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Abstract

A soft robot is a type of continuum robot that is made of a soft material.
Soft robots show infinite degrees of freedom that enable them to track
complicated paths. The advantages of soft robotics include high safety,
minimal maintenance cost, and robust adaptability to the unstructured envi-
ronment. Therefore, they can be used for applications in various fields such
as industrial, defense, medical, and exploration. This paper discusses about
the various existing technologies used in development soft robots. The paper
mainly focuses on the design, manufacturing, actuation, and sensing aspects
of soft robotics. A review on these aspects of soft robotics is presented along
with applications.

Keywords: Soft robotics, soft actuators, soft sensors, soft robot applications.

1 Introduction

In every industry, robots are used to perform various tasks, such as cleaning
and assembling parts. They are commonly used to replace manual labor in
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order to improve the efficiency of production lines. Some of the fields that
are commonly using robots include agriculture, healthcare, aviation, and food
production. Today’s robots are made of hard structural elements. The devel-
opment of soft robots, which are capable of performing different tasks
without requiring a mechanical system, has the potential to provide fresh
solutions to problems that are typically encountered with rigid robots [1].
Unlike rigid joints, soft robots do not require a mechanical system to perform
their tasks, however their development require non-traditional fabrication and
control [2]. Soft robots can conform to any surface without causing damage.
Moreover, they provide safer interaction to human [3]. This field of study
is a growing area of research that involves the study of various aspects of
manufacturing including electronics, materials, and mechanics [4]. Unlike
rigid-body robots, which have a finite number of joints, soft robots are made
from flexible materials such as rubber and silicon. They are widely used in
various industries due to their versatility and ability to perform different tasks
in limited space. Due to their ability to mimic the human body, soft robots are
often sought after in multiple applications to aid human operators.

In medical field, soft robots are known to have unique features, such
as their ability to distribute forces evenly across multiple areas of contact.
This feature helps prevent them from getting damaged due to high force
concentrations. Unlike rigid robots, soft robots are safe to interact with
and interface with humans due to their compliant nature. One of the main
advantages of soft robots is their ability to adapt to various stimuli, which
makes them ideal for use in environments that are not designed for rigid
robots. Due to the unique working conditions and environment of soft robots,
they require different manufacturing methods. With the advent of additive
manufacturing technology and the ease of design and fabrication [5, 6],
it became possible to create soft robots with different soft materials. This
article discusses about the various materials that are used for making these
robots.

Despite the advantages of soft robots, they have many shortcomings.
For instance, they are not capable of handling heavy loads and are prone
to experiencing issues with repetitive motion. They also pose challenges in
developing systems that can precisely control their actions due to their near-
infinite freedom. Another issue with soft robots is their difficulty in modelling
the mechanical behavior [7, 8]. Traditional robots are typically modelled as
components that are connected to discrete joints. Due to the flexible materials
used in soft robots, it is difficult to model their behavior. This makes it impor-
tant to develop robust and accurate numerical and mathematical models to
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improve the design of these machines [9]. The flexible materials used in soft
robots also make it difficult to model their behavior. For instance, they can
cause uneven or unpredictable changes in their weight. This is because they
rely on their intrinsic properties to respond to their environment [10]. Despite
the numerous advantages of soft robots, there are still many challenges
that need to be solved in order to improve their functionality and control.
Soft robots are mainly developed to mimic behavior of living organisms
also called bio-inspired or bionic mechanisms such as fish, turtle, octopus,
etc. [11]. In recent years, researchers have been working on developing new
materials, manufacturing and actuation methods that can be used to improve
the performance of these soft mechanisms. Soft robotics is the future of
robotics because of their compliant muscles inspired from nature creatures,
which can perform complex tasks in confined spaces like a living organism
can. This is the main motivation for carrying out this review work to have
an overview of advances in area of soft robotics. The present paper discusses
about the existing works for soft robots’ design, manufacturing, actuation,
sensing and applications.

2 Design

The goal of soft robotics is to develop robots that are physically flexible, and
electronics based for their control. They can be used to manipulate and grab
delicate objects. For instance, rigid-bodied arms can be equipped with soft
end-effectors to deal with delicate objects. Although the area of soft robotics
is focused on machines that are completely soft, hence their designs are only
suitable for low payloads. But there are still plenty of potential applications
for these robots. One of the main advantages of soft robots is their ability to
move into places that rigid bodies cannot. This allows them to perform vari-
ous tasks in disaster relief situations. In addition, they are out of the harm for
human interactivity and can be deployed internally to a human anatomy [12].
The environment is also known to inspire the design of soft robots. For
instance, animals are known to use their soft components to efficiently move
through complex environments [3, 13]. Due to their soft characteristics,
soft robots are often designed as a type of creature that looks like familiar
creatures, such as octopuses and fish. In Figure 1, different soft robots are
shown from semi-soft to completely soft. From Figures la—h, respectively;
an Arthrobot is inspired by the spider movement (Figure 1a) [14], a soft
hand-shaking robot is developed using 3D printing [15], a robotic gripper
with variable stiffness is shown [16], a vacuum driven light weight soft
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Mostly Stiff

Figure 1 Various soft robots designs.

gripper is developed based on concept of origami [17], a soft somatosensitive
actuators is developed using 3D printing [18], soft robot for fingers rehabilita-
tion is shown for medical application [19], an octopus robot is made from soft
material with fluidic actuation [20], and a squishy octopus called Octobot is a
completely soft robot made from silicon rubber [21]. Unfortunately, it is very
challenging to physically compose and command these types of robots due to
their low mechanical hindrance. Due to the limitations of traditional design
methods, soft robots are often produced with the help of automated non-
traditional machines and methods. These tools allow them to be programmed
and designed to perform specific tasks automatically. For instance, by com-
bining the various properties of a soft robot’s shape and material properties
(complex shapes using soft materials), it can be designed and controlled to
perform a given complex task [2]. Some factors that affect the robots design
and feasibility are fatigue and brittle failure.

2.1 Fatigue Failure by Excessive Flexing

For most soft robots, the cyclic loading that they experience while performing
a given task can lead to significant performance issues. For instance, if a
lamprey-like creature is designed to move, it would need to be able to ignite
gas and electrolyze water to propel itself forward. The cyclic loading expe-
rienced by a soft robot while performing a given task can lead to significant
performance issues [22]. The crawling movement of a soft robot can lead
to fatigue failure due to cyclic loading [23, 24]. In addition to choosing a
material that is designed to minimize the effects of the cyclic loading, it also
needs to be carefully designed to avoid fatigue-cracks. One of the most key
factors that one should consider when it comes to designing a soft robot is the
fatigue limit of the material. This can be achieved by choosing a material that
has a stress-amplitude frequency that is above the frequency of the polymer’s
fatigue response.
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2.2 Brittle Failure by Temperature

Another principal factor that one should consider is the temperature effects
of the material. Feverish temperatures and room temperatures can prevent the
stress in one area from spreading to other parts of the material. However,
when a material goes through a transition temperature, which is below a
certain temperature, it will not be able to revert in a ductile approach. This
means that shattering is more likely due to the lack of thermal energy [25].
Polymeric materials are known to turn out to be fragile at lower temperatures,
which is why it is very important that the design of soft robots is conducted
properly. This issue can be caused by the cooling down of the transition
temperature, which is different from what one might expect. In space stations,
the temperature is extremely low and that can freeze the fluids in soft robots,
which should be considered in design [26].

3 Manufacturing

Traditional manufacturing techniques such as milling, and drilling are not
ideal for the production of soft robots due to their complex shapes. Due
to the complexity of these structures, more advanced methods such as 3D
printing and shape deposition are being developed [27, 28]. There are some
manufacturing requirements for the proper design of soft robotics as shown
in Figure 2. A type of rapid prototyping known as shape deposition man-
ufacturing (SDM) involves the process of depositing a material and then
producing a finished product. This process typically involves the material
taking a shape of the desired structure and then producing a final part that
includes the embedded parts. Researchers have been able to develop soft
robots using embedded hardware, such as sensors, actuators, and circuits,
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Figure 2 Manufacturing requirements of soft robots.
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which can be found in various polymeric materials robots [29-31]. One of the
most common methods used to create these robots is the combination process
known as laser machining. This process is used to create a structure that
consists of both the flexible and rigid materials. The use of flexible polymers
as the skeleton’s joints is carried out through flexible and rigid materials.
In the manufacturing of mesoscale robots, the use of polymer connectors is
often used.

Through the use of 3D printing techniques, such as direct ink writing,
a wide range of silicone inks can be produced [32]. This process can be
used to create several types of fluidic and flexible actuators. Through this
process, a seamless production of these products can be carried out, which
allows them to exhibit a variety of mechanical properties [33]. A broad area
of functional soft robots is made utilizing this process, which can be used
to create several types of bending, twisting, and contracting motions. This
method avoids the drawbacks of traditional manufacturing methods. Another
type of 3D printing process is known as shape morphogenesis, which is
capable of producing materials that are water responsive, photosensitive, or
thermal activated [31, 32]. Due to the properties of these materials, they can
be used to create several types of shapes and features, such as turning and
shaping. One of the most common examples of this process is the use of light
reactive ink-jet printing on a target. In addition, shape memory polymers have
been developed, which are composed of a skeleton and a hinge material [33].
The temperature at which the material is heated can affect the properties of
the hinge material, but it does not affect the skeleton material. Through this
process, the shape memory polymer can also be continuously improved.

4 Actuation Methods

The actuation system enables soft robots to move and interact with their
environment. Due to their compliant nature, these types of robots are not
required to use rigid materials. This means that soft systems can operate
without the metal frame and bones found in rigid ones [34]. There are various
control methods that can be used to achieve soft system performance [35, 36].
Figure 3 is representing the main actuation types.

4.1 Electric Field

Some soft robots include the use of electric field-based actuators and dielec-
tric elastomeric actuators (DEAs). DEAs are commonly used to change
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(A) ELECTRIC FIELD (B) THERMAL ACTUATOR

Figure 3 Types of actuations for soft robots.

the shape of a soft robot. These types of actuators can create excessive
forces and have an excessive specific power, and they can also exhibit self-
sensing capabilities. However, they require high voltages to operate properly
[37-39]. This is a limiting factor in the potential applications of these types
of actuators. Due to the nature of their components, these types of actuators
are prone to experiencing leakage currents and electrical breakdowns. These
issues can potentially lead to system failure. New research has shown that
there are numerous ways that can be used to overcome these issues [40, 41].
For instance, by incorporating thin shell and liquid dielectric components,
such as in the Peano-HASEL actuators, researchers were able to achieve the
high performance.

4.2 Thermal

A type of reconfigurable material known as shape memory polymers (SMPs)
can be used as an effective thermal conductor. These types of materials can
remember their real shape when subjected to temperature changes, and they
can revert to it once they reach a certain temperature. Cross linked polymers,



246 J. Joshi et al.

for instance, can be strained at elevated temperatures and then chilled down
[42, 43]. When the surrounding temperature gets higher, there will be no
pressure, and the material’s shape will come to its real form. This principle
tells that there is only one permanent movement in the material, though there
have been examples of it being able to have up to five temporary shapes. One
of the most common examples of this type of reconfigurable material is a
toy known as the “Shrinky Dinks.” This is a pre-stretched polystyrene sheet
that can be used to cut out various shapes that will decrease in shape when
heated [44—-46]. These materials can be used as an effective thermal conductor
and can achieve strains of up to a hundred percent. Thermal actuators show
low force generation and slow response. Some of these include polyurethane,
polyethylene terephthalate, and polyethylene oxide [47, 48]. A control system
for soft robotic manipulation is made using shape memory alloys. Unlike
traditional materials, these springs are made from thin wires and are not as
rigid as they would be if they were made of metal. Despite their high force-
to-mass ratio, these springs can be stretched through the heat. However, this
is not very energy efficient.

4.3 Pressure Difference

One of the most common control methods used in soft robots is pneumatic
artificial muscles, which are designed to act as a muscle by applying force
to its surroundings. The pneumatic pressure can create deformation of the
soft actuator according to structure and fluid passage in the actuator [49].
This method can be applied through the application of valves, which can
maintain a certain shape without requiring additional energy [50, 51]. This
method usually requires compressed air, because high pressure liquid flu-
ids are not suitable for such soft structures due to weight of the liquid
fluid. The most common algorithm used for controlling pneumatic muscles
is the proportional-integral-derivative based feedback control. This allows
users to modify the dynamic response of the muscles by controlling their
parameters [52, 53].

5 Sensing

The morphology and compliance of soft robots prevent the use of tradi-
tional sensors such as strain gages, encoders, and inertial measurement units.
Although flexible-bending sensors made from piezoelectric materials can be
used for various soft applications, but sometimes they are not appropriate
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for these systems due to their need for the high stretchability and bend-
ability [54, 55]. New sensing technologies that can be benefitted from soft
electronics and machine learning could lead to the development of new
sensing modalities [56, 57]. For instance, the basis of a soft robot’s sense
of movement is usually based on its non-contact sensors and liquid-phase
materials. Since curvatures are actuated by the movement of the robot, the
need for curvature sensors is also important [58, 59]. One of the most crucial
factors that can be considered when it comes to developing new sensing
technologies is the low-moisture level of the proposed materials. This allows
them to achieve a minimal change in the internal structure’s performance.
These flexible sensors are usually characterized by multiple thin layers of an
elastomer that are patterned with micro channels [60]. Through the addition
of liquid conductor, the channels can be filled with gallium-containing alloys.
This allows them to be used for sensing various strains, such as shear,
curvature, and tensile. Due to the complexity of the channel networks, it
is often difficult to develop effective and efficient sensors. To address this
issue, researchers have started investigating the possibility of 3D printing
conductive soft materials [61-63]. In addition to being used for monitoring
soft robots’ body segments, exteroceptive sensing could also be utilized to
measure the curvatures of the objects in real time. This technology could be
useful in developing new sensing systems for other soft robots. Compared to
audio and optical recorders, these flexible sensors could be more compatible
with soft robots.

6 Uses and Applications
6.1 Surgical Assistance

The invasive surgery could be performed using soft robots, which can be
programmed to perform various tasks depending on their shape. Shape
change is very important when it comes to develop soft robots, as they can
move around the human body by adjusting their form [64]. Generally, fluidic
actuation is suitable for surgical applications, that can provide deformation of
a soft actuator according to the shape requirement and safer interaction with
human [65].

6.2 Exosuits

In addition to being used for rehabilitation, soft robots can also be utilized
for various other applications, such as assisting the elderly or enhancing a
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person’s strength [66, 67]. In [68], an exosuit has been developed for the hip
assistance that is made from flexible materials, which provides users with
additional strength without restricting their natural movement. Exosuits are
metal and soft frameworks that are designed to increase the strength of a
person using their muscles [69, 70]. These suits are also known as robotic
suits. The metal framework of these suits mimics the skeletal structure of the
wearer. They can make lifted objects feel lighter and improve compliance.

6.3 Collaborative Robots

Due to safety concerns, robots have typically been restricted from interacting
with humans [71]. This is because a collision between a rigid robot and a
human could lead to injury. However, soft robots can safely interact collabo-
ratively with humans without causing any harm. Thus, they are being used in
many industrial and medical applications to collaborate with human operate
in a safer way [72].

6.4 Bio-mimicry

Bio mimicry can be used in space and ocean exploration. Scientists are
currently looking for extra-terrestrial life in the water bodies that are home
to life on Earth. By developing soft robots that can mimic the movement of
sea creatures, researchers can gain a deeper understanding of these bodies
of water. In 2015, a team from Cornell developed a soft robot that can
mimic the movement of sea creatures. The goal of the project was to explore
Jupiter’s moon Europa’s ocean floor [73]. In 2021, researchers were able to
demonstrate the capabilities of a bio-inspired soft robot that can operate deep-
sea. The robot was able to withstand the pressure at the Mariana Trench,
which is located in the ocean’s deepest region [74, 75]. The flexible robot,
which features artificial wings and muscles, can be used for environmental
monitoring and deep-sea exploration. In 2021, researchers from Duke Uni-
versity developed a soft robot that can monitor the temperature and acidity
levels of water. Dubbed as DraBot, the robot can also detect oil pollutants
and other environmental factors [76].

6.5 Cloaking

Soft robots that look like animals could be used for various purposes, such as
surveillance and ecological studies [77]. Currently, soft robots are not only
rigid skeleton cloaked with soft skins, but they are entirely made up of soft
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composite materials [78]. They could also be used for developing artificial
camouflage [79].

6.6 Artificial Muscle

Soft robots could be used for various purposes, such as surveillance and for
medical devices. Artificial muscles, also referred to as muscle-like actuators,
are devices that can be made to mimic the natural muscle movement by react-
ing to external factors such as temperature, pressure, voltage, and current.
The three basic responses of an artificial muscle are rotation, contraction,
and expansion. These responses can be combined to produce distinct types
of movements, such as bending and twisting. However, conventional motors
and rotary actuators are not considered artificial muscles due to the number
of components involved and their rigidity [2, 80-83]. The advantages of
artificial muscles, such as their high flexibility and power-to-weight ratio,
are expected to have a significant impact on the development of modern
soft technologies. Although they are currently in their preliminary stages of
development, they could potentially be used in various fields such as medical
rehabilitation devices.

6.7 Electronic Skin

A robotic finger that is made of a type of manufactured human skin, which
is an electronic skin that can give off biological skin-like haptic feedback
and allow a user to feel and react to a robotic hand movement [84]. This
type of skin can also be used for sensing various hazardous substances and
pathogens. Another type of robot skin is a multi-layered, flexible, and resilient
plastic that can be used for wearable or robotic sensing. Electronic skin
is a class of flexible, self-healing, and stretchable electronic devices that
can mimic the functions of animals and humans [85]. These devices are
capable of sensing environmental factors such as pressure and heat. In order
to reproduce the human skin’s capabilities, soft materials are designed to
be capable of adapting to changes in temperature and pressure. The goal
of electronic skin research is to design materials that are flexible, robust,
and stretchy [3, 86]. The development of new materials has progressed in
the fields of tactile sensing and flexible electronics. However, the design of
electronic skin has tried to bring together the various aspects of this research
without sacrificing the individual benefits. The ability to self-heal and flexi-
ble mechanical properties of electronic skin could lead to the development
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of various new applications such as artificial intelligence and healthcare
monitoring. In addition to being eco-friendly, the design process of electronic
skin has also been heavily influenced by the principles of environmental
awareness. One of the main challenges that the development of electronic
skin has been faced is the ability to endure the mechanical strain and support
its sensing properties. This is because the ability to self-heal and recyclability
are typically the most critical factors that affect the design of new electronic
skins [87].

7 Conclusion and Future Scope

This review paper presented an overview of soft robotics technologies with a
focus on design, manufacturing, actuation, and sensing. Moreover, uses and
applications of soft robots have been discussed in this review. The soft robot
is made up of a variety of soft materials, such as silicon rubber which are
flexible and highly elastic. Its flexible movement and high freedom allow it
to perform various tasks and activities. Compared to traditional rigid robots,
this type of robot can be designed and operated in a variety of environments.
The advantages of soft robots have been widely used in various fields,
such as military, medical, and industrial. However, their development has
been hindered by the lack of cooperation between various fields, which is
required for their successful implementation by combining the research in
materials, chemical, mechanical, electronics, etc. The development of soft
robots requires the cooperation of various multi-disciplinary teams including
material science, engineering, and control. Besides being able to perform
various tasks and activities, the development of these robots also requires
the development of a robust and flexible sensing system.

The increasing popularity of soft robots has led to the development of
new types of robots that can perform various complex tasks and activities in
limited spaces. These new types of robots have been designed to be more
interactive and capable of handling complex tasks with safer interaction with
human. Due to their capabilities, they could potentially address the increasing
demands in areas such as military, rehabilitation, and assistive technology.
Artificial intelligence could be used in the development of soft robots that
can autonomously navigate and manipulate systems that are commonly used
in different fields, such as medical and industrial. These systems could be
used to improve the efficiency of operations in disaster areas and provide
humanitarian assistance. Inspired by living creatures, such as the skin and
muscles of living organisms, soft robots are built to perform tasks that human
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and animals do. They can also be programmed to respond to environmental
conditions and interact with humans. Compared to conventional robots, soft
robots have many advantages, such as being able to compensate for the uncer-
tainties in the environment by using their compliant structure. Moreover,
soft robots are lighter in weight and adaptable to the changes in interacting
objects. Many animals, such as insects and vertebrates, have rigid structural
frameworks that are covered with soft muscles and skin. This combination
of soft and conventional robots could be used to achieve the best possible
solution. This paper presented a review of existing technologies in the field
of soft robotics and it can be concluded that the soft robots are bringing
revolution in medical field by providing soft wearable devices and surgery
devices that are safe to interact with human. However, still a lot of advanced
research is required in the fields of soft materials, manufacturing methods,
actuators, and sensors in order to have efficient design of soft robots. For
future work, it is interesting to do comparative study for different soft robotics
technologies.
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