wide variety 
of materials [33, 34]. As a result, materials selected for 
soft robots and their manufacturing techniques show some 
uniqueness as will be discussed in this article.

Despite the many advantages soft robots display, they 
have their shortcomings as well. Soft robots are typically 
unable to withstand heavy loads and survive a large quantity 
of actuation. They also pose challenges with precise con-
trols because of near-infinite degrees of freedom [35–38]. 
Another significant challenge in developing soft robotic sys-
tems is the difficulty of accurately modeling the mechanical 
behavior [39–41]. Traditional robots are normally modeled 
as rigid components connected to discrete joints with rela-
tive ease. Because soft robots are composed of flexible mate-
rials and are designed to deform continuously, it is a daunt-
ing task to model their behavior. Thus, it becomes essential 
to develop robust and accurate mathematical and numerical 
models of these robots to analyze and optimize their design 
[42, 43].

The flexibility of the materials themselves is another chal-
lenge with soft robots. Soft robots respond to their envi-
ronment and their loads based on their intrinsic material 
properties and not as much on inputs from sensors. There-
fore, they can deform in undesired or unpredictable ways 
such as sagging from their own weight. More research and 
experimentation are needed to address these challenges and 
improve the functionality of soft robots [44, 45].

In recent years, scientists focused on customizing the 
properties of soft materials to address these challenges. 
There is a considerable amount of ongoing efforts in design-
ing methods for control and movement including pneumatic, 

thermal and chemical actuation methods [46–50]. While 
there has been much done, there are still many challenges 
to address for realizing the full potential of this fascinat-
ing branch of robotics. Four key elements to consider when 
designing a soft biomedical robot are:

1.	 Modeling the mechanical behavior,
2.	 Controls of the robot,
3.	 Actuation of the robot, and,
4.	 Fabrication of the soft body.

This paper reviews the state-of-the-art biomedical soft 
robots. We survey methods for modeling the mechanical 
behavior, techniques for controlling soft robots, actuation, 
and methods of fabrication. We will also discuss the applica-
tions of soft robots in the biomedical field, their limitations 
and the future work as outlined in the following sections.

2 � Modeling of soft robots

This section presents different concepts for developing 
numerical and mathematical models of soft robots. Mod-
eling and simulation techniques used for robotics systems 
are based on kinematics, multibody dynamics or finite ele-
ment methods. Kinematic techniques focus on the path of 
a chain-like end-effector. Multibody dynamic techniques 
add the physical interactions using real mechanical proper-
ties such as contact and friction. These models provide a 
description of the robotic system and its physical environ-
ment. Feedback controls are used to account for modeling 
uncertainties. Finite element methods model the nonlinear 
details of the robot, the environment and their interactions. 
They are mainly used for analysis and design of the robot 
and their integration with controls is computationally a com-
plex task for real time processing [51, 52].

2.1 � Kinematic models

The mechanical model of a soft robot is very complicated 
due to the nonlinearities in materials, geometry and loading. 
There has been several studies attempting to develop biome-
chanical models for predicting the behavior of a soft animal 
and human appendages [53, 54]. The kinematic model of an 
octopus arm is such as an example. In this model, sending a 
simple propagating activation signal to contract all muscles 
along the arm produces an extension with kinematic prop-
erties similar to those of natural movements. Controls of 
only two parameters fully specified the motion of the robots. 
These two parameters are the amplitude of the activation 
signal, and the activation traveling time [55]. This approach 
suggests that the octopus arm could use minimal amplitudes 
of activation to generate the minimal muscle forces required 
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for the production of the desired kinematics. Larger-ampli-
tude signals would generate larger forces that increase the 
arm’s stability against perturbations without changing the 
kinematic characteristics. The robustness of this phenom-
enon was demonstrated by examining activation signals with 
either a constant or a bell-shaped velocity profile. This mod-
eling technique suggests that the octopus arm biomechanics 
may allow independent control of kinematics and resistance 
to perturbation during arm extension movements.

Napadow et al. [56] developed a model of the human 
tongue to determine if movement is dependent on the 
intrinsic longitudinal and transverse muscles. Experimen-
tal models of muscular hydrostats such as the octopus arm 
and tongue can help to better understand the mechanics of 
motion for soft robots. Biological experiments can be used 
as a basis for modeling actuators of which the analysis and 
data are vital to validate the accuracy. The kinematics of 
such robots can be considered using the piecewise-constant-
curvature model [57].

2.2 � Multibody models

There has been several methods to replicate the movement 
of soft bodies using multibody dynamics techniques as well. 
To evaluate positioning, grasping and the outcome of surger-
ies, a model of the hand as a multibody system was devel-
oped [58]. The hand consists of movable joints, where each 
joint experienced a moment produced by the contraction of 
muscles crossing joints. Yang et al. [59] demonstrated an 
experimental approach to discover the use and coactivity of 
tendons in the hand to determine the contribution of each 
tendon by applying a force transducer to a finger. Santello 
et al. [60] used the synergic interaction between neural 
inputs and movements of the hand to reveal the muscular 
force mechanism.

Multibody models describing the force distribution of 
contact surfaces such as the fingertips assume the relation-
ship between stresses and strains, and deformations due to 
contact. These models can provide a close approximation 
of the actual behavior of a finger or other soft objects [61]. 
This research compared modeling techniques of the human 
finger by analyzing the relationship between contact loads 
caused by rotational friction. It was found that modeling the 
fingertip as a liquid-filled membrane most closely and com-
pletely match the forces and parameters experienced by an 
actual fingertip. This model can be improved using a proxy-
based algorithm that decouples the tangential forces and 
rotational forces. The characterization of frictional contact 
of a fingertip must be modeled as a non-planar contact, due 
to the elastic body composure of the finger. Ciocarlie et al. 
[62] modeled a soft finger using a non-planar technique to 
consider forces that are transmitted through a deformable 
fingertip to compare effectiveness of the grasping ability.

2.3 � Finite element models

Kinematic and multibody models provide good approxima-
tion of the robot. However, computationally intensive meth-
ods such as finite element analysis must be used to more 
accurately model the behavior of a biological appendage. 
As an example, calculating the radial and axial stretch of 
a soft actuator with varying fiber angle is challenging due 
to the heterogeneous composition of the structure. Finite 
element methods are the only technique for such complex 
problems [63].

As shown by Suzumori et al. [64], the design of a soft 
pneumatic actuator can be modeled using finite element 
analysis to properly consider the non-linearity of the elasto-
mer material properties. Cheney et al. [65] determined that 
a voxel engine such as the VoxCAD soft body simulator is 
better suited to model the non-linear deformation of hetero-
geneous soft actuators. Finite element method is the basis for 
analyzing a voxel-based mass-spring-damper model.

Another technique to model soft robot interaction is the 
“Soft Cell Simulator”. Here, a soft multi-cellular robot is 
analyzed in 2D. They used a pressure based model for the 
soft mechanical behavior of the single cells, and they scaled 
the model to multiple cells for modeling the entire robot and 
its interaction [66].

3 � Controls of soft robots

Although controls of rigid and semi-rigid robots have 
reached their technology maturity, they are not well applica-
ble to soft robots with infinite degrees of freedom [67]. Since 
soft robots have high dimensionality, it is extremely diffi-
cult to develop models accurately describing their dynam-
ics. Therefore, conventional control methods have limited 
applications in soft robotics [68]. Figure 1 shows the opera-
tional domain of a soft robot and different levels of mapping 
involved in the controls [69]. Controls of soft robots can be 
classified into model-based and model-free methods.

3.1 � Model‑based control methods

Most of the techniques used in controls of soft robots are 
model-based, and they use piecewise-constant-curvature 
assumption [70]. This model assumes that the configura-
tion space of a 3D soft robot can be parameterized by three 
variables [71]. This assumption maps the infinite dimen-
sional space into 3D, and it ignores a large portion of the 
end-effector dynamics. This approach can easily be used for 
simple hydraulic and pneumatic controls.

Hydraulic control offers a direct linear control of the 
actuator kinematics. To achieve precision control of a 
soft hydraulic actuator, it may be necessary to implement 
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a relatively complicated feedback controller. In addition, 
inertia of the fluid and its friction limit the bandwidth of the 
controller to below 1 Hz [72]. Pneumatic control is more 
attractive for soft robots, since hydraulic control is more 
difficult to setup, operate and maintain. Pneumatic control 
provides a natural compliance matching feedback system 
[73]. Other control considerations include weight and cost. 
Hydraulic control systems are generally heavier and more 
expensive than pneumatic systems [72].

The inverse kinematics technique proposes a different 
solution for modeling and controls. Either a modal approach 
or a Jacobian approach is used based on a non-constant cur-
vature assumption [74, 75]. Task-space motion control is a 
firm notion in robotics in that acceleration and force-based 
methods are commonly utilized [76]. This technique shows 
some potential for soft robots. It is usual in task space con-
trol methods to transfer the motion in a space suitable for 
the task. The control of the end-effector of a serial kinematic 
chain in Cartesian space is one of the foremost applications 
of task space control methods [77].

3.2 � Model‑free control methods

Soft robots are difficult to model because of their nonlinear 
nature. Behavior-based systems (BBS) for controls bring fast 
reaction times for complex tasks. The distributed nature of 
BBS covers the needs of the distributed structure of soft 
robots to a large extent [68, 78, 79].

Polymer gels combined with magnetic fluids (also 
referred to as ferrofluid) provide a media for soft robot’s con-
trols. Fluidic robots can be controlled or immobilized using 
magnetite particles at nano-size mixed in the base fluid [80]. 
The magnetic gels deform in a different manner, depending 
on the mode of immobilization. The characteristics of the 
magnetic fluids can be adjusted by the beamed magnetic 
field, and it results in (1) swelling of the interface, (2) levi-
tation, (3) immobilization of the liquid, and (4) structural 
change of magnetic fluid [81–83]. This approach enables 
the manipulation of a soft robot using a variety of control 
techniques [84, 85].

Morphological computation and embodied intelligence 
are recent concepts for model-free controls of soft robots 

[86]. In these techniques, the soft robot complex interac-
tion with the environment is not based on numerical or 
analytical models. The physical interaction is added to the 
robot’s control by learning from experience. This approach 
is similar to how human brain learns from interaction with 
objects, and it has some similarity with BBS controls [87]. 
The robot’s controller learns by identifying the correlation 
between the actuation and sensor data, and the morphol-
ogy of the actuator interacting with objects [88].

Neural networks are among the list of good candidates 
for training soft robots to correlate actuator configurations 
to actuator inputs [89]. [90] is among the first who studied 
the inverse kinetics problem of a non-constant curvature 
actuator using neural networks. They proposed a neural 
network to learn the inverse kinetics of the soft actuator 
in three-dimensional space. Based on this trained model, 
a feed-forward neural network was able to correlate the 
actuator tip position and the applied forces to the cables 
without a model.

4 � Actuation of soft robots

Actuation is an important design consideration for bio-
medical soft robots. Actuators are mechanical devices to 
induce strain into a system for generating movements or 
changing shapes. Traditionally, robotic actuations oper-
ate based on fluidic (pneumatic and hydraulic) or electric 
principles. For soft robots, these actuators may not be suit-
able, since size, weight, and materials’ stiffness limit the 
usability.

Soft actuators mimic the actuation methods observed in 
biology, from an octopus arm to human tongue, but scientists 
have been unable to replicate biology thus far [91–93]. Soft 
actuators are made of natural and synthetic materials, and 
they work in response to various actuating stimuli. Table 1 
shows the classification of actuators based on the actuation 
mechanism and the materials used. This paper discusses sev-
eral different types of actuation that have potential use for 
soft applications including the advantages and disadvantages 
of each type.

Actuator

Space

Joint

Space

Configuration

Space

Task

Space

End-effector and 

actuator specific
End-effector 

specific

End-effector 

independent

Fig. 1   Operational space of soft robot end-effector [69]
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4.1 � Variable‑length tendons

Variable-length tendons can be classified as tension cables, 
shape memory alloys (SMA) and piezoelectrics. Tension 
cables are among the oldest techniques used for actua-
tion. These actuators are embedded in the robot to apply 
a controlled force to deform parts in a desired way. Recent 
applications of this actuation is limited, since the integration 
of hard cables with a soft body is challenging. Among the 
recent studies, a soft actuator made from silicone was devel-
oped to mimic an octopus inspired arm using cables [107]. 
Cheng et al. [108] used tension cables driven by spooler 
motors to achieve complex manipulator configurations of a 
granular media.

SMA is another method to achieve actuation [108–111]. 
A SMA works by utilizing a material’s thermal expansion 
property [112]. When selecting an alloy, often materials 
with high thermal expansion are desired [113, 114]. An easy 
method to heat the SMA is by inducing an electrical current 
and using the material’s electric resistance to create heat. 
This in turn causes the material to deform [115]. An alloy 
with higher thermal resistance results in a quicker response 
time [116]. One way to increase resistance and the rate of 
temperature change of an alloy is to decrease the cross-sec-
tional area [117]. However, this creates several drawbacks 
that hinders the SMA’s versatility.

First, for a smaller SMA the ambient temperature must 
be either closely monitored or controlled entirely. Since 
SMAs are sensitive to temperature change, any external 
temperature change would affect the degree of actuation 
rendering the usefulness. Second, a small cross-sectional 
area of the material limits the maximum load to sustain. 
Despite these limitations, SMAs can still be useful if the 

required load is small and they operate in controlled-tem-
perature environments.

Curved SMA actuators are capable of larger deforma-
tions with the same cross-sectional size as straight actua-
tors. A novel design of a simple gripper uses curvature 
to lift objects. The curved gripper design has a lifting 
force nearly three times larger than the straight gripper. 
The actuator can be used to tailor the force and maximum 
deformation for the desired shape deformation [118].

A recent design is “GoQBot”. This design is a worm-
like robot with an actuation rate smaller than 100 ms. The 
robot achieves rolling motion by using the deformation of 
the coils of SMA [119]. The rigidity of the coils of a SMA 
is a restricting factor for the movement of the robot.

Since the cooling time of an electric SMA limits its 
dynamics, a magnetically controlled SMA is considered as 
an alternative to generate motion and force. These materi-
als deform in a magnetic field with shape changes up to 
l5% and response times of milliseconds [117, 120]. How-
ever, their applications in biomedical field are currently 
limited due to the requirement of having a magnetic field 
to initiate actuation mechanism [121].

Another intriguing method of actuation is piezoelectrics 
[122]. Actuation mechanism is similar to a SMA alloy 
in that a current must run through the material to create 
mechanical strain. This method of actuation offers many 
of the same advantages as SMAs. Using this concept, a 
team of researchers developed a new design for endo-
scopes by fabricating a robot that at its largest is no larger 
than 30 mm [123]. This robot is small enough to swallow 
by a human without any harm while passing through the 
patient’s digestive tract. Figure 2 shows a schematic view 
of this robot.

Table 1   Classification of 
actuators based on stimuli and 
the materials used

Actuation type Actuation mechanism Materials

Variable-length tendon Tension cables Passive metals or polymers
Shape memory alloys Electro-metallic [94]

Magneto-metallic [95]
Piezoelectric Electro-ceramic [96]

Polymers Electric Dielectric polymers [97]
Liquid crystal elastomers [98]
Electro-viscoelastic elastomers [99]
Ferro-electric polymers [100]
Electro-strictive elastomer [101]

Ionic Carbon nanotubes [102]
Conductive polymers [103]
Ionic-polymers [104]
Ionic polymer-metal composite [105]
Electro-rheological fluids [106]

Fluidic Hydraulic Passive metals or polymers
Pneumatic Passive metals or polymers
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The advantage of this actuator over SMAs is its inde-
pendency to changes in temperature for actuation. These 
actuators do not have to operate in controlled environments. 
Piezoelectric actuators also have more rapid response times 
compared to SMAs. However, these actuators have their own 
drawbacks. The most considerable limitation is their lim-
ited elongation. These actuators do not have the capability 
to elongate more than 25% to 30% of their original length. 
While these actuators fit the need for some designs, their 
shortcomings may limit their wide applications for biomedi-
cal soft robots [124].

4.2 � Polymer actuators

Polymers actuators are ideal actuation mechanisms for bio-
compatible soft robots. They are classified into two broad 
areas of electric and ionic polymers. Polymer gels are among 
actuators that accept a wide variety of stimuli such as pH, 
salt, solvent, thermal, photovoltaic, magnetic and electric as 
input [125–127]. An electric-responsive fluid gel is among 
the best options for biomedical applications, since they have 
fast actuation times. Dimensional change of the gels was 
observed first in 1965 using polyvinyl alcohol fiber-contain-
ing platinum powders [128]. The fiber expands when a nega-
tive voltage is applied (alkaline solution due to evolution of 
hydrogen), and it shrinks with a positive voltage since the 
solution becomes acidic.

A recent electric polymer design is the hydraulically 
amplified self-healing electrostatic (HASEL) actuator as 
shown in Fig. 3 [129].

These actuators rely on a chemical that tenses up once 
a voltage is applied as presented in Fig. 4. They represent 
a breakthrough in the field of soft robotics, because these 
actuators are the closest replication to a human muscle.

These actuators withstand a strain of 0.3 MPa similar to 
that of a human arm muscle. They are compliant enough to 
lift an egg softly and without puncturing the shell. Since 
these actuators operate by an applied voltage, the voltage 
can easily be controlled to fine tune the degree of actuation. 

They also boast extremely fast response times of 0.5 s for 
full actuation cycles. The limiting factor for these actuators 
is upscaling and shaping them to the desired geometry.

Ionic polymer-metal composite (IPMC) actuators with a 
chemically coated Nafion membrane are also good candi-
dates for soft applications. IPMC has a compliance matching 
property to human body, and it is suitable for downscaling 
with low operational voltage (0.5–3 V) [130, 131]. Carbon 
nanotubes and ionic liquids are shown to have fast-moving 
rates at low voltage requirements. The actuator is fabricated 
by sandwiching the ionic gel electrolyte layer with the nano-
tube sheets. They show significant deformation capabilities 
in quick response times (4 mm per 0.05 s) as shown in Fig. 5. 
The applied voltage is low, and they have high durability for 
up to 10,000 times continuous actuation [132].

4.3 � Fluidic elastomer actuators 

A versatile material for biomedical application is elastomer. 
Elastomer actuators are not by any means new [133], but 
they are particularly useful for applications such as hand 
prosthesis [134]. Elastomer actuators operate in a similar 
fashion to SMAs. They both operate by undergoing a con-
trolled and measured volume increase. A SMA uses materi-
als’ thermal expansion property to deform, and an elastomer 
actuator uses materials’ mechanical flexibility to expand. 
The expansion is uniform, and it can be controlled in a vari-
ety of ways by restricting the motion.

A significant advantage of elastomer is its customizable 
modulus of elasticity. This feature is important because 
one of the main advantages of soft robots over traditional 
robots is the concept of compliance matching. Compliance 
matching means that the two contacting surfaces should have 
similar mechanical rigidity to evenly distribute the internal 
load and to minimize the concentration of interfacial stresses 
[19]. Because the rigidity of elastomer is customizable to 

Fig. 2   Detailed view of the flexible piezoelectric powered robot [123]

Fig. 3   A view of the hydraulically amplified self-healing electrostatic 
actuator [129]
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that of biological tissues, it can be used in any number of 
soft robotic applications as a cost effective solution.

Some simple deformations with this kind of actuation are 
bending, axial elongation and torsional deformation. These 
motions can be easily combined to create more complicated 
movements [91]. Bending can be accomplished in several 
different ways. For bending to occur, one side of the tube 
must expand more than the other side. One way to do this is 
to link two or more hydraulic or pneumatic actuators side-
by-side to form a composite actuator. By increasing the pres-
sure unequally in the sub-actuators, the composite actuator 
would bend toward the side with lower pressure. One exam-
ple of this method is the OctArm VI shown in Fig. 6 [91].

A simpler method to achieve bending is to make one side 
of the actuator inextensible. This bending can be achieved 

with only one control element per actuator. This approach 
modifies the materials’ composition of a single side of the 
actuator by either using a less elastic silicone rubber, or mix-
ing different materials to create a heterogeneous body. An 
easy method is to adhere a layer of inextensible material 
such as paper, tape or fabrics to the actuator. In this way, as 
the actuator inflates, it bends toward the inextensible side. 
Since elastomers are thermally and electrically passive mate-
rials, their use in robotic applications is challenging. This 
passiveness means they cannot be actuated by a change in 
their temperature or electrical current similar to SMAs or 
fluid gels. Currently, there are several ways of actuations 
under development for elastomers.

One particularly interesting method is mixing the rubber 
with ethyl alcohol and embedding a resistive wire within 

Fig. 4   HASEL actuator behav-
ior before and after applying a 
voltage [129]

Fig. 5   Detailed and assembled view of the low-voltage ionic fluid and 
Carbon nanotubes used as a fast actuator [132] Fig. 6   OctArm VI on a mobile carrier (TALON) grasping a ball [91]
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the body [135]. This method uses the expansion of alco-
hol as it transitions from liquid to gas to actuate the rubber. 
This method is inexpensive to manufacture and the mate-
rials exhibit extensive deformation capabilities without 
compromising the integrity of the rubber. A similar way of 
achieving high-speed actuation is the explosion of a mixture 
of oxygen and methane to create a rapid pulse of pressure 
[50]. While an explosion can create a rapid motion, it is not 
easy to control this motion for precise applications. There-
fore, there is still a significant amount of research needed 
before these methods would be practical for biomedical 
applications.

Building on the concept of an inextensible layer, another 
bending technique uses a network of pneumatic channels 
molded into the actuator [136]. These channels are carefully 
designed so that within the actuator there are small cham-
bers. As the air pressure is applied to these chambers, they 
push against the adjacent chambers to distribute the effect 
of pressurization. Figure 7 shows the internal architecture 
of this design.

Another method to enable bending involves creating a 
silicone rubber tube with an inextensible layer, and then 
wrapping it with a reinforcing fiber [137]. This reinforcing 
fiber serves to restrict the motion in several ways. It prevents 
the actuator from expanding too much to prevent materials 
failure. Depending on the fiber angles used in the design, the 
actuator exhibits different motion. By combining the inex-
tensible layer and the winding direction of the reinforcing 
fiber, it is possible to passively design a single actuator that 
exhibits complex behavior as depicted in Fig. 8.

This method is used for a portable and assistive soft 
robotic glove to augment hand rehabilitation for individuals 
with functional grasp pathologies. The robotic glove utilizes 

soft actuators consisting of molded elastomer chambers with 
fiber reinforcements that induce specific motion under fluid 
pressurization. These soft actuators are structurally tailored 
to support a range of motions of individual fingers. They 
demonstrate the ability to generate the desired motion when 
pressurized. To regulate the pressure of the soft robotic 
glove, a control hardware system is used. This system 
uses fluidic pressure sensors and the hydraulic actuators in 
closed-loop controls. Demonstration of the complete sys-
tem was performed to evaluate the ability of the soft robotic 
glove to carry out gross and precise functional grasping. 
Compared to existing devices, the soft robotic glove has the 
potential to increase user freedom and independence through 
its portable waist belt pack and open palm design [137].

5 � Fabrication of soft robots

Due to the compliance matching requirements, soft robots 
need novel fabrication techniques. Unlike the uniform 
material properties of rigid-bodied robots, soft robots can 
be comprised of numerous materials with variable stiffness 
properties [9, 138]. Shape deposition manufacturing (SDM), 
smart soft composite casting (SCC), and additive manu-
facturing are among formal manufacturing techniques for 
soft robots [139–141]. However, many soft robotic designs 
employ a mixed manufacturing technique.

As mentioned in Sect. 4, the SMA is a simple and com-
pact option for actuation. [142] replicated the movement of 
the human finger using two actuators, each consisting of 
two 0.3 mm diameter one-way SMA wire. The wires were 
inserted through both ends of a stainless-steel tube, and they 
functioned as a director and a method for heat dissipation. 

Fig. 7   Detailed design of the Pneu-nets actuator. This design can either be used for slow or fast actuation depending on different used topologies 
[136]
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The two actuators were used simultaneously to mimic the 
flexion and extension of a soft finger.

The electro-rheological fluid uses only a dielectric liquid 
to create an effective soft actuator. The HASEL actuator 
is an example of an application of this actuation type. The 
HASEL actuators are fabricated in a donut shape or a planar 
shape to distribute the hydraulic pressure within the elasto-
mer shell. The elastomer shell of the actuator is made up of 
the silicone compound polydimethylsiloxane (PDMS). The 
liquid dielectric consists of a bio-based natural ester cool-
ant typically used in transformers. The electrodes are com-
prised of an ionically conductive polyacrylamide hydrogel. 
The elastomer shell is filled with the liquid dielectric and 
the shell is covered with a pair of electrodes. When voltage 
is applied, an electric field is created through the liquid for 
actuation.

The reason that the pneumatic actuator is the most popu-
lar actuator type in the soft robotic industry is its simple 
fabrication. As shown in [137], pneumatic actuators can 
be fabricated with reinforcing layers such that the body is 
mechanically programmed to replicate the movements of a 
gripper. To fabricate this actuator, first, the rubber tube was 
molded using a 3D printed mold, which includes grooves 
to set the reinforcement layers. Flat and radial reinforce-
ments consisting of high durometer rubber, woven materials 
or non-woven materials were applied to the exterior of the 
rubber body as a strain-limiting layer.

The flat layer was applied to the flat side of the body, and 
the radial reinforcements were wound around the body. The 
direction in which the radial reinforcements were wound 
(clockwise, counter-clockwise, or a combination of the two) 
determines the range of motion of the actuator. To complete 

the assembly, a thin layer of rubber encapsulated the entire 
body and reinforcements to create a robust actuator.

Another method of fabrication of pneumatic actuators is 
to combine two or more parallel pneumatic tubes made up of 
a mesh or silicone as shown in Fig. 9 [143]. The wall thick-
ness of the tubes is chosen to provide stiffness and sufficient 
area to meet a desired load capacity and curvature based 
on the applied pressure. The pressure difference between 
the tubes determines the directional motion of the actuator.

Due to the liquid nature of an elastomer at its fluid 
state, it is possible to fabricate an actuator using additive 
manufacturing. The main challenge concerning pneumatic 

Fig. 8   Detailed view of soft actuator components before and after actuation [137]

Fig. 9   Combination of parallel tubes to achieve different motions, 
a sectional view of the antagonistic actuator b right chamber under 
pressure. c Left chamber under pressure [143]
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actuators and additive manufacturing is the ability to con-
struct a mechanically heterogeneous structure. There are 
multi-material additive manufacturing processes capable of 
printing both metal and polymers. However, the structural 
reliability of the product is uncertain [144]. Because of this, 
there are pneumatic actuator designs created to use homo-
geneous elastomer structures. As shown in [145], elastomer 
bricks can be joined to form a hollow tube that is actuated 
by inflating. The bricks can be easily fabricated into any 
shape making use of a 3-D printed mold. A homogeneous 
brick can be made by pouring a single material into the 
mold, or multiple materials can be layered into the mold 
to create a heterogeneous brick. The combination of bricks 
constructed of different materials can be glued together to 
create an inflatable actuator with controllable deformation 
as shown in Fig. 10.

6 � Application of soft robots in medical field

This section discusses some applications of soft robots in 
the area of biomedical engineering. A soft robot capable of 
compliance matching with biological structures has poten-
tial applications in artificial muscles, muscle alternatives, 
prosthetic devices, catheters, stents and surgical instruments. 
Soft robots also have the potential to revolutionize the field 
of physical therapy and rehabilitation [146–149].

The body functions are currently restored by provoking 
movements in a joint or muscle [150]. The gel, elastomer, 
electroactive polymers and conductive polymers actuators 
are of high potential in this field [151–154]. Severe injuries 
such as car accidents and work-related accidents may need 
a full muscular implant in the recovery process.

New soft actuators are under development to serve as 
artificial muscles for facial paralyzed patients, ptosis patients 
and grasping capability in neurological rehabilitation 
[155–157]. Ventricular assistance devices (VADs) have been 

already developed to function in place of failing ventricles 
in the heart to improve heart deficiencies [158].

Soft robots made of elastomers are used to surround the 
heart to provide ventricular assistance [159]. Elastomer 
actuators are flexible, thin and light, and they operate on 
low voltage with fast reaction times. These characteristics 
provide great potential for polymer actuators in medical 
applications. Polymer actuators are currently in use for 
catheter driving. This system is installed on a catheter and 
is activated by applying a small voltage to the membranes 
[160, 161].

Localized drug delivery systems are developed utilizing 
drug-loaded nano-capsules for fulfilling precision drug-
delivery. This type of drug-delivery devices is useful for 
anti-inflammatory, anti-thrombotic, anti-neoplastic and anes-
thetic agents. The critical component of the drug-delivery 
device is an electroactive-polymer-actuated stent that shrinks 
and expands, respectively, by applying a voltage and contact-
ing a body lumen [162].

Conductive polymers are in use for making the balloons 
that are utilized in percutaneous transluminal coronary 
angioplasty (PTCA) treatments. These balloons re-open 
the occluded coronary artery when they inflate [163, 164]. 
Conductive polymers are also useful for aortic aneurysm 
coil to prevent the rupture of thoracic or abdominal aortic 
aneurism. Conductive polymers have applications in expand-
ing and contracting the filter that catches the dislodged blood 
clot [165]. Several medical pumps are made of polymer actu-
ators such as drainage pumps [166] and the pumps used for 
controlling the blood pressure [167].

7 � Limitations of soft robots

The up and coming field of soft robotics has many applica-
tions that can improve daily lives, promote efficiency and 
even keep people alive. For a field of study that has near 
endless amount of capabilities, soft robots possess their fair 

Fig. 10   Assembly of the click-e-bricks using a multi-chamber soft design [145]
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share of limitations. Engineers, physicists, material scientists 
and physicians are continuing to address these shortcomings 
with hopes of changing the world with this innovation.

Miniaturizing and making soft robots smaller and lighter 
is the primary goal of design teams. The first priority is a 
power source. Typical soft robotic systems that have been 
created so far are using batteries. The batteries that are being 
used have an energy density that is 10–100 times lower than 
the sugars and fats that power natural muscles [19].

The future discovery of a microscopic power source or 
even a bio-hybrid material could increase the biological 
compliance and create a dramatically lighter robot. Another 
discovery that would push soft robotics to the forefront of 
the industry is the development of microscopic actuators. In 
the human body, muscle fibers are an intricately woven sys-
tem that actuate with multiple degrees of freedom. However, 
current prototypes are bulky and contain an actuator for each 
direction of motion that is desired. Developing actuators that 
overlap in performance capabilities are among the limita-
tions of the present-day soft robots [168].

For the soft robot to completely model a biological struc-
ture, higher degrees of movement are needed. These move-
ments are limited by the material properties and the number 
of actuators allowed. Developing a robot that could manipu-
late with infinite degrees of freedom using the present-day 
materials and actuators would result in an over-sized and 
inapplicable structure. The intended use of the soft robot 
ultimately determines the properties that the material needs 
to withhold.

Scientist are continuing the search for the new materials 
or combination of materials that allows the soft structure to 
be compliantly matched to biological structures. To compli-
antly match human muscle fibers, it is claimed that [169]:

1.	 strains need to be greater than 40%,
2.	 the body to withstand stresses up to 35 MPa,
3.	 the structure to operate with strain rates up to 500%/s,
4.	 have an energy density of 8 kJ/m3,
5.	 the modulus of elasticity to be in the 10–60 MPa range, 

and,
6.	 operate with a cycle life of millions.

The materials that are available today match some of 
these properties, but none can fulfill all of them. A majority 
of the material properties that are used correlate directly to 
size and strength. The actuation material must withstand 
high stresses and strains, have a quick actuation time and be 
extremely efficient. The field of soft robotics needs materi-
als that not only act as actuators but also serve as position 
sensors [170].

It is extremely difficult to design muscles with skin-like 
surfaces that have the ability to sense properties like pressure 
and temperature. This need initiates an entirely new field 

of research referred to as stretchable electronics. Design-
ers have developed prototype electronics that could be inte-
grated into the designs of soft robots. However, most of the 
designs are lacking the ability to stretch and high durability 
at low cost [171]. For the field of soft robotics to continue 
development, one material or combination of materials is 
needed to provide strengths, withstands strains and enable 
sensing of various properties. The human biological struc-
ture is the most intricate system, and it will not be easy to 
replicate for the years to come.

8 � Outlook

Further development of soft robotics depends on the crea-
tion of advanced controls, accurate simulation and simplified 
fabrication techniques. The success of soft robots rely on 
the advancement of sensor and actuator technology as well. 
Further development in soft materials will provide alterna-
tives capable of mass production and high performance. By 
addressing the limitations discussed in the previous section, 
the field of soft robotics will be able to expand rapidly [91].

Currently, pneumatic energy systems are being employed 
in soft robotics. In the future, the pneumatic systems could 
become completely dominating. As a result, the capability 
of the systems would increase [172]. A combustion-based 
energy system would be a good alternative as a fuel source. 
The use of methane and butane has been explored, but it has 
been determined that they react at a high speed and pressure 
for the current control technology to cope with. Therefore, 
alternative power sources should be studied or the system 
level should be improved so that explosive gases can be 
utilized.

Modeling soft robotic systems has proved to be difficult in 
that there are numerous degrees of freedom associated with 
soft robots. To model a soft robotic system, large deforma-
tion of the materials must be analyzed alongside the non-
linear kinematics of the actuation of the system. Several 
approaches are used so far to approximate the behavior of 
the system. However, the models remain complicated and 
the approximations leave the potential for large errors in 
the analysis. Novel models need to be developed to allow 
the study of soft robots in details and widen the capabilities 
for design.

In the field of wearable electronics, stretchable electronics 
are at the proof of concept stage. Currently, artificial E-skins 
are being tested in circumstances that involve interaction 
with humans or for the use of human-like robots. E-skins 
are composed of a pressure sensitive rubber and a grid of 
organic field-effect transistors. For the future, a new pro-
cess to rapidly produce these products would allow for the 
mass production of wearable devices such as rehabilitation 
gloves. Further development of stretchable electronics will 
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make them more useful in physical therapy and other human 
compliant situations [173].

For the medical field, the needs for biocompatible mate-
rials and systems continue to increase. Additional research 
into potential soft materials must be performed to uncover 
materials that can support living cells and tissues. As the 
development of new materials takes place, rapid prototyping 
processes are needed.

The goal of soft robotic design is to develop an autono-
mous and reconfigurable system that can morph between 
both soft and hard behaviors. New adhesion techniques are 
being studied and would lead to the ability to utilize autono-
mous morphing on larger commercial scales. This domain 
could grow in the field of micro-aerial vehicles and deform-
able sensors as well as medical and educational fields.

Tactile sensors and deformable electronics only have lim-
ited grid size accuracy. In the future, the grid size resolution 
needs to be increased so that they cover more extensive and 
more complex areas. In addition, the control of the sensors 
and electronics needs improvement to accommodate the 
finer grid sizes. By reducing the grid size, the electronics 
and sensors could be expanded to other applications as well 
[174]. Research shows that the biomedical robots are not yet 
developed enough for clinical applications. This limitation 
arises from issues such as long-term investment, usability 
and the gap between technology development and patient 
needs [175].

Acknowledgements  We acknowledge the contribution of Mary Moran, 
Ian Wahlquist, Michael Anderson, and Trevor Pinkston as undergradu-
ate research students in the preparation of this manuscript.

Funding  This study was funded by Arkansas INBRE program, sup-
ported by a grant from the National Institute of General Medical Sci-
ences, P20 GM103429 from the National Institutes of Health (NIH). Its 
contents are solely the responsibility of the authors and do not neces-
sarily represent the official views of NIH.

Compliance with ethical standards 

Conflict of interest  All the authors declare no conflict of interest.

Human subjects  This article does not contain any studies with human 
participants or animals performed by any of the authors.

References

	 1.	 Acemoglu D, Restrepo P. Robots and jobs: evidence from US 
labor markets. National Bureau of Economic Research Working 
Paper Series No. 23285. 2017.

	 2.	 Graetz G, Michaels G. Review of economics and statistics. 
Robots Work MIT Press J. 2018;100(5):753–68.

	 3.	 Bragança S, Costa E, Castellucci I, Arezes PM. A brief overview 
of the use of collaborative robots in industry 4.0: human role and 

safety. In: Arezes P, et al. editors. Occupational and environmen-
tal safety and health Vol 202. Springer: Cham; 2019.

	 4.	 Fernando Y, Mathath A, Murshid MA. Improving productivity: a 
review of robotic applications in food industry. Int J Robot Appl 
Technol IJRAT. 2016;4(1):43–62.

	 5.	 Hall AK, et al. Acceptance and perceived usefulness of robots to 
assist with activities of daily living and healthcare tasks. Assist 
Technol. 2019;31(3):133–40.

	 6.	 Roldán JJ, et al. Robots in agriculture: state of art and practical 
experiences. In: Antonio JRN, editors. Service Robots. Intech 
Open. 2017. https​://doi.org/10.5772/intec​hopen​.69874​.

	 7.	 Valavanis KP, Vachtsevanos GJ, editors. Future of unmanned 
aviation. In: Valavanis KP, Vachtsevanos GJ, editors. Handbook 
of unmanned aerial vehicles. Springer: Dordrecht. 2015. p. 
2993–3009.

	 8.	 Calanca A, Muradore R, Fiorini P. A review of algorithms 
for compliant control of stiff and fixed-compliance robots. 
IEEEASME Trans Mechatron. 2015;21(2):613–24.

	 9.	 Lee C, et  al. Soft robot review. Int J Control Autom Syst. 
2017;15(1):3–15.

	 10.	 Deimel R, Brock O. A novel type of compliant and underac-
tuated robotic hand for dexterous grasping. Int J Robot Res. 
2016;35(1–3):161–85.

	 11.	 Manti M, Hassan T, Passetti G, D’Elia N, Laschi C, Cianchetti 
M. A bioinspired soft robotic gripper for adaptable and effective 
grasping. Soft Robot. 2015;2(3):107–16. https​://doi.org/10.1089/
soro.2015.0009.

	 12.	 Laschi C, Mazzolai B, Cianchetti M. Soft robotics: technologies 
and systems pushing the boundaries of robot abilities. Sci Robot. 
2016;1(1):eaah3690. https​://doi.org/10.1126/sciro​botic​s.aah36​
90.

	 13.	 Yang G-Z, et al. The grand challenges of science robotics. Sci 
Robot. 2018;3(14):eaar7650. https​://doi.org/10.1126/sciro​botic​
s.aar76​50.

	 14.	 Filippini R, Sen S, Bicchi A. Toward soft robots you can depend 
on. IEEE Robot Autom Mag. 2008;15(3):31–41. https​://doi.
org/10.1109/MRA.2008.92769​6.

	 15.	 Cowan L, Walker I. ‘Soft’ continuum robots: the interaction of 
continuous and discrete elements. Artif Life. The 11th Interna-
tional Conference on the Synthesis and Simulation of Living 
Systems. Winchester, United Kingdom. 2008: 126–33. http://
www.alife​.org/confe​rence​/alife​-11.

	 16.	 Shepherd RF, et al. Multigait soft robot. Proc Natl Acad Sci. 
2011;108(51):20400–3. https​://doi.org/10.1073/pnas.11165​
64108​.

	 17.	 Calisti M, et al. Design and development of a soft robot with 
crawling and grasping capabilities. In: 2012 IEEE international 
conference on robotics and automation, St Paul, MN, USA, 2012. 
p. 4950–55. https​://doi.org/10.1109/icra.2012.62246​71.

	 18.	 Rossiter J, Hauser H. Soft robotics—the next industrial revo-
lution? [Industrial Activities]. IEEE Robot Autom Mag. 
2016;23(3):17–20. https​://doi.org/10.1109/MRA.2016.25880​18.

	 19.	 Majidi C. Soft robotics: a perspective—current trends and pros-
pects for the future. Soft Robot. 2014;1(1):5–11. https​://doi.
org/10.1089/soro.2013.0001.

	 20.	 Polygerinos P, et al. Soft robotics: review of fluid-driven intrinsi-
cally soft devices; manufacturing, sensing, control, and applica-
tions in human-robot interaction: review of fluid-driven intrinsi-
cally soft robots. Adv Eng Mater. 2017;19(12):1700016. https​://
doi.org/10.1002/adem.20170​0016.

	 21.	 Deimel R, Brock O. A compliant hand based on a novel pneu-
matic actuator. In: 2013 IEEE international conference on robot-
ics and automation, Karlsruhe, Germany, 2013. p. 2047–53. https​
://doi.org/10.1109/icra.2013.66308​51.

	 22.	 Manti M, Pratesi A, Falotico E, Cianchetti M, Laschi C. Soft 
assistive robot for personal care of elderly people. In: 2016 6th 

https://doi.org/10.5772/intechopen.69874
https://doi.org/10.1089/soro.2015.0009
https://doi.org/10.1089/soro.2015.0009
https://doi.org/10.1126/scirobotics.aah3690
https://doi.org/10.1126/scirobotics.aah3690
https://doi.org/10.1126/scirobotics.aar7650
https://doi.org/10.1126/scirobotics.aar7650
https://doi.org/10.1109/MRA.2008.927696
https://doi.org/10.1109/MRA.2008.927696
http://www.alife.org/conference/alife-11
http://www.alife.org/conference/alife-11
https://doi.org/10.1073/pnas.1116564108
https://doi.org/10.1073/pnas.1116564108
https://doi.org/10.1109/icra.2012.6224671
https://doi.org/10.1109/MRA.2016.2588018
https://doi.org/10.1089/soro.2013.0001
https://doi.org/10.1089/soro.2013.0001
https://doi.org/10.1002/adem.201700016
https://doi.org/10.1002/adem.201700016
https://doi.org/10.1109/icra.2013.6630851
https://doi.org/10.1109/icra.2013.6630851


381Biomedical Engineering Letters (2020) 10:369–385	

1 3

IEEE international conference on biomedical robotics and bio-
mechatronics (BioRob), 2016. p. 833–8. https​://doi.org/10.1109/
bioro​b.2016.75237​31.

	 23.	 Ansari Y, Manti M, Falotico E, Mollard Y, Cianchetti M, Laschi 
C. Towards the development of a soft manipulator as an assistive 
robot for personal care of elderly people. Int J Adv Robot Syst. 
2017;14(2):1729881416687132. https​://doi.org/10.1177/17298​
81416​68713​2.

	 24.	 She Y, Li C, Cleary J, Su H-J. Design and fabrication of a soft 
robotic hand with embedded actuators and sensors. J Mech 
Robot. 2015;7(2):021007. https​://doi.org/10.1115/1.40294​97.

	 25.	 Yamada Y, Morizono M, Umetani U, Takahashi T. Highly soft 
viscoelastic robot skin with a contact object-location-sensing 
capability. IEEE Trans Ind Electron. 2005;52(4):960–8. https​://
doi.org/10.1109/TIE.2005.85165​4.

	 26.	 Morrow J, et  al. Improving soft pneumatic actuator fingers 
through integration of soft sensors, position and force control, 
and rigid fingernails. In: 2016 IEEE international conference on 
robotics and automation (ICRA), Stockholm, Sweden, 2016. p. 
5024–31. https​://doi.org/10.1109/icra.2016.74877​07.

	 27.	 Stokes AA, Shepherd RF, Morin SA, Ilievski F, Whitesides 
GM. A hybrid combining hard and soft robots. Soft Robot. 
2014;1(1):70–4. https​://doi.org/10.1089/soro.2013.0002.

	 28.	 Tee BC-K, Wang C, Allen R, Bao Z. An electrically and mechan-
ically self-healing composite with pressure- and flexion-sensitive 
properties for electronic skin applications. Nat Nanotechnol. 
2012;7:825.

	 29.	 Terryn S, Brancart J, Lefeber D, Van Assche G, Vander-
borght B. Self-healing soft pneumatic robots. Sci Robot. 
2017;2(9):eaan4268. https​://doi.org/10.1126/sciro​botic​s.aan42​
68.

	 30.	 Markvicka EJ, Bartlett MD, Huang X, Majidi C. An autono-
mously electrically self-healing liquid metal–elastomer compos-
ite for robust soft-matter robotics and electronics. Nat Mater. 
2018;17(7):618–24. https​://doi.org/10.1038/s4156​3-018-0084-7.

	 31.	 Duchaine V, Lauzier N, Baril M, Lacasse M-A, Gosselin C. A 
flexible robot skin for safe physical human robot interaction. 
In: 2009 IEEE international conference on robotics and auto-
mation, Kobe, 2009. p. 3676–81. https​://doi.org/10.1109/robot​
.2009.51525​95.

	 32.	 Rus D, Tolley MT. Design, fabrication and control of soft robots. 
Nature. 2015;521:467.

	 33.	 Bartlett NW, et al. A 3D-printed, functionally graded soft robot 
powered by combustion. Science. 2015;349(6244):161–5. https​
://doi.org/10.1126/scien​ce.aab01​29.

	 34.	 Cho K-J, Koh J-S, Kim S, Chu W-S, Hong Y, Ahn S-H. Review 
of manufacturing processes for soft biomimetic robots. Int J 
Precis Eng Manuf. 2009;10(3):171–81. https​://doi.org/10.1007/
s1254​1-009-0064-6.

	 35.	 Lipson H. Challenges and opportunities for design, simulation, 
and fabrication of soft robots. Soft Robot. 2014;1(1):21–7. https​
://doi.org/10.1089/soro.2013.0007.

	 36.	 Wang H, Totaro M, Beccai L. Toward perceptive soft robots: 
progress and challenges. Adv Sci. 2018;5(9):1800541. https​://
doi.org/10.1002/advs.20180​0541.

	 37.	 Trimmer BA. New challenges in biorobotics: incorporat-
ing soft tissue into control systems. Appl Bionics Biomech. 
2008;5(3):119–26. https​://doi.org/10.1080/11762​32080​26172​55.

	 38.	 Duriez C. Control of elastic soft robots based on real-time finite 
element method. In: 2013 IEEE international conference on 
robotics and automation, Karlsruhe, Germany, 2013. p. 3982–7. 
https​://doi.org/10.1109/icra.2013.66311​38.

	 39.	 Moseley P, Florez JM, Sonar HA, Agarwal G, Curtin W, Paik J. 
Modeling, design, and development of soft pneumatic actuators 
with finite element method: modeling, design, and development 

of SPAs with FEM …. Adv Eng Mater. 2016;18(6):978–88. https​
://doi.org/10.1002/adem.20150​0503.

	 40.	 Trivedi D, Lotfi A, Rahn CD. Geometrically exact models for soft 
robotic manipulators. IEEE Trans Robot. 2008;24(4):773–80. 
https​://doi.org/10.1109/TRO.2008.92492​3.

	 41.	 Largilliere F, Verona V, Coevoet E, Sanz-Lopez M, Dequidt J, 
Duriez C. Real-time control of soft-robots using asynchronous 
finite element modeling. In: 2015 IEEE international conference 
on robotics and automation (ICRA), Seattle, WA, USA, 2015. p. 
2550–5. https​://doi.org/10.1109/icra.2015.71395​41.

	 42.	 Elsayed Y, et al. Finite element analysis and design optimiza-
tion of a pneumatically actuating silicone module for robotic 
surgery applications. Soft Robot. 2014;1(4):255–62. https​://doi.
org/10.1089/soro.2014.0016.

	 43.	 Connolly F, Walsh CJ, Bertoldi K. Automatic design of fiber-
reinforced soft actuators for trajectory matching. Proc Natl Acad 
Sci. 2017;114(1):51–6. https​://doi.org/10.1073/pnas.16151​40114​.

	 44.	 Yang D, et al. Buckling of elastomeric beams enables actuation 
of soft machines. Adv Mater. 2015;27(41):6323–7. https​://doi.
org/10.1002/adma.20150​3188.

	 45.	 Sun Y, Liang X, Yap HK, Cao J, Ang MH, Hua Yeow RC. Force 
measurement toward the instability theory of soft pneumatic 
actuators. IEEE Robot Autom Lett. 2017;2(2):985–92. https​://
doi.org/10.1109/lra.2017.26569​43.

	 46.	 Onal CD, Chen X, Whitesides GM, Rus D. Soft mobile robots 
with on-board chemical pressure generation. In: Christensen HI, 
Khatib O, editors. Robotics research: the 15th international sym-
posium ISRR. Cham: Springer; 2017. p. 525–40.

	 47.	 Sun W, Liu F, Ma Z, Li C, Zhou J. Soft mobile robots driven 
by foldable dielectric elastomer actuators. J Appl Phys. 
2016;120(8):084901. https​://doi.org/10.1063/1.49607​18.

	 48.	 Gossweiler GR, et al. Mechanochemically active soft robots. 
ACS Appl Mater Interfaces. 2015;7(40):22431–5. https​://doi.
org/10.1021/acsam​i.5b064​40.

	 49.	 Wang C, et al. Soft ultrathin electronics innervated adaptive 
fully soft robots. Adv Mater. 2018;30(13):1706695. https​://doi.
org/10.1002/adma.20170​6695.

	 50.	 Shepherd RF, et al. Using explosions to power a soft robot. 
Angew Chem Int Ed. 2013;52(10):2892–6. https​://doi.
org/10.1002/anie.20120​9540.

	 51.	 Zhang Z, Bieze TM, Dequidt J, Kruszewski A, Duriez C. Visual 
servoing control of soft robots based on finite element model. 
In: 2017 IEEE/RSJ international conference on intelligent robots 
and systems (IROS), 2017. p. 2895–901. https​://doi.org/10.1109/
iros.2017.82061​21.

	 52.	 Zhang Z, Dequidt J, Kruszewski A, Largilliere F, Duriez C. Kin-
ematic modeling and observer based control of soft robot using 
real-time finite element method. In: 2016 IEEE/RSJ international 
conference on intelligent robots and systems (IROS), 2016. p. 
5509–14. https​://doi.org/10.1109/iros.2016.77598​10.

	 53.	 Picinbono G, Delingette H, Ayache N. Nonlinear and anisotropic 
elastic soft tissue models for medical simulation. In: Proceed-
ings 2001 ICRA. IEEE international conference on robotics and 
automation (Cat. No.01CH37164), 2001, vol 2. p. 1370–5. https​
://doi.org/10.1109/robot​.2001.93280​1.

	 54.	 Freutel M, Schmidt H, Dürselen L, Ignatius A, Galbusera F. 
Finite element modeling of soft tissues: material models, tissue 
interaction and challenges. Clin Biomech. 2014;29(4):363–72. 
https​://doi.org/10.1016/j.clinb​iomec​h.2014.01.006.

	 55.	 Yekutieli Y, Sagiv-Zohar R, Hochner B, Flash T. Dynamic model 
of the octopus arm. II. Control of reaching movements. J Neuro-
physiol. 2005;94(2):1459–68. https​://doi.org/10.1152/jn.00685​
.2004.

	 56.	 Napadow VJ, Kamm RD, Gilbert RJ. A biomechanical model of 
sagittal tongue bending. J Biomech Eng. 2002;124(5):547–56. 
https​://doi.org/10.1115/1.15037​94.

https://doi.org/10.1109/biorob.2016.7523731
https://doi.org/10.1109/biorob.2016.7523731
https://doi.org/10.1177/1729881416687132
https://doi.org/10.1177/1729881416687132
https://doi.org/10.1115/1.4029497
https://doi.org/10.1109/TIE.2005.851654
https://doi.org/10.1109/TIE.2005.851654
https://doi.org/10.1109/icra.2016.7487707
https://doi.org/10.1089/soro.2013.0002
https://doi.org/10.1126/scirobotics.aan4268
https://doi.org/10.1126/scirobotics.aan4268
https://doi.org/10.1038/s41563-018-0084-7
https://doi.org/10.1109/robot.2009.5152595
https://doi.org/10.1109/robot.2009.5152595
https://doi.org/10.1126/science.aab0129
https://doi.org/10.1126/science.aab0129
https://doi.org/10.1007/s12541-009-0064-6
https://doi.org/10.1007/s12541-009-0064-6
https://doi.org/10.1089/soro.2013.0007
https://doi.org/10.1089/soro.2013.0007
https://doi.org/10.1002/advs.201800541
https://doi.org/10.1002/advs.201800541
https://doi.org/10.1080/11762320802617255
https://doi.org/10.1109/icra.2013.6631138
https://doi.org/10.1002/adem.201500503
https://doi.org/10.1002/adem.201500503
https://doi.org/10.1109/TRO.2008.924923
https://doi.org/10.1109/icra.2015.7139541
https://doi.org/10.1089/soro.2014.0016
https://doi.org/10.1089/soro.2014.0016
https://doi.org/10.1073/pnas.1615140114
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1109/lra.2017.2656943
https://doi.org/10.1109/lra.2017.2656943
https://doi.org/10.1063/1.4960718
https://doi.org/10.1021/acsami.5b06440
https://doi.org/10.1021/acsami.5b06440
https://doi.org/10.1002/adma.201706695
https://doi.org/10.1002/adma.201706695
https://doi.org/10.1002/anie.201209540
https://doi.org/10.1002/anie.201209540
https://doi.org/10.1109/iros.2017.8206121
https://doi.org/10.1109/iros.2017.8206121
https://doi.org/10.1109/iros.2016.7759810
https://doi.org/10.1109/robot.2001.932801
https://doi.org/10.1109/robot.2001.932801
https://doi.org/10.1016/j.clinbiomech.2014.01.006
https://doi.org/10.1152/jn.00685.2004
https://doi.org/10.1152/jn.00685.2004
https://doi.org/10.1115/1.1503794


382	 Biomedical Engineering Letters (2020) 10:369–385

1 3

	 57.	 Webster RJ, Jones BA. Design and kinematic modeling of con-
stant curvature continuum robots: a review. Int J Robot Res. 
2010;29(13):1661–83. https​://doi.org/10.1177/02783​64910​
36814​7.

	 58.	 Esteki A, Joseph M. Mansour. A dynamic model of the hand 
with application in functional neuromuscular stimulation. 
Annals biomed eng. 1997;25(3):440–51.

	 59.	 Yang T-H, et al. Assessing finger joint biomechanics by apply-
ing equal force to flexor tendons in vitro using a novel simul-
taneous approach. PLoS ONE. 2016;11(8):e0160301. https​://
doi.org/10.1371/journ​al.pone.01603​01.

	 60.	 Santello M, et al. Hand synergies: integration of robotics and 
neuroscience for understanding the control of biological and 
artificial hands. Phys Life Rev. 2016;17:1–23. https​://doi.
org/10.1016/j.plrev​.2016.02.001.

	 61.	 Barbagli F, Frisoli K, Salisbury K, Bergamasco M. Simulating 
human fingers: a soft finger proxy model and algorithm. In: 
HAPTICS, 2004. p. 9–17.

	 62.	 Ciocarlie M, Lackner C, Allen P. Soft finger model with adaptive 
contact geometry for grasping and manipulation tasks. In: Second 
joint eurohaptics conference and symposium on haptic interfaces 
for virtual environment and teleoperator systems (WHC’07), 
2007. p. 219–24. https​://doi.org/10.1109/whc.2007.103.

	 63.	 Connolly F, Polygerinos P, Walsh CJ, Bertoldi K. Mechanical 
programming of soft actuators by varying fiber angle. Soft Robot. 
2015;2(1):26–32. https​://doi.org/10.1089/soro.2015.0001.

	 64.	 Suzumori K, Endo S, Kanda T, Kato N, Suzuki H. A bending 
pneumatic rubber actuator realizing soft-bodied manta swim-
ming robot. In: Proceedings 2007 IEEE international confer-
ence on robotics and automation, 2007. p. 4975–80. https​://doi.
org/10.1109/robot​.2007.36424​6.

	 65.	 Cheney N, MacCurdy R, Clune J, Lipson H. Unshackling evolu-
tion: evolving soft robots with multiple materials and a powerful 
generative encoding. ACM SIGEVOlution. 2014;7(1):11–23.

	 66.	 Germann J, Maesani A, Stöckli M, Floreano D. Soft cell simu-
lator: a tool to study soft multi-cellular robots. In: 2013 IEEE 
International conference on robotics and biomimetics (ROBIO), 
2013. p. 1300–5.

	 67.	 Robinson G, Davies JBC. Continuum robots—a state of the art. 
In: Proceedings 1999 IEEE international conference on robotics 
and automation (Cat. No.99CH36288C), Detroit, MI, USA, 1999, 
vol 4. p. 2849–54. https​://doi.org/10.1109/robot​.1999.77402​9.

	 68.	 Arkin RC. Behavior-based robotics. Cambridge: MIT Press; 
1998.

	 69.	 George Thuruthel T, Ansari Y, Falotico E, Laschi C. Control 
strategies for soft robotic manipulators: a survey. Soft Robot. 
2018;5(2):149–63.

	 70.	 Camarillo DB, Carlson CR, Salisbury JK. Configuration tracking 
for continuum manipulators with coupled tendon drive. IEEE 
Trans Robot. 2009;25(4):798–808.

	 71.	 Hannan MW, Walker ID. Kinematics and the implementation 
of an elephant’s trunk manipulator and other continuum style 
robots. J Robot Syst. 2003;20(2):45–63.

	 72.	 Yu N, Hollnagel C, Blickenstorfer A, Kollias SS, Riener R. Com-
parison of MRI-compatible mechatronic systems with hydrody-
namic and pneumatic actuation. IEEEASME Trans Mechatron. 
2008;13(3):268–77.

	 73.	 Daerden F, Lefeber D. Pneumatic artificial muscles: actua-
tors for robotics and automation. Eur J Mech Environ Eng. 
2002;47:10–21.

	 74.	 Chirikjian GS, Burdick JW. A modal approach to hyper-
redundant manipulator kinematics. IEEE Trans Robot Autom. 
1994;10(3):343–54.

	 75.	 Giorelli M, Renda F, Calisti M, Arienti A, Ferri G, Laschi C. 
A two dimensional inverse kinetics model of a cable driven 

manipulator inspired by the octopus arm. In: 2012 IEEE interna-
tional conference on robotics and automation, 2012. p. 3819–24.

	 76.	 Liegeois A. Automatic supervisory control of the configura-
tion and behavior of multibody mechanisms. IEEE Trans Syst 
Man Cybern. 1977;7(12):868–71. https​://doi.org/10.1109/
TSMC.1977.43096​44.

	 77.	 Oudeyer P, Ly O, Rouanet P. Exploring robust, intuitive and 
emergent physical human-robot interaction with the human-
oid robot Acroban. In: 2011 11th IEEE-RAS international 
conference on humanoid robots, 2011. p. 120–7. https​://doi.
org/10.1109/human​oids.2011.61008​52.

	 78.	 Armbrust C, Proetzsch M, Schäfer B-H, Berns K. A behav-
iour-based integration of fully autonomous, semi-autonomous, 
and tele-operated control modes for an off-road robot. 2nd 
IFAC Symp Telemat Appl. 2010;43(23):191–6. https​://doi.
org/10.3182/20101​005-4-RO-2018.00058​.

	 79.	 Matarić MJ, Michaud F. Behavior-based systems. In: Siciliano 
B, Khatib O, editors. Springer handbook of robotics. Heidelberg: 
Berlin; 2008. p. 891–909.

	 80.	 Coey JMD. Magnetism and magnetic materials. Cambridge: 
Cambridge University Press; 2010.

	 81.	 Glatter O, Kratky O. Small angle X-ray scattering. Cambridge: 
Academic Press; 1982.

	 82.	 Horkay F, Zrinyi M. Mechanochemical energy conversion 
of neutral polymer gels. Makromol Chem Macromol Symp. 
1989;30(1):133–43. https​://doi.org/10.1002/masy.19890​30011​3.

	 83.	 Tasoglu S, et al. Paramagnetic levitational assembly of hydro-
gels. Adv Mater. 2013;25(8):1137–43. https​://doi.org/10.1002/
adma.20120​0285.

	 84.	 Tone T, Suzuki K. A ferrofluid-based robotic sheet for liquid 
manipulation by using vibration control. In: 2017 13th IEEE con-
ference on automation science and engineering (CASE), 2017. p. 
776–81.

	 85.	 Leon-Rodriguez H, Le VH, Ko SY, Park J-O, Park S. Ferrofluid 
soft-robot bio-inspired by Amoeba locomotion. In: 2015 15th 
international conference on control, automation and systems 
(ICCAS), 2015, p. 1833–8.

	 86.	 Laschi C, Cianchetti M. Soft robotics: new perspectives for robot 
bodyware and control. Front Bioeng Biotechnol. 2014;2:3.

	 87.	 Laschi C, et al. A bio-inspired predictive sensory-motor coordi-
nation scheme for robot reaching and preshaping. Auton Robots. 
2008;25(1–2):85–101.

	 88.	 Asuni G, Teti G, Laschi C, Guglielmelli E, Dario P. Extension 
to end-effector position and orientation control of a learning-
based neurocontroller for a humanoid arm. In: 2006 IEEE/RSJ 
international conference on intelligent robots and systems, 2006. 
p. 4151–6.

	 89.	 Giorelli M, Renda F, Calisti M, Arienti A, Ferri G, Laschi C. 
Neural network and jacobian method for solving the inverse stat-
ics of a cable-driven soft arm with nonconstant curvature. IEEE 
Trans Robot. 2015;31(4):823–34.

	 90.	 Giorelli M, Renda F, Ferri G, Laschi C. A feed-forward neu-
ral network learning the inverse kinetics of a soft cable-driven 
manipulator moving in three-dimensional space. In: 2013 IEEE/
RSJ international conference on intelligent robots and systems, 
2013. p. 5033–9.

	 91.	 Trivedi D, Rahn CD, Kier WM, Walker ID. Soft robotics: biolog-
ical inspiration, state of the art, and future research. Appl Bion-
ics Biomech. 2008;5(3):99–117. https​://doi.org/10.1080/11762​
32080​25578​65.

	 92.	 Lu X, Xu W, Li X. A soft robotic tongue—mechatronic 
design and surface reconstruction. IEEEASME Trans Mecha-
tron. 2017;22(5):2102–10. https​://doi.org/10.1109/TMECH​
.2017.27486​06.

	 93.	 Marchese AD, Onal CD, Rus D. Autonomous soft robotic 
fish capable of escape maneuvers using fluidic elastomer 

https://doi.org/10.1177/0278364910368147
https://doi.org/10.1177/0278364910368147
https://doi.org/10.1371/journal.pone.0160301
https://doi.org/10.1371/journal.pone.0160301
https://doi.org/10.1016/j.plrev.2016.02.001
https://doi.org/10.1016/j.plrev.2016.02.001
https://doi.org/10.1109/whc.2007.103
https://doi.org/10.1089/soro.2015.0001
https://doi.org/10.1109/robot.2007.364246
https://doi.org/10.1109/robot.2007.364246
https://doi.org/10.1109/robot.1999.774029
https://doi.org/10.1109/TSMC.1977.4309644
https://doi.org/10.1109/TSMC.1977.4309644
https://doi.org/10.1109/humanoids.2011.6100852
https://doi.org/10.1109/humanoids.2011.6100852
https://doi.org/10.3182/20101005-4-RO-2018.00058
https://doi.org/10.3182/20101005-4-RO-2018.00058
https://doi.org/10.1002/masy.19890300113
https://doi.org/10.1002/adma.201200285
https://doi.org/10.1002/adma.201200285
https://doi.org/10.1080/11762320802557865
https://doi.org/10.1080/11762320802557865
https://doi.org/10.1109/TMECH.2017.2748606
https://doi.org/10.1109/TMECH.2017.2748606


383Biomedical Engineering Letters (2020) 10:369–385	

1 3

actuators. Soft Robot. 2014;1(1):75–87. https​://doi.org/10.1089/
soro.2013.0009.

	 94.	 Pausley ME, Furst SJ, Talla V, Seelecke S. Electro-mechanical 
behavior of a shape memory alloy actuator. In: Behavior and 
mechanics of multifunctional materials and composites 2009, 
2009, vol 7289. p. 72890T.

	 95.	 Enkovaara J, et al. Magnetically driven shape memory alloys. 
Mater Sci Eng A. 2004;378(1):52–60. https​://doi.org/10.1016/j.
msea.2003.10.330.

	 96.	 Jaffe B, Cook WR, Jaffe H. Piezoelectric ceramics. Saint Louis: 
Elsevier; 2012.

	 97.	 Shankar R, Ghosh TK, Spontak RJ. Dielectric elastomers as next-
generation polymeric actuators. Soft Matter. 2007;3(9):1116–29. 
https​://doi.org/10.1039/B7057​37G.

	 98.	 Kularatne RS, Kim H, Boothby JM, Ware TH. Liquid crystal 
elastomer actuators: synthesis, alignment, and applications. J 
Polym Sci Part B Polym Phys. 2017;55(5):395–411. https​://doi.
org/10.1002/polb.24287​.

	 99.	 Kadooka K, Taya M. Review on viscoelastic behavior of dielec-
tric polymers and their actuators. In: Yoseph B-C, editor. Elec-
troactive polymer actuators and devices (EAPAD) XX. SPIE 
Digital Library. 2018, vol 10594. p. 105940 M. https​://doi.
org/10.1117/12.22951​16.

	100.	 Choi ST, Kwon JO, Bauer F. Multilayered relaxor ferroelectric 
polymer actuators for low-voltage operation fabricated with an 
adhesion-mediated film transfer technique. Sens Actuators Phys. 
2013;203:282–90. https​://doi.org/10.1016/j.sna.2013.08.049.

	101.	 Zhao X, Suo Z. Electrostriction in elastic dielectrics undergoing 
large deformation. J Appl Phys. 2008;104(12):123530. https​://
doi.org/10.1063/1.30314​83.

	102.	 Lima MD, et al. Electrically, chemically, and photonically pow-
ered torsional and tensile actuation of hybrid carbon nanotube 
yarn muscles. Science. 2012;338(6109):928–32. https​://doi.
org/10.1126/scien​ce.12267​62.

	103.	 Madden JD, Madden PG, Hunter IW. Conducting polymer actu-
ators as engineering materials. In: Yoseph B-C, editor. Smart 
structures and materials 2002: electroactive polymer actuators 
and devices (EAPAD). SPIE Digital Library. 2002, vol 4695. p. 
176–90. https​://doi.org/10.1117/12.47516​3.

	104.	 Shahinpoor M. Ionic polymer–conductor composites as bio-
mimetic sensors, robotic actuators and artificial muscles—a 
review. Electrochim Acta. 2003;48(14):2343–53. https​://doi.
org/10.1016/S0013​-4686(03)00224​-X.

	105.	 Jo C, Pugal D, Oh I-K, Kim KJ, Asaka K. Recent advances in 
ionic polymer–metal composite actuators and their modeling and 
applications. Prog Polym Sci. 2013;38(7):1037–66. https​://doi.
org/10.1016/j.progp​olyms​ci.2013.04.003.

	106.	 Akhavan J. Electro-rheological polymers. J Aerosp Eng. 
2007;221(4):577–87.

	107.	 Calisti M, et  al. An octopus-bioinspired solution to move-
ment and manipulation for soft robots. Bioinspir Biomim. 
2011;6(3):036002. https​://doi.org/10.1088/1748-3182/6/3/03600​
2.

	108.	 Cheng NG, et al. Design and analysis of a robust, low-cost, highly 
articulated manipulator enabled by jamming of granular media. 
In: 2012 IEEE international conference on robotics and automa-
tion, 2012. p. 4328–33.

	109.	 Takashi M, Toshiyuki H. Miniature five-fingered robot hand 
driven by shape memory alloy actuators. In: Proceedings of the 
IASTED international conference on robotics and applications, 
2006. p. 174–9.

	110.	 Yoneyama T, Miyazaki S, editors. Shape memory alloys for bio-
medical applications. Cambridge: Woodhead Publishing; 2009. 
p. 327–37.

	111.	 Park H-B, Kim D-R, Kim H-J, Wang W, Han M-W, Ahn S-H. 
Design and analysis of artificial muscle robotic elbow joint using 
shape memory alloy actuator. Int J Precis Eng Manuf. 2019. https​
://doi.org/10.1007/s1254​1-019-00240​-8.

	112.	 Otsuka K, Kakeshita T. Science and technology of shape-mem-
ory alloys: new developments. MRS Bull. 2002;27(2):91–100. 
https​://doi.org/10.1557/mrs20​02.43.

	113.	 Huang W. On the selection of shape memory alloys for actua-
tors. Mater Des. 2002;23(1):11–9. https​://doi.org/10.1016/S0261​
-3069(01)00039​-5.

	114.	 Duerig TW, Melton KN, Stöckel D, Wayman CM, editors. Engi-
neering aspects of shape memory alloys. Oxford: Butterworth-
Heinemann; 1990.

	115.	 Cverna F, ASM International, editors. ASM ready reference. 
Thermal properties of metals. Materials Park: ASM Interna-
tional; 2002.

	116.	 Mohd Jani J, Leary M, Subic A, Gibson MA. A review of shape 
memory alloy research, applications and opportunities. Mater 
Des 1980–2015. 2014;56:1078–113. https​://doi.org/10.1016/j.
matde​s.2013.11.084.

	117.	 Reginald DesRoches, Jason McCormick, Michael Delemont. 
Cyclic properties of superelastic shape memory alloy wires and 
bars. J Struct Eng. 2004;130(1):38–46. https​://doi.org/10.1061/
(ASCE)0733-9445(2004)130:1(38).

	118.	 Rodrigue H, Wang W, Kim D-R, Ahn S-H. Curved shape mem-
ory alloy-based soft actuators and application to soft gripper. 
Compos Struct. 2017;176:398–406. https​://doi.org/10.1016/j.
comps​truct​.2017.05.056.

	119.	 Lin H-T, Leisk GG, Trimmer B. GoQBot: a caterpillar-inspired 
soft-bodied rolling robot. Bioinspir Biomim. 2011;6(2):026007. 
https​://doi.org/10.1088/1748-3182/6/2/02600​7.

	120.	 Gauthier J-Y, Hubert A, Abadie J, Lexcellent N, Chaillet. Multi-
stable actuator based on magnetic shape memory alloy. In: Pro-
ceedings of the 10th international conference on new actuators, 
remen, Germany, 2006, p. 787–90.

	121.	 Lagoudas DC, editor. Shape memory alloys: modeling and engi-
neering applications. New York: Springer; 2008.

	122.	 Minase J, Lu T-F, Cazzolato B, Grainger S. A review, sup-
ported by experimental results, of voltage, charge and capaci-
tor insertion method for driving piezoelectric actuators. Precis 
Eng. 2010;34(4):692–700. https​://doi.org/10.1016/j.preci​sione​
ng.2010.03.006.

	123.	 Kim B, Park S, Jee CY, Yoon S-J. An earthworm-like locomotive 
mechanism for capsule endoscopes. In: 2005 IEEE/RSJ inter-
national conference on intelligent robots and systems, 2005, p. 
2997–3002. https​://doi.org/10.1109/iros.2005.15456​08.

	124.	 Ming A, Hashimoto K, Zhao W, Shimojo M. Fundamental 
analysis for design and control of soft fish robots using piezo-
electric fiber composite. In: 2013 IEEE international conference 
on mechatronics and automation, 2013, p. 219–24. https​://doi.
org/10.1109/icma.2013.66179​21.

	125.	 Kellaris N, Gopaluni Venkata V, Smith GM, Mitchell SK, 
Keplinger C. Peano-HASEL actuators: muscle-mimetic, elec-
trohydraulic transducers that linearly contract on activation. Sci 
Robot. 2018;3(14):eaar3276. https​://doi.org/10.1126/sciro​botic​
s.aar32​76.

	126.	 Davidson JR, Krebs HI. An electrorheological fluid actua-
tor for rehabilitation robotics. IEEEASME Trans Mecha-
tron. 2018;23(5):2156–67. https​://doi.org/10.1109/TMECH​
.2018.28691​26.

	127.	 Sohn J, Kim G-W, Choi S-B. A state-of-the-art review on robots 
and medical devices using smart fluids and shape memory alloys. 
Appl Sci. 2018;8(10):1928. https​://doi.org/10.3390/app81​01928​.

https://doi.org/10.1089/soro.2013.0009
https://doi.org/10.1089/soro.2013.0009
https://doi.org/10.1016/j.msea.2003.10.330
https://doi.org/10.1016/j.msea.2003.10.330
https://doi.org/10.1039/B705737G
https://doi.org/10.1002/polb.24287
https://doi.org/10.1002/polb.24287
https://doi.org/10.1117/12.2295116
https://doi.org/10.1117/12.2295116
https://doi.org/10.1016/j.sna.2013.08.049
https://doi.org/10.1063/1.3031483
https://doi.org/10.1063/1.3031483
https://doi.org/10.1126/science.1226762
https://doi.org/10.1126/science.1226762
https://doi.org/10.1117/12.475163
https://doi.org/10.1016/S0013-4686(03)00224-X
https://doi.org/10.1016/S0013-4686(03)00224-X
https://doi.org/10.1016/j.progpolymsci.2013.04.003
https://doi.org/10.1016/j.progpolymsci.2013.04.003
https://doi.org/10.1088/1748-3182/6/3/036002
https://doi.org/10.1088/1748-3182/6/3/036002
https://doi.org/10.1007/s12541-019-00240-8
https://doi.org/10.1007/s12541-019-00240-8
https://doi.org/10.1557/mrs2002.43
https://doi.org/10.1016/S0261-3069(01)00039-5
https://doi.org/10.1016/S0261-3069(01)00039-5
https://doi.org/10.1016/j.matdes.2013.11.084
https://doi.org/10.1016/j.matdes.2013.11.084
https://doi.org/10.1061/(ASCE)0733-9445(2004)130:1(38)
https://doi.org/10.1061/(ASCE)0733-9445(2004)130:1(38)
https://doi.org/10.1016/j.compstruct.2017.05.056
https://doi.org/10.1016/j.compstruct.2017.05.056
https://doi.org/10.1088/1748-3182/6/2/026007
https://doi.org/10.1016/j.precisioneng.2010.03.006
https://doi.org/10.1016/j.precisioneng.2010.03.006
https://doi.org/10.1109/iros.2005.1545608
https://doi.org/10.1109/icma.2013.6617921
https://doi.org/10.1109/icma.2013.6617921
https://doi.org/10.1126/scirobotics.aar3276
https://doi.org/10.1126/scirobotics.aar3276
https://doi.org/10.1109/TMECH.2018.2869126
https://doi.org/10.1109/TMECH.2018.2869126
https://doi.org/10.3390/app8101928


384	 Biomedical Engineering Letters (2020) 10:369–385

1 3

	128.	 Hamlen RP, Kent CE, Shafer SN. Electrolytically activated con-
tractile polymer. Nature. 1965;206(4989):1149–50. https​://doi.
org/10.1038/20611​49b0.

	129.	 Acome E, et  al. Hydraulically amplified self-healing elec-
trostatic actuators with muscle-like performance. Science. 
2018;359(6371):61–5. https​://doi.org/10.1126/scien​ce.aao61​39.

	130.	 Oguro K. Bending of an ion-conducting polymer film-electrode 
composite by an electric stimulus at low voltage. J Micromach 
Soc. 1992;5:27–30.

	131.	 Asaka K, Oguro K, Nishimura Y, Mizuhata M, Takenaka H. 
Bending of polyelectrolyte membrane-platinum composites by 
electric stimuli I. Response characteristics to various waveforms. 
Polym J. 1995;27(4):436–40. https​://doi.org/10.1295/polym​
j.27.436.

	132.	 Mukai K, et al. Highly conductive sheets from millimeter-long 
single-walled carbon nanotubes and ionic liquids: application to 
fast-moving, low-voltage electromechanical actuators operable 
in air. Adv Mater. 2009;21(16):1582–5. https​://doi.org/10.1002/
adma.20080​2817.

	133.	 Cameron B, Hall MD. Recent concepts in the treatment of the 
limb-deficient child. Artif Limbs Rev Curr Dev. 1966;2(1):36–51.

	134.	 Marquardt E. The Heidelberg pneumatic arm prosthesis. J Bone 
Jt Surg. 1965;47(3):425–34.

	135.	 Miriyev A, Stack K, Lipson H. Soft material for soft actuators. 
Nat Commun. 2017;8(1):596. https​://doi.org/10.1038/s4146​
7-017-00685​-3.

	136.	 Mosadegh B, et al. Pneumatic networks for soft robotics that 
actuate rapidly. Adv Funct Mater. 2014;24(15):2163–70. https​
://doi.org/10.1002/adfm.20130​3288.

	137.	 Polygerinos P, Wang Z, Galloway KC, Wood RJ, Walsh CJ. Soft 
robotic glove for combined assistance and at-home rehabilitation. 
Wearable Robot. 2015;73:135–43. https​://doi.org/10.1016/j.robot​
.2014.08.014.

	138.	 Wang W, Ahn S-H. Shape memory alloy-based soft grip-
per with variable stiffness for compliant and effective grasp-
ing. Soft Robot. 2017;4(4):379–89. https​://doi.org/10.1089/
soro.2016.0081.

	139.	 Merz R, Prinz FB, Ramaswami K, Terk M, Weiss LE. Shape 
deposition manufacturing. International Solid Freeform Fabrica-
tion Symposium. 1994. https​://doi.org/10.15781​/t2bk1​781c.

	140.	 Rodrigue H, Wei W, Bhandari B, Ahn S-H. Fabrication of 
wrist-like SMA-based actuator by double smart soft composite 
casting. Smart Mater Struct. 2015;24(12):125003. https​://doi.
org/10.1088/0964-1726/24/12/12500​3.

	141.	 Kumar A. Methods and materials for smart manufacturing: addi-
tive manufacturing, internet of things, flexible sensors and soft 
robotics. Manuf Lett. 2018;15:122–5. https​://doi.org/10.1016/j.
mfgle​t.2017.12.014.

	142.	 Loh CS, Yokoi H, Arai T. New shape memory alloy actuator: 
design and application in the prosthetic hand. In: 2005 IEEE 
engineering in medicine and biology 27th annual conference, 
Shanghai, China, 2005. p. 6900–3, https​://doi.org/10.1109/iembs​
.2005.16160​92.

	143.	 Peele BN, Wallin TJ, Zhao H, Shepherd RF. 3D printing antag-
onistic systems of artificial muscle using projection stereo-
lithography. Bioinspir Biomim. 2015;10(5):055003. https​://doi.
org/10.1088/1748-3190/10/5/05500​3.

	144.	 Gao W, et al. The status, challenges, and future of additive manu-
facturing in engineering. Comput Aided Des. 2015;69:65–89. 
https​://doi.org/10.1016/j.cad.2015.04.001.

	145.	 Morin SA, et al. Using ‘Click-e-Bricks’ to make 3D elasto-
meric structures. Adv Mater. 2014;26(34):5991–9. https​://doi.
org/10.1002/adma.20140​1642.

	146.	 Carpi F, Smela E, editors. Biomedical applications of electroac-
tive polymer actuators. Chichester: Wiley; 2009.

	147.	 Kim KJ, Tadokoro S, editors. Electroactive polymers for robotic 
applications: artificial muscles and sensors. London: Springer; 
2007.

	148.	 Shahinpoor M, Kim KJ, Mojarrad M. Artificial muscles: applica-
tions of advanced polymeric nanocomposites. New York: Taylor 
& Francis; 2007.

	149.	 Higuchi T, Suzumori K, Tadokoro S, editors. Next-generation 
actuators leading breakthroughs. New York: Springer; 2010.

	150.	 Sahrmann SA. Diagnosis by the physical therapist—a prerequi-
site for treatment. Phys Ther. 1988;68(11):1703–6. https​://doi.
org/10.1093/ptj/68.11.1703.

	151.	 Anderson IA, Gisby TA, McKay TG, O’Brien BM, Calius EP. 
Multi-functional dielectric elastomer artificial muscles for soft 
and smart machines. J Appl Phys. 2012;112(4):041101. https​
://doi.org/10.1063/1.47400​23.

	152.	 Tanaka T, Nishio I, Sun S-T, Ueno-Nishio S. Collapse of gels 
in an electric field. Science. 1982;218(4571):467–9. https​://
doi.org/10.1126/scien​ce.218.4571.467.

	153.	 Ogawa N, Hashimoto M, Takasaki M, Hirai T. Characteristics 
evaluation of PVC gel actuators. In: 2009 IEEE/RSJ interna-
tional conference on intelligent robots and systems, St. Louis, 
MO, USA, 2009. p. 2898–2903. https​://doi.org/10.1109/
iros.2009.53544​17.

	154.	 Wales K, Frederick S. Surgical instrument having fluid actu-
ated opposing jaws. US 7,559,452, 2009.

	155.	 Nilsson M, Ingvast J, Wikander J, von Holst H. The soft extra 
muscle system for improving the grasping capability in neu-
rological rehabilitation. In: 2012 IEEE-EMBS conference on 
biomedical engineering and sciences, 2012. p. 412–7. https​://
doi.org/10.1109/iecbe​s.2012.64980​90.

	156.	 Jayatilake D, Suzuki K. A soft actuator based expressive mask 
for facial paralyzed patients. In: 2008 IEEE/RSJ international 
conference on intelligent robots and systems, 2008. p. 4048–
53. https​://doi.org/10.1109/iros.2008.46511​77.

	157.	 Shahinpoor M, Soltanpour D. Surgical correction of ptosis by 
polymeric artificial muscles. 7,625,404, 2005.

	158.	 Tanaka Y, Sato K, Shimizu T, Yamato M, Okano T, Kita-
mori T. A micro-spherical heart pump powered by cultured 
cardiomyocytes. Lab Chip. 2007;7(2):207–12. https​://doi.
org/10.1039/B6120​82B.

	159.	 Roche ET, et al. Soft robotic sleeve supports heart function. 
Sci Transl Med. 2017;9(373):eaaf392. https​://doi.org/10.1126/
scitr​anslm​ed.aaf39​25.

	160.	 Fang B-K, Ju M-S, Lin C-CK. A new approach to develop 
ionic polymer–metal composites (IPMC) actuator: fabrication 
and control for active catheter systems. Sens Actuators Phys. 
2007;137(2):321–9. https​://doi.org/10.1016/j.sna.2007.03.024.

	161.	 Fang BK, Ju MS, Lin CCK. Development of active guide-
wire for cardiac catheterization by using ionic polymer-metal 
composites. In: 13th International conference on biomedical 
engineering, 2009. p. 340–3.

	162.	 Weber J, Robaina S. (2010). U.S. Patent No. 7,767,219. Wash-
ington, DC: U.S. Patent and Trademark Office.

	163.	 Eidenschink T, et al. Medical balloon incorporating electro-
active polymer and methods of making and using the same. 
US7919910B2, 2008.

	164.	 Weber J, Eidenschink T, Elizondo D, Simer L. Electrically 
actuated medical devices. 8,398,693, 2013.

	165.	 Boston Scientific SciMed Inc. Electroactive polymer actuated 
medical devices. U. S. Pat. Trademark Off., vol. US Patent 
6,969,395 B2, 2008.

	166.	 Shahinpoor M, Soltanpour D. Implantable micro-pump assem-
bly. U. S. Pat. Trademark Off., vol. US Patent 6,589,198 Bl. 
2003.

	167.	 Hood LE, et al. (2012). U.S. Patent No. 8,273,075. Washington, 
DC: U.S. Patent and Trademark Office.

https://doi.org/10.1038/2061149b0
https://doi.org/10.1038/2061149b0
https://doi.org/10.1126/science.aao6139
https://doi.org/10.1295/polymj.27.436
https://doi.org/10.1295/polymj.27.436
https://doi.org/10.1002/adma.200802817
https://doi.org/10.1002/adma.200802817
https://doi.org/10.1038/s41467-017-00685-3
https://doi.org/10.1038/s41467-017-00685-3
https://doi.org/10.1002/adfm.201303288
https://doi.org/10.1002/adfm.201303288
https://doi.org/10.1016/j.robot.2014.08.014
https://doi.org/10.1016/j.robot.2014.08.014
https://doi.org/10.1089/soro.2016.0081
https://doi.org/10.1089/soro.2016.0081
https://doi.org/10.15781/t2bk1781c
https://doi.org/10.1088/0964-1726/24/12/125003
https://doi.org/10.1088/0964-1726/24/12/125003
https://doi.org/10.1016/j.mfglet.2017.12.014
https://doi.org/10.1016/j.mfglet.2017.12.014
https://doi.org/10.1109/iembs.2005.1616092
https://doi.org/10.1109/iembs.2005.1616092
https://doi.org/10.1088/1748-3190/10/5/055003
https://doi.org/10.1088/1748-3190/10/5/055003
https://doi.org/10.1016/j.cad.2015.04.001
https://doi.org/10.1002/adma.201401642
https://doi.org/10.1002/adma.201401642
https://doi.org/10.1093/ptj/68.11.1703
https://doi.org/10.1093/ptj/68.11.1703
https://doi.org/10.1063/1.4740023
https://doi.org/10.1063/1.4740023
https://doi.org/10.1126/science.218.4571.467
https://doi.org/10.1126/science.218.4571.467
https://doi.org/10.1109/iros.2009.5354417
https://doi.org/10.1109/iros.2009.5354417
https://doi.org/10.1109/iecbes.2012.6498090
https://doi.org/10.1109/iecbes.2012.6498090
https://doi.org/10.1109/iros.2008.4651177
https://doi.org/10.1039/B612082B
https://doi.org/10.1039/B612082B
https://doi.org/10.1126/scitranslmed.aaf3925
https://doi.org/10.1126/scitranslmed.aaf3925
https://doi.org/10.1016/j.sna.2007.03.024


385Biomedical Engineering Letters (2020) 10:369–385	

1 3

	168.	 Pfeifer R, Lungarella M, Iida F. The challenges ahead for bio-
inspired ‘soft’ robotics. Commun ACM. 2012;55(11):76. https​
://doi.org/10.1145/23663​16.23663​35.

	169.	 Mirfakhrai T, Madden JDW, Baughman RH. Polymer artificial 
muscles. Mater Today. 2007;10(4):30–8. https​://doi.org/10.1016/
S1369​-7021(07)70048​-2.

	170.	 Pelrine R, et al. Dielectric elastomer artificial muscle actuators: 
toward biomimetic motion. in: Presented at the SPIE’s 9th annual 
international symposium on smart structures and materials, San 
Diego, CA, 2002. p. 126–37. https​://doi.org/10.1117/12.47515​7.

	171.	 Muth JT, et al. Embedded 3D printing of strain sensors within 
highly stretchable elastomers. Adv Mater. 2014;26(36):6307–12. 
https​://doi.org/10.1002/adma.20140​0334.

	172.	 Wehner M, et al. Pneumatic energy sources for autonomous and 
wearable soft robotics. Soft Robot. 2014;1(4):263–74. https​://
doi.org/10.1089/soro.2014.0018.

	173.	 Lu N, Kim D-H. Flexible and stretchable electronics paving the 
way for soft robotics. Soft Robot. 2014;1(1):53–62. https​://doi.
org/10.1089/soro.2013.0005.

	174.	 Tajima R, Kagami S, Inaba M, Inoue H. Development of 
soft and distributed tactile sensors and the application to a 
humanoid robot. Adv Robot. 2002;16(4):381–97. https​://doi.
org/10.1163/15685​53026​01745​48.

	175.	 Song W-K. Trends in rehabilitation robots and their translational 
research in National Rehabilitation Center, Korea. Biomed Eng 
Lett. 2016;6(1):1–9. https​://doi.org/10.1007/s1353​4-016-0211-9.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1145/2366316.2366335
https://doi.org/10.1145/2366316.2366335
https://doi.org/10.1016/S1369-7021(07)70048-2
https://doi.org/10.1016/S1369-7021(07)70048-2
https://doi.org/10.1117/12.475157
https://doi.org/10.1002/adma.201400334
https://doi.org/10.1089/soro.2014.0018
https://doi.org/10.1089/soro.2014.0018
https://doi.org/10.1089/soro.2013.0005
https://doi.org/10.1089/soro.2013.0005
https://doi.org/10.1163/15685530260174548
https://doi.org/10.1163/15685530260174548
https://doi.org/10.1007/s13534-016-0211-9

	Biomedical soft robots: current status and perspective
	Abstract
	1 Introduction
	2 Modeling of soft robots
	2.1 Kinematic models
	2.2 Multibody models
	2.3 Finite element models

	3 Controls of soft robots
	3.1 Model-based control methods
	3.2 Model-free control methods

	4 Actuation of soft robots
	4.1 Variable-length tendons
	4.2 Polymer actuators
	4.3 Fluidic elastomer actuators 

	5 Fabrication of soft robots
	6 Application of soft robots in medical field
	7 Limitations of soft robots
	8 Outlook
	Acknowledgements 
	References




