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Abstract: The fabrication of robots and their embedded systems is challenging due to the complexity
of the interacting components. The integration of additive manufacturing (AM) to robotics has made
advancements in robotics manufacturing through sophisticated and state-of-the-art AM technologies
and materials. With the emergence of 3D printing, 3D printing materials are also being considered
and engineered for specific applications. This study reviews different 3D printing materials for 3D
printing embedded robotics. Materials such as polyethylene glycol diacrylate (PEGDA), acrylonitrile
butadiene styrene (ABS), flexible photopolymers, silicone, and elastomer-based materials were found
to be the most used 3D printing materials due to their suitability for robotic applications. This
review paper revealed that the key areas requiring more research are material formulations for
improved mechanical properties, cost, and the inclusion of materials for specific applications. Future
perspectives are also provided.

Keywords: 3D printing; robotics; 3D printing materials; embedded systems; polymers

1. Introduction

Manufacturers commonly use conventional manufacturing processes for mass pro-
duction (e.g., welding, casting, and injection molding). For highly customized and low
volume manufacturing, a novel way of manufacturing known as additive manufacturing
(AM) would be ideal. Additive manufacturing (or 3D printing) is the process of depositing
materials layer by layer in order to produce the desired part, which is designed using
computer-aided design (CAD) [1-5]. Three-dimensional printing can deliver increased
freedom in design in terms of complex geometries [6]. It also minimizes the number of
parts and reduces the total weight by altering parameters such as the infill density and
infill pattern. In recent years, this technology has been used in various applications in elec-
tronics, water filtration, robotic systems, art, architecture, optics, biology, nanotechnology,
aerospace, civil engineering, and tissue engineering [7-23].

Robotics, on the other hand, is referred to as the science and technology of robots. In
the 1980s, it was also defined as the science that studies the intelligent connection between
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perception and action [24-26]. It is also known as the combination of mechanics, computer
science, electronics, mathematics, physics, cybernetics, and artificial intelligence [20,21].
Robotics research continues to have a significant role in utilizing robots in inspection,
medical treatment, clean-up, and sample collections in various environments [27,28]. Re-
searchers have recently focused on developing and utilizing bio-inspired and biomimetic
mechanisms achieved through additive manufacturing technologies [29]. Although soft
structures can be created, separately manufactured actuators must be integrated to form a
functioning soft system. These actuators can be thermally activated joints, piezoelectric
fibers [30], shape memory alloys [31], and electric motors [32].

Mechanical robots are made of hard and stiff materials. These properties limit their
capability to deform elastically and adapt in terms of shape. Although they tend to be
robust, these rigid robots do not exhibit the ability to be a multifunctional system [33].
Meanwhile, soft robots are hailed as the next generation of robots as they are elastic and
soft. They can be utilized safely and steer through constrained environments. A soft robot
must possess an elastic deformability and steering capability similar to a small octopus
and a mouse in order to enter narrow spaces without inducing stress concentrations on the
surrounding (or sub-) components [13,34,35].

The developments in additive manufacturing can be combined with the technology of
soft robotics. This combination consolidates compliant machinery and actuators to enable
movement and equal force distribution. The actuation, compliance, and complex motions
make 3D printed soft robots ideal alternatives for applications mainly in the biomedical
engineering field, which favors the interface of machines and humans as it reduces the
stress concentration achieved through conformal contacts and multiple degrees of freedom
at low impact forces [28,36-38].

To limit the scope of this review, it is focused on 3D printing polymer materials for
soft and hard robotic applications that involve embedded systems. Generally, robots are
manufactured using traditional manufacturing methods that utilize molds to produce
parts [3,18,39]. The significant trend towards combining AM technology and robotics leads
to the idea that 3D printing must be applied to avoid the use of molds and to further
maximize the utilization of materials, which will eventually lead to enhanced soft and
embedded robotic systems [36].

Taking into account the lack of data on 3D printing materials for robots with embedded
systems, this review explores answers to the following research questions:

1.  What are the 3D-printable materials for robots with embedded systems?

2. What are the limitations of the materials in terms of applications and suitability?

3. How do we fully incorporate 3D printing with robots that enable improvement in
terms of mobility and performance?

This review investigates the recently developed 3D printing polymers suitable for
robotic applications produced by the industry and employed by different research groups.
At the moment, there are still minimal review papers that focus on the suitability of 3D
printing polymers for soft and hard robotic applications, especially those with embedded
systems.

2. Methodology

Relevant information was gathered based on different factors and parameters such as
the application in robotics and the printability of the materials. Keyword search was used
in online scientific journal platforms such as Science Direct and Scopus. The following
key terms were used for the search: “3D printing, additive manufacturing, AND robots”
or “embedded systems, additive manufacturing, AND robots” or “3D printing materials,
additive manufacturing, AND robots” or “3D printing, additive manufacturing, AND
embedded systems”. The evaluation criteria for the inclusion of the paper was based on
how it could be applied in robotic applications, how it was 3D printed, and how it was
blended to be used for robotics. Information was gathered from publications from the year
2000 to 2020.
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Initial scanning of the research articles was performed. All of the papers or articles that
contained the mentioned keywords were gathered from the research databases. Relevant
papers and articles that were scanned and deemed not relevant were eliminated. An
in-depth analysis was then carried out on the final list of included papers. Based on the
analysis, some papers could be categorized as articles focused on (a) 3D printed robots
and (b) 3D printing materials for robots with embedded systems installed. Articles under
Category A provided an essential foundation for the review as they tackled soft and hard
robots, whereas articles under Category B provided insight on the materials used for highly
complex robots that possessed embedded systems. Figure 1 shows a visual flow of the
steps, keywords, and databases used in the literature search as the method.

Keyword Search

3D Printing
3D Printing Materials
Additive Manufacturing Abstract In-depth Analysis
Robots Search of the Paper
Embedded Systems
—> —>
44 papers
Unrelated Unrelated Unrelated
Articles and Articles and Articles and
J Reviews Reviews Reviews
100 papers 78 papers 49 papers

Figure 1. Flowchart showing the process used for the literature search.

3. Taxonomy of 3D Printing Polymerics Materials for Robots with Embedded Systems

Three-dimensional printing technologies are known to efficiently produce complex
and intricate parts [3,4,14]. In some cases, robotic parts require small and hollowed areas to
embed materials and components ranging from alloys to motors [7]. Robots are typically
manufactured using conventional fabrication methods that suffer from design limits and
part complexity issues [39—42]. Aside from printing hollow structures, the 3D printing
process reduces the design constraints and increases the design complexity with the use of
computers [24,25].

Robotics and 3D printing are technologies that are gradually being incorporated for
manufacturing, research, and development purposes. To date, there is still no study that
compiles the 3D printing materials and 3D printing technologies that are appropriate for
specific robotics applications. This study provides a taxonomy of 3D printing materials
for embedded robotics; researchers and roboticists can review 3D printing materials and
compare their advantages and disadvantages based on robotic applications. Polymer
materials are classified into three types, as shown in Figure 2 [43].

Thermoplastic polymer molecules possess weak intermolecular forces. Thus, the
material softens once exposed to high temperatures and returns to its original state once it
is cooled. Amorphous thermoplastic polymers are rigid. They are flexible or rubber-like
just above the glass transition temperature (Tg) and have a glass-like behavior below them.
As the temperature increases above the glass transition temperature, the polymer becomes
soft and becomes a viscous fluid. A (theoretical) 100% crystalline thermoplastic would
have a distinct melting point (Tm) at which point it transforms from solid to liquid, but
would not demonstrate any perceptible Tg. Crystalline polymers are never fully crystalline
because most crystalline polymers have amorphous regions. Thermoplastics can be used
in many applications as they can be formed into any shape [44]. Thermoplastics such
as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) are two of the most
common 3D printing materials for robotic part production.
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Thermoplastics

Amorphous

Figure 2. The taxonomic structure of polymers showing the different classification of polymer
materials [43]. Licensed under Creative Commons.

Thermosets, however, cannot reshape compared in the same way as thermoplastics
due to their dimensional networks of polymers, where a high degree of crosslinking
between its polymer chains exists. This high degree of crosslinking inhibits chain motions,
leading to the material’s rigidity [44—46]. Thermosets are usually used in 3D printing as
materials for stereolithography (SLA), digital light processing (DLP), and direct ink writing
(DIW) printing. Examples of thermosets include epoxies, amino resins, phenolics, and
many others.

Lastly, elastomers are rubbery polymers. They can stretch to twice their original size
and return to their original dimensions once released. Elastomers are crosslinked but still
possess low crosslink densities. Their chains are free to move, but movement permanency
to each other is diminished by crosslinks [43,47]. To cite an example, Hamidi et al. [48]
discussed 3D-printed elastomers for robotic applications with carbohydrates or sugars as
the support materials.

4. Overview of Additive Manufacturing

As per the ASTM international standards, AM technology is a technique of adding
materials that work based on addition rather than reduction. However, according to Singh
et al. [17-23,49], AM is not a technique but a principle. AM is the most widely used name
for this principle, but it is also synonymous with freeform fabrication, rapid prototyping,
and rapid manufacturing [1,18,20,22,23,50].

Figure 3 shows the process flow for additive manufacturing [10]. The process starts
with modeling and preparing the desired design, which will be converted to .stl, .obj, or
.amf format before slicing for 3D printing. The 3D model will then be converted into G-code
in the slicing software or AM system, usually dedicated to a 3D printer. The model is
sliced into layers, and the printing parameters such as layer thickness, printing speed, and
infill density are modified during the slicing process. The G-code will then be uploaded or
transferred to the 3D printer to initiate the fabrication of the design. The printed design
may be subjected to post-processing to remove imperfections and to cure the design. This
technique will also help with preparing the design for its intended application [10].

A significant number of AM technologies are already commercially available in the
market, and they differ in the layer creation, post-curing process, principle of operation, and
the type of material used in printing. These AM technologies cater to different applications
depending on the needs of society and the industry [51,52]. A brief discussion on the
different technologies is presented to provide the reader with a good background on their
operating principles. Based on ISO or ASTM 52900 [53], additive manufacturing has been
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categorized into seven processes, as shown in Table 1 [1,19,22,23]; also included in the table
are the common types of materials used, where some can be used in robotics applications.

30 Printer
fah"":iﬂes Post-

the part

Processinx

Figure 3. Process flow of the 3D printing process [10]. Reprinted with permission from ref. [10].
Copyright 2021 Elsevier.

Table 1. Classification of AM technology according to its process [4,19,22,23].

Layer Creation

Process Technology Technique Polymerization Process Typical Manufacturers Materials
. . . . . Formlabs, 3D Systems,
Stereolithography (SLA) UV light scanning Cured with UV light and DWS
Digital light processing T - . . B9 Creator and Standard and castable
(DLP) Digital light projection Cured with UV light MoonRay resins
. T N Cured with LED and Carbon3D and

Continuous DLP Digital light projection oxygen EnvisionTEC

Vat Polymerization ioital li iecti Polyurethane

Y . L Digital light projection, (elastomeric, flexible,
Continuous liquid oxygen-permeable and rigid), epoxy, UMA
interface production optics, and Cured by a UV light Carbon 81c), €poxy,
- 90, silicone, and
(CLIP) [28-30] programmable liquid urethane methacrylate
resins [28-30] [28-30]
. . Cured by liquid crystal
Da}yl%ght polymer Uses light from LCD display (LCD) and Photocentric Daylight resins
printing (DPP) screens davli
aylight polymer
Multi jet fusion Ink fusing agent Fused with agent and HP Nylon
energy

Powder Bed Fusion Polyether etherketone

Selective laser sintering Laser scanning Fused with laser Stratasys (PEEK), thermoplastic

(SLS)

olyurethane (TPU), and
nylon

Fused deposition Continuous extrusion Stratasys, Ultimaker, ABS, PLA,
Material Extrusion modelin p(FDM) and deposition - MakerBot, and polycarbonate (PC),
g P Markforged nylon, and ULTEM
Dispenses . .
o . . . . Stratasys (Polyjet) and Rubber-like and
Material jet fusion (MJF) phptopolymer ina Cured with UV light 3D Systems (MultiJet) ABS-like (multicolor)
printhead
Material Jetting Dispense viscous
Drop on demand (DOD)  liquids and create Cured with UV light Solidscape Wax-like
wax-like parts
. Jetting ultra-thin layers . .
Polyjet in a build tray Cured by UV light Objet (Stratasys) ABS
Binder Jetting Binder jetting Deposits binding Joined with a bonding 3D Systems and Voxeljet  Silica sand and PMMA
adhesive agent agent ExOne particle material
Sheet Lamination Laminated object Feeding and binding of Peeling and removal of Helisys and Cubic Plastics
manufacturing (LOM) sheets with adhesives excess material Technologies
Direct Energy BeAM, Optomec, Metal
Deposition Trumpf, and FormAlloy

4.1. Vat Polymerization

This AM process uses a liquid photopolymer placed into a tank to be selectively
cured by a laser or an ultraviolet (UV) light through photopolymerization [51,54]. Pho-
topolymerization is the process that is in control of making the thin layer of liquid resin
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solidify when exposed to UV light. One of the earliest types of AM technology using vat
photopolymerization is stereolithography [55]. An epoxy or acrylic is one of the typical
photocurable resins used in this technology [1].

4.2. Material Jetting

This AM process is analogous to ink-jet printing in a manner that the ink droplets are
transferred from the liquid channel onto the paper substrate [54]. These ink droplets are
directly deposited to the printhead, which will be solidified through UV light exposure to
create the 3D object. These droplets are often made of photopolymers mixed with wax or
any secondary material used during the build process for the support structures [56]. Some
of the standard technologies related to this process include multi-jet modeling, nanoparticle
jetting, and drop-on-demand [18-28].

4.3. Material Extrusion

This AM process can be compared to how a glue gun operates. The glue stick is
pushed out and extruded through its nozzle. Similarly, this AM process uses thermoplastic
materials, commonly referred to as filament (in some cases pellets), which are fed onto the
nozzle until it melts. The material is then deposited to the platform to form a solid object
layer by layer [1,21-23]. Fused deposition modelling (FDM) is one of the most commonly
used AM technologies utilizing the extrusion process. Direct ink writing is also considered
to be under this category [1,14,53,55,57-59].

4.4. Powder Bed Fusion

This AM method uses a laser as a thermal source to fuse layers of powder particles
to another powder layer. Sintering and melting are mainly the binding mechanisms of
this AM process. Sintering works by only partially melting the powder, where a solid-
state particle can be fused at the surface only. Melting, on the other hand, means that the
particles are fully melted (in liquid-state) and can be fused [39,47]. Some of the technologies
related to this process include electron beam melting (EBM), selective laser sintering (SLS),
selective laser melting (SLM), and direct metal laser sintering (DMLS) [44,49].

4.5. Binder Jetting

This method uses a bond agent to individually add powdered particles to create a 3D
object [56]. This bond agent is dropped from the printhead, coating a powder on the build
platform to form the object to each layer. This step is continuously performed on each layer
until a completely solid object is formed [39,47,60]. AM technologies related to this process
include powder bed and inkjet head (PBIH), plaster-based 3D printing (PP), and color jet
printing (CJP) [49,54].

4.6. Direct Energy Deposition (DED)

This AM process uses a high-powered laser for the metal powders to melt, in which
these metal powders have a direct effect on the resolution of the printed object [54]. This
method is different from the powder bed fusion in the way that the laser is emphasized
on a metal powder deposited onto the surface of the metal powder layer. DED resolution
relies on its energy source, which has a higher energy source, and would result in a higher
and better-printed output [50,56,61]. Common technologies using this process include laser
engineered net shaping (LENS) and electron beam additive manufacturing (EBAM).

4.7. Sheet Lamination

This AM process uses thin sheets of plastics or metals joined together using adhesives
to create an object. Layer by layer, a new thin sheet is placed repeatedly on top of the
previous layers until the part is completed. It uses a laser or knife to cut or refine the edges
of the desired object [49,51,61]. One of the widely used AM technologies under this process
is laminated object manufacturing (LOM).
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To compare the listed 3D printing processes, SLA can produce parts with extremely
high dimensional accuracy and intricate details. SLA printed parts are ideal for visual
prototypes due to their very smooth surface finish; however, they will deteriorate over
time when exposed to sunlight. Material jetting, like SLA, has the potential for a high
accuracy and surface finish, while being a relatively slow build process. Binder jetting
prints at high speeds, making it fast to build, but it has a poor surface finish due to its
limited accuracy. DLP allows for the simultaneous production of complex shapes and
sizes with a high precision but limited material range. Compared with other polymer 3D
printing techniques, SLS can print parts at higher speeds and with relatively higher heat
and chemical resistance; however, its accuracy is limited due to the size of the powder
particle. On the other hand, FDM has the lowest dimensional accuracy and resolution,
making it unsuitable for intricate parts. DED could build large parts with a high production
flexibility and print multi-materials at a high cost. To achieve a smooth finish, DED, like
other technologies, requires post-processing. Furthermore, compared with other AM
technologies, LOM can build large parts faster and at a lower cost, but with less accuracy
and inconsistent quality.

5. Overview of Robotics and Applications

Robotics employs a multi-disciplinary approach that involves designing, developing,
operating, and utilizing robots [62,63]. Robots can be programmable and perform complex
human tasks [64-68]. For a robot to function, it must have the power to energize its
components, usually through a direct current source such as 5V, 9V, and 12V. Occasionally,
it goes higher than it should, depending on the design and applications [69]. Sensors,
such as heat, pressure, temperature, IR waves, and radio waves, are typically attached to
the robot to interact, provide, and receive feedback with the real world [70]. Some robots
also have sensors for vision, taste, smell, and touch. A robot can move via actuators such
as DC motors, servo motors, and stepper motors [71], and others have mechanical arms
and legs [72-74]. Data coming from the sensors, whether analog or digital, are processed
through a microcontroller. The microcontroller then analyzes the data and makes its
own decision relevant to the given condition [75]. Figure 4 shows the key components
of robotics. Applications of robots include industrial robots [76-81], aerospace [81-84],
drones [80,82-84], military [80,85,86], agriculture [80,87], car manufacturing robots [76-81],
education [80,88,89], hobby [80,90] and competition robots [80,90], medical robots [80,85,86],
and commercial entertainment robots [80,82,90,91].

Robotics Key Components

Power
Conversion Unit

-

oo 1) H |

User
Interface

Figure 4. Key components of a robot. The figure shows the components used by robots to fulfill their
purposes, such as interaction with their environment [92].

5.1. Hard Robots

Hard robots are made of stiff materials like hard plastics and metals. Typically,
hard robots consist of sensors, actuators, mechanical structures, and motion transmission,
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and interface with their controller to meet the strict requirements of manufacturing and
industrial automation [63].

5.2. Soft Robotics

Soft robots are used in areas where rigid robots are not feasible, such as non-invasive
surgical procedures, assistive devices, prostheses, or artificial organs. Soft robots are made
from soft, flexible, stretchable materials like hydrogels, silicones, or polyurethanes. They
also require soft sensors and actuators that are embedded into the robot body [35,93-96].

5.3. Embedded Systems

Robots have various vital components to fulfill their purpose and perform various
activities, as shown in Figure 4. They use sensors, actuators, and software to safely analyze,
react, and perform in their current environmental setting through a set of programmed
goals. In every robot, there is an embedded system that connects various subsystems
within [97]. The sensor is one of the most crucial parts of robots to control their actions,
specifically to provide information for movements about task-relevant discrete events [35].
Considering that robots can perform different tasks through embedded systems, there is a
growing demand for these devices in different fields, such as prosthetics (medical applica-
tion), where microchips translate muscle movements into responses. Three-dimensional
printing materials that can function according to the commands of the embedded systems
will further improve the performance of robots and introduce more applications in various
research areas and industries [98].

An embedded system is made up of hardware and software that are used to perform
a specific task. It can be programmable, depending on the functionality. Hardware is
comprised of sensors and actuators controlled by a microcontroller or HDL components
(Hardware Description Language). Robotics is just one of the many different applications of
embedded systems, and other applications include home appliances, security, telecommu-
nication, aerospace, automobiles, and other embedded systems projects [58,62,63,98-101].

There are also drawbacks of 3D printing technology, which should probably be con-
sidered before using this process.

Limited materials—Plastics and metals are materials that are commonly used in 3D
printing to create models. Over time, material options are expanding as the demand grows,
but it is still far compared with the materials used in traditional manufacturing. Plastics
are now the most widely used 3D printing material, especially in prototyping, as they
are inexpensive and easy to manage due to their lower melting point. Fused deposition
modeling (FDM) and stereolithography (SLA) are the two main leading technologies in
this field. It is challenging to use 3D printing for a broader range of applications, especially
in robotics, due to a lack of material options. Different materials are needed in the different
parts found in sensors, actuators, and frames in robotics. Three-dimensional printers for
metal do not print with plastics and vice versa. In plastics, some printers could only print
PLA and ABS, but not all kinds of plastics.

Slow for Mass Production—3D printers consume plenty of time building single models
or components compared with traditional manufacturing. The length of time will also be
determined by the design’s complexity, build size, and other parameters. In addition, other
3D printing processes are required to undergo post-processing steps, which further adds to
the time in developing components or parts.

Copyright Issues—3D printing (AM) is becoming popular and accessible. Because
of this, there is a greater possibility to create fake and counterfeit products that can be
accessed through a shared repository. STL or OB]J files are the blueprint of all 3D models
widely available on the internet, and some are downloadable for free. Furthermore, as
technology advances and more people access it, a patent violation may become a significant
issue.
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6. 3D Printing Polymeric Materials for Robots with Embedded Systems

The emergence of additive manufacturing has allowed for the design and manufac-
turing of robots with plenty of complexity and functionality [102]. An increasing number
of researchers have utilized 3D printing to design and propose robotic part fabrication
methods, and some have even tweaked the mechanisms of 3D printers to use their material
blends for robot printing. Table 2 lists the different 3D printing materials used in different
robotic applications. From the table, it can be seen that polyethylene glycol diacrylate
(PEGDA), flexible photopolymer (black) variant of TangoBlack Plus (which is proprietary),
polylactic acid (PLA), acrylonitrile butadiene styrene, silicone, and elastomer-based mate-
rials are the most used materials to 3D print robots for its application, either for hard or
soft robotic parts. Figure 5 shows some of the 3D printed robots with embedded systems

mentioned in Table 2.

Table 2. 3D printing polymerics materials for robots with embedded systems.

3D Printing
Technique

Material

Applications

Fused Deposition
Modelling

Polylactic acid-based conductive graphene

Multilayer composite, omni-direction soft cylindrical
actuator [34]

Polylactic acid

Robotic structures and part [103] and flexure pressure
sensor [104]

Polylactic acid—graphene

Piezo-resistive tactile sensor [105]

Conductive polylactic acid

Soft actuators [106]

Acrylonitrile butadiene styrene

Robotic tentacles, mainframes, main robotic frame [6], robot
molds [107], and actuator scaffold [108]

Acrylonitrile butadiene styrene —M30

Robotic parts, robot face, jigs [109]

NinjaFlex 85 A

Soft pneumatic actuator [110]

Polycarbonate

Robotic components and aerospace applications [111]

Polycarbonate—ISO

Biocompatible (USP Class VI) [111]

Polycarbonate—acrylonitrile butadiene
styrene

Robot components and end-use components [111]

Thermoplastic polyurethane elastomer

End-of-arm robot tool [112]

Conductive thermoplastic polyurethane

Electromyography electrode-driven soft robots [113]

Carbon fiber-filled silicone rubber

Soft robots [105]

Carbohydrate/sugar

Support material [48]

Selective Laser

Thermoplastic polyurethane (TPU92A-1)

Soft robotic hand [114]

Hierarchical lattice [115] and soft robot kinematics for

Sinteri i
intering Nylon or polyamide snakes [116]
. Miniaturized walking biological robots [6,7,117], hydrogel
Polyethylene glycol diacrylate (PEGDA) scaffolds [118], and biobot cantilever [117]
Elastomeric precursor, Spot—E resin Octopus tentacles and actuators [119]
Poly(ethylene glycol) diacrylate (.PEGDA) Biological machines and cantilever [117]
. and acrylic-PEG-collagen (PC) mixtures
Stereolithography

Silicone-based photo-cross-linkable resin

Fluidic elastomer actuators [115]

Semi-flexible polyethylene

Microelectromechanical systems [111]

Flexible resin (rs-f2-flgr-02)

Flexible articulated robotic hand [120]

Rigid resin (rs-f2-gpcl-04)

Joint holder for robotic hands [120]
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Table 2. Cont.

3D Printing

Technique Material Applications
Polyethylene glycol Soft caterpillar robots [121]
Flexible, translucent photopolymer Sensors, actuators, dielectric material /insulator [122], and
(TangoPlus FLX930) shape memory polymer [31]
Flexible, black photopolymer Sensors, actuators [122], hydraulic robots [123], gIO\‘/e‘forms
[124], quadruped robots, leg actuator [125], and fluidic

(TangoBlackPlus FLX980)

Polviet elastomer actuator [126]

olyjet—

Mu}ll’zimaterial Rigid, clear photopolymer Support material for robots, quadruped robots [122], leg

Printing (VeroClear RGD810) actuator [125], and fluidic elastomer actuator [126]
Flexible, low-yield polymer .
(SUP705) Support material for robots [122]
Transparent, rubber-like material . .
Objet TangoPlus Functional tentacles [127] and pneumatic actuator [128]
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Figure 5. (a) Robotic hand made of elastic silicone [114]. Reprinted with permission from ref. [114]. Copyright 2021 Elsevier.

(b) Polyjet-printed robotic tentacles made of polyethylene glycol [121]. Reprinted with permission from ref. [121]. Copyright
2021 John Wiley & Sons. (c¢) DIW-printed robotic skin embedded with sensors [129]. Reprinted with permission from
ref. [129]. Copyright 2021 Elsevier. (d) MAG-printed soft robot, also made of Spot E [130]. Reprinted with permission from
ref. [130]. Copyright 2021 Elsevier.
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6.1. Fused Deposition Modelling
6.1.1. Polylactic Acid

Soft actuators are used in different robotic applications, from biomedical to inspection,
which require control, complexity, precision, and fast movement. For example, an omni-
directional actuator was designed and fabricated by Gul et al. in 2017 [34]. The actuator
was fabricated using different fabrication methods, such as 3D printing. The graphene
conductive rod was fabricated using fused deposition modelling (FDM) along with the
cylindrical shape memory polymer (SMP) with polylactic acid (PLA) as the base material.
The 3D printed graphene rod was then inserted into the cylinder with a shape memory
alloy (BMF150), which was used to bend the catheters in a single direction through the
thermal signals.

PLA was also used to produce robotic structures and parts [103] and flexure pressure
sensors [104]. In some applications, PLA with graphene (PLA-G) was also used in the
composite form to fabricate piezo-resistive tactile sensors. The repeatability of the sensing
function was found to be promising across a wide range of strains induced by bending [136].

The stiffness tuning characteristics of conductive PLA (CPLA) were studied by Al
Rubaiai et al. [106] for soft robotic applications of CPLA. The mechanical, thermoplastic,
and electrical properties of CPLA were characterized and were found to reduce Young's
Modulus by 98.6% from 1 GPa at room temperature to 13 MPa at 60 °C. A soft actuator was
fabricated, and its ability to grasp based on the shape and size of the object being grasped
demonstrated effectivity with the desired bending configuration without voltage pressure.

6.1.2. Acrylonitrile Butadiene Styrene

Acrylonitrile butadiene styrene was used for robotic parts such as tentacles, main-
frames, frames [6,127], molds [107], and even as scaffolding for actuators [108]. For example,
in a collaboration between Stratasys and Stan Winston School [109], they 3D printed a
robot that weighed 400 pounds and was 9.5 feet tall. The project used a variety of 3D
printers to complete the project. The parts were printed using acrylonitrile butadiene
styrene (ABS-M30), a 3D printing material with robust mechanical properties ideal for
model parts for prototypes, fixtures, and tools. Shi et al. [104] presented a 3D printed
flexure pressure sensor for robot impact safety testing, wherein polylactic acid (PLA) was
used as the printing material. The sensor was incorporated with a biosimulant from the
National Institute of Standards and Technology (NIST) to measure the precision of the
impact of the robot interacting with humans. Their work concluded that the structural
pressure sensor was easy to create, low-cost, and disposable. They also obtained a loading
force of 0.028 N from a finite element model.

6.1.3. NinjaFlex 85 A

Ninjaflex 85A (a proprietary material from Ninjatek, Pennsylvania, USA) is a ther-
moplastic elastomer filament with a Shore hardness of 85 A. Yap et al. [110] proposed an
FDM-based 3D printing technique to produce a bellows-type actuators from the bottom
part, which does not include any core for defining and molding the inner geometry. The
proposed technique enables the customization of actuator geometries by adjusting and
modifying the printing parameters in the slicing software. The actuators were printed
using an FDM 3D printer with Ninjaflex 85A as the material. The print settings were set at
0.1 mm for the layer thickness, while the nozzle diameter was 0.4 mm. Deformation was
observed, which was due to the fast movement of the nozzle during the printing process.
Hence, when using the material, a significant airflow presence in the environment is not
recommended. During the printing process, the actuators were printed sideways.

Consequently, the wall of the bellows is printed in a longitudinal direction, attaining a
higher strength when compared with the walls that were printed transversely. The printing
direction also contributed to the rounded edges, which were ideal for reducing the stress
during actuation. Unlike other 3D printed actuators requiring permanent sealing, the
developed actuators in the study did not need post-processing. The actuators were able
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to provide the flexion and extension of the fingers. The method used for the production
was also found to enable the development of 3D printable exoskeletons for wearable
applications and soft robotics. However, the actuators were unsuitable in low-pressure
environments and applications needing delicate force outputs [110].

Prostheses, orthoses, and robotics utilize sensors wherein they are installed in soft
structures. Soft structures, however, were found to hinder the installation of sensors.
Improvements in 3D printing materials and development in AM technologies have paved
the way for possibilities of integrating sensors on soft structures found in robots. Wolterink
et al. [113] characterized the performance of 3D printed electrodes to gain insight on the
influence of size on the signals of the EMG. Conductive PI-ETPU was used for the grey
part in Figure 6, while the orange parts are made of non-conductive Ninjaflex so as to keep
electrodes distant. Both are flexible materials are ideal for soft robotics [113,137].

Electrode

Top Bottom

Figure 6. CAD drawing of the electrodes; the gray parts are made of conductive PI-ETPU while the
non-conductive segment is made of non-conductive Ninjaflex [137].

The parts were printed using the Flashforge Creator Pro FDM 3D Printer equipped
with two extruders capable of printing flexible materials. The structures were printed with
a layer height of 150 um, while the first layer was 300 um. The sensors were then placed on
the wrist and tested on volunteer patients. The structure successfully produced the same
range, noise, and lower energy with regular AgCl electrodes. The structure also required
minor post-processing and was easily scalable and customizable. These features make
the structure more accessible for various applications such as robotics. Something that
needs more study to improve this technology would be the integration of electrodes into
prosthesis and robotics by directly using 3D printing without the other steps required. This
idea only shows that 3D printing electrodes and embedding them on other materials are
ideal for prolonged and multiple uses in prostheses and robotics compared with the AgCl,
which can only be used once [113,137].

Other materials mentioned in Table 2 were found to have been integral in producing
robotic components for different applications. Polycarbonate was found to be ideal for
aerospace applications along with robotic component manufacturing. Its other variants,
such as polycarbonate-ISO, were deemed biocompatible. PC-ABS was also found to be
ideal for robot components and end-use components [111]. Materials such as thermoplastic
polyurethane elastomers, conductive polyurethane, carbon fiber-filled silicone rubber, and
even sugar were also found to be beneficial for FDM printing of robotic parts and their
components.

6.2. Selective Laser Sintering
Thermoplastic Polyurethane (TPU92-1)

An approach to the integration of actuators, sensors, and structural components into a
single piece was presented by Scharff et al. [114]. A soft robotic hand was designed and
fabricated to adhere to the desired functions so as to demonstrate human-like behaviors.
The soft robotic hand was printed using selective laser sintering (SLS) with TPU92-1 as
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the material. It took 12.5 h to produce the part. The work showed that the design of the
behavior sets was not based only on the existing robotic components. Hence, bending
actuators, rotational actuators, bidirectional actuators, and sensing air chambers could be
embedded in the robotic hand design through SLS [114].

6.3. Stereolithography
Polyethylene Glycol Diacrylate

Chan et al. [117] created a biological machine (i.e., bio-bot) that was designed with
an actuation module for the sake of locomotion. An array of bio-bots was printed using a
multi-material SLA printer. Each robot was decked with a biological bimorph cantilever
and a base structure. The cantilevers were printed with polyethylene glycol diacrylate
(PEGDA). A pattern was first traced on a layer of PEGDA, a hydrogel precursor solution
using an ultraviolet beam. It was then re-coated with another layer of PEGDA. This process
was repeated until the structural design was completed. The material for the cantilever
was chosen based on its capability to mimic the elasticity of heart muscles of rats, while
the base was meant to be rigid enough to retain its shape. The bio-bot demonstrated an
efficient locomotion mechanism that maximized the use of contractile forces to overcome
frictional forces while preventing the backward movement of the legs during the relaxation
process [117].

6.4. Polyjet Multimaterial Printing
Flexible Photopolymers (Translucent, Black, Clear, and Low-Yield)

Soft robots are often integrated with sensors to improve their exteroceptive and
interoceptive capabilities. Shih et al. [138] designed sensors that can be co-produced or
fabricated with robots using commercially available 3D printers. Resistive soft sensors
were designed and fabricated using a Connex Object 350 multi-material 3D printer with
flexible photopolymers that are translucent, black, clear, and low-yield as the materials. The
multimaterial method of printing with the materials mentioned here allowed for the design
of robots with different mechanical and electrical properties. However, as the materials
were not designed as conductors for robotic design, the resistance had a larger magnitude.
The photopolymers also experienced limited strains, unlike the silicone elastomers, limiting
their application in robotics [122].

6.5. Direct Ink Writing
6.5.1. Dragon Skin 10 (ds10), Two-Part Platinum Cure Silicone (1 wt% Thi-Vex and 10 wt%
Silicone Thinner), and All Smooth-On PA

Yirmibesoglu et al. [139] presented a customized 3D printer with an extrusion mech-
anism to produce soft functional robots. The work focused on direct ink writing (DIW)
techniques and utilized polydimethylsiloxane (PDMS). PDMS was also used in molding,
which was compared with the 3D printed parts. Dragon Skin 10 (Smooth On, USA), a
platinum curable silicone, was used as the primary material in PDMS formulation. It
comes in two parts, a base and a crosslinking agent, that, when blended, cure into a solid
rubber material. A thickening agent Thi-Vex (Smooth On, Macungie, Pennsylvania, USA)
was used to improve the viscosity of the formulation, which would eventually lead to
improved print fidelity. Over-extrusion and under-extrusion of the silicone material were
faced during the trial-and-error phase. However, parameters were altered one by one to
determine the effects on the printed lines.

For the final printing parameters, the following were used: (a) layer thickness/
height = 1.3 mm, (b) infill = 100%, (c) printing speed = 7 mm/s, (d) nozzle diameter = 1.3 mm,
and (e) bed plate temperature = 50 °C.

The work concluded that upon analysis of the failure pressure results, 3D printed
robots were more rigid, more dependable, and had a less dimensional error than their
molded counterparts, while reducing production time by as much as 50%. The printed
robots were also on par with the performance of the molded ones. The work considered
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further investigations on a phenomenon termed the “sewing thread effect”—a term created
to define the surface of the printed actuators that look threaded; to elucidate why the
printed robots could withstand more pressure without expansion while having a similar
thickness to their molded counterparts [139].

6.5.2. Silicone, Hydrogel, Polyacrylamide Elastomers

Robots are now gently interacting with organisms, conforming to their environment,
and performing complex motions through actuations. These types of robots are usually
composed of elastomer-based materials like silicone with embedded pneumatic chan-
nels for actuation. Robinson et al. presented a highly extensible skin combinable with
pneumatic actuators produced via direct ink writing [129]. The sensing skin allows soft
machines to perceive the stimuli and shape, leading to the robots’ tactile and kinesthetic
sensing abilities. Two viscoelastic fluids were developed, namely a hydrogel elastomer
precursor and a silicone elastomer precursor. The two fluids were crosslinked using in-situ
photopolymerization into conductive hydrogels and were insulated silicon with a large
ultimate strain.

They were then printed onto soft pneumatically-powered haptic displays (PHD). No
exposure to UV light was necessary after the printing process. The rheological properties
of the elastomer precursors enabled the formulation of viscoelastic patterns directly onto
the actuators of the haptic displays. The skin allowed the PHD to recognize a compression
of ~2 N and an internal pressure as low as ~10 N, which was affirmation of a soft, feedback-
controlled interface for the PHD. The skin adhered excellently and did not delaminate
when ~65 kPa of pressure was applied to the actuating chamber. However, the inextensible
sealing layer only delaminated due to the PneuNets being operated at high-pressure levels.

The work concluded that the skin developed could replicate the natural ability of
biological skin and localize the touch sensations. This low-cost design using tactile and
kinesthetic sensors will improve robots tasked to perform repetitive tasks in working
environments performing search and rescue and domestic care close to humans. The
above-mentioned work could also improve the living conditions of amputees by enabling
intuitive use and adjustment of prosthetic devices [129].

6.6. UV-Assisted 3D Printing
Epoxy-Based Secure SE-8272 and Urethane-Based Secure SE-8143

Progress in shape memory alloy (SMA) muscle-powered soft robots is limited. As
a result, Gul et al. presented a unique tri-legged soft bot that could mimic a spider’s
multi-step. The soft bot could be controlled by contracting the bio metal fiber (BMF) using
a type of SMA muscle. A customized UV—3D printing system was used to produce the
polymer parts with two photopolymer adhesives, namely Epoxy-Based Secure SE-8272
and Urethane-Based Secure SE-8143, as the materials. The design was reported to have a
stable motion at a speed of 2.7 mm s~1[33].

6.7. Magnetic Field-Assisted Projection Stereolithography
Non-Aqueous Photocurable Resin E (Spot E)

Joyee et al. proposed a robot made of various materials and a compliant body structure
with a magnetic particle-polymer that was directly 3D printed. The robot was composed
of two parts: a flexible body section and a functional part, controllable externally by
magnetic fields [102,140]. Based on the proposed strategy for design, four designs were
finalized. A comparison was performed among the four designs to achieve the highest
bending angle and locomotion capabilities through finite element analysis (FEA) using
commercial software. To produce the designs, a multi-material 3D printing method was
employed. Magnetic field assisted projection stereolithography (M-PSL) is a multi-material
3D printing process that can produce composite structures layer by layer. The other
details regarding their robot manufacturing technique and parameters were similar to their
previous studies [140,141]. Spot E, a non-aqueous photopolymer, was used as the base
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polymer matrix. This particular type of resin is translucent in color and has good elastic
properties, giving the composite more freedom to bend or deform easily [142]. As for the
functional parts of the robot, EMG 1200 or dry magnetic nanoparticles with a nominal
diameter of 10 nm were utilized as the magnetic filler. The former robot prototype had
drawbacks in terms of its versatility and adaptation in wet and slippery surfaces. Design
modifications must be addressed to increase the grip on surfaces. The leg materials were
also required to have hydrophobic properties to operate successfully on dry and wet
surfaces. Lastly, the resin and polymer composites used were not biocompatible [130].

In another research work, Joyee et al. also proposed a 3D-printed monolithic and
tetherless soft robot inspired by inchwormes. It utilized magnetic actuation for its crawling
and locomotion. Spot E of Spot A Materials from Barcelona, Spain, was used as the resin. It
is a flexible resin that exhibits an exceptional level of toughness. It can also elongate up to
65% after being cured—this was based on ISO 527 1-A Standard. Synthetic black iron oxide
nanoparticles were mixed with the Spot E resin to prepare the magnetic field composites.
The polymer material was able to act as muscle tissue, and locomotion was made possible
through magnetic field actuation, while the use of a multi-material 3D printing process
allowed for fast production and an assembly-free design. The robotic design and materials
were concluded to be applicable in rescue and other applications not accessible by giant
rigid robots [102].

6.8. Shape Deposition Modelling
Two-Part Industrial Polyurethane

The compliance of robotic grippers maximizes the range of positions for the successful
grasp of objects. Dollar et al. presented a gripper fabricated using shape deposition
modeling to reduce complexity while increasing the robustness. Two-part (two-component)
industrial polyurethane was used as the material. Innovative Polymers, St. Johns, MI,
USA, formulated and trademarked the material for casting equipment. The transparent
color of the polymer (polyurethanes) allowed the embedded components to be seen, and
another advantage was that it had a functionality similar to metal prototypes, but had a far
superior robustness. The performance of the grasper and its properties were found to be
desirable [133].

The appropriateness of a material in its application can be a massive advantage for
producing 3D-printed robots and their parts. Rigid materials such as PLA, PC, and ABS are
ideal for cylindrical actuators, jigs, mainframes, structures, and parts for FDM processes.
Meanwhile, polyurethane-based materials are appropriate in FDM printing robot tools and
electromyography electrode-driven robots. Silicone rubber is also used to produce soft
robots, while sugar can be considered a sacrificial material for supports.

In SLS processes, TPUA92A-1 is appropriate for printing soft robotic hands due to its
elasticity. Meanwhile, nylon or polyamide can be used to print trusses and soft kinematics
for robotic snakes. For SLA processes, PEGDA is suitable for printing biological robots,
hydrogel scaffolds, and other biological machines. At the same time, flexible materials such
as silicone-based resin and flexible resin can be used in flexible robotic hands actuators
and soft robots. There are various materials in polyjet multi-material printing, such as
polyethylene glycol, that can be used to print sensors, actuators, insulators, and shape
memory polymers. The photopolymers mentioned here work well for various robotic part
printing, such as for sensors, actuators, support materials, leg actuators, and tentacles.
For DIW, only two materials are listed. They are suitable for printing robots that can be
employed in radiation environments and as sensing skin for robots. In UV-assisted 3D
printing, flexible materials are suitable in producing SMA-embedded robots. Lastly, in
SDM, polyurethane-based materials are used to produce graspers and limbs.

7. Discussions and Future Outlook

Three-dimensional printing is one of the fastest-growing technologies and is contin-
uously gaining popularity in innovations and new opportunities in the electronics and
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robotics industry. For the robotics and automation industry, most manufacturers provide
efficient designs that have potential in the AM industry, wherein in 2019, the Robotics
Industries Association had orders for robots up by 5% and worth $1.3 billion [143]. In
general, the industry for 3D printing was worth $3 billion in 2013, which had grown to $7
billion in 2017. By 2025, the AM industry is forecast to have more than $20 billion market
value [143].

There are some notable outlooks for 3D printing and its materials, as it offers unique
advantages that are beneficial to the fabrication of robotics with embedded systems. It
can integrate actuators, sensors, power systems, and controls through the introduction of
more disruptive methods of additive manufacturing. The presence of multi-material 3D
printers will likely benefit from the vast selection of continuously developing materials.
This idea will open more opportunities to produce soft robots using reversible materials,
i.e., materials that regain their structure/shape/form during shape-shifting operations,
which is vital in this field.

Some issues of 3D printing materials that must be studied further are biocompatibility,
non-uniform shrinkage, anisotropy, and adhesion during multi-material printing. These is-
sues might result in premature failures of the embedded robots and generate large amounts
of waste due to failed test prints and unwanted prototypes during the development process.
Progress in materials science and additive manufacturing will allow for more materials
in additive manufacturing processes and robotics. This includes the gradients of softness
and hardness to allow the robots more locomotion without overstretching the materials
and losing their original structure. The biggest hindrance in integrating 3D printing with
robotics is still the availability of 3D printing materials and their characteristics. Giving
importance and much consideration to incorporating post-processing operations from the
design phase may also increase the use cases of 3D printing in this field [144].

7.1. 4D Printing and Smart Materials

Four-dimensional printing can also address some issues in robotic printing. Four-
dimensional printing is when a 3D printed object transforms itself into another structure
due to the influence of external energy inputs such as light, temperature, or other envi-
ronmental stimuli. This is possible through the use of innovative materials that have a
shape-changing capability. It can produce artificial muscles for robots and prosthetics that
are almost similar to biological functions as it can react to certain stimuli upon contact.
It can also be used to produce biocompatible materials or parts, which is often favorable
for robotic applications, with the transformation being induced by certain stimuli such as
temperature, pH levels, humidity, and light [7]. However, this is subject to applications that
require reversible shape changes, such as robot parts. It can also produce complex parts
such as a cardiac stent to keep vessels open. It can be in line with the previously mentioned
work, wherein a 3D printed robot was employed to deliver drugs to the stomach [145].
Lastly, the temperature transition points of the materials could be further fine-tuned de-
pending on the application and environment where they will be utilized [136,146].

A proposed manufacturing strategy might be a combination of various manufacturing
methods. However, due to the current limits of additive manufacturing, the process itself
must be improved first. Through its development, direct and multi-material fabrication of
embedded robotics with sophisticated design and functions will be done in the future. The
development of smart materials for 3D printing embedded robotics will pave an avenue for
developing more advanced robots that can be used in different applications, ranging from
biomedical, construction, inspection, and sensing. The utilization of smart materials that
are merged with nanomaterials, nanocomposites, and hydrogels will provide more demand
and development for customized robots. Some materials that need further discovery and
development must possess characteristics and the ability to retain their shape despite
being stretched regularly, it also must be functional and responsive to a lot of external
stimuli such as light, temperature, pH levels, and other parameters. This can be done on
elastomers and other polymers. However, this can only be achieved via 4D printing, which
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needs more research and development. Despite the limits of both technologies, it cannot be
denied that the advancement of novel materials and sophisticated techniques will resolve
all issues faced by researchers [7,147]. Four-dimensional printing using smart materials
can also be enabled by appropriate post-processing operations [144].

7.2. Continuous Liquid Interface Production

Printing robotics can be effectively determined by the optimization of the manufac-
turability and the functionality of its material. Hence, the versatility of AM methods and
techniques push forward the possibility of producing more complex geometries, materials,
and functions. A printing method called continuous liquid interface production (CLIP)
was developed and patented in 2014. CLIP uses a non-stop sequence of UV images through
a transparent window below a liquid resin tank that can be permeated by oxygen. A
dead zone created above the mentioned window has a maintained liquid level below the
moving or advancing part. The part that is being cured is drawn out [59]. This creates
suction that renews the reactive liquid resin present in the process, as seen in Figure 7 [148].
CLIP is currently being used to produce parts from oil-based materials deemed non-ideal
for biomedical engineering applications. However, it can be used to print hydrogels,
load-bearing materials, and flexible electronics for potential utilization in robotics [149].

Platform continuously moving up

Layer of resin

with diffused Oxygen
oxygen (not UV permeable
cured) window

Figure 7. Continuos liquid interface production [148]. Reprinted with permission from ref. [148].
Copyright 2021 Elsevier.

7.3. Biocompatibility of 3D Printing Materials

With regards to possible alternative materials, Chen et al. [15] formulated a blend of
thermoplastic urethane (TPU) and polylactic acid (PLA) with graphene oxide (GO). TPU is
an elastic polymer that has flexible polyesters and polyethers as soft segments. For its hard
segments, it can contain benzyl and diisocyanates. As for its characteristics, TPU has good
biocompatibility and exceptional mechanical properties such as abrasion resistance, tensile,
elongation, and compression strength [15]. The drawbacks of TPU are low mechanical
toughness and low shape firmness [150-153].

Meanwhile, polylactic acid is strong, but it can also be very brittle in terms of its
low flexibility and resistance to impact [154-157]. The study by Chen et al. [15] found
that blending the two thermoplastics improved the mechanical strength, shape memory,
and resistance to impact. Adjustments in ratios will lead to the satisfaction of various
requirements in applications without any difficulty.

Lastly, graphene is a single layer of sp? carbon atoms that are considered hybridized.
It offers excellent electrical, thermal, and mechanical properties. Graphene is also known
to contain antimicrobial effects [9-15]. The work concluded that the 3D printed nanocom-
posite made of a mixture of PLA, TPU, and GO showed excellent properties, thermally
and mechanically, as well as cell viability, which allowed the nanocomposite to be used in
various fields and as a good potential in tissue engineering fields [15,18,158,159].
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7.4. Sugar as Printing Supports

Hamidi and Tadesse [48] studied the material properties of molten carbohydrates,
which were employed as a support material for 3D printing silicone, as shown in Figure 8.
The carbohydrates were composed of sugar, alcohol, and table sugar; they could be any
mixture of the two ingredients. For their 3D printing process, the molten carbohydrate was
extruded and solidified at room temperature to become stiff enough to support the silicone
materials. It was found to stick well to the silicone, and it could also be removed easily by
submerging in warm water. An advantage of using carbohydrates as a support material is
that it can be removed between 3D printed silicone layers; the hollow channels will then be
used for pneumatic actuation. Figure 8 shows the printing process and silicone before and
after dissolving the sugar support. Their work highlighted the material processing and
parameters for 3D printing silicone by eliminating assembly and post-processing. The elon-
gation of 3D printed silicone in uniaxial tensile tests, and the mechanical characterization
and fabrication of soft pneumatic and hydraulic actuators using silicone and carbohydrate
glass to demonstrate the potential applications of their 3D printing method in the creation
of functional robots and robotic structures were also discussed. They concluded that car-
bohydrates could be used as sacrificial support materials for 3D printing processes that
involve silicone materials for its application in soft robotics [48].

e

Figure 8. Procedure for printing a silicone structure with hollow channels with carbohydrate glass
as support material: (a) 3D printed carbohydrate glass, (b) 3D printed silicone structure, (c) 3D
printed carbohydrate glass embedded in the silicone structure, (d) printed layer of silicone atop the
carbohydrate glass layer, and (e) hollow channels after carbohydrate glass dissolving [48]. Reprinted
with permission from ref. [48]. Copyright 2021 Elsevier.

7.5. Volumetric Additive Manufacturing

Another interesting technology that can be incorporated with 3D printing robots
with embedded systems is volumetric additive manufacturing. Like other 3D printing
techniques such as SLA, this printing method is also light-based. This method depends on
a viscous prepolymer that cures when exposed to light. A series of light patterns called
“movies” are projected onto a rotating cylinder containing the prepolymer. The desired
shape will then be formed and solidified after some time.

Some of the complexities in volumetric additive manufacturing include formulating
materials and the computation of images for projection to get the exact complexity of the
shapes and intensities correctly. The technique also generates almost no waste as it is
support-free printing, while the uncured materials used in prior printing are deemed to be
100% reusable [160,161].
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7.6. 3D Printing Issues
7.6.1. Non-Uniform Shrinkage

FDM usually uses thermoplastic materials that are prone to high shrinkage due to
thermal retractions, leading to inaccuracies in dimension and shape warping. Materials
used in FDM, such as ABS, have been found to shrink during the printing process when in
contact with air. Hence, a heated bed and an enclosure are always recommended whenever
it is used [162]. Meanwhile, for SLA, discrepancies in dimension are observed in tall
printed parts. In some SLA printers, there is a peeling process. The pulling force during
the process causes the partially cured layers to bend. In this case, prepolymers that possess
higher flexural properties are more prone to warping. SLS can produce parts and complex
geometries accurately. Warping and shrinking are prevented due to their use of build
chambers that heat the powder below the sintering temperature. To further prevent the
warping of parts, the printed parts are sometimes left in the chamber to cool gradually.
Compared with the other 3D printing processes mentioned, material jetting is considered
the most capable of producing accurate parts because no heat is involved in its process.
This is why warping and shrinkage rarely occur. However, the utmost care is required
when handling the printed parts as they can warp once exposed to ambient heat, humidity
changes, and sunlight [163].

7.6.2. Anisotropy

In terms of strength, 3D printing parts are noted to possess immanent anisotropic
properties. This is often observed, mostly in FDM parts, which are much more robust in
the XY direction than the Z direction [164]. Despite being melted on top of each layer,
FDM prints only create a mechanical adhesion, not a chemical one. Hence, layers are only
partially adhered to one another and are observable under the microscope, where voids
in layers can be found. This is another reason FDM prints are not often used in water
applications.

On the other hand, SLA prints do not possess indifferent chemical bonds per layer. The
monomers form a covalent bond that forms a high lateral strength despite an incomplete
polymerization reaction during the process. The printing process only turns the monomers
into a semi-reacted situation known as the “green state.” The reaction will incorporate other
groups into the previous layers, as succeeding layers are partially cured due to covalent
bonding. This is a typical crosslinking found in SLA printing, and due to this, there are
no voids or cracks found in SLA. SLA prints are also known to be watertight and dense,
unlike FDM prints [165]. SLS, which uses Polyamide 12 (PA12), is also anisotropic between
vertical and horizontal directions. It was also observed that the worst set of mechanical
properties were obtained when printed in the Z direction. However, it was also found
to be isotropic. These contrasting results were due to the low level of anisotropy in laser
sintering. Lastly, anisotropy in parts made through DLP was removable when post-cured
in areas where UV light does not pass through during the printing process [166].

7.6.3. Multi-Material Adhesion

An usual method of multi-material adhesion is by bonding through an adhesive
application. It is an effective process of joining dissimilar polymers. However, this usually
involves two separate 3D-printed components. Despite drawbacks in the limited usage
of AM in manufacturing, its potential, which includes multi-material adhesions, has
been continually researched and developed to move forward. A multi-material additive
manufacturing (MM-AM) method is thought to make composites, alter properties, and
make new materials completely. The method is expected to further develop in the near
future with the aid of material development [41].

8. Summary and Conclusions

Three-dimensional printing paved the way for the advancement of embedded robot
manufacturing through 3D printing materials that are now considered for specific applica-
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tions. This review gives a brief overview of 3D printing materials for robots with embedded
systems. The cited research demonstrates the 3D printing materials discussed, and their
advantages and disadvantages are presented along with their specific applications.

e In most robotic applications, soft materials such as PEGDA, silicone, and elastomer-
based materials are mainly used due to their elastic properties. For hard materials,
PLA and ABS are favored.

e  As for the support, some studies cited the use of carbohydrates to create hollow
channels in robotic parts.

e  The compilation and synthesis of these studies might be used as a basis for robotics
enthusiasts to select materials for their specific application. However, as some materi-
als are newly developed, the 3D printing processes and mechanisms must be tweaked
to utilize these materials for robots with embedded systems.

e The key areas that need further investigation are the blending/formulation of ma-
terials to improve mechanical properties, costs, and inclusion of specific materials
for intended applications. The formulation of new 3D printing materials can shift
the paradigm for both 3D printing and robotics, as both are promising technologies
for diverse applications. Newly formulated materials, 3D printing technologies, and
post-processing technologies must be developed to fully reach the potential of utilizing
the 3D printing technology for robots with embedded systems applications.

e A future outlook regarding the combination of these technologies has also been
incorporated into the discussions.
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