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Abstract: Soft robots present resilient and adaptable systems characterized by deformable bodies

inspired by biological systems. In this paper, we comprehensively review existing design methods

for soft robots. One unique feature of our review is that we first formulate criteria, which enables us

to derive knowledge gaps and suggest future research directions to close these gaps and go further.

Another distinctive feature of our review is that we pivot on the general engineering design process

for soft robots. As such, we consider three criteria: (1) the availability of design requirements to

start with the design of soft robots, (2) the availability of the so-called concept design or architecture

design for soft robots, and (3) the systematic process that leads to the final design of soft robots. The

review is conducted systematically, especially when searching for and selecting relevant publications

in the literature. The main contribution of this review includes (i) identifying knowledge gaps and

(ii) suggesting future research directions to close these gaps and go further.

Keywords: soft robot; design methodology; bio-inspired design; topology optimization; evolutionary

design; soft machine; soft actuator; soft body

1. Introduction

An autonomous robot has five functional units or systems, namely: (i) a power
generator and supply, (ii) an actuator, (iii) a mechanism (or motion and force transfer) [1],
(iv) a sensor, and (v) a controller. A non-autonomous robot excludes the system (i), while a
machine only has the systems (ii) and (iii). In a traditional robot, all the units are composed
of ªrigidº body materials. By rigid, it is meant that the deformation is small, a disturbing
factor only. The units do not interfere with each other structurally by the deformation of
body materials. The limitations of such robots (rigid body robots) include (a) the hostility
of a robot’s environment, (b) poor resilience, and (c) poor adaptability.

The soft robot concept has been proposed to overcome the limitations of rigid body
robots [2]. Soft robots are composed of body materials whose Young’s modulus is close
to that of materials made for animal bodies, including the human body [2]. It is noted
that in soft robots, deformation of materials and bodies participate in active roles in all
the functional units or sub-systems of the robot. As such, all the functional sub-systems
are integral, interacting with each other by their body deformations and this view sets the
definition of soft robots in [2], and significantly departure from others in [3±5]. Due to the
foregoing feature, soft robots have many salient properties, such as high resilience and
delicacy, as opposed to rigid body robots. Care must be taken that our review only concerns
soft machines, parts of soft robots which consist of actuators and mechanisms, rather
than the entire robot. Further, this paper focuses on design methods for soft machines.
Nevertheless, hereafter, we may still use the term ªsoft robotº instead of ªsoft machineº, as
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in the title of this paper, to maintain consistency with most of the current publications in
the literature.

Soft robots positively impact various fields, including healthcare, education, social
warfare, and safety. In healthcare, soft robots are used in health monitoring, medical
treatment, and assistive devices for people with disabilities [6±14]. They are used in
prosthetic systems; specifically, the soft prosthetic hand is shown to significantly enhance
the quality of life for individuals [12]. In education, soft robots provide a straightforward
and cost-effective introduction to understanding robots. According to [15], students can
quickly program their custom-designed robots, making soft robots a valuable tool for
increasing educational accessibility. In safety and security, soft robots are vital in pipe
inspection and maintenance, where they help prevent economic losses and casualties by
detecting and addressing fluid leaks in damaged pipes [16,17]. In sustainability, soft robots
contribute to combating climate change through adaptation, restoration, and remediation
efforts [18]. Research into the design methods for soft robots is thus essential to boosting
more practical applications of soft robot technology. As a rule of thumb, the design,
especially the concept design, is responsible for about 80% of the total cost of a product [19].

Motivated by the above understanding of the importance of the design methods for
soft robots, this paper will review the current design methods for soft robots, aiming to
identify knowledge and technology gaps and suggest future research and development
opportunities. Based on our approach to conducting a critical literature review, reported
in [20,21], in this review, we will first develop the criteria with which we will evaluate the
literature. In this connection, we introduce the general engineering design process because
the subject we review is the design method for soft robots. It is noted that the so-called
general design process applies to all devices, products, or systems as opposed to specific
design processes applicable to specific devices, products or systems only [22].

The well-known engineering design process is developed by Pahl and Beitz [23]. The
revised version of this process is described in [24] and shown in Figure 1. According to
Figure 1, the first step (design requirement) in design is to convert the customer voice
of needs for a product, say soft robots, into the technical description of needs, i.e., the
description of needs in technical terms and with specific metrics. For instance, a customer
needs a durable product; this need is written into a technical specification with parameters
such as hardness and lifetime. The technical description of needs is also called the technical
specification of needs or the design requirements or requirements. Hereafter, these terms
are used interchangeably. The first step also includes the decomposition of the requirement,
namely from the overall requirement into sub-requirements, and so forth. The second
step is the concept design, which determines the working principle for a soft robot under
design. For instance, suppose that the requirement is to convert rotation to translation,
and the working principle or the concept of the device under design is the slider-crank,
screw mechanism, and rack-and-pinon [25]. The design iterates these steps and results in
the requirement decomposition (R1, R2, . . . . . ., Rn) along with the device concepts (C1,
C2, . . . . . ., Cn) to meet the design requirements (R1, R2, . . ., Rn), where R: requirement,
and C: concept. It is noted that the result of the concept design of a product is also called
the architecture of a product [26], and further required decomposition and concept design
may be carried out in a concurrent zig-zag manner. The third step (embodiment design)
in design is to determine the shape, size, and material of components, along with the
assembly of the components. The last step (detail design) in design is to determine the
surface features of the components.

Based on the general design process discussed above, the following criteria are defined
as a reference to evaluate various design methods for soft robots in the literature and help
to derive knowledge and technology gaps, which are presented below.
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Figure 1. The engineering design process proposed by Pahl and Beitz [23].

• The first criterion (Cr1): A design method that represents the design requirement for a
soft robot as completely and explicitly as possible. By ªcompletelyº, it means that all
three categories of requirements, namely function, performance, and condition, can
be included [27]. By explicitly, it means that the design requirement can be expressed
in an object model or schematic model rather than in a specific computational model,
e.g., finite element model.

• The second criterion (Cr2): A design method that allows for creating the architecture
or the concept of a soft robot as rationally as possible. By ªrationallyº, it means that
the concept is created based on first principles.

• The third criterion (Cr3): A design method that allows for creating the final design
as systematically as possible. By ªSystematicallyº, it means that the design process
follows the four steps outlined above (adapted from the one in [23]), which may also
be called a white-box rather than a black-box process [28].

Several remarks are made regarding the three criteria. Remark 1: Cr1 is defined
because the essence of design is to propose a structure that meets a requirement, and
therefore, the requirement is the first and foremost step in design. Remark 2: Cr2 is defined
because the architecture of a product is as important as the DNA of a biological system
and empirically; in the engineering design committee, there is a broad agreement among
researchers, though empirically, about 80% of the total cost of a product is decided at
the concept design phase, see [19,29]. Care must be taken to ensure that no criterion is
defined in the embodiment design phase or the detail design phase because the impact of
the design from these two design phases is relatively low compared to that of the design
from the concept design phase. Moreover, in the modular architecture of a product [30],
the three design phases are combined into one physically. In this case, the concept design,
the kinematic design of machine products, dominates among the three design phases.
Remark 3: Cr3 is defined because in the design community, in a new product design, three
design phases (concept, embodiment, and detail) are logically distinctive, thus providing
more opportunities for design innovation, though empirically, compared to one or two
design phases only, see Figure 2.

 

Figure 2. The criteria versus the general design process. Synthesis: propose the structure of a design

object to meet a requirement; analysis: find the behavior for a given structure.
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Further, to facilitate the utilization of these criteria, guides are given to rate how well
a particular design method meets the criteria, e.g., high, low. These guides are shown in
Table 1.

Table 1. Guides for rating how a particular design method meets the criteria.

Criterion Rating Description

Cr1

High: If a design method allows the designer to specify the design requirements ªnaturallyº, including
functions, performances, and constraints, this design method will be rated ‘high’ in terms of Cr1. Naturally, it
means that the specification of design requirements is not dependent on any computational model but on a
semantic template or data model [31,32].
Medium: If a design method allows the designer to specify the design requirements (function, performance,
and constraint) in a computational model, for example, a particular evolutional computational model, this
design method will be rated ‘medium’ in terms of Cr1.
Low: If a design method does not allow the designer to specify the design requirements but directly allows the
designer to specify a design object, a soft robot in this case, by mimicking a creature along with its behavior or
property, this design method will be rated ‘low’ in terms of Cr1. It is noted that such a design method for soft
robots is also called the bio-inspired design method, coined in this paper.

Cr2

High: If a design method allows for generating the architecture of a soft robot based on first principles, it will
be rated ‘high’ in terms of Cr2. In this case, the first principle refers to knowledge from basic sciences (e.g.,
physics, chemistry, biology) upon which to account for the behavior of a design object, such as a soft robot, in
an explainable manner.
Medium: If a design method combines the first principles and experiences of the designer in the design
process, it will be rated ‘medium’ in terms of Cr2. For example, in a particular design method, the architecture
of a product is proposed based on the designer’s experience, but the follow-up design activities, such as
embodiment design, are conducted with an optimization principle; this design method will be rated ‘medium’
in Cr2.
Low: If a design method requires the designer to determine the architecture or concept of a design object, such
as a soft robot, using the designer’s intuition, experience, or bio-inspiration, this design method will be rated
‘low’ in terms of Cr2.

Cr3

High: A design method follows a step-by-step flow with clear and distinct phases, and thus this design
method will be rated ‘high’ in terms of Cr3.
Medium: A design method may miss one or two design phases, e.g., technical specification of design
requirements. This design method will be rated ‘medium’ in terms of Cr2.
Low: If a design method does not have distinct design phases or steps for the designer to follow, this design
method will be rated ‘low’ in terms of Cr3.

The remaining part of the paper is organized as follows: Section 2 will describe how
the literature on design methods for soft robots is searched and selected. Section 3 will
provide a comprehensive discussion of the literature regarding design methods for soft
robots, aiming to derive knowledge and technology gaps. Finally, Section 4 will suggest
future research opportunities to close the knowledge gaps and advance the design methods
for soft robots.

2. Searching and Selecting Papers: A Systematic Approach

The systematic approach to literature review involves the following steps: (i) starting
by selecting target databases that contain literature on the subject concerned, designing
methods for soft robots in the case of the present paper, (ii) choosing keywords that best
represent the subject concerned, (iii) identifying relevant literature from the outcome of
searching the databases, and (iv) analyzing the identified literature along with the over-all
search outcome. Each step will be discussed in the following sub-sections.

2.1. Target Databases

A rapid search on Scopus, the largest and most reputable abstract and citation
database, is performed to pinpoint the most pertinent databases for the design of soft
robots. This search, conducted using the keyword ‘soft robot’ from 2010 to 2023, yielded
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over 16,000 results. Subsequently, the top ten journals with the greatest number of publica-
tions about soft robotics were identified, as shown in Figure 3.

ff

 
 

Figure 3. The contributions of different journals in soft robotics (based on Scopus).

The significant contributions from these journals underscore their pivotal role in shap-
ing the research landscape in soft robotics, making them prime sources for a comprehensive
review of the latest advancements and innovations in the field. Notably, IEEE publications
comprise about 39% of the results, spanning various document types, such as articles,
conference papers, and chapter books. This underscores the substantial influence of the
IEEE database in soft robotics research. Furthermore, the Journal of Soft Robotics holds
the second rank, contributing 12% of the publications related to soft robots. Since 2014, the
Journal of Soft Robotics (SoRo) has been at the forefront of publishing advanced research in
this field. By concentrating on these two databases, IEEEXplore® and Soft Robotics (Mary
Ann Liebert Inc., Larchmont, NY, USA), the review is grounded in the latest and topically
significant works available in soft robotics.

2.2. Keywords Selection

The main goal of this step is to find publications in the literature based on the criteria
(see the discussion in Section 1), specifically, the design method, architecture, actuation,
and mathematical model for soft robots. As such, the selected keywords are:

• ANDÐSoft robot; Design.
• ORÐArchitecture; Actuator; Mathematical Model; Body; Mechanism.

When conducting a systematic literature review, adding ‘AND’ to the search keywords
helps focus results by ensuring that every chosen study contains all the required keywords
(i.e., ‘Soft robot’ and ‘Design’). Conversely, selecting ‘OR’ broadens the scope of the
search and makes any of the input terms appear in the results; for instance, the operator
‘OR’ subjects to the keywords ‘Architecture’, ‘Actuator’, ‘Mathematical Model’, ‘Body’,
and ‘Mechanism’.

2.3. Identification of Relevant Publications

The search for relevant publications is conducted by applying the keywords search
and date range filter from 2010 to 2023 to the IEEEXplore® and SoRo journals. The primary
criterion for selecting the relevant literature was the results that contained the keywords
and aligned with the defined criteria in Section 1. To ensure the selection of the most
relevant publications, the abstracts of all results that meet the criteria were studied. After
applying the selection criteria to the initial results, we selected 198 relevant publications
from IEEEXplore® and 124 from SoRo for this review. Figure 4 illustrates the chosen
publications according to the years of their publication.
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Figure 4. Evolution of publications over time: a chronological analysis.

Though our review is focused on soft machines (actuators and mechanisms), we hope
to have some impression of the literature on the soft sensor and the soft controller instead of
the soft actuator. For this reason, we conducted three separate searches using the keywords
ªsoft robotº alongside ªactuatorº, ªsensorº, and ªcontrolº, respectively. We then sorted
the publications related to actuators, sensors, and controllers for soft robots by the year of
publication, see Figure 5. It can be seen in Figure 5 that first, the number of publications
increased from 2010 to 2023, suggesting growing interest in the functional units of soft
robots; second, the attention to the soft actuator was far more than the attention to the
soft controller and soft sensor with the soft sensor having received the least attention. We
speculate two reasons behind this phenomenon. The first reason is that the understanding
of the soft sensor, as well as the soft controller, may present some significant confusion.
According to [2], a common understanding is that they are conventional but associated
with the soft mechanism only. This understanding is argued incorrectly in [2], but details of
the argument are out of the scope of the present paper and are referred to in [2]. No unified
understanding of the soft sensor and the soft actuator naturally causes less attention to
them. The second reason is that the soft robot differs from the rigid robot mainly in the
machine (i.e., integration of the actuator and the mechanism), and this view is congruent
with the conventional understanding of the soft sensor and soft controller. This view is a
contributory factor to the phenomenon.

Figure 5. The number of publications on soft robots from 2010 to 2023, categorized by soft subsystems:

actuators, sensors, and controllers. Note: The publications in this figure are selected solely based on

the considered keywords.
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3. Results and Discussion

In this section, we analyze and comment on the literature as searched. It is to be noted
that a design process includes not only the activity of synthesis but also the activity of
analysis, and specifically, the analysis activity assists in the evaluation of design candidates
out of each design phase. Further, in both activities of analysis and synthesis, we focused
on the so-called computational approach, which includes (1) mathematical modelling of a
design object under design, soft robots in this case, to establish the mathematical model for
the design object, (2) model-based algorithms for analysis, and (3) model-based algorithms
for synthesis. Hereafter, in this paper, synthesis and design are used interchangeably,
though the term ‘design’ is broader than ‘synthesis’, covering all activities in the entire
design process, which results in a final design object to meet the requirement. As such, this
section is organized in the following manner. Section 3.1 discusses the method of design
(or synthesis). Section 3.2 focuses on analysis methods, the basic components that build up
a soft robot, actuation methods for soft robots, and mathematical modelling for soft robots.
Section 3.3 outlines knowledge and technology gaps in the design and analysis method of
soft robots.

3.1. Design Methods

In this section, we present a detailed analysis of design methods for soft robots in
the literature. First, we conclude three categories of design methods in the literature, that
is (1) the method based on learning creatures and animals (bio-inspired method), (2) the
method based on the topology optimization technique (topology optimization method), and
(3) the method based on the evolutionary computing technique (evolutionary computation
method). Second, we examine the three categories of methods against the criteria defined
above, specifically by rating them against the criteria based on Table 1, to explore their
gaps by considering the benchmark rate (‘High’) as the reference. We also give narratives
to these gaps. It is to be noted that the rates (thus the gaps) imply limitations or restrictions
of these design methods, and in the Section 5 of this paper, future directions are proposed
to close these gaps and go further.

3.1.1. Bio-Inspired Design Methods

The bio-inspired design method, like its name, is to build soft robots that resemble crea-
tures and animals. Surprisingly, out of all the relevant publications (198 from IEEEXplore®

and 124 from SoRo, as shown in Figure 4), 169 publications focus on design methods and
have been selected for this category. Figure 6 shows the distribution of the publications
according to the year of their publication. The period from 2010 to 2023 witnessed an
increase in the design of soft robots, particularly those that resemble animals or biological
organs. Among creatures and animals, worms, humans, jellyfish, starfish, snakes, elephant
trunks, octopuses, and fish have emerged as the most popular sources of inspiration for
researchers creating soft robots [33±52].

ff

tt
tt

 

ff

Figure 6. Soft robots designed by mimicking animals and humans.
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Figure 7 categorizes the soft robots designed to resemble these animals.

ff

tt
tt
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Figure 7. Soft robots that look like biological creatures.

The popularity of the bio-inspired design method is perhaps due to its simplicity
in the design process, specifically, no or less need for effort in the concept design (i.e.,
proposing an architecture for a soft robot under design), as the architecture of a soft robot
is replicated from a creature. The bio-inspired design aligns with the so-called bottom-up
design approach. In this approach, a designer starts with an attempt to understand the
principle (i.e., physics, chemistry, mechanics, etc.) which governs a special property or
behavior of the creature interested in by the designer per se, by observing that creature,
then ªreplicatesº the biological structure of that creature, based on the perceived governing
principle, by use of materials and building blocks, and finally refines the structure of the
engineered counterpart of that creature to achieve the most similar property or behavior of
that creature.

We shall categorize the particular property or behavior of the creature or animal and
the governing principle researchers replicate in soft robots in the literature.

• Deformability: Creatures such as octopuses, worms, and caterpillars have flexible
bodies with bending, stretching, and twisting abilities. This remarkable flexibility
empowers them to adjust and navigate their surroundings; for instance, octopuses
can bend their arms to catch prey and effortlessly squeeze them. By replicating these
creatures, soft robots are built to possess such flexible and adaptive properties and
behaviors [53±55]. The governing principle behind this is the deformability of the
structure, including both elastic and plastic deformation.

• Elasticity: Many animals, e.g., worms and caterpillars, can stretch their bodies beyond
their normal length and return to their original shape. Soft robots that replicate this
property can be found in [56,57]. The governing principle for such a behavior is the
elasticity of the material.

• Variable-stiffness structure: Creatures such as starfish and worms possess distinctive
structures capable of transitioning from soft to hard and vice versa, a phenomenon
known as variable-stiffness structure. The variable stiffness property enables these
creatures to adjust the stiffness of their body dynamically in response to changes in
their environment and potential threats. Soft robots built by replicating the variable-
structure property are referred to in [58±60]. The governing principle for the variable
stiffness is that stiffness is a property of the structure, and a change in the structure
will cause a change in the stiffness of the structure.

• Self-healing: Creatures such as starfish and salamanders can regenerate lost body parts,
a phenomenon called resilience [61±65]. Soft robots built by replicating these creatures
are referred to in [66,67]. The underlying governing principle is the self-repair or
self-healing of the structure, the microstructure of the materials.

An example of a soft robot, designed with the bio-inspired design method, is the
soft gripper inspired by octopus arms, which can grip objects of various shapes and sizes,
making them ideal for delicate tasks in the food industry [65±68], see Figure 8a. Another
example of a soft robot, designed with the bio-inspired design method, is the soft robot
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replicating worms and caterpillars for locomotion, see Figure 8b. The robot can navigate
through confined and complex environments, which is particularly useful for medical
applications such as minimally invasive surgeries and endoscopy, where precise and gentle
movement is essential [69±79].

 

 ff

ff ff
ff

ff ff
ff

 

 

(a) (b) 

ffi

Figure 8. Bio-inspired soft robot designs for diverse applications [80] (a) Soft gripper with octopus-

like arms for grasping objects; (b) Worm-inspired soft robot with a segmented body for crawling.

These robots are made of flexible and soft silicone materials. There are two main fabrication methods:

casting, which involves producing a mold and casting the parts, and 3D printing, which creates the

entire system using a 3D printer.

To illustrate the bio-inspired design method process in the context of the general
design process, as outlined above, as well as the three criteria (Cr1±Cr3) defined above, we
examine the design process of SomBot. SomBot is a soft robot inspired by Nannosquilla
decempinosa, a small stomatopod found along the Pacific coast of Panama [81]. The
initial qualitative requirement (customer voice/needs step shown in Figure 1) of this
design is to create a soft locomotion robot with efficient movement ability. Note that
the requirement is not specific but open-ended. To meet this open-ended requirement,
the designer observed that Nannosquilla decempinosa could generate a rolling motion
through the curling deformation of its body and consequently, the designer proposed
that the potential soft robot should consist of a series of pneumatic chambers to create
consecutive dynamic somersaults. Figure 9 outlines the preceding design process along
with information on the structure of the soft robot with the so-called suction chamber,
which serves as an actuator and mechanism.

 

ff

ffi

tt

ff

Figure 9. The process of the bio-inspired method to design a soft robot [81]. This soft robot is made of

silicone material and fabricated using casting. The design integrates the body subsystem with the

actuator subsystem. The body contains air chambers, which create vacuum and suction effects.

Regarding Cr1, in the above design process (or, in fact, in a bio-inspired design method-
ology), there is no step to determine technical requirements based on customer needs before
the design starts. Indeed, in the illustrated example, parameters like velocity and accel-
eration associated with the efficient movement ability of the soft robot under design are
not defined. The essence of the bio-inspired design method lies in its natural alignment
with the bottom-up approach. Here, designers observe creatures’ unique characteristics,
replicate their structures, and explore practical applications. Therefore, Cr1 is not available
for bio-inspired design methods, thus, this method receives a low rating against Cr1.
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Regarding Cr2, the designer, using this design method, will search for the principle of
a design object from creatures or animals in nature. Although there are many choices of
principles, the designer may select a creature that can create a rolling motion through its
body deformation, specifically a small stomatopod found along the Pacific coast of Panama
to satisfy the locomotion and soft body requirements (the unique architecture of the soft
body of the stomatopod can create a rolling motion). As such, the rationale behind creating
the architecture of a design object in the bio-inspired design method is more dependent
on the observation of the creature in nature than the available principle in physics and
chemistry, and the bio-inspired design method receives a low rating against Cr2.

Regarding Cr3, the bio-inspired design method follows a non-systematic process that
does not have clear and predefined phases. However, different designers may proceed
with the design by following the embodiment and design phases ad hoc. For instance, in
the above example, the design process consists of customer needs, observation of creatures
or animals, learning biological principles, and proposing an embodiment design in a trial-
and-error process. As such, the bio-inspired method in the literature receives a low rating
against Cr3.

3.1.2. Topology Optimization Method

The second group of design methods observed in the selected results involve methods
based on the so-called topology optimization (TO) [82±95]. TO represents the design
problem (especially topology design) as an optimization problem, especially optimizing
the distribution of materials within a design domain or space. In brief, the process of
conventional TO starts with discretizing the design domain or space into a mesh of elements
covering the entire design domain. Depending on the discretization method, users select
a physical parameter of the elements as the optimal variable, such as the density of each
element. If the value of this variable of an element is small enough, this element will be
removed; otherwise, the element remains in the domain. In the end, all the remaining
elements together are the resulting design. As such, the optimal variable is a surrogate of
the element in terms of its presence or absence. Like any optimization problem, TO has
objective and constraint functions. An in-progress design is evaluated by analyzing its
behavior against the objective and constraint functions. Therefore, an analysis facility must
be available for this evaluation in the TO system. By iteration, the TO will eventually result
in an optimal layout of elements or materials [95±99].

The TO method has been used for designing soft robots with the elements of rectan-
gles, blocks, and trusses [100±107]. For example, Zhang et al. [106] developed a Python
and ABAQUS/CAE framework using truss elements to craft a pneumatic soft finger for
biomedical applications. Similarly, Chen et al. [107] created a restriction layer for the air
chamber of a pneumatic soft finger based on rectangular elements. An example of the
application of this method for soft robots is used to explore knowledge gaps based on the
three criteria (Cr1±Cr3). As shown in Figure 10, the design domain is discretized into cubic-
shaped elements, and the density of these elements serves as the design variable [108]. The
objective function of the optimization problem is to maximize the output deformation of the
system. At the same time, the volume of the final design must not exceed the boundaries of
the design domain (the constraint function).

Regarding Cr1, design requirements may be captured and represented by the boundary
condition, input deformation along with force or torque, and output deformation along with
force or torque in the TO method. The designer determines the design domain based on
experience. However, for soft robots driven by fluids (including gases), interfaces between
fluids and solids (gripper body) are not specified in the design requirements. Additionally,
the design requirements are represented in a computational model, which incorporates
the design variable, objective function, and constraint function. This issue highlights the
necessity for optimization expertise in accurately defining the design requirements. While
TO does allocate a specific phase for determining design requirements, it does not fully
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address the unique design requirements specific to soft robots. As a result, TO receives a
medium rating against Cr1.

 

Figure 10. The design process of a soft gripper through the TO design method [108], embodiment

design, and detail design are completed during the TO process phase. Additionally, due to the

symmetrical shape of the finger, half of it is considered as the initial design domain.

Regarding Cr2, first, the TO method can create a concept design of soft robots, i.e.,
topology. In this method, the behavior of the systems is governed by the laws of physics,
and the output deformation is calculated accordingly. In this example, TO overlooks certain
aspects, such as details of the actuators. In the current TO design method for soft robots, the
designer must empirically determine the location, size, and type of soft actuators. In other
words, the TO design method for soft robots can only partially create a concept design
based on the first principle, and the empirical knowledge of the designer is needed with
this method. The TO design method for soft robots receives a medium rating against Cr2.

Regarding Cr3, the TO design method for soft robots adheres to a systematic process
characterized by a step-by-step flow with clear and distinctive phases. The result of
applying the TO design method for soft robots is a ªcoarseº embodiment design object,
which remains to be polished for the envelop of the skeleton. As such, the TO design
method for soft robots receives a high rating against Cr3.

3.1.3. Evolutionary Computation Method

The evolutionary computation method draws inspiration from Darwin’s principle
of evolutionary biology. According to Darwin’s theory, individuals with advantageous
traits that enhance survival and reproduction have more chances to pass on their genes to
subsequent generations, see Figure 11. Over time, this process leads to better fitness and
adaptation of populations to their environments. The primary application of the evolution-
ary computation method lies in optimization, where the initial design of the system evolves
to fit its environment better; this process involves an iterative process, gradually adapting a
population of solutions over generations to obtain an optimum solution. A crucial step of
this process is to define the fitness function because it evaluates each possible design and
directly influences the selection of solutions based on their performance relative to prede-
fined criteria. Genetic algorithms [109] and neural networks [110,111] are two examples of
the evolutionary process.

The evolutionary computation method is used for designing soft robots. The main
idea is that a soft robot comprises a set of blocks or modules linked together, resembling a
Lego structure [112]. For instance, Lee et al. [113] focused on reducing the time required to
build basic soft robots and introduced a set of soft blocks called SoBL. These consist of three
soft modules: (1) a pneumatically inflatable soft brick, (2) a flexible bending brick, and
(3) a channel brick. A soft robot is formed by assembling these identical blocks. Another
example of the evolutionary computation method is the voxel-based soft robot, where the
soft robots are created by connecting several deformable blocks named voxels (voxel-based
soft robots will be discussed in the next sections). The voxels are categorized into passive
and active voxels. Active voxels are actuated by pressurizing and vacuuming. Kriegman
et al. [114] provided a comprehensive study on the different combinations of active and
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passive voxels to create different soft moduli with different behaviors. As a result, different
soft robots can be created by connecting these soft modules, such as soft grippers and
walker robots [115].
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Figure 11. Evolutionary algorithm: The graph outlines the five essential phases in a genetic algorithm.

It begins with the ªInitializationº, followed by the ªFitness Functionº phase, where solutions are

evaluated. The ªSelectionº phase picks designs (solutions) for reproduction, leading to the Crossover

(recombination of traits from two parents) and Mutation phase (introduction of random changes),

then applied to the selected designs, generating a new generation with diverse traits. The process

iterates for several generations or until a termination condition is met. More information is given

in [109].

An example of applying the evolutionary computation design method for soft
robots [116] is used to explore knowledge gaps based on the three criteria (Cr1±Cr3).
In this example, the designers used an evolutionary algorithm to optimize the fundamental
block to construct the gripper by connecting the blocks. As shown in Figure 12, the two
primary needs of customers are soft bending and pneumatic actuation. In the first step, the
designers initiated a block design and subsequently constructed the entire gripper system
by connecting these blocks. The list of design requirements for blocks is shown in Figure 12.

 

tt ff

tt

Figure 12. The design process for building a hybrid gripper involves connecting the fundamental

blocks made of rigid and soft materials [116].

Regarding Cr1, explicit technical specifications of design requirements are needed
in [116]; however, the designers specify certain design constraints mathematically, such
as chamber and air channel specifications, and consider functionality and performance
requirements. This design method has much to do with the so-called modular system
design. The design requirement could be specified at the level of the design object rather
than at the level of the evolutionary computational model. For this research, this design
method for soft robots receives a medium rating against Cr1.

Regarding Cr2, designers are expected to propose the initial block design based on
their experiences and observations of LEGO structures, according to [116]. Designers use
rubber (TangoBlack+) to address soft bending but did not specify the reason for choosing
this material, as they do not provide any technical specifications during the design process.
The initial architecture includes an air channel to accommodate pneumatic actuation, and
the designers make the top and bottom sections of the brick relatively stiffer. However,
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they do not explicitly state the rationale behind this decision. Subsequently, the designers
employ the Taguchi optimization method using evolutionary computing techniques and
finite element analysis to optimize the geometry and shape of the initial architecture. They
consider wall thickness and two other geometrical parameters, in addition to the proposed
initial or concept design, as the design variables. The fitness function of the evolutionary
algorithm aims to minimize the Von Mises stress within the block. After obtaining the
optimum designs for the block (module), the designers proceeded with a bottom-up method
and connected four bricks to create a finger for the gripper. This design method for soft
robots creates a concept design empirically rather than based on any principle drawn
from physics and chemistry. For this research, this design method receives a low rating
against Cr2.

Regarding Cr3, the evolutionary computation method combines systematic and non-
systematic processes, and it makes sense in distinct design phases; that is, the designer uses
common sense knowledge to create a concept design, a set of modules and their assemblies
and then applies evolutionary computation to determine details of the shape of the modules.
However, this design method does not emphasize the technical specification of design
requirements, which is the first design phase. Overall, the evolutionary computational
method receives a rating of medium against Cr3.

3.2. Analysis

The following sections review the analysis of a soft robot. Understanding the structure
of soft robots is essential for this analysis. Therefore, Section 3.2.1 discusses the building
blocks to construct a soft robot. Section 3.2.2 discusses the actuation methods. Section 3.2.3
discusses mathematical modelling for analysis.

3.2.1. Building Blocks

Any machine or robot is constructed from a set of essential components. For instance,
the basic components of conventional machines include gears, belts, and other components.
For soft robots, the cubic-shaped voxel components were proposed as a building block for
constructing soft robots [117]. Legrand et al. [115] provided an example of such a soft robot.
With such voxel components, parallel or serial soft robots can be built. Further, voxel com-
ponents can be classified into active and passive components. An active voxel component
means there is an external input to the voxel component to dictate the deformation of the
voxel component. Figure 13 illustrates two samples of voxel-based soft robots.

Figure 13. Voxel-based soft robots [112]. These robots are formed by assembling the silicone-made

voxels in serial and parallel. Casting and 3D printing are two main methods for fabrication of voxels.

So far, the building block for soft robots includes bellows [118±120], air chambers (tubes,
hoses, and balloons) [121±123], coil springs [124,125], leaf springs [126,127], and other elements,
such as notch hinges [128], plates [129], beams [130], and irregular shapes [131±133]. Figure 14
illustrates these building blocks.
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Figure 14. Common building blocks or components for soft robots.

Deformability and flexibility are two distinctive properties of all building blocks in
soft robots, according to the definition of soft robots [2]. Figure 14 shows that bellows
and air chambers are the two most frequently used building blocks in soft robots, with
131 and 107 occurrences out of 322 selected results from the literature, respectively. The
main reason for the air chamber and bellow blocks being used more than other types of
building blocks is the variety of the deformability of these building blocks. For instance,
the bellow block with air chambers can create deformations including bending, twisting,
and elongating, while other blocks, such as coil spring blocks, can only provide elongation
deformations. Furthermore, the unique accordion-like structures of the bellows blocks
enable them to easily bend around objects with irregular shapes that seem critical in
manipulation tasks [134,135].

Two examples of soft robots using these soft building blocks are shown in Figure 15.
One example is a gripper composed of two bellow blocks; see Figure 15a [93]. Each bellow
block is actuated by high-pressure air, and a gripping action is realized by regulating the
pressure in the bellow block. Figure 15b shows a soft robotic arm, which consists of tendon-
driven tubes that can bend and twist [59]. It is noted that bellows and air chambers (tubes)
have a single, integrated structure, which makes it relatively easy to fabricate the entire
soft robot. The fabrication approach is usually a molding method; specifically, producing
more than one block with the same mold. However, the fabrication of soft robots with all
kinds of silicone-based components can now be performed quickly and affordably with
3D printing technology [136,137].

ff

 
(a) (b) 

ff

tt

ff ff ff

Figure 15. Building block-based soft robots: (a) The bellows block is actuated by high-pressure

air [93]; (b) The soft robot includes the tendon-driven tube blocks [59].
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3.2.2. Actuation Methods

From the literature, soft robots can execute movements such as crawling, grasping,
rolling, and swimming when actuated [59,93,138,139]. There are different kinds of actuation
methods. The most popular ones in soft robots are pneumatic, hydraulic, and tendon-
driven (cable-driven) mechanisms that are further based on magnetic, electrical, and
thermal principles. Figure 15a illustrates an actuator, along with a mechanism, actuated
pneumatically, and such a soft robot can undergo expansion in response to positive pressure.
Figure 15b illustrates a tendon-driven soft robot, which is further actuated by the tension
of cables attached to the robot’s body.

Figure 16 categorizes the most frequent actuation methods for bellows and air cham-
bers in the current soft robots in the literature. According to Figure 16a,b, the pneumatic
and tendon-driven actuation methods are currently the most used in soft robots, specifically
with the pneumatic actuator, 81% and 76% of the soft robots in the literature for bellows
and air chambers, respectively. The advantage of the pneumatic actuator includes a large
motion range, high load capacity, no electronic components, heavy equipment that opposes
the softness [2], and low cost. A disadvantage of pneumatic actuators is their slow response
to stimuli compared to actuators made from smart materials, such as those with shape
memory effects, magnetic effects, and piezoelectric effects.

 
 

(a) (b) 
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Figure 16. Different types of actuators in soft robots: (a) Bellows (all shapes of convolutions); (b) Air

chambers (tubes, hoses, and balloons).

Following the pneumatic actuation, tendon-driven or cable-driven systems emerge
as the second most common method according to the literature search (Figure 16). These
systems efficiently transmit high forces (in pulling), enabling soft robots to exert substan-
tial gripping or pulling capabilities. However, tendon-driven actuators demand highly
sophisticated mechanical designs because tendons are passive components and rely on
a cable system to drive them. Also, the systems may buckle during the pulling of the
tendons. A critical shortcoming of the tendon-driven actuation system is that the system is
bulky, which can potentially restrict the applications of soft robots. Also, tendons have the
potential to wear and tear due to friction and stress over time.

The smart material actuation system (e.g., conductive polymers), often an integral
actuator and mechanism, is relatively specialized in applications [140±142]. Though they
are lightweight and have a quick response, they generally provide a lower output power
and a more limited range of motion than other types of actuation systems. Therefore,
according to the current literature, the smart material actuation system is often used in
precise systems with rapid responses and small deformations.
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3.2.3. Mathematical Modeling

By the name ªsoftº, deformable body mechanics is the basis for analyzing a soft
robot. A standard schematic model assumes a whole soft robot as a continuum rod. The
first attempt to analyze such a rod is to find methods to build mathematical equations
and find their closed-form solutions. These methods are piecewise constant-curvature
(PCC) [143] and variable curvature (non-PCC), the latter of which further includes the
backbone continuum approximation method [144], spring-mass models [145], and Cosserat
rod theory [146]. In the PCC approach, the continuous curvature of a flexible element is
approximated by dividing the structure into segments or sections, each having a constant
curvature. By representing the shape of the soft robot as a series of connected arcs with
consistent curvature, the mathematical modelling becomes more manageable, allowing for
real-time analysis and control of robots. The non-PCC method assumes otherwise variable
curvatures across the whole rod. For instance, in the backbone continuum approximation
method, the backbone curvature of the whole rod is no longer constant. This becomes
particularly relevant when considering mathematical frameworks, such as Cosserat rod
theory, designed for slender, flexible structures. Unlike classical rod theories, Cosserat rod
theory considers translational and rotational degrees of freedom at each point along the rod
element. Non-PCC methods are more complicated but more accurate than PCC methods.
The backbone continuum approximation method, a kind of non-PCC approach, is more
suitable for hyper-redundant robot manipulators. However, it has limitations for quickly
capturing the responses of the deformation of soft robots.

The schematic model of a soft robot based on the stiffness, damper, and inertia (or
mass) is another idea for developing a mathematical analysis tool for soft robots, called the
spring-mass-damper model. However, this schematic model involves damping and does
not match well with the building block of a soft robot; this model is not quite popular in
the current literature. Another reason is that the spring-damper-mass model is not suitable
because it is expected to be a linear model (for the availability of closed-form solutions).
However, in soft robots, nonlinear behavior prevails. As a result, numerical modelling
methods, e.g., Finite Element Methods (FEM), are studied in the current literature.

Finite Element Analysis (FEA) tools include open-source packages, like Simulation
Open Framework Architecture (SOFA) and VoxCAD, and popular commercial types of
software, like Abaqus/CAE and ANSYS, to model soft robots. These software packages
provide a range of tools and features to help with the modelling, simulation, and analysis
of soft robots with large deformations, soft materials, and nonlinear behaviors. Ferrentino
et al. [147] presented a tutorial on creating a tendon-driven soft actuator using SOFA.
Schegg et al. [148] analyzed the behavior of a few soft robots in different applications using
the SOFA framework. Programming skills and high-performance computers are necessary
to run SOFA. Moreover, SOFA has limited CAD tools for sketching and creating 3D models
of complex shapes [149].

VoxCAD or VoxelCAD is another tool for analyzing voxel-based soft robots [146±152].
Various voxels can be found in the VoxelCAD library [112]. Voxel can be viewed as a virtual
finite element. By virtual, it means that it is a surrogate of a real component. Because of this
feature, voxel-based analysis can only be used for simple soft robots based on the thermal
dynamic principle.

Many general-purpose FEM tools, such as Abaqus/CAE and ANSYS, can capture more
complex soft robots, e.g., nonlinear deformation [153±156]. For instance, Abaqus/CAE
can work for hyper-elastic and viscoelastic materials models, which are crucial complex
soft robots. Salem et al. [157] used ABAQUS/CAE to analyze the nonlinear behavior of a
low-cost and flexible soft pneumatic gripper fabricated via 3D printing technology. ANSYS
is another reliable software with a user-friendly interface and various features, such as a
CAD interface, material inventory, mechanical analysis, and the ability to generate output
graphs. E G and P S [158] used FEM modelling with ANSYS software to design a soft
pneumatic gripper. Figure 17 illustrates the step-by-step process of modeling and analyzing
a soft finger using FEM software [159]. It is noted that despite the improved accuracy with
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the FEM for soft robots, simulation can still have significant errors, e.g., the comparison of
the simulation and the experiment made in [160], see Figure 18.

ff
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Figure 17. The detailed steps of modeling and analyzing a pneumatic actuated soft bellow finger

using FEM software [159]. The process includes geometry creation, material property assignment,

meshing, boundary conditions application, loading conditions, and the final analysis results.
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Figure 18. Evaluating the results [160]: (a) simulation results; (b) real-world prototype results.

3.3. Knowledge Gaps

We can derive knowledge (including technology) gaps from the above discussion.
First, it is helpful to revisit that design activities include synthesis (or design) and analysis,
which require mathematical modelling. Further, both rely on the overall architecture of
soft robots, i.e., building blocks and their connections. The following section presents
knowledge (including technology gaps) in the design methods for soft robots.

Knowledge gap 1: The overall knowledge gaps with the SOTA methods can be derived
by rating them against the criteria; see Figure 19 for a summary of the ratings. It may be
clear from Figure 19 that no method scores ‘high’ in all three criteria. Nevertheless, the TO
design method has received the highest overall score among all three methods.

Knowledge gap 2: The desired structure of soft robots should be a mix of soft materials
and hard materials with the former wrapping the latter, because soft robots resemble
creatures and animals, in which the bone is a hard material, while the muscle and other
tissues are a soft material. However, the contemporary soft robots in literature are made of
soft materials only.

Knowledge gap 3: The desired building blocks or components for the soft robot are
expected to have large deformations and to embed fluids in the blocks, with the fluids
interacting with the blocks to generate deformations programmatically. Such blocks can
be viewed as a soft micro/macro-fluidic system [161], a solid and fluid interacting system
where the solid part is soft. However, state-of-the-art (SOTA) design methods do not take
whole blocks as design objects. It is worth mentioning that 3D printing technology is
promising to fabricate such complicated building blocks.
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Figure 19. The performance of the bio-inspired design method, topology optimization method,

and evolutionary computation method, against the three criteria (Cr1±Cr3). N/A stands for

not applicable.

Knowledge gap 4: The general architecture of the robot is such that a robot has five
sub-systems, namely the power generator and supply, actuator, mechanism, sensor, and
controller. In practice, a partial robot makes sense; for example, a robot may not have
a power generator and supply on board or not have a controller or sensor on board,
depending on applications. To a rigid body robot, all its on-board sub-systems (mechanism,
actuator, etc.) act without involving the deformation principle, while to a soft robot, all its
on-board sub-systems share their deformations such that their behaviors are affecting each
other. The SOTA design methods in the literature have missed the foregoing understanding,
and consequently, each of the sub-systems is designed separately with inherent limitations
(i.e., they are unable to capture the dependency of the sub-systems).

Knowledge gap 5: The desired method for analysis is measured by two attributes,
accuracy and computational efficiency, which are potentially in conflict. Depending on
the application, the desired method is expected to have high accuracy but satisfactory
computational efficiency (suitable for real-time control applications). The SOTA method,
which is based on the finite element technique, is not suitable for real-time control applica-
tions, while the method, which is based on elastic theory and various closed-form solution
techniques, has low accuracy.

4. Future Directions of Research

Future work is proposed to consider closing knowledge gaps and going further to
advise soft robotics.

First, to close knowledge gap 1, research for a new design method is urgent. The new
design method must follow the general engineering design processes, which are required
to first develop a technical specification of requirements. This does not mean the design is
conducted without iteration; rather, the design decision always originates from the design
requirement. This is followed by activities taking three logically distinct phases (concept,
embodiment, detail or surface). The idea for this new design approach can be outlined. This
approach will be based on the topology optimization procedure with high-level modules
or building blocks instead of primitive elements such as beams and hinges. It is worth
mentioning that the TO approach for soft robots in the current literature, as discussed
above, is the TO procedure with a primitive element, and this approach is rated against
the criteria (Cr1: medium; Cr2: medium; Cr3: high). We hypothesize that starting with
high-level modules or components will allow us to specify the design requirements at the
design object level, which will make this new method highly rated in all three criteria.

Second, research on building blocks is warranted to close the knowledge gaps 2 and
3. There are three ideas for this research. The first idea is to design a hybrid building
block with a hard interior and soft exterior, like a bone with muscle around the bone.
The idea is, in fact, biomimetic. The second idea is to generalize a soft micro-fluidic
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system concept [161] as a new building block for soft robots, namely, the soft infrastructure
embracing fluids. The shape of such soft infrastructure could include structures that can
undergo large deformation, such as hollow helical structures. A hollow helical structure
can have large deformation, while fluids can flow in the hollow to perform a controlled
actuation to deform the structure. The third idea is to apply the hydrogel concept, namely
hydrogel systems, as a concept for new building blocks for soft robots.

Third, research is warranted to close knowledge gap 4 to define a soft robot from an
integral view. The author observes that a soft robot is a highly integral system. Though
the contemporary soft robot is modularized (see the above discussion), deformations of
modules make the modules couple to perform the five basic functions: power generation
and supply, actuation, mechanism, sensor, and control. It is noted that this integral view
will affect the synthesis of a soft robot.

Fourth, to close knowledge gap 5, research is warranted to develop a mathematical
model to compute the behavior of a group of high-level modules, e.g., a group of bellows,
with a lumped fashion. The concept of lumped means that these high-level modules will be
viewed as a parametric black box, defined by a set of attributes representing the stiffness,
inertia, and damper. By parametric, it means that the stiffness, inertia, and damper are
further dependent on the parameters that describe the shape and geometry of the modules.

Fifth, to an entirely soft, autonomous robot, its controller, sensor, and power generator
are unique in that electrons are replaced by fluids [2]. In this connection, the architecture
and principle of entirely soft, autonomous robots (soft controller, soft sensor, soft power
generator), along with how to design them, have yet to be discovered and warrant future
research. In the case of partial soft, non- or semi-autonomous robots, the power genera-
tor/supply is absent; the sensor is like the sensor of the traditional robots. In this case,
the robot consists of the soft machine (the soft actuator and the soft mechanism) and the
controller for the soft machine, and we further assume that the robot is electron-based
rather than fluid-based. The controller, in this case, will be more complex than the controller
for the conventional robot with the flexible link and the flexible joint [162,163] because the
controller for such a kind of soft robot needs to consider not only the flexible link and the
flexible joint but also the soft actuator.

Finally, we propose a new interdisciplinary program called soft robotics. As it may be
apparent from the above discussion, soft robotics or soft robot technology is an emerging
discipline with a meaningful body of interdisciplinary knowledge, crossing material sci-
ence and engineering, computer science and engineering, mechatronics, manufacturing
technology, and biology. The program may take 5 years in the context of North America,
built on the top of engineering and computer science and run by a multidisciplinary team.

5. Conclusions and Contributions of the Paper

It can be concluded that (1) soft robotics is a new field of robotics, and the unique
feature of soft robots is the management of deformations of materials that construct a soft
robot, and (2) the state-of-the-art knowledge, as well as the technology for developing a
soft robot, is still under desired.

The main contribution of the present review paper is twofold. (1) The present paper
has collected literature on soft robotics with a high degree of completeness because the
review followed the so-called systematic review procedure. Nonetheless, we focus on
semantics rather than syntactic, e.g., the number of papers each year. (2) The present
paper has developed a systematic approach to derive knowledge gaps distinct from the
complementary literature review papers. The important feature of this approach is to define
the so-called ªgolden standard or referenceº. This approach has a generalized implication
for all fields of science and technology. (3) This review has identified knowledge gaps in
the field of soft robotics and has proposed future research to close these knowledge gaps.
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