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Abstract

Space exploration is a very fascinating and demanding area of research but very difficult to perform scientific experiments due to the
unpredictable and unstructured nature of space. Therefore, robots are the alternative for humans but the present available rigid soft robots are not
capable to perform all the tasks in space. Consequently, the researchers are trying to develop special types of robots called soft robots. Soft robots
are made of special materials and have flexibility, adaptability, deformability, and energy-absorbing properties, and, in some cases, can be rapidly
restored and replaced inexpensively. Therefore, soft robots are our future hope in space research but these are not fully developed. In view of these
facts, efforts are made to highlight all the technologies required to fabricate smart soft robots in this article so that scientists may improve the
present soft robots. This article describes the updated information on the soft robots comprising design, sensors, actuators, and materials required
for their fabrication. The efforts are made to highlight the challenges, prospects, and market of soft robots. Certainly, this article will be useful to the
researchers working in this area.
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Introduction

Space exploration is one of the most important research areas
since the existence of mankind. The human being is always curious
about space. There are many benefits of space exploration, which
include the development of communication, air travel and transport,
asteroid impact avoidance from near-Earth objects (NEO), national
security, knowledge of the expansion of the universe, and support
in the verification of several scientific theories such as black holes.
Besides, it is important to find out the possibility of life on other
planets and exoplanets. The presence of precious minerals and
other products (raw materials) for human beings may be our future
assets. Moreover, the life of our earth is decreasing as solar energy
is going down continuously. For this, we need to study the sun from
higher proximity and resolution, which is only possible by a set of
robotic devices. We must explore alternative sources of energy or
find an abundance of fuel in the regions of the universe and bring
them to our planet. Scientists are very much interested to study
dark matter and dark energy, which might also be a solution to
endless human energy requirements. Briefly, the space is a dream
of everyone starting from young to old ages. Under such a situation,
space research is essential for the existence of life on earth. Of
course, this is an essential research area but very difficult to perform
the studies because all the research is supposed to be carried out in
space i.e. away from the earth. The difficulties that arise are due
to the unpredictable and unstructured nature of space; especially
the vacuum, zero gravity, extreme temperatures, pressure (on
planets), etc. All of this makes it impossible for humans to perform
the required research for a long time. The prolonged stay of the
astronauts in space results in loss of muscle mass and bone density,
as well as accelerated wear and tear on the circulation system [1].
Interestingly, these tasks may be performed by robots, but we need
special types of robots, which are comparable to human dexterity.
The conventional rigid robots cannot fulfil these requirements
because of their low dexterity, rigidity, and lack of adaptability.
However, some special types of robots called soft robots are in their
development stages for such sorts of tasks for space research.

Basically, the softrobotsare made of compliant materials, in place
of rigid ones. These are also lightweight and versatile in function.
Unlike rigid-bodied robots made from ceramics, metals, and hard
plastics. The compliance of soft robots can increase the protection
during working with human contact. Soft robots have high flexibility,
deformability, energy-absorbing properties, and, in some cases, can
be rapidly restored and replaced inexpensively. Like living beings,
some soft robots can intensely increase their dexterity i.e., motion
to squeeze under hindrances. The researchers used animal models
to manufacture the soft robots but the preparation of these sorts of
robots is not fully developed as they need very high-power output
and refined controls by using closed-loop sensor feedback. Soft
robots’ high deformability, flexibility, and energy absorption, which
make them very suitable for space exploration. The major problems
are non-cooperative targets, space environment, safety issues, and
bulky actuation setups, which comprise pumps, hydraulics, etc. For
instance, pneumatic air muscles require air compressors, which
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inflate/ deflate the synthetic muscles. Robots with soft bodies have
incredible potential. The flexibility of the soft robots allows them to
squash into various shapes and sizes of bodies, which may be useful
in some cataclysmic relief situations. Soft robots are also safer for
human communications and for placement inside a human body.
Therefore, soft robotics will play a progressively significant role in
the future in space research owing to the above-mentioned features
[2-4].

In spite of the predicted versatility of the soft robots, there
are many problems to make the robots capable to work in space.
These are due to environmental microgravity and harsh conditions.
Extreme environments in space, such as severely low or high
temperatures, restrict the choice of soft materials when building a
soft robot for these purposes. Hydrogels and organogels used for
some soft robotic fabrication might melt or get brittle (undergo
glass transition) [5]. Besides, most of the goals are non-cooperative
and it is impossible to recognize the characteristics, shape, location,
robotic interaction safety, and trajectory estimation. The working
vibration in robots is another problem; however, it is low in soft
robots. Therefore, it is important to consider vibration suppression
and structural flexibility in space exploration [6-8]. The important
acquiescence and adaptableness of soft robotics seem to produce
significantly low vibrations when associated with the old machines
[6]. It is important to mention that these features may reduce
sudden impact risk in cluttered surroundings applications. Besides,
they can be applied with good efficiency in any direction or under
low gravity conditions [9] because of redundant degrees of freedom
(DoF). Robotic exploration is necessary to enable more space
exploration by setting the context, providing critical information,
and reducing the risk to humans. Based on the present knowledge of
rigid and soft robots, I think that hybrid formation and management
of soft robots for future space research are essential. During my
study and experience, [ realized that soft robots are the potential
tools to carry out new experiments in space for the advancement
of our current knowledge in cosmology and aerospace. [ decided to
review the applications of soft robots and write an article so that
the researchers may get benefit from my article.

Types of soft robots

The basic design of the soft robots is inspired by animal models
[10]. They are soft in appearance and structures and, hence,
look like invertebrates. Soft robots are categorized as robotic
arms, earthworm-liked robots, soft grippers, multi-limb robots,
caterpillar-liked robots, and many more. The soft robots have a
soft body with sensors and actuators. They need soft and flexible
materials to fabricate with embodied sensors and actuators. 3D
printing is an ideal mode of fabrication. The very first soft robot
was developed in 2011 by Harvard professor George Whitesides.
Later, in 2016, Harvard scientists used liquid silicone rubber for the
development of Octobot, the world’s first soft autonomous robot.
Inspired by octopuses, these soft robots can spin and overcome
obstacles that might be impossible for sharp, tough metal robots
like those depicted in the Terminator or Star Wars. Since then,
the number and types of soft robots have increased dramatically.
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Although they may be several years away from their actual
commercial viability, they still represent an exciting technology
with great potential. Some important types of soft robots are
discussed below.

Soft robotic arm

The soft robot arms are bio-inspired with principles and
constituents of soft and rigid robots. The bioinspired robotic
arms have rigid and soft arrangements in such a fashion that they
resemble the human arm in terms of haptic feedback, through
sensors; anthropomorphic motions, through actuators; and degrees
of freedom, by incorporating soft material and joint selection. The
soft robotic arm robot is an arm type, combines elements of rigid
and soft robotics. Currently, most soft robot arms designs may be
categorized into three groups based on their actuation types [11] viz.
extrinsic, intrinsic, and hybrid actuation. Jiang et al. [12] described
the structure, control, and uses of multi-segment soft robot arms.
Many structural designs were presented by calculating buckling
issues. As per the authors, the honeycomb pneumatic network
was a novel structure. Furthermore, the authors claimed that the
soft arm could significantly simplify the planning, perception, and
control of communication tasks via compliance. The authors also
stressed that this is a primary advantage over the rigid arm.

Soft gripper

The soft grippers have soft cylindrical actuators and detachable
suckers and work on the principle of air chamber inflation situated
in cylindrical chambers; leading to the ability to hold objects. Both
the soft cylindrical actuators and the detachable suckers grab
objects using a vacuum. Soft robot’s fingers have air chambers i.e.
side air chambers for twisting and one chamber for grasping the
objects. This is the combination of these air chambers, which are
responsible for rotating the payload. The gripper reinforces the
principles of soft robots by building molds with everyday materials
and troubleshooting a pneumatic system. Generally, robot grippers
are used to tackle the complex tasks in the automation system
(cranes, stackers, Pallet Shuttle, conveyors, etc.). It is important
to mention that robot grippers should be soft in nature in order
to adapt to the diverse shapes of the payloads and deal with
delicate objects vigilantly. Soft robots have an enormous range
of capabilities, from picking objects on an assembly line to softly
picking a rock sample from a different planet.

Earthworm-like robot

Robots based on the shape and working style of earthworms
are important from the space exploration point of view.
Earthworm-like robots have received great attention due to their
prominent locomotion abilities in various environments. The
superior locomotive ability of the earthworm-like robots originated
from the specially designed structure and the elaborated control
strategies. These sorts of robots have good potential in space
exploration because they may be used to carry out experiments
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and repair damaged machines in space. The special type of motion
called peristalsis of these robots made them ideally work in an
unstructured and chaotic environment. Fang et al. [13] developed
an earthworm-like robot by incorporating actuation with origami
ball structures into the earthworm-like robot ‘body’, and the
earthworm'’s locomotion mechanism was mimicked to develop
a gait generator as the robot’s centralized controller. Similarly,
Zhang et al. [14] used 3D printing for making earthworms like soft
robots. The authors exploited Yoshimura-origami structure 3D
deformability by enhancing the locomotion capability from 2D to
3D.

Caterpillar-like robots

A novel tiny, soft robot with caterpillar-like legs; capable of
carrying heavy loads and adaptable to adverse environments; is
gaining attention in robotic science. The caterpillar-like robots
have a special type of motion called wave locomotion, which makes
them good candidates for space research. The body outline of an
inchworm and its Omega movement may be used to fabricate a soft
space robot. These robots may also cantilever their body through a
gap and climb on objects. An inchworm may rise on a vertical object,
crawl on a narrow stick, and travel via small cracks. Inspired by this,
Koh et al. [15] fabricated a robot and named it Omegabot. Kim et
al. [10] presented a review article on soft robotics. The authors
discuss the structure and functions of caterpillar-like robots. The
authors also stressed tissue engineering to create hybrid systems.

Multi-limb robots

Multi-limb robots may also be important machines in space
research exploration because most wheel-based robots are not
successful on uneven surfaces of the planets. Contrarily to rigid
robots, multi-limb robots can walk and go from one place to
another to perform scientific experiments. Based on these facts and
inspired by starfish and turtles’ movements, a group of scientists
led by Professor George Whitesides from Harvard University, USA
developed soft robots with pneumatic nets [16-19]. Otake et al.
[20] used electroactive polymers and gel to fabricate a starfish-type
soft robot. The main features are the bent of the body and turnover
with respect to electrical stimulation. Pei et al. [21] developed
electro-elastomer roll actuators and utilized the actuators to
produce a six-leg robot. The authors named it as MERbot. The
capability of movement of this robot may be exploited in space
research. Shi etal. [22] prepared a robot with eleven soft limbs with
the capability of walking. The limbs are made of electro-elastomer
(an ionic polymer-metal composite). The shape memory alloy
actuators are utilized to change the attitude of the robotic motion.
This configuration allowed the robot to perform many movements
including grasping, walking, and swimming. Godage et al. [23] also
fabricated a robot with four inflated limbs. The robot is expected
to perform well in an unstructured environment due to its good
locomotion performance. The representative structures of these
sorts of robots are given in the following Figurel.
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Figure 1: The representative structures of some soft robots (a): grippers [40], (b): robot hands [40], (c): fish-inspired soft robot [51].
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Space applications of soft robots

Basically, our space research intention is to use space for
human welfare in the future. Therefore, the different fields of
science and engineering demand experiments to be conducted in
space; especially the ones that require the absence of gravity and
air; related to astrophysics, biology, physiology, fluid physics and
combustion, material sciences, and chemistry. Robots are very
useful machines to conduct these types of work in space. Soft robots
have the capabilities to deform, bend and move in the unstructured
and unpredictable environment of space. They can perform any
type of function in varied situations. Additionally, their soft bodies
are the assets to absorb energy during collision or touch with
objects. Some rigid robots are being used in space applications,
especially at International Space Station (Canadarm2). A humanoid
robot at the International Space Station has performed important
tasks that a man cannot do [24]. Another robot, called Astrobee, is
a new free-flying robotic system on International Space Station to
assist astronauts to reduce the time they spend on routine duties,
enabling them to focus more on human-intensive tasks [25]. Hence,
there is a lot of scope for robots in space applications and recent
years have seen a rise in such robots going to space.

Robotic arms of soft nature may be used to perform various
functions required in space exploration. Some space projects
like ETS-VII and SSRMS are using long robotic arms for space
exploration. Mehling et al. [26] in NASA fabricated a cable-driven
arm of soft robots, named Tendril. This 10 mm thin and 100 cm
long soft robot is similar to a natural plant tendril. It is designed for
minimally invasive inspections like extending deep into cracks and
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under thermal blankets to inspect areas that remain inaccessible
by traditional methods. This property may strengthen and broaden
the robotic arms’ abilities for space research.

Mars is a fascinating planet and might be the future hope
of human beings. NASA used different robotic machines in the
exploration of Mars. The names of the five rovers are Sojourner,
Spirit, Opportunity, Curiosity, and Perseverance. These robots
performed the functions of recording temperature, pressure, and
photographs. These also tested the surface and environment for
the surviving microbes or other forms of life. The basic problem
of these robots is wheel-based movement, which is an obstacle
due to the rugged Martian terrain. Therefore, Mars exploration
may be accelerated by earthworm or caterpillar types of soft
robotic devices. The lidar may be the next technology of NASA
on Mars and this can be performed well by soft robotics. Mizui et
al. [27] fabricated an autonomous robotic fish for International
Space Station dust cleaning. The robot is carrying out autonomous
flight control and navigation in the Japanese Experiment Module
(KIBO). The robotic fish is equipped with elastic oscillation fins
for propulsion in ISS modules, which are realized to contain high
controllability. This robot may help astronauts by detecting and
vacuuming dust particles onboard ISS. In this way, this robot may
reduce the workload of astronauts along with the establishment of
autonomous flight control and navigation in zero gravity.

On-orbit servicing is one of the most crucial utility tasks that
is routinely carried out to boost space exploration. The space
environment is unpredictable and, generally, is not supportive
of equipment reliability and functionality. The primary on-orbit
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servicing functions include repairing, refueling, transporting,
rescuing, and satellites system upgrading. Briefly, on-orbit servicing
is an important duty to keep the spacecraft and satellites in the
best condition to explore new horizons of our space [28-31]. The
capabilities and specifications of soft robotic devices make them a

perfect match for on-orbit servicing, requiring less and less human
involvement in the upcoming years. The first on-orbit experiment
on the Japanese satellite ETS-VII and Canadarm2, on board the
ISS - assists with maintenance, docking, capturingpayloads and
Extravehicular activities (EVAs) - are shown in Figure 2.

s

maintenance, docking, capturing payloads and EVAs (b) [67].

Figure 2: The first on-orbit experiment in the world on the Japanese satellite ETS-VII (a) and Canadarm2 on board the ISS that assists with

Fabrication of soft robots

Soft robot fabrication is a new, enthusiastic, and growing field
but has many challenges. It needs the combination of various
aspects such as simulation, smart materials, fabrication, remote
control, and performance in the space. The development of
design capabilities to work in an unstructured environment is
very difficult. However, the use of 3D fabrication technology has
facilitated the customization of their tasks. Also, 4-D printing may
be an extra advantage in fabricating the desired robots. 4D printing
is a technique where the fourth dimension refers to the time-
dependent response of the 3D printed system to variable stimuli,
such as heat, electricity, magnetism, and pneumatic pressure [32].
The 4D printing technology is being extensively studied in the field
of soft robotics due to its potential to create dynamical systems and
actuators with complex inner structures, which are essential for
soft robotic locomotion.

The researchers used animal models to manufacture the soft
robots but the preparation of these sorts of robots is not fully
developed, as they need high power output and refined panels using
sensory feedback. Basically, the soft robot’s fabrication for space
exploration depends on certain requirements such as versatility
in size-changing, independent of temperature and gravity. The soft
robot prototypes rest on an inexpensive and ample material to
function under varied conditions. Simulating the movement of such
robots is a difficult task. Actuation prediction of soft robots using a
linear analytical prediction model often fails. However, numerical
simulations integrated with nonlinear material principles enhance
accuracy. The fact is that for such processes it is necessary to apply
the methods of continuum mechanics. Therefore, soft robots are
sometimes called continuum robots. Recall continuum mechanics
- section mechanics, physics of continuous media, and physics of
condensed matter, devoted to the motion of gaseous, liquid, and
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deformable solids, as well as force interactions in such bodies.

Sometimes, soft coating on rigid robots serves some benefits
similar to soft robots but increases the cost, weight, and reduction
in motion precision. They are made from a very soft material,
including nanomaterials. This makes them look more like human
body parts, including muscles. Recently, a new approach to hybrid
configuration is considered worthwhile. It is achieved by combining
three key components, viz. skin, muscle, and bone. The hybrid
structures are developed to attain stiffness variability by combining
the key features of an inchworm and a snake. The combination of
stiffness and flexibility may be the main feature of soft robots. It is
also possible to create hybrid soft-hard robots that have an internal
rigid frame and external soft elements. Soft elements can have many
functionsi.e. both acting mechanisms similar to animal muscles and
cushioning material to ensure safety in a collision with humans.
Among all these, it is important to mention that a combination of
sensors, power storage, computational unit, and actuators is very
important to be encased for moving soft robotic devices.

NASA researchers are using silicon-based batoid-inspired
autonomous swimmingrobots for research [33]. The taskisachieved
by the flow work explaining the robot’s geometry, and optimization
of topology. These are required to fabricate the necessary structure
with the needed features. The optimized design was changed into
a code; interpreted by 3D printers leading to robot fabrication. The
researchers are in search of liquid metals, which stretch like the
terminator. The key purpose is to achieve joining, shaping, mobility,
and levelling. If robots are fabricated of durable materials may
have long lives along with working efficiency in an unstructured
environment. Most present prototypes are objectively small-scale
and modest. Some important aspects of soft robots are discussed in
the following sub-sections.
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Soft robotic materials

Space exploration
consequently, the weight, size and volume of the robots are of
great concern, due to payload lift limitations. Therefore, robots of

is time-consuming and costly and,

inexpensive materials, low in weight, and small in size are preferred.
Besides, folding and stretchable robots are other assets in space
research, which come into play based on their multiple DoFs. Due
to these reasons, material selection is very crucial in the fabrication
of soft robots. Polymers are considered the best materials because
of their temperature and gravity independence, stretchability, and
low molecular weight. Besides, these materials disperse forces
on impact which reduces the danger of injury or sudden impacts.
Moreover, nanomaterials may be useful in robot fabrication; in

addition to other types of soft materials.

Graphene and its derivatives have been used in making sensors
and actuators for soft robotics. These materials improved the
selectivity and sensitivity of the devices because of their unique
features. There is some research on graphene-based materials
development and their uses in soft robots. The exclusive inherent
thermal, electrical, and mechanical features of graphene and its
derivatives are making them great materials to accept challenges in
the fabrication of soft robots. The purpose is to improve and extend
applications for developing multi-functional actuators and sensors.
These materials are quite common, as indicated, and, consequently,
an increasing number of publications are seen every year (Figure
3).

( )
sGraphene sensors * Graphene actuators Graphene robots
-
L .
400 de=Number of publications
rd
300 /
200
100
. 000 11 01D RN 2014 2018 :ur-. 1T 218 2oA% 2020 202l
Years of publications
Figure 3: Paper published with the use of graphene and its derivatives from 2010 to 2021 years.
- J

Jinetal. [34] discussed the design, engineering, and mechanisms
of different graphene-based actuators and sensors in soft robotics.
Also, these authors described the various approaches for improving
graphene-based actuators and sensor performances in soft robots.
In this discussion, they mentioned the work of Yan and co-workers
[35], who fabricated a high-strain reduced graphene oxide (rGO)/
nanocellulose sensor which has high stretchability. This ultra-
stretchable rGO/nanocellulose sensor allowed sensing in all
directions. It showed high sensitivity with a gauge factor of 7.1 at

100% strain. Five similar high-strain sensors were attached to a
glove prototype to quantify the strains during finger movements.
Applications like this can be extensively applied in human hand
exoskeletons for musculoskeletal rehab and other purposes. Finally,
the challenges, prospects, and potential of soft robots exploiting
the qualities of graphene-based actuators and sensors have been
discussed. A diagram of graphene and its derivatives for use in
actuation and sensing applications is shown in Figure 4.

-

.

Figure 4: Use of graphene and its derivatives in actuation and sensing applications [34].
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The second most important material for future soft robots may
be hydrogels due to their excellent properties of high transparency,
stretchability, biocompatibility, and ion conductivity. Besides, these
materials are of superb capacity for soft robotics because of their
exceptional receptiveness to stimuli. Lee et al. [36] discussed the
applications of hydrogels in soft robotics. The authors described
the excellent properties of hydrogel for soft robots. The main
emphasis was on the working style of applications. This included
a detailed description, fabrication, and mechanism of thermally,
chemically, optically, electrically, magnetically, and hydraulically
responsive hydrogel actuators. Finally, the authors suggested
future perspectives of hydrogels in the fabrication of soft robots.
The skin-like electronics are also important materials and gaining
importance in soft robots. This is because of their wearable sensing
properties.

Hydrogels have been studied for skin-like electronic purposes
because of their excellent properties of wetness, softness, ionic
sensing capability, and biocompatibility. These properties make
Hydrogel a potential candidate for liaison between soft robots and
humans. It is important to mention that the development of skin-
like hydrogels is in its nascent stages. There are many challenges
ahead such as low ambient stability, limited functionality, poor
surface adhesion, and comparatively high-power consumption.
Ying and Liu [37] reported the current development of skin-like
hydrogel devices to talk about these challenges in soft robotics.
The main discussion is on the existing strategies to enhance the
conductivity, toughness, and current methods to influence hydrogel

robots with innovative qualities of adhesion, anti-freezing, and
anti-dehydration. The authors discussed state-of-the-art skin-like
hydrogel instruments for utilities including soft robotics, wearable
electronics, and energy harvesting.

The next significant future material is silicon and its derivatives
due to their persistence at high temperature and pressure, metallic
luster, semiconductor behavior with high melting and boiling points,
and density. NASA researchers are using silicon-based material
having air bladders internally [38]. They are trying to make soft
actuators for controlling robotic motion. These chambers compress
and expand, depending on the air amount pumped through them,
controlling the robotic motion. The robots relax and flex depending
on air quantities in the chambers. This sort of development is
important for leveling, shaping, joining, and mobility of soft robots.
It is also significant to mention that air and fluid-driven robots may
be more useful due to their higher collapsing features; leading to
small size.

The different types of textiles are also being developed and
studied for the fabrication of soft robots. Various textiles have
been used to make sensors and actuators for soft robots. The use
of textiles enhanced the efficiency of the robotic parts. Fu et al. [39]
described the status of textiles used in robot fabrication along with
future trends. The authors discussed a perception of the present
state-of-the-art in fabric technology for soft robotic fabrication. The
authors also described the essential actuation mechanisms in soft
robots. The yarn and fiber anchored actuators are shown in the
following Figures 5a and b.

Figure 5: Use of fiber (a) and yarn-reinforced actuators (b) [39].

.

Another very interesting material is the group of self-healing
polymers - the assets in soft robotic science for space exploration.
This is due to their remarkable properties of automatic healing
and repair in a highly unfavourable space environment. Besides,
these polymers act as shock absorbers and protect soft robots
from mechanical jerks. Therefore, self-healing polymers are future
important materials for realizing the dream of scientists of ideal
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soft robots. Terryn et al. [40] reported the role of these polymers
in soft robot development. The authors discussed the various
types of self-healing polymers and compared them with other
materials. Furthermore, this article describes the limitations and
driving forces to spur the multidisciplinary mixture of self-healing
polymers and soft robot research. Some other materials used in soft
robots are summarized in Table 1.
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Table 1: Important materials used in the fabrication of the soft robots.

Silicon oil 10

Water conductive fluids
Eutectic gallium indium 69
Fluid air Carbon black and silicon mixtures 10
DN hydrogels, 19

Gels

Aerogels 70
PVDF 71

Soft polymer composites
PVDF/CNF 72
Polydimethylsiloxane 73
Ecoflex 0030 74

Soft elastomers

Silicon rubber 75,76
Sylgard 184 77
Mercury filled in silicon tube 78
Liquid metal embedded elastomers
Silicon/Galinstan 79
Graphene and its derivatives Graphene nanocomposites 36

As such, there is no large literature on nanoparticles in the
fabrication of soft robots but they have a good future in this area.
It is because of their specific properties; especially the small size,
active sites, and high surface area. The magnetic nanoparticles
may be used to fabricate soft robots easily for remote-controlled
actuation by changing the magnetic field gradient. As per Joyee
and Pan [41], dry magnetic nanoparticles (10 nm diameter) from
Ferrotec (NH, USA) were utilized as the magnetic filler for functional
robot parts printing. Kang et al. [42] fabricated actuators based on
silicon and polyacrylonitrile nanofiber. This thermo-pneumatic soft
actuator is made of multi-layered ethanol-infused nanofiber mesh.
The proposed soft robotic system is designed in such a way that it
can operate without additional electricity or a pneumatic system.
Thus, making it a very promising design for space applications;
where high-power requirements are avoided.

Sensors and actuators

Sensors and actuators are among the most critical elements
of soft robots. The design, fabrication, mechanisms, working life,
etc. of the sensors and actuators are important to discuss. Again,
the materials used to fabricate them go on top priority along with
fabrication methods, as they define the reliability and life of these
systems. Actuation is the change of energy into a powered-driven
task, and, of course, it is the most integral part of a soft robot. The
actuators are responsible for the movements, which are required
to be designed to fulfil certain requirements, based on the mission
profile. Different types of actuators have been used in the last
years in soft robots. Some of the most important actuators are
cable-driven, flexible fluidic, shape-memory materials, magneto-
electro-rheological materials, electroactive polymer, etc. Gariya and
Kumar [43] described the development of soft robotic materials
for actuators. The authors discussed the uses of gels, fluids, soft
polymers, soft elastomers, and liquid metal-embedded elastomers.

Regarding the sensors, the materials required are supposed
to be highly stimuli-responsive. The planning of highly sensitive
materials for 2D to 3D shapes is of great importance in soft robots.
Kim et al. [44] reported the stimuli-responsive properties of the
different materials. The authors discussed the structures, material
types, and fabrication methods. The authors described seven broad
classes of stimuli-responsive 2D materials to 3D actuator stabilities.
These classes are metal nanomaterials, carbon nanomaterials,
liquid crystal polymers and elastomers, shape memory polymers,
hydrogels, bio-hybrids, and azobenzenes. The processing methods,
mechanisms, and applications are also discussed. It was also
discussed that the shapes can be controlled by strategies and using
optimum materials. The key factors in the design consideration
are expansion, contraction, twisting, torsion, and bending. These
can be achieved by photothermal, photochemical, electrothermal,
electrochemical, electrical, biological, etc. processes. Also, Liquid
crystalline elastomers (LCEs) are another set of materials that
provide an alternative to piezoelectrics. LCEs have higher shape
variation when compared to inorganic piezo materials for lower
forces. LCEs also provide an alternative to gels, which work on the
principle of swelling and deswelling, as they do not require solvent
transportation in and out of the material [45]. Some of the LCEs,
such as a ferroelectric liquid crystalline elastomer, can also be
converted into a soft actuator or sensor due to their polar structure,
which reacts to the change in temperature and electric fields.

Magnetic responsive materials are another set of candidate
materials that can actuate soft robots and, in this category,
magneto-/electro responsive polymers (MERPs) are considered
the choice because of their multifunctional and predictable
dynamic nature. These are highly responsive by triggering them
either by magnetic or electrical fields. These properties made
them ideal materials in the research of soft robots, especially for
multiple required shapes. Yarali et al. [46] discussed the current
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advancement in MERPs; especially their manufacturing by using 3D
and 4D printing approaches. They also mention an innovative way
of modifying polylactic acid (PLA) filament into a MERP and use in
the Fused Deposition Modelling (FDM) 3D printing technique. To
achieve this, they dissolved the filament in dichloromethyl solvent
at room temperature. Then magnetite nanoparticles are added to

make a composite responsive to the magnetic field. This composite
can then be fed into the extruder of the FDM 3D printer to 3D print
MERP structures for soft robotics. The authors also emphasize the
future applications of MERPs in soft robot fabrication. Figure 6
describes some important actuation systems.
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Figure 6: Steps for close 4D printing for the soft robots [53].
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Like actuators, sensors are also significant in soft robots to
assess the surroundings within which the robot is operating and
allow the robot to adjust its actions in response to the data gathered.
However, their design and fabrication are challenging jobs due to
the different design parameters needed in soft robots for space
exploration. The conventional rigid sensors work efficiently in rigid
robots in which degrees of freedom are certain. In contrast, the
sensors embodied in the soft robots need special features such as
very high flexibility because of infinite degrees of freedom in soft
robots, to work smoothly. The most significant materials under
research and usage for soft robotic sensor fabrication are biological
materials, carbon-based materials, hydrogels, liquid crystalline
polymers, dielectric elastomers, ionic polymer-metal composite,
etc. The sensors detect the variation in many physicochemical
properties such as temperature, heat, moisture, light, sound,
radiations, chemicals, tactile, change in pH, etc, which act as
stimuli feedback for the soft robot to perform a certain action. The
goal is to transcend to fully interconnected structural and sensing
modules, similar to the biological bodies, which is unrealistic with
contemporary rigid sensors.

[lami et al. [47] discussed the materials used for manufacturing
sensors. This article is dedicated especially to the advances in
biologically inspired soft sensors and actuators with development
in the period from 2017 to 2020. Shih et al. [48] developed sensors,
which have the capabilities to be co-fabricated with soft robot
bodies by means of commercially available 3D printers, without
supplementary modification. They used Stratasys Objet350
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Connex3 3D printer, which is capable of mixing conductive and
dielectric materials and printing with various photopolymers.
They also used black resin, containing carbon particles, which
provide a measurable conductivity for sensors. Further, they used
this fabrication technique to print a soft gripper with embedded
sensors by incorporating them directly into the gripper (Figure 7).
The sensors based on triboelectric nanogenerators are attaining
respectable status in soft robotics fabrication. Jin et al. [49] reported
a smart soft robot gripper by means of triboelectric nanogenerator
sensors. These are used to catch the constant tactile information
and motion for soft grippers. The tactile sensors have special
features of perceiving the contact position and external stimuli area
via a special distributed electrodes system.

The nonstop elongation detection through consecutive tooth
contact is possible due to the gear-based sensor with a stretchable
strip. The different objects are identified by a soft gripper using
triboelectric sensory information. Artificial Intelligence (AI) based
support vector machine (SVM), a supervised learning model, has
been used for the categorization of objects using the variation in
triboelectric output signals. The authors demonstrated digital twin
applications, showing object identification and duplicate robotic
manipulation in an unmanned warehouse, which can carry out
programmed sorting and real-time monitoring in a no-camera
setting. The same sort of digital twin technology can be applied
for an autonomous retrofitting/ repair manipulator aboard space
stations. Some important 3D printed sensors in 4D printed soft
robots are given in Table 2.
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Figure 7: Pneumatic grippers having strain and static sensors equivalent to the figures during object holding. S1, S2, and S3 are sensor
evaluations from every three fingers, (A): Plastic strawberry, (B): Pencil, (C): Spam can, (D): Toy peg, (E): Plastic banana, (F): 3D viewpoint
of scatter plot and (G): 2D viewpoint scatter plot [48].
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Table 2: Some important 3D printed sensors in 4D printed soft robots.

. Fused
Graphene/polyuretlllante, Magnetite/Polycapro- Flow Rigorousness adaptation 80,81
actone, deposition modelling
Fused
Graphene/Polylactic acid Chemicals deposition modeling, Classification and detection 82
Stereolithography
Fused
Ionic gels, Tango black Acrylonitrile butadiene .
styrene Pressure & Stress deposition modeling, Safe operation 83-85
Extrusion, Ikjet
Fused
. s . Different shapes to hold & Ges-
Thermoplastic polyurethane, Cilia Tactile deposition modeling, ture di fI;eren tiation 86,87
Stereolithography
Fused
Polylactic acid/ABS, Polyethylene (glycol) diacry- . . I .
late, Bisphenol A ethoxylate diacrylate Biologicals deposition modeling, Classification and detection 88-90
Stereolithography
Fused
Silicon, Thermoplastic polyurethane Strain deposition modeling, Trajectory tracking, Grasping 91,92
Extrusion
Silver/VisiJet Magnetic field Inkjet For direction and alignment 93
Silver/VisiJet, Polyethylene terephthalate Accelerometer Inkjet Maneuvering 94
Nanoparticles Temp. & humidity DLW, Extrusion Stiffness adaptation & stability 95
Magnetite/ABS, Cu/ABS Displacement Fused Pathfinding 96-99

Fabrication techniques

As discussed above, the design of soft robots is based on some
invertebrates and therefore, the researchers are trying to fabricate
softrobots based on animal anatomy to achieve animal-like creeping
and locomotion on uneven and unstructured terrains. For this

purpose, soft materials are required and much is discussed above.
For this type of task, we need an automatic soft manufacturing
process, which can fabricate adapted soft robots proficiently along
with the sensors and the required actuators in one go. We have
advanced in manufacturing processes including 3D and 4D printing
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but adapted soft robot fabrication is still a challenging task. In 3D
and 4D printing, a combination of different materials is used and,
nowadays, these are considered the best methods for soft robot
fabrication. Khomami and Najafi [50] discussed the strategies
of wearable robots with lower limbs that do not have any rigid
joints or structures. They emphasized robots having actuators of
electrically driven cables. Lower limb jointless robots were divided
into three main categories viz. end-effector based, exoskeleton
based, and exosuits based robots. The authors reported that these
types of robots may be useful in space exploration.

Stano and Percoco [51] described additive manufacturing (AM;
3D printing) methods for soft robotics fabrication. The possibilities
of complex geometries (well suited for soft robot fabrication)
in robotics were highlighted. This article also discusses the most
commonly used soft robot actuation systems, categories of 3D

Table 3: The most important additive manufacturing aspects.

technologies, and recent developments in the area of soft robotics
manufacturing. The authors’ categorized AM technologies in three
ways for the fabrication of soft robots i.e., rapid mold, total additive,
and hybrid. In the rapid mold fabrication approach, AM technologies
play a marginal role compared to the other fabrication techniques.
In the hybrid approach, one of the various AM techniques is used
to produce components of the soft robot, which actively involves
AM technology as well as other manufacturing technologies
simultaneously. Finally, Total Additive Manufacturing is the
approach that most comprehensively utilizes AM’s capabilities.
Fig. 8 shows the three approaches as a function of the role of AM
technologies in the whole soft robot manufacturing process.

Below Figure 9 shows a scheme of the AM process including vat
polymerization material extrusion and material jetting.

Brief information on additive manufacturing is given in Table 3.

Acrylonitrile butadiene styrene . ) . - . -
Rapid mold fabrication (ABS) and printed mold of poly- Commercial fuse.d filament fabri- Many sensing ele- Flexible ﬂ.uldlc actu-
L cation ments ation
lactic acid (PLA)
. N Commercial and custom-made Commercial fused filament fabri- Many sensing ele- Many actuating ele-
Hybrid fabrication . .
thermoplastics cation ments ments
Commer(_:lal and cust.om-.made Commercial fused filament fabrica-
- fused filament fabrication; . - .
Total Additive manufac- . tion; Commercial and custom-made . . Many actuating ele-
. Commercial and custom-made . . o . Mainly strain gauge
turing . direct ink writing; Commercial and ments
resins; hydrogels and other ; .
custom-made direct laser writing
polymers
. ™
Dominant
Role of AM in
the whole
manufacturing
process
Marginal
Figure 8: The steps in additive manufacturing in the soft robots [51].
N J
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Figure 9: The working principle of additive manufacturing, (a): VPP, (b): MEX and (c): MTJ schemes. [51].

It is observed that there are some problems in the simulation,
training, and 3D printing of soft robots; which primarily arise due
to the enormous degrees of freedom that soft robots are required
to have [52]. However, 4D printing may solve the problem of
structural components, actuators, and sensor fabrication to a
good extent. The standalone closed loop 4D printed soft robots
are very important in space research, which may be fabricated
easily by 4D printing techniques and trained through different
machine learning algorithms [53]. 4D printing is a useful method
to obtain future soft robots capable to work in an unstructured
environment of space [54,55]. It is important to mention here
that multi-material, embedded 3D (EMB3D) printing smoothly
incorporates different conductive and fluidic features to construct
somatosensitive actuators (SSA) that have great grouping, sorting,
and grasping tasks capabilities [56]. They can perform several
movements like crawling, climbing, and rolling, etc [57], which are
essential locomotion profiles for different missions and experiment
specifications to be performed on nearby planets. The piezoelectric
nanogenerator (PENG) and triboelectric nanogenerator (TENG)
have recently been developed for exploiting mechanical energy
for self-powered robotic systems. The ability to operate while
consuming minimal power is critical for developing pragmatic
autonomous soft robots, that can operate for prolonged periods
without any external power supply in the emptiness of space. The
use of an article written by Pan et al. [58] may be useful for future
planning. The authors stressed the need for the development of
triboelectric- and piezoelectric-based soft actuators and effectors.

Power Sources

As it is very important to develop materials that comply with
the infinite DoF of soft robots by bending and twisting, while
maintaining their function, it is also very important to develop
similar types of power sources that are capable to bend inside

the soft robot body. Designing a stretchable and portable power
source is a big challenge for soft robots. Li et al. [59] develop a
thin and flexible lithium-ion battery for flexible electronics made
from graphene foam (GF). The graphene foam that they fabricated
is made up of 3D interlinked graphene, which is grown by the
chemical vapor deposition process. They used hybrid materials i.e.,
lithium ferrophosphate (LFP)/ GF as cathode and lithium titanate
(LTO)/ GF as an anode. It is very important to note that these
anode and cathode materials are merged with the graphene foam
using the hydrothermal deposition technique. Battery made by the
combination of LTO/GF and LFP/GF, generated an effective voltage
of 1.9 V, with 143 mAh/g of discharge capacity. They claimed that
the battery showed good elasticity, high capacity, and longevity
even when bent to a 5 mm radius. Moreover, they also emphasized
the lightweight property of the graphene foam, which makes them
very suitable to be embedded in soft robots.

In another study, a novel structure with individual overlapping
sections, like snake scales, has been fabricated and tested for shape-
altering batteries for soft robots [60]. The edges of the sections
work in the same way as the scales in snakeskin, allowing stable
deformations without damage. The idea here is the fabricate solid
structures but in such a way that they allow decent flexibility
to the body of the soft robot for locomotion. They consist of
hexagonal unit cells encapsulating the energy devices and electrical
interconnections between cells. The scale framework was made of
aluminium and metal foils that were cut into the ideal shapes with
a cutting plotter.

Based on the simulation’s studies, the shape-morphing battery
withstands its specifications under mechanical deformation of 90%
stretching, with a 10 mm bending radius. They also claimed that
their battery is designed for 36,000 charging-discharging cycles.
Again, these specifications are befitting the requirements of soft
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robots. To make this technology more potent, flexible solar panels
can be installed on top of each flexible battery so that energy can
be acquired as well as stored for actuation in soft robots. Moreover,
flexible triboelectric nanogenerators, as discussed above, can also
be applied to these structures either in combination with solar
panels or separately.

Future perspective

For any scientific and space organization, one of the most
importantrequirementsisasuccessful space mission and softrobots
may take partin this success up to a great extent. Itis well known that
space is an unpredictable and unstructured environment and, really,
it is difficult to perform experiments by astronauts for a prolonged
period. Therefore, there is a pressing need to develop soft assistive,
self-powered, and autonomous robots in the future. Consequently,
the future of soft robots in space exploration is quite bright. These
soft robots made of special materials, as discussed above, may play
crucial roles in the exploration of various unknown mysteries of the
Moon, Mars, Venus, Titan, and Enceladus. The reparable robots may
play a great role in space research programs. Besides, a swarm of
soft robots may be useful in space exploration for synergy between
the systems, and if one robot fails another will take over the task
because redundancy is essential in the field of aerospace. For such
types of fabrication, there is a great need to advance the 3D and 4D
printing technologies. Chen et al. [61] discussed the space habitat
designs for long-term space explorations.

The space habitat designs are suggested with advancements
in the capability of humans to work in space for a long time. The
authors mentioned modular assembly, torus structure, and bola
structure as some of the possible designs for a space habitat.
These habitats will require efficient radiation protection, artificial
gravity, sustainable food, commercial values, and a growth strategy.
Besides, habitat sub-systems, life support systems, and economic
aspects were also discussed. Now, it is very important to note here
that such a complicated habitat would require a very high level of
construction and maintenance strategy. Astronauts performing
space walks tethering all the time would be inefficient and, at times,
risky due to solar flares and space debris. Hence, autonomous soft
robots would be the most favorable option. It is believed that soft
robots may be highly useful and popular in the coming years to carry
out the required experiments in space as well. It is also important
to mention that hybrid robots (Rigid and soft robot combinations)
may be useful, but it will depend on the types of tasks they will
perform. The introduction of soft robots in the experimentation
would reduce human errors, increase the potency of the research
laboratory, collect samples from asteroids and planets, and would
autonomously decide the next steps be taken in the process, which
will improve as the machine learning algorithms are becoming
more vigorous over the time.

Future challenges

Verily, soft robots are highly useful to carry out experiments
in space but there are many challenges. The main problems
are effective design, fabrication, working efficiency, autonomy,
precise actuation, and continuous power generation. The design
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of the soft robots is very critical because of abrupt variance in
various environmental conditions, such as radiation intensities,
temperature, pressure change (on the planets), etc. on the body
of the soft robot. Besides, the contact of robots with an unknown
object is a serious and challenging problem, especially if they
have chemically driven actuators. Space stations are designed to
maximize space usage, which makes the modules very crowded
with instruments. Soft robots would not only need to carry out their
assigned tasks in this environment but also find the most efficient
path to the goal. This also opens a vast field of object detection
and avoidance to be implemented in the control of soft robots.
Therefore, a careful design of soft robots is required. For this, more
simulations are needed to train the soft robots to function with
liaison to 3D and 4D printing techniques. In the design of the soft
robots, sensors and actuators are required to be fabricated at the
micro and nanoscale and embodied in the soft robot, which is a
demanding job.

This task of the fabrication of the micro and nano-level sensors
and actuators is extremely difficult, but shape memory alloys can
fulfill this task easily due to their remarkable features [62]. Besides,
the sensors and actuators are required to be soft, inexpensive,
higher longevity, which is again very challenging. Since space
missions are costly and rare, the design and functionality of the
soft robotic systems must be the finest. A malfunctioning robot can
jeopardize the success of the entire mission and space research.
The supportive sensors and actuators may be fabricated by using
dielectric elastomeric actuators made of soft materials. Lipson
[63] discussed opportunities and challenges in the simulation,
design, and fabrication of soft robots. The new opportunities and
some potential avenues to tackle the challenges are discussed. The
opportunities discussed are design, simulation, natural systems
mimicry, safety, and human compatibility. On the other hand,
the challenges included design, lack of computational power for
modelling and predicting results, and soft actuation methods. The
authors described the big challenge to explore perfect sensors,
actuators, power supply, and control systems. It was stated that the
traditional motors are not small while small motors provide low
torque, which is a big challenge.

Despite some success in the fabrication of soft robots, the
fabrication methodology is not fully developed due to certain
reasons. The materials available are not fully capable to bear the
unpredictable and harsh environment of the space. For this, special
types of materials are required which can stretch and bend with
sustainability in the varied environment. Scientists are working
hard in this direction and probably graphene and its derivatives
may also be useful materials in the future for this purpose. Besides,
macroporous gels, electroactive polymers, and other phase-
transition materials are supposed to be more effective but have
some challenges with motor compatibility. The carbon-based
titanium polymers may be utilized with synthetic polymers to
fabricate ultra-thin artificial muscles for soft robots. Furthermore,
silicone rubber may be used as the soft robot’s body owing to its
low young’s modulus with high strain. Just as the reduction in the
O-ring elasticity on the Challenger shuttle leads to its destruction,
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the same concepts are followed when elastic materials are applied
to the outer surface of the soft robots. Hence, it is very essential
to predict the behavior of all the structural elastic materials of the
soft robots at various temperatures before launching them off into
space.

It is well known that the present space exploration regulatory
system from earth is not efficient, and it requires more
advancements [64-66] for future research programs. Most of
the present technology cannot control a high degree of freedom
activities in unstructured environments. The remote control of
the robots is the key parameter to optimize and, for this, advanced
software and modeling are required to develop. The concept of
morphological computation (embodiment) of artificial intelligence
may be exploited to control soft robots. Automated designs and
advanced algorithms may be used to improve the autonomy of
the robots [67]. These are some basic challenges we are facing.
Nevertheless, we should be ready to advance more in the field when
we shall launch new space research programs, as it is difficult to
evaluate and analyze all the problems and challenges in advance
due to the unknown and unpredictable nature of the unstructured
space environment.

Future market

Soft robots are machines working for human beings’ welfare
and, naturally, their demand will increase in the future. Soft
robots are gaining attention due to the escalating necessity for
automation. An increase in their demand would increase the
soft robotics market. As per News provided by Report linker, the
soft robotics market may grow up to a robust Compound annual
growth rate (CAGR) of 37% (capacity bass) from 2019 to 2024
[68]. In the near future, various government space agencies and
some private organizations are supposed to launch satellites into
space for various purposes. For example, DARPA is trying to create
a team of mechanic robots to retrofit and repair satellites in case
of damage. Consequently, the chances of the growth of the market
of soft robots are high. Scientists are trying to explore life on other
planets and searching for highly costly minerals and materials (raw
materials). Such initiatives can also proponent the higher cost of
soft robots due to higher profit margins. Under such situations, the
role of soft robots is highly crucial, which will augment the demand
and the market for soft robots. The technology is much studied
and researched, but the practical applications are still upscaling
and not fully developed for commercial purposes. However, some
players have already started to manufacture soft robots. The most
important are Ekso Bionics Holdings Inc., USA, Empire Robotics,
Inc., USA, Soft Robotics, Inc., USA, Intelligent Soft Robotics Market
include Cyberdyne Inc., Japan, FANUC Corporation, Japan, F & P
Personal Robotics (Switzerland), GLI Technology Ltd., China, and
Franka Emika GmbH, Germany.

Besides space research, the demand for soft robots is also
increasing in other arenas. The most notable sectors include
automation in manufacturing industries, defense, food & beverage,
healthcare, logistics, houseware, etc. Supermarkets such as Amazon,
Walmart, Costco, etc. will be huge consumers of the soft robots in
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their warehouses. The demand in the food and medicine industries
is increasing for reproducible slots production and operational
efficiency. Besides, the use of soft robots in defense, healthcare, and
chemicals is of significant use. During the write-up of this article, it
was realized that the demand for soft robots will increase in every
sector of life; leading to an augment in their market. As discussed
above, the manufacturing of soft robots is not fully developed.
Moreover, the available soft robots are costly but in the future;
and during the course of advancement; more and more smart soft
robots will be available at low prices. This will revolutionize the
soft robots with high demand and market. Briefly, the future is quite
bright for soft robots from the research and business point of view.

Conclusion

Space research is very interesting and demanding from
the future perspective but very difficult to carry out due to the
unstructured and unpredictable space environment. For these
reasons, robots are being used but the rigid robots are not capable
to fulfill all the requirements and, consequently, the soft robots are
being fabricated and used for the purpose. Basically, the soft robots
are fabricated based on the invertebrates’ working mechanisms.
Some soft robots have been fabricated by using advanced smart
materials. The sensor and actuators are the backbones of the soft
robots, which have been embodied and fabricated in-together as
one system. The fabrication of soft robots is not fully developed,
especially for the application of space research due to the lack of
proper materials, simulation methods, and fabrication technologies.
There are many challenges to fabricating perfect soft robots for
space research, but scientists are trying to sort out all of these.

It is well known that research is at a slow pace; especially in
space. Advancement in the 3D and 4D printing technology with
more robust and elastic smart self-sensing materials would elevate
the chances of success of soft robotics in space. The first soft robots
to space will collect a plethora of invaluable data, that can be used
effectively to train our future soft robots through machine learning
for better and higher autonomy and efficiency. It is anticipated that
the future of soft robots is quite bright in space research along with
their use in other sectors. Certainly, one day we will have soft robots,
equivalent to human beings, for carrying out all the experiments
and tasks in space, on the surface of asteroids, and other planets
for the welfare of humanity as a whole. Also, the soft robots will be
highly useful to explore the present lives on the extremely remote
planets of this universe. Briefly, soft robots will be highly useful
machines for all of us.
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