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Abstract: Carbon material is widely used and has good electrical and thermal conductivity. It is
often used as a filler to endow insulating polymer with electrical and thermal conductivity. Three-
dimensional printing technology is an advance in modeling and manufacturing technology. From
the forming principle, it offers a new production principle of layered manufacturing and layer by
layer stacking formation, which fundamentally simplifies the production process and makes large-
scale personalized production possible. Conductive carbon materials combined with 3D printing
technology have a variety of potential applications, such as multi-shape sensors, wearable devices,
supercapacitors, and so on. In this review, carbon black, carbon nanotubes, carbon fiber, graphene,
and other common conductive carbon materials are briefly introduced. The working principle,
advantages and disadvantages of common 3D printing technology are reviewed. The research
situation of 3D printable conductive carbon materials in recent years is further summarized, and
the performance characteristics and application prospects of these conductive carbon materials are
also discussed. Finally, the potential applications of 3D printable conductive carbon materials are
concluded, and the future development direction of 3D printable conductive carbon materials has
also been prospected.

Keywords: 3D printing; conductive carbon materials; polymer composites; functional devices

1. Introduction

Three-dimensional (3D) printing technology is a new manufacturing technology, also
known as additive manufacturing (AM), rapid prototyping (RP), and solid freeform fabrica-
tion (SFF) [1-3], which takes layered manufacturing as the forming principle and integrates
advanced technologies such as numerical control, materials science, and computer-aided
design. The 3D printing can design and produce objects with complex geometric shapes,
which integrates the advanced technologies of computer aided design (CAD), computer
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aided manufacturing (CAM), computer numerical control machine tools (CNC), laser,
precision servo drive, and new materials. According to the 3D design model built on the
computer, slicing is carried out to obtain the two-dimensional profile information of each
section. The forming head of the 3D printer is in the control system according to the input
profile information under the control of the system. The layer of molding material is selec-
tively solidified or cut to form each interface profile, and the stacking between the profiles
finally forms a three-dimensional workpiece. Since its birth in the late 1980s, the rapid
development of 3D printing technology has made large-scale personalized production
possible. The core of the 3D printing process is to transform the 3D model of the complex
workpiece to be formed into a simple 2D section combination by slicing. In the process
of processing and production, there is no need to use the traditional processing machine
tools and models, which simplifies the mold and processing flow needed in the production
process, which is very beneficial for scientific research [4] and business [5]. Meanwhile, it is
a major innovation for the traditional manufacturing industry [6,7].

With the rapid development of the computer and artificial intelligence industry, the
demand for materials with ideal electrical properties is gradually growing. The common
conductive materials on sale are inorganic conductive materials and polymer conductive
materials, which usually need to be processed before use. The traditional manufacturing
methods can be divided into two types according to the forming process: one is the material
elimination method, such as cutting, in which the material is constantly reduced in the
forming process; the other is the material transfer method, in which the pressure and
other methods are used to form the parts in the processing process without changing the
quality of the material. Using the traditional processing method, we need to use a variety
of machines, go through multiple steps, and even need to produce the corresponding
mold to obtain the final products [8]. The 3D printing technology has many advantages
compared with the process of traditional conductive products, which could develop new
products quickly without using various auxiliary tools in a very short time. In the face of
the rapid changes in the market and the shortening of the product life cycle, it can shorten
the trial production time of new products, which can not only reduce the production cost,
rapid prototyping, and improve the manufacturing speed, but also improve the production
efficiency high-response speed to market of enterprises giving them opportunities in fierce
market competition.

Conductive materials are the most important type of 3D printing functional materials,
which have many potential applications such as electrodes [9-11], wearable devices [12,13],
sensors [12,14], etc. Conductive materials for 3D printing mainly include metal, carbon,
and polymer composites. By doping different conductive carbon materials in the different
polymer matrices, the composites have conductive properties. Using different types of 3D
printing technology, the required conductive products can be prepared quickly. Although
metal filler has good conductivity, it is expensive and oxidizes easily losing its conductivity,
which limits the application of metal filler in 3D printable conductive materials. Compared
with metal materials, the carbon filler has high stability and good conductivity, which
is easier to process and has also been widely concerned [15]. Many reports and reviews
have been concerned with 3D printable conductive carbon materials. However, there is
still a lack of review on the relationship between 3D printing methods and conductive
carbon materials. Moreover, there are still some deficiencies in the induction and collation
of various new types of 3D printable conductive carbon materials in recent years. For
this reason, this review firstly systematically introduces the common conductive carbon
materials and 3D printing materials. Then, the conductive carbon materials based on
3D printing technology and their applications are emphasized, hoping to provide some
useful references for further research on the 3D printable conductive carbon materials in
the future.
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2. Common Conductive Carbon Materials

Carbon materials are more common and widely used, which are closely related to
human life. With the increasing attention to carbon materials, the research on carbon
materials is more and more in-depth. Different carbon materials can be formed according
to the electronic orbital arrangement and crystallization modes of carbon elements, such
as carbon black (CB), carbon fiber (CF), carbon nanotubes (CNTs), graphene (GE or GP),
graphite sheet (GNS), and other carbon materials [16]. However, carbon materials can
also be divided into zero dimension (0D, CB), one-dimension (1D, including CNTs, CF),
two-dimension (2D, GE or GP), and three-dimension (3D, GNS) [17-20]. Because of the
regular arrangement of carbon atoms, carbon materials have many advantages, such as
high conductivity, chemical stability, low density, excellent mechanical properties, and
so on. Due to the excellent electrical conductivity, carbon materials are often used as
conductive fillers and composites with a polymer matrix to make insulating polymer
materials conductive. In addition, they can also give the composites good processability
and mechanical properties.

2.1. Carbon Black

Carbon black (CB) is the most common carbon material which is lightweight, and has a
low price and good conductivity. It is the first carbon material used as conductive filler and
polymer composite, and it is also the most widely used conductive filler in industry [21,22].
The research results show that the smaller the size, the more complex the structure, and
the less the surface-active groups of the carbon black particles, the better the conductivity
of the composites. The traditional filling method requires a large amount of carbon black
to make the composite from insulation to conduction. However, the high filling amount
makes the processing of the composite more difficult and the mechanical properties of the
composite lower, which is bad for production and processing [23]. At present, the research
on CB is not the increase of traditional dosage, but to improve the electrical conductivity of
composites by reducing the threshold quality of CB and changing the filling method.

The percolation threshold of composites can be reduced by constructing a double per-
colation structure, which is a common method to construct conductive polymer composites.
In the classical double permeable structure, the conductive fillers are selectively located
in one phase of the blend, and only the permeable conductive network is formed in the
insulating polymer material. For example, Gao et al. [24] used CB, poly (ether ether ketone)
(PEEK), and polyimide (TPI) as raw materials to construct a double permeable structure.
The properties of conductive polymer composites were adjusted by controlling the position
of CB in the PEEK/TPI matrix through melt blending. The percolation threshold decreased
from about 10 wt% to 5 wt%, as shown in Figure 1.

However, when conducting networks are constructed in immiscible polymer blends,
the interfacial interaction between immiscible phases is poor and the mechanical prop-
erties become worse. To balance the mechanical and electrical properties of immiscible
polymer blends, Chen [25] used a double percolation structure, where CB was added when
the mass ratio of polystyrene (PS)/polypropylene (PP) was 60/40, and the percolation
conductive structure was formed in a specific phase. The perfect double percolation struc-
ture was constructed, which greatly reduced the percolation threshold. The mechanical
properties of the composites were modified by adding the fourth component styrene-
ethylene/butane-styrene (SEBS). When the content of SEBS reaches 2 wt%, the conductive
polymer composites keep a double permeability structure and have good electrical prop-
erties. At the same time, the SEBS can also make the conductive polymer composites
have good mechanical properties. Finally, the electrical and mechanical properties of the
composites are well balanced, as presented in Figure 2.
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Figure 1.
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Scanning electron microscopy (SEM) of (a) un-etched fractured surfaces of poly (ether ether ke-

tone/polyimide/carbon black (PEEK/TPI/CB)-5wt%, (b) enlarged SEM of the white marked region of (a), (c) etched
fractured surface of PEEK/TPI/CB-5wt%, and (d) magnified SEM of the white marked region of (c). (e) Scheme of CB
induced co-continuity of PEEK/TPI blends. (f) Effect of CB content on the conductivity of the composites at 10> Hz.
(g) Linear fit of conductivity of the composites. Reprinted with permission from Ref. [24]. Copyright 2015 Elsevier and
Copyright Clearance Center.
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Figure 2. (a) Electrical conductivity of CB/polystyrene (PS)/polypropylene (PP) composites as a function of CB content.
The more CB content, the higher conductivity. Effect of styrene-ethylene/butane-styrene (SEBS) content on the (b) tensile
properties (strength and elongation at break) and (c) electrical conductivity of CB/SEBS/PS/PP composites. SEM micro-
graphs of CB/SEBS/PS/PP with different SEBS contents: (d) 0 wt%, (e) 1 wt%, and (f) 2 wt%. Reprinted with permission
from Ref. [25] Copyright 2017 Elsevier and Copyright Clearance Center. The ratio of PS/PP keeps 60/40.
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2.2. Carbon Fiber

Carbon fiber (CF) is a special fiber mainly composed of carbon elements [26]. The
molecular structure of CF is between graphite and diamond. Since the Japanese scientist
Shindo [27] made carbon fiber from polyacrylonitrile (PAN) in 1959, CF has already de-
veloped into an independent and complete industrial system. In addition to lightweight,
good fiber degree, and strong tensile strength, CF also possesses the characteristics of high
electrical and thermal conductivity of common carbon materials. Thanks to the variety
of advantages, carbon fiber materials are widely used in modern industry. For instance,
CF is often used as a conductive filler to prepare conductive polymer composites, and the
morphology and surface area of the CF has a great influence on the conductive properties
of the composites. The properties of polypropylene/carbon fiber (PP/CF) composite foams
with different loading of CF were studied by Ameli [28] and co-workers. As shown in
Figure 3, the density of the composites decreases by about 25%, while the volume fraction
of the percolation threshold decreases from 8.5% to 7%. Furthermore, the dielectric constant
increases, which further improves the electrical properties of PP/CF composites.
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Figure 3. (a) Effects of foaming on the structure of injection-molded composites, where LD and TD represent the length and

thickness directions, respectively. (b) SEM images of solid’s core, foam'’s core, solid’s skin, and foam’s skin for PP/carbon

fiber (CF) composites with 10 vol% of CF. The foamed sample has a large void. (c¢,d) Effect of foaming and CF content on the

through-plane DC electrical conductivity of PP/CF composites, the more content of CF, the higher conductivity. Reprinted

with permission from Ref. [28] Copyright 2013 Elsevier and Copyright Clearance Center.

2.3. Carbon Nanotubes

In 1991, Japanese electron microscope scientist lijima first discovered carbon nanotubes
(CNTs) in the process of preparing C60 by an arc method [29]. Their unique tubular
structure can be seen as a hollow cylinder rolled up by graphite sheets, which is a one-
dimensional hollow conductive carbon material with a large aspect ratio. The larger
aspect ratio and specific surface area make CNTs disperse unevenly in the matrix, which
agglomerates easily and causes stress concentration. The special structure endows CNTs
with excellent mechanical [30-32], electrical [33-35], and chemical properties [36,37], which
has been widely used in nano-electronic devices, field emission, composite reinforced
materials, and so on [38,39]. Cheney et al. [40] found that the introduction of ionic CNTs into
epoxy matrix can improve the uneven distribution of CNTs. When the loading rate of CNTs
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reaches 8 wt%, the shear viscosity decreases by 69.1%. Wang et al. [41] studied the effect
of carbon filler dimension (0d CB, 1D CNTs, and 2D GP, etc.) on the properties of flexible
electromagnetic interference (EMI) shielding materials based on isoprene rubber (IR) matrix
composites. Due to the large-aspect-ratio and outstanding electrical conductivity, the 1D
CNTs are easier to form the perfect conductive network inside IR matrix, exhibiting that
the IR/CNTs composites have superior electrical conductivity than those of the IR/CB
and IR/GP composites at the same loading, as presented in Figure 4a. It can be concluded
from Figure 4b that the EMI shielding properties depend on their electrical properties: the
higher the electrical conductivity, the higher the EMI shielding effectiveness value.
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Figure 4. (a) Effect of filler content on the electrical conductivity of isoprene rubber (IR)-based composites filled with
different carbon fillers (0d CB, 1D carbon nanotubes (CNTs), and 2D graphene (GP)). (b) EMI shielding effectiveness of
IR-based composites filled with different dimensional carbon fillers. Compared with other carbon materials, CNT has the
best shielding effect, and the shielding effect is the best when the content of CNT is 30%. Reprinted with permission from
Ref. [41] Copyright 2020 Elsevier and Copyright Clearance Center.

2.4. Graphene

Graphene [42,43] (GE or GP) is the thinnest two-dimensional material found at present,
which was first obtained by the mechanical stripping method by the Geim group [44] in
2004. Graphene is the basic structure of other graphite materials with excellent physical
and chemical properties. The strength of graphene is the highest among all tested materials,
which is 100 times that of steel [45], and its carrier mobility is over 10 times that of
commercial silicon wafer [46]. In addition, graphene also has room temperature quantum
Hall effect, room temperature ferromagnetism, and other special properties [47]. These
excellent properties have triggered a new round of research. The graphene aerogels (GAs)
with excellent electrical conductivity and large specific surface area are ideal materials for
conductive fillers. Li et al. [48] have prepared the anisotropic graphene aerogels (AGAs)
with highly aligned graphene networks by a directional-freezing followed by a freeze-
drying process, which exhibited different microstructures and performances along the
axial (freezing direction) and radial (perpendicular to the axial direction) directions. It was
found that the epoxy-based composites with 0.8 wt% thermally annealed GAs have an EMI
shielding effectiveness of 27 dB, and the epoxy-based composites with 0.8 wt% thermally
treated anisotropic AGAs have an enhanced EMI shielding effectiveness of 32 dB along
the radial direction with a slightly decreased shielding effectiveness of 25 dB along the
axial direction. However, the direct introduction of conductive fillers into the polymer
matrix makes it easy to increase the density of the polymer/GA composites, which is not
conducive to the later preparation. Polymer foaming has been validated as an effective way
to fabricate lightweight functional polymer composites [49,50]. Jiang et al. [51] prepared
thermoplastic polyurethane/graphene aerogel (TPU/GA) composites with super-low
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(d)

density by supercritical CO, foaming, where the porous structures were introduced into
the composites, as shown in Figure 5. When the GA content is only 2 wt%, the conductivity
of the composites reaches up to 50 S/m and the EMI shielding value is about 34.3 dB,
resulting from the interconnected graphene networks in TPU/GA composite foams. In
addition, the cellular or porous structure provides more absorption paths and improves
the electromagnetic shielding coefficient.
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Figure 5. SEM of (a) graphene aerogel (GA), (b) thermoplastic polyurethane (TPU)/GA-solid, and (c) TPU/GA-foam.
(d) Sketch of the microwave transfers across the TPU/GA composite foams. Optical images of flexibility of (e) GA,
(f) TPU/GA-solid, and (g) TPU/GA-foam. The toughness of the sample with graphene is greatly enhanced after foaming
treatment, and the resilience of the sample is also enhanced. Reprinted with permission from Ref. [51] Copyright 2020

Elsevier and Copyright Clearance Center.

3. 3D Printing of Conductive Carbon Materials

Recently, the types of 3D printers are emerging endlessly [52]. There are nearly
20 different process systems in the field of 3D printing at home and abroad. Among
them, six processes are the most widely used and the most mature technology. They are
fused deposition modeling (FDM), selective laser sintering (SLS), selective laser melting
(SLM), selective laser melting (SLM), stereolithography apparatuses (SLA), laminated
object manufacturing (LOM) and three-dimensional printing (3DP). The principles and
materials used in these processes are different. However, the suiTable 3D printing method
for conductive carbon materials mainly includes FDM [53,54], SLS [55,56], SLA [57], and so
on. The choice of 3D printing method depends on the application fields and the processing
restrictions of the products, such as the concentration conditions of printing materials,
and the properties of loaded fillers, etc. The selection of 3D printing parameters and the
design and manufacture of the printing structure will also have a certain impact on the
performance of the final products [58-60]. Usually, the 3D printing method is selected
according to the product characteristics and the raw material properties. The following
contents of this review would focus on the conductive carbon materials for 3D printing,
which are classified into four subsections according to the 3D printing method, including
FDM, SLS, digital light processing (DLP), and other printing technologies.

3.1. Fused Deposition Modelling

In 1988, Scott Crump invented FDM and founded STRATASYS. In addition, printer
manufacturers such as Ultimaker, Markforge, XYZprinting, Zortax, German RepRap and
Dagoma are constantly improving their printers. Nowadays, FDM is one of the most
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common and widely used 3D printing technologies. The principle of FDM is to control the
temperature of the nozzle through the computer, while the thermoplastic material filament
is pushed by the driver wheel. After melting at the nozzle, the material melt is extruded and
deposited on the panel or the material that has been former cooled and solidified. Under
the control of the computer, the final product is formed by stacking layer by layer [60,61].
Usually, the FDM process needs to make supporting structures at the same time in the
process of making production. To lower material cost and improve production efficiency,
newly developed FDM equipment adopts double nozzles for production, as illustrated
in Figure 6. After the material passes through the twin-screw extruder, filament-shaped
(round filamentous, 1.75 mm in diameter) thermoplastic polymer is formed through the
winding after extrusion. The program software is prepared in advance and the required
relevant parameters are set, and the required samples can be printed out through the FDM
3D printer. The FDM 3D printing technology is easy to operate, low cost, and has high
material utilization, which is one of the most commonly used 3D printing technologies [62].
The disadvantage of the FDM 3D printing technology is that there are obvious stripes on
the surface of the finished product, and the connection between layers is weak [63-65]. The
conductive composites prepared with conductive carbon filler have excellent mechanical
and conductive properties and have great application prospects in structural electronics,
supercapacitors, and multi-shape conductive electrodes, etc. At the same time, based
on the advantages of FDM, such as fast forming speed, the high utilization rate of raw
materials, and forming any complex parts, we can use FDM to produce personalized cus-
tomized products to meet the different needs of individuals for different products. Using
the traditional RepRap FDM 3D printer, Christopher et al. [66] fabricated and printed
the electrochemical energy storage architecture of PLA /graphene filament, to explore its
possibility as a potential graphene-based lithium-ion anode and solid-state graphene su-
percapacitor, providing a simple and cheap alternative for traditional lithium-ion batteries.
In addition, by testing the electrochemical hydrogen production capabilities of these de-
vices, the filament is expected to replace the platinum-based electrode (an electrolytic cell).
Christopher [66] proposed that the 3D printing of conductive filament based on graphene
allows the simple manufacturing of energy storage devices through customization and
conceptual design, which lays the foundation for the extended application of the material.
In addition, the industrial 3D printer produced by the Markforge company adopts fused
filament fabrication (FFF). Its principle is the same as that of FDM. It can print and add
carbon fiber and other reinforced material wires, which directly enhances the performance
of printing products [67-69].

Filament B ‘ilament A
7a%aV

sy +.+/'"”‘° wheel

! /F.xlrusion nozzle

Part

Printbed it S S R 8

paa w *———DMaterial spool
Fabrication platform

Figure 6. Schematic diagram of dual nozzle fused deposition modeling (FDM) equipment. Reprinted
with permission from Ref. [65] Copyright 2017 Elsevier and Copyright Clearance Center.
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In terms of conductive flexible materials, Huang et al. [70] explored a carbon fiber-
filled composite based on the research of conductive rubber by Daver [71] and Lukié [72],
and studied its properties. The conductive silicon rubbers (CSR) were prepared by adding
10 phr or 60 phr carbon fiber and a certain amount of thixotropic agent into the base
rubber, respectively. The prepared conductive rubber composites were vacuumed to en-
sure that there was no gap in the 3D printed product. The 3D printed geometry was
designed by software in advance, and the product was printed by a desktop FDM 3D
printer and further cured by the oven to ensure the stability of electrical and mechanical
properties. It was found that the CSR with 5% thixotropic agent has good shape reten-
tion [70]. The orientation of carbon fiber in the printing direction endows the product
anisotropic electrical and mechanical behavior, where the volume resistivity in the ori-
entation direction (47.3 &= 4.7 () cm) was about 6.8 times higher than that in the vertical
direction (7.0 £ 0.6 2 cm). Along the orientation direction, the tensile strength, elongation
at break, and Young’s modulus were also greatly improved. The composites show good
reversibility under the action of tension, compression, bending, torsion, and cyclic folding.
In addition, the sandwich strain sensor was prepared by 3D printing, while the resistance
changes with the bending angle (Figure 7a). The installation test results on the human
wrist show that the maximum resistance is about 15 k() at the bending limit and the initial
resistance is about 9 k() at the flat wrist state, as shown in Figure 7b.

Printing sensor
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Figure 7. Resistance of sandwich strain sensor (a) corresponding to different bending angles and
(b) response to wrist cyclic motion between flat and bending state. Reprinted with permission from
Ref. [70] Copyright 2018 Elsevier and Copyright Clearance Center.

In the field of functional textiles, the FDM can realize the integration of conductive
tracks and sensors on the surface of textiles, which has attracted much attention [73-82].
The application of FDM 3D printing technology in functional textiles was explored by
Eutionnat-Diffo et al. [83] The immiscible polymer blends were prepared by mixing carbon
nanotubes (CNTs) and high structure carbon black (KB) with filled low-density polyethy-
lene (LDPE)/propylene-based elastomer (PBE) in a two-step extrusion process, where the
ratio of LDPE/PBE is 60/40 without changing. The SEM and TEM characterizations con-
firmed that the CNT particles are visualized in both the LDPE and PBE phases and the KB
particles in LDPE for one-step extruding process (Figure 8a—d,i,j), while the CNT and KB
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particles seem to be located at the interface and /or in the LDPE and not in the soft segments
of PBE under the two-step extrusion process (Figure 8e-h k). These selective sites play a
key role in expanding the common continuity of LDPE and PBE phases in a larger compo-
sition range. The enhancement of common continuity in a large range means more stable
and accurate information transmission. In addition, the two-step extrusion processing of
LDPE/PBE blends filled with carbon particles presented great properties, which could be a
better material for functional textile development through 3D printing onto textiles. This
shows that the material combined with FDM 3D printing technology can be used to print
intelligent clothing with the intelligent response and more comprehensive and systematic
detection of human body index. However, more efforts should be made to develop these
functional textiles with higher conductivity, flexibility, and mechanical properties.

Figure 8. SEM of (a—d) one- and (e-h) two-step method. Transmission electron microscopy (TEM) of (i,j) one- and (k1)
two-step method. Reprinted from Ref. [83].

3.2. Selective Laser Sintering

The SLS process was developed by Dechard in 1989, and then gradually commercial-
ized. This process is commonly used in printing composite materials such as ceramic, glass,
fiber, and so on. The principle of the SLS process is that under the control of the computer,
the powder supply platform is moved up, and a layer of the powder material is laid on the
working platform under the movement of the powder-laying roller. The laser is used to
sinter in the selected specific area, and the powder material is melted and bonded by the
laser. The fabrication platform descends a little bit, repeating the above steps, and finally
forms a printed product. The schematic diagram of SLS 3D printing is shown in Figure 9.
The advantage of this process is that there is no need for compaction in the printing process.
Compared with conventional injection molding or melt extrusion, SLS does not have such
high shear mixing and shear fluidity. These characteristics of SLS limit the ordering of
molecular structure, but it can provide a unique way to construct some special structures,
such as the separation network structure of fillers. The main disadvantage of the SLS
process is the limitation of material use, especially the commercially available SLS printing
materials [84]. The future research of the SLS process will be the development of new SLS
suitable powder materials and development in the multi-sphere application direction [85].
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Figure 9. Schematic representation of a typical selective laser sintering (SLS) setup. Reprinted with
permission from Ref. [65] Copyright 2017 Elsevier and Copyright Clearance Center.

Although the polymer/nano-filler prepared by traditional solution and melt blending
can obtain the composites with uniform dispersion and high mechanical strength. How-
ever, it is difficult to form a continuous conductive circuit between the fillers, resulting
in low conductivity [86-89]. The SLS 3D printing process produces the products without
shearing and free flow, which means that the SLS can be used to build three-dimensional
interconnected conductive structures. Koo et al. [90,91] prepared the polyamide 11 (PA11)
composites based on SLS by mixing PA11 with carbon nanotubes and graphene respectively
by twin-screw extrusion. The test results show that the flame retardant, thermal proper-
ties, and mechanical properties of PA11 are significantly improved with the addition of
carbon nanotubes, while the PA11/graphene composites have better thermal stability and
conductivity than PA11/CNTs composite. The use of mechanical mixing can also obtain
the high conductive performance of SLS composite materials. Athreya et al. [92] prepared
the composites by mixing polyamide 12 (PA12) with carbon black through ball milling.
The test results show that the best conductivity (10_2 S/m) of the PA12/CB composites
appears when the carbon black content is 4 wt%. However, the bending strength of PA12 is
reduced with the high addition of carbon black.

The current research on SLS 3D printing is mostly based on polyamide hard materials,
but less on flexible materials [60]. To explore the application of flexible materials in
SLS 3D printing technology, Li et al. [93] used self-made thermoplastic polyurethane
(TPU) materials coated with CNTs to prepare flexible TPU conductor powder for SLS and
built a 3D network of conductive isolation by using SLS 3D printing technology. The
preparation process is shown in Figure 10a. It was found that the electrical conductivity
of TPU/CNTs composites treated with SLS can reach 107! S/m when the content of
CNTs is 1 wt% as presented in Figure 10b, which is seven orders of magnitude higher
than that of conventionally injected TPU/CNT composites. The resistance of SLS treated
TPU/CNTs composites increased by 40% after 1000 tensile cycles, showing good flexibility
and conductivity. The as-prepared composites exhibit potential applications in the fields of
3D printing for flexible circuits, wearable devices, implantable devices, electronic skin, and
dielectric elastomer drivers, etc.
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Figure 10. (a) SLS 3D printing process of TPU/CNTs composites. (b) Electrical conductivity of the SLS 3D printed
TPU/CNTs composites as a function of CNTs content, where the inset shows the log-log plot of electrical conductivity

versus CNTs content. Reprinted with permission from Ref. [93] Copyright 2017 John Wiley and Sons and Copyright

Clearance Center.

3.3. Digital Light Processing

DLP is a kind of 3D printing technology based on UV curing. It projects the cross-
sectional image of the object into the photosensitive resin to crosslink and solidify, and then
solidifies and accumulates layer by layer to form the final product. The core technology
of DLP 3D printing is the optical semiconductor and digital microscope device DLP chip
invented by Larry Hornback in 1977 [94]. The chip can project a complete image on the
screen in coordination with the image signal and light source. Also, the chip can react
with high speed and express the fine information of the image well, which enables DLP
3D printing to print high-precision objects [95-97]. The material used in DLP 3D printing
is the same as that of SLA, but the difference is that SLA uses direct laser beam printing,
while DLP 3D printing uses projector to form the surface of resin. SLA printers were first
produced in 1988, while DLP 3D printing appeared decades later than SLA. Compared with
a traditional SLA (Figure 11a), the DLP 3D printing technology has better image accuracy,
less air contact and better product quality, as exampled in Figure 11b,c. In recent years, DLP
3D printing has been widely used in UV curing based 3D printing technology. However,
the photosensitive resin used for DLP 3D printing needs low viscosity and low curing
shrinkage [95], so the development of photosensitive resin with excellent performance has
become a research hotspot of DLP 3D printing technology.

The DLP 3D printing technology has been widely used to produce polymer products
with high resolution and high productivity [98-100], where the application in electronics,
batteries, and wearable devices has been heavily reported. Mu et al. [101] used com-
mercially available acrylic-based UV curable resin and multi-walled carbon nanotubes
(MWCNTs) as raw materials, dispersing multi-walled carbon nanotubes in DMF/Triton
X-100 solution to explore the optimal ink ratio for conductivity and printing quality. They
found that under the premise of comprehensive consideration of conductivity and print-
ability, the optimal load of MWCNT was 0.3 wt% when the printing process parameters
were adjusted to 19.05 pm and the illumination time was 40 s. At 0.3 wt% load of MWC-
NTs, the conductivity of the DLP 3D printed composite parts reaches up to 0.027 S/m. In
addition, using DLP 3D printing technology, the conductive composite structures could be
further prepared, such as hollow capacitance sensors, electrically activated shape memory
composites, and stretchable circuits, as illustrated in Figure 12, which shows the versatility
of DLP 3D printing for conductive composite structures. These demonstrations show that
the DLP 3D printing technology can enable the material to be applied in many fields, such
as electronics, wearable devices, soft robots, and so on.



Materials 2021, 14, 3911 13 of 24

(a) - Scanner system (b) 0 \i’/ Y \|/ 2
YLO,\/NENN‘%.N\/\O)Y

HUA Q
0, 0
o P

P Liquid
VL'Q e I, resin
ACMO Irgacure 819 H
Projector

Fabrication platform

.iquid photopolymer

Figure 11. (a) The principle of traditional stereolithography apparatus (SLA) printing technology. Reprinted with permission
from Ref. [65] Copyright 2017 Elsevier and Copyright Clearance Center. (b) The principle of digital light processing (DLP)
3D printing and (c) the cartoon dog printed by DLP 3D printing. Reprinted with permission from Ref. [97] Copyright 2020
John Wiley and Sons and Copyright Clearance Center.
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Figure 12. (a) Conductive structures of multi-walled carbon nanotube (MWCNT) nanocomposites
and original resins. (b) Shape memory effect of the MWCNTs nanocomposites prepared by DLP 3D
printing (ohmic heating process). Reprinted with permission from Ref. [101] Copyright 2017 Elsevier
and Copyright Clearance Center.

There are growing requirements for the multi-function of wearable electronic devices
in the contemporary market, which will be a huge challenge for the development of the core
strain sensor of electronic devices [102,103]. The traditional strain sensor manufacturing
process takes too long, so it is difficult for large-scale industrial production, and it is difficult
to wear in parts such as joints due to insufficient retraction performance. In the process
of use, it is easy to cause the failure of the whole strain sensor due to a slight failure [104].
Based on these problems, Guo et al. [105] proposed a 3D printing strain sensor with good
scalability and self-healing ability. They used carboxyl carbon nanotubes (c-CNTs) with
better dispersion properties as a conductive medium and N-acryloylmorpholine (ACMO)
with low viscosity, low volatility, and excellent water solubility to form hydrogen bonds
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among water, carbon group, and amino group, which would enhance the tensile properties
and inherent self-healing ability of the composites. Moreover, the c-CNTs/BYK/ACMO
(CBA) suspension was further prepared by a simple water absorption process, and a new
strain sensor was produced in the DLP 3D printer, as shown in Figure 13. The new strain
sensor shows good stretching ability and internal self-healing ability and can provide
stable signal information, which would have great potential applications in the fields of
stretchable devices, electronic skin, wearable electronic devices, and so on.
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Figure 13. (a) Preparation, printing process, and application of CBA nano-suspension. (b) Stretching and self-healing
process of CBA film. (c) (left) Stress-strain curves of the original, first, second, fifth, and tenth self-healing, (middle) Young’s
modulus and elongation at break curves, and (right) resistance self-healing time curve. Reprinted from Ref. [105].
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3.4. Other Printing Technologies

After years of development and later innovation, the 3D printing technology has

derived new printing methods, such as biological 3D printing [106], and solvent casting 3D
printing [107,108], etc. These new printing methods have been gradually applied in biolog-
ical applications [109,110], electronics [111], wearable devices [112,113], and other fields.
Conductive polymer nanocomposites (CPNs) prepared with traditional silver nanoparticles
as fillers have good electrical conductivity, but the use of plenty of precious metal silver
also restricts its application in industry. To solve this problem, Wei et al. [114] innovatively
introduced hybrid nanofibers, namely Ag coated CNFs (Ag@CNFs) as a conductive filler,
and designed 3D printable, lightweight, and highly conductive nanocomposites. The silver
was deposited on the carbon nanotubes by chemical deposition to produce Ag@CNFs.
The core-shell structure obtained combines the high aspect ratio of CNFs with the high

conductivity and low contact resistance of Ag. The process has no by-product and high

production efficiency. The product can be used immediately after production without

any purification. These advantages indicate that the Ag@CNFs is a promising nano-filler
for the construction of 3D printable CPN with highly adjustable electrical properties. In
addition, Wei et al. [114] successfully demonstrated that using solvent casting 3D printing
technology, the Ag@CNF/PLA conductive polymer nanocomposites can be directly used
in a variety of demanding applications, including electronic components, strain sensors,
and EMI shielding brackets. The preparation process, 3D printed products of the composite
materials, and the corresponding properties are respectively presented in Figure 14. The
composite materials are expected to be used in “on-demand” to design and build a series
of electronic devices with superior performance, that are lightweight, and have shape
memory, which can be used in more advanced applications from electronics to aerospace.
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Figure 14. (a) Preparation of Ag@CNFs/polylactic acid (PLA) composites, SEM and 3D printing application of the as-
prepared Ag@CNFs/PLA composites. (b) Conductively versus nozzle size. (¢) Conductivity and specific conductivity as a
function of Ag@CNF loading. (d) Property space map of conductivity with respect to density that compares the as-prepared
(solid symbols) to other reported 3D printable conductive polymer nanocomposites (CPNs). (e) Plot of (R-R0)/R0 over time
during the bending cyclic test of a filament extruded from a nozzle of 200 um using Ag@CNF CPNs with 10.6 vol% fillers.
Reprinted with permission from Ref. [114] Copyright 2019 American Chemical Society.
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Electronic equipment will continue to emit electromagnetic waves in the process of use,
which could affect normal electromagnetic wave communication and even threaten people’s
health [115,116]. Traditional electromagnetic shielding equipment is usually made of metal
materials. Metal materials have a good shielding effect, but corrode easily and are difficult to
regenerate, which limits the use of metal in electromagnetic shielding. Chizari et al. [117] used
carbon nanotubes/polylactic acid (CNT/PLA) nanocomposites to prepare high conductivity
3D printable ink with conductivity up to 5000 S/m. Using the solvent casting 3D printing
technology, the conductive grid structures were prepared, and then the effects of various
parameters on the transparency and EMI shielding effectiveness of the products were further
studied, as resulted in Figure 15. The results show that the EMI shielding effectiveness (EMI
SE) value of CNT/PLA nanocomposites 3D printed in the form of three-dimensional scaffolds
is significantly higher than that of CNT/PLA nanocomposites 3D printed in the form of
hot-pressed solid. By changing the printing pattern and fiber spacing, the transparency of the
scaffold can vary from ~0% to ~75%. This is also the first systematic study on EMI shielding
using 3D printing technology. These results are very useful for the fabrication and structural
optimization of EMI shielding with optical or transparent structures, such as in aerospace
systems, portable electronic devices, or smart fabrics.
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Figure 15. (a) 3D printed supports by using 200 um inner diameter nozzle and their SEM. (b) Con-
ductivity of CNT/PLA versus CNT load. (c) Conductivity of CNT/PLA comparing with the existed
reports in the literatures. (d) Electromagnetic interference shielding effectiveness (EMI SE) and
(e) specific EMI SE of average electromagnetic shielding performance of solid and support structures
as a function of CNT load. Reprinted with permission from Ref. [108] Copyright 2017 Elsevier and
Copyright Clearance Center.
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With the demand for portable electronic devices, the demand for micro supercapacitor
(MSC) is greatly improved [118,119]. The energy density of the common thin-film MSC is
low, which makes the endurance of the battery very poor. Increasing the thickness of the
electrode is an effective way to improve the energy density. However, the research on the
preparation methods of thick electrode MSCs is still very weak and the manufacturing of
ideal MSCs still remains a challenge. Lang et al. [120] used a 3D printing method based
on plasma jet to prepare high-performance MSCs with graphene (GE)/carbon nanotube
(CNT)/silver nanowire (AgNW) electrode. The preparation process is shown in Figure 16.
A certain amount of phosphorus was added in the preparation process to improve the
electrochemical performance of graphene [121,122]. The capacitance of GE/CNT/AgNW
MSC prepared by 3D printing was 21.3 mF/cm at the scanning rate of 0.01 V/s, showing
good energy density. After 2000 cycles, 93.1% of the initial capacitance could still be
retained. Figure 17 shows the test results, which demonstrate that the battery life is
markedly improved and the service life is increased, indicating that using 3D printing
technology to produce high-performance MSCs is a feasible and efficient preparation
method, and has great development potential.

.—— Graphene/CNT/AgNW composite film
—
Substrate

lPIasma etching

One more
film added

Weldin ween
elding betwee — AgNWs

film and film \
Plasma N
Ij“ g I
-

Nanowelding

Plasma etching
again

Repeated (Repeated process)
several times l

<

4~

Figure 16. Schematic diagram of the fabrication processes of 3D printed GE/CNT/AgNW micro supercapacitors (MSCs).
Reprinted with permission from Ref. [120] Copyright 2021 Springer Nature and Copyright Clearance Center.
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Figure 17. (a) CV curves of a 3D printed GE/CNT/AgNW MSC at scan rates of 10, 20, 50, and 100 V/s. (b) Areal capacitance
as a function of scan rate. (c) GCD curves at different current densities. (d) Percent of retained capacitance as a function of the

cycle number. Reprinted with permission from Ref. [120] Copyright 2021 Springer Nature and Copyright Clearance Center.

4. Conclusions and Outlook

The technology of additive manufacturing, 3D printing technology, has become the
most popular advanced technology in the world in recent years. After more than 30 years
of development, the technology of material addition manufacturing has been moving from
laboratory to mass use and has been able to play a leading role in aerospace, modelling,
fashion, and other fields. At present, there are many reports on 3D printable conductive
carbon materials. Compared with metal conductive materials, conductive carbon materials
have great advantages in price and lightweight quality, which means that the energy lost
due to quality can be greatly reduced, which is of great significance for energy conservation
and emission reduction. Based on the 3D printing technology, we can produce products of
any structure in principle. The combination of conductive carbon material and 3D printing
technology can produce a personalized motion sensor, which has great potential in the
detection of human health. It can be integrated into textiles, as wearable devices, and then
wearable devices can be used to observe the health of patients in real-time, which can
greatly reduce the working intensity of medical staff. Compared with traditional metal
shielding, it has obvious advantages in lightweight and structural diversification, which is
of great significance to the stable transmission of communication signals, military defense,
human health, and so on. It can design a variety of electronic components, to a large extent,
save the cost of producing a small number of personalized accessories, and so on.

However, it is undeniable that 3D printing technology is not yet mature. Although it
has great development potential, there are bottlenecks in the development of this technol-
ogy, and its the main disadvantages are as follows:
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(1) The price of raw materials is too expensive. Taking plastics as an example, the
price of traditional injection molding plastics is 2-3 dollars/kg, while the price of 3D
printing plastics is 175-250 dollars/kg. The high cost of raw materials is ultimately
reflected in the high price of products, which is difficult to accept in the current market.

(2) There are few printable materials, which makes it difficult to meet demand. There
are only 20 kinds of monomer material for 3D printing, and only 140 kinds of mate-
rial can be selected after mixing, which is too limited compared with thousands of
materials in various application fields.

(3) The existing materials are insufficiently optimized. Additive manufacturing has
higher requirements of the performance and applicability of materials, the properties
of materials before and after printing remain stable, and can meet the requirements of
continuous production, which requires further optimization of materials.

(4) Lack of color options. The color options for 3D printing are very limited. In addition,
the color of composite materials with conductive carbon materials is always black,
which restricts the use of 3D printing technology in creative industries.

(5) Deficiency of standard/certification. At present, there is no standardized database of
material performance, which means it is not possible to certify the level of equipment
or new materials.

From the development bottleneck of 3D printing technology, we can see that the future
development direction of 3D printable conductive carbon materials will further reduce
the production cost of raw materials, find and use cheaper matrix materials with excellent
performance, and improve the competitiveness of products. To meet the requirements of
all walks of life for conductive materials, we need to develop a variety of new 3D printable
conductive carbon materials to optimize the performance of materials. It is also necessary
to further establish and improve the standards and database of 3D printable conductive
carbon materials, which has a measurable standard for the development of new conductive
materials. At the same time, this can quickly select suitable materials for production, saving
time spent in finding suitable materials. These problems need to be solved urgently in the
promotion and application of 3D printable conductive carbon materials in the future, and
need to be studied by researchers in the future.
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