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Additive manufacturing, or three-dimensional (3D) printing, offers a unique solution for fabricating complex
geometries with high tolerances. Currently, many commercial additive manufacturing machines focus on the
printing of polymers with limited functionalities. However, conductive polymers (CPs) can be processed to enable
the additive manufacturing of conductive, low-density, and low-cost parts for a myriad of applications. This re-
view summarizes the relevant achievements in the additive manufacturing of conductive polymers (CPs) and

conductive polymer nanocomposites, with a discussion of the advantages and limitations of processing and
printing these materials compared with alternative traditional manufacturing methods and their properties.
Finally, the prospective applications of these additive manufacturing printed conductive materials are explored.

1. Introduction

Additive manufacturing (AM) has revolutionized the way we manu-
facture components and products across a myriad of industries, including
electronics, aerospace, biomedical, wearable technologies, fashion, and
automotive. From the conceptualization of a three-dimensional (3D)
model to the manufacture of a printed part, AM allows industries to
efficiently and quickly realize their designs for commercial applications
at relatively low costs. Unlike traditional manufacturing methods, AM
does not require the use of tooling and dies to produce parts, which also
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potentially reduces material waste and labor costs. One area that has
gained attention is the AM of electrically conductive materials that can be
used in electronics, biomedical devices, and wearable technologies, to
name just a few. Although carbon-based and metallic nanomaterials are
often combined with polymers in AM [1-3], electronically conductive
polymeric materials can offer a novel solution, as they are known to be
lightweight, versatile and low cost.

Conductive polymers (conjugated polymers) consist of chains of
repeating units of monomers, where the atomic structure has been
changed to enable them to conduct electricity; for example, polypyrrole
(PPy), poly(3,4-ethylenedioxythiophene):  polystyrene sulfonate
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Abbreviations

AM additive manufacturing

CNF carbon nanofiber

CNT carbon nanotube

CcpP conductive polymer

CSA camphorsulphonic acid

DBSA dodecylbenzenesulfonic acid
DIW direct ink writing

DLP direct light projection
EHD-Jet electrohydrodynamic jetting
FDM filament deposition modelling
FFF fused filament fabrication

GO graphene oxide

HDPE high-density polyethylene
HIP high-impact polystyrene

MAG micro-architected graphene
MEA microelectrode arrays
MWCNT multi-walled carbon nanotube

PANI polyaniline

PBT polybutylene terephthalate

PCB printed circuit board

PDMS  polydimethylsiloxane

PE polyethylene

PEDOT:PSS poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate

PEGDA poly(ethylene glycol) diacrylate

PLA polylactic acid

PLLA poly-i-lactic acid

PMMA  polymethyl methacrylate

PP polypropylene

PPy polypyrrole

PuSL projection micro-stereolithography

RFID radio frequency identification

SLA stereolithography

SLS select laser sintering

UDMA  urethane dimethylacrylate

UTS ultimate tensile strength

(PEDOT:PSS), polyaniline (PANI), and polyacetylene are widely reported
electrically conductive polymers. Although these polymers are intrinsi-
cally conductive, they often require the use of doping to attain high
electrical conductivities that can rival those of metals. To further enhance
the electrical conductivity of a polymer, secondary conductive filler
materials such as carbon [4,5], graphene [1], and silver [6,7] are often
incorporated. This approach can be used to create conductive polymer
composites using specialized polymers with tailored chemical and
physical properties.

In this paper, we provide a review of intrinsically conductive poly-
mers and polymer-based composites used in AM, with a focus on the
processing, electrical performance, and applications of these conductive
materials. The review starts from the overview of various AM techniques
by clarifying their strengths and weaknesses. Then three intrinsically

conductive polymers (CPs), including PANI, PPy, and PEDOT:PSS, are
discussed from the aspects of basic properties, synthesis methods, and
applicability for AM techniques, and strategies of enhancing conductiv-
ity, followed by AM of these conductive polymers. We next summarize
the AM of conductive polymer nanocomposites, in which various metallic
nanoparticles and carbon-based nanomaterials have been used as addi-
tives to enhance the conductivity of products by AM. Finally, the appli-
cations of CPs and polymer nanocomposites by AM, in areas of
bioelectronics, flexible and stretchable electronics, sensors, and electro-
chemical devices, are highlighted with representative progress. We
prospect that future AM of CPs and nanocomposites will focus on the
improvement on both electrical conductivity and mechanical properties
with more upgraded technologies.
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Fig. 1. Schematic overview of various additive manufacturing techniques: (a) inkjet [18], (b) FFF/FDM [19], (c) DIW [20], (d) SLA [21], (e) DLP, (f) SLS [22].
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2. Additive manufacturing

The basic principle of additive manufacturing builds by adding ma-
terials in a layer-by-layer fashion, where the layers are two-dimensional
(2D) slices taken from a 3D Computer Aided Design (CAD) model. There
are six main methods of AM, each offering different finishes, resolutions,
and physical properties. From the reported literatures, the main methods
of AM include extrusion-based systems — such as filament deposition
modelling (FDM), sometimes referred to as fused filament fabrication
(FFF), as well as direct ink writing (DIW) and inkjet printing — and
polymerization systems, such as stereolithography (SLA) and direct light
projection (DLP), and finally powder-bed fusion selective laser sintering
(SLS); Fig. 1 presents a schematic overview of these methods [8-13]. The
vat polymerization technique offers smooth-surface finishes as well as
robust, watertight prints due to strong bonding between layers and fine
resolutions. The main limitation with vat polymerization is the use of
only a single resin formulation, which must be photocurable. These resins
often consist of a monomer with a functional end group such as an
acrylate, which will be polymerized in combination with a photo initiator
(P.L) that creates radicals upon exposure to UV radiation. The efficiency
of photocuring is dependent on the P.I, concentration, power from the UV
laser, and molecular weight. It should be noted that when filler materials
are dispersed within the resin, the consequent scattering effects will lead
to under-curing. This phenomenon can be tailored by adjusting the P.I.
concentration, matching the refractive index of the filler to the polymer,
and controlling the size and shape of the filler [14-17].

Direct-ink writing uses a liquid-phase ink that can be cured chemi-
cally with UV radiation or thermal treatment. The key requirement for
DIW printing is that the ink should maintain a shear-thinning behavior
while flowing out from the nozzle, followed by quick elastic recovery
upon reaching the build plate to build self-supporting structures. This
means that many DIW inks need to be carefully adjusted to the right
viscoelastic properties, which often appear as pastes or gels with high
viscosities in the range of 103-10° Pa s at low shear rates [23,24]. When
printing with filler materials, the size, concentration, and dispersions are
critical for the viscosity and flow dynamics of the ink. Depending on the
geometry, even small quantities can lead to a rapid increase in viscosity.

Fused filament fabrication (FFF) is an extrusion-based technology like
DIW, using a spool of filament that is extruded through a heated nozzle
onto a build platform. Speed of printing and cooling, as well as thermal
transitional temperatures such as melting temperature are the key
printing considerations when using FFF. It is one of the most commonly
used printing technologies and is seen across a myriad of applications due
to its low cost [25]. Inkjet printing uses a nozzle to print out droplets of
ink onto a substrate via thermal or piezoelectric methods. Important
factors that affect the outcome of the print include contact angle, density,
ink viscosity, and speed of printing. Inkjet printing of filler materials can
lead to print heads becoming blocked by a build-up of filler material at
the opening of the nozzle. Therefore, similarly to DIW, the size, geome-
try, and concentration need to be carefully considered for good
printability.

Selective laser sintering (SLS) is a process involving a laser to selec-
tively sinter or melt powders, which fuses the particles of the powder
together in a thin layer [26]. A build platform then drops down, and a
roller is used to deposit a new layer of particles on top to continue the
printing process, creating a 3D object in a layer-by-layer fashion [27].
The surrounding unfused powders act as the supports to the solid object,
so there is no need to design supports into the build file. SLS can be used
on both metals and thermoplastics, however, SLS printed parts are usu-
ally subjected to rough surface finishes and high degrees of warpage and
shrinkage [28]. All the above methods require some degree of
post-processing, which can include the removal of support material,
post-curing processes in UV or thermal ovens, and/or general cleaning
and polishing of the part for aesthetic purposes.
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3. Intrinsically conductive polymers

Intrinsically conductive polymers (CPs), a group of organic materials,
can be a novel alternative to the traditional conductive materials, such as
metallic and carbonaceous materials. CPs can demonstrate low densities
and excellent processibilities and can act as cost-effective and efficient
conductive base materials [29-32]. They have a broad range of appli-
cations, including biomaterials for tissue engineering and biomedical
devices [33], sensors [34], transistors, electromagnetic interference
shielding [35], light-emitting diodes, photovoltaic cells [36], super-
capacitors [37], batteries [38], and artificial muscles [39]. CPs are
electrically conductive because they have conjugated structures of
repeatedly alternating monomer units of double and single bonds along
the molecular structure [40], see Fig. 2. In CPs, three out of four valance
electrons form strong ¢ bonds through hybridization of the sp? orbital,
resulting in strongly localized electrons. The remaining electrons sit in
the p, orbital, which overlaps with neighboring p, orbitals, forming n
bonds. The conjugated system of a continuous set of p, orbitals results in
the delocalization of & electrons, similar to the delocalization of electrons
in metals, which allows the electrons to move freely, resulting in elec-
trical conductivity [30]. Although these conjugated polymers are
intrinsically conductive, their conductivity can be increased by orders of
magnitude with the use of p and n dopants [33,41].

There are many variations of conjugated polymers, but the three main
CPs used in AM are PANI, PPy, and PEDOT:PSS, each of which we will
briefly describe.

3.1. PANI

PANI has many advantages over other intrinsically conducting poly-
mers, such as its low cost to manufacture, ease of synthesis, good envi-
ronmental stability, and tunable properties; see Table 1 [42,43]. These
qualities have attracted the exploration of PANI in AM techniques as
either a primary material or a filler material for AM conducting polymers
[44,45]. PANI can be synthesized and modified in a number of ways,
permitting applications in various areas, such as sensors [46], electronics
[47]1, electrochemical [48], thermoelectric [49], biomedical [50],
corrosion [51], and light emitting diodes [52], making PANI an exciting
CP for AM electrically conductive materials for commercial applications
[53]. PANI is synthesized via two main approaches: chemical and elec-
trochemical. In chemical oxidation polymerization, PANI is synthesized

b
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Table 1
Properties of commonly used conjugated polymers in additive manufacturing.
Polymer Conductivity Doping Properties Ref.
(Sem™) type
PPy 10%-10° P nontoxic and [185],
biocompatible, high [59],
electrical conductivity [186]
PANI 107 1-10° p,n inexpensive, easy to [185],
synthesize, good [187],
conductivity, [188]
environmentally stable
PEDOT:PSS 1071-10° p,n transparent, excellent [185],
thermal and chemical [189],
stability, high [791,
conductivity [801,
[190]

by using hydrochloric acid (HCI) or sulfuric acid (H2SO4) as a dopant and
ammonium persulfate (APS) as an oxidant in an aqueous environment
[53,54]. Electrochemical preparation usually applies potentiodynamic
and galvanostatic techniques to electrodeposit PANI onto an electrode
surface.

Like many other n-conjunctive polymers, PANI can be difficult to
process due to its insolubility and infusibility, caused by stiffness in the
main polymer chain. This can limit the commercial applications of PANI,
as the mechanical and electrical properties of the polymer are compro-
mised [54]. There are methods of tackling this issue, making PANI easier
to process for AM, such as making modifications to PANI to include
functional polar groups in the polymer backbone, which results in an
increase in solubility and infusibility [55]. Polymer hybrids/composites
of PANI and thermoplastics have also been used to help improve its
processibilities [56]. This technique often uses in situ polymerization of
PANI or the grafting of polymers onto PANI. In some cases, fibers or
particles of PANI are incorporated into a polymer matrix to achieve a
consistent network for conductive polymer composites [57]. Through the
development of polymer/PANI composites, improvements can be real-
ized in the mechanical, electrical, and thermal properties compared to
PANI alone [58-60]. Finally, the most widely used method of improving
the solubility of PANI is through doping [61,62]. For example, adding
protonic organic acids such as dodecylbenzenesulfonic acid (DBSA) [55,
63] or camphorsulphonic acid (CSA) [64,65] greatly improves the solu-
bility of PANI in non-polar solvents.

3.2. PPy

PPy is one of the most extensively studied CPs due to its high elec-
trical conductivity (see Table 1), ease of synthesis, and good environ-
mental stability [66-69]. Polypyrrole is also a non-toxic and
biocompatible material, garnering much interest in the biomedical field
[70]. Polypyrrole is a n-conjunctive polymer and therefore has problems
with solubility and infusibility, hindering the processing of PPy for AM
techniques. Similar to PANI, PPy can also be modified to improve the
processing and solubility of PPy and its derivatives. This is achieved by
modifications to the monomer, co-polymerization, and doping [71].
These methods affect the overall electrical, mechanical, and physi-
ochemical properties of the polymer. Large dopants can be added to
reduce intermolecular interactions of PPy chains and improve solubility,
however, this often leads to a decrease in electrical conductivity, as
charge carriers have further to travel between chains [72]. Nevertheless,
dopants such as dodecylbenzene sulfonic acid (DBSA), di(2-ethylhexyl)
sulfosuccinic acid sodium salt (NaDEHS), and poly(2-acrylamido-
2-methyl-1-propane sulfonic acid) (PAMPS) are commonly used to
improve and enhance the properties of polypyrrole [73-75].

The polymerization of pyrrole into polypyrrole can be achieved
through chemical oxidation, electrochemical oxidation, and photo-
polymerization, for instance. In chemical oxidation, pyrrole is polymer-
ized using FeCl; or other iron (III) or copper (II) salts [72,76]. In contrast,
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in electrochemical polymerization, the monomer is dissolved within a
solvent with an anionic doping salt. When an anodic potential is applied,
the monomer oxidizes at the surface of a suitable electrode surface
[76-78]. PPy is unique in that in situ polymerization can occur with
exposure to UV light, making PPy an interesting material for light-based
AM techniques such as SLA, DLP, SLS, and UV-assisted DIW [79,80]. To
improve upon its intrinsic properties for commercial applications, PPy
can be combined with another polymer to form a composite that is me-
chanically robust and can be processed, easily widening the scope of
potential applications. Reported PPy—polymer composites have included
PPy/PEGDA for printed electronics [81], as well as PPy/PP and PPy/PE
composites for improving the electrical properties and flexibility of
inherently brittle PPy [82,83]. For example, Ma et al. reported on a
PPy/PLLA composite that they additively manufactured for tissue engi-
neering applications [66]. The ability to polymerize PPy using a variety
of dopants and methods, along with the vast amount of potential PPy
composites available, creates an extensive list of applications both on a
research level and commercially, including supercapacitors [84], elec-
tronic devices [85], protection against corrosion [86], biomedical de-
vices [87], solar cells [88], fuel cells [89], and electromagnetic
interference (EMI) shielding [90].

3.3. PEDOT:PSS

PEDOT:PSS, a type of polythiophene (n-conjunctive polymer), is a
very promising CP with excellent thermal and chemical stability, low
production cost, corrosion resistance, thermal stability, biocompati-
bility, flexibility, good transparency, and high conductivity; see Table 1
[91,92]. PEDOT can be synthesized by chemical oxidation and elec-
trochemical polymerization from the monomer EDOT [93]. PEDOT
alone is not soluble and therefore can be difficult for solution pro-
cesses. However, this issue can be overcome by adding PSS to PEDOT,
resulting in a water-soluble electrically conductive polymer [94]. In
this polymer blend, PSS acts as a dopant and stabilizer by forming
soluble polyelectrolyte complexes with PEDOT [94]. Similar to PANI
and PPy, PEDOT:PSS can be blended with other polymers to form hy-
brids and composites to further improve their mechanical and pro-
cessing properties. For instance, the reported conductivity of
PEDOT:PSS can be enhanced with the addition of polyols such as
glycerol and sorbitol, resulting in conductivities that are orders of
magnitude higher [94]. PEDOT:PSS triblock copolymer blends (Plur-
onic 123) have also been reported in the fabrication of stretchable
electrodes with improved electrical conductivities of ~1700 S/cm
[95]. Applications of PEDOT:PSS found in industry include electronic
textiles [96], photocatalysis [97], transparent electrodes [95], solar
cells [98], supercapacitors [92], anti-static coatings [99], photovoltaics
[100], and fuel cells [101].

Overall, each of the intrinsically conductive polymers discussed
above offers good conductivities that can be used in a myriad of appli-
cations, from fuel cells to electronic textiles. For AM purposes, the main
concern about CPs is their ability to be processed sufficiently for different
printing technologies. However, as discussed, the use of carefully
considered dopants and polymer blends significantly improves this
ability, resulting in AM-functional CPs.

4. Additive manufacturing of conductive polymers

Additive manufacturing of CPs offers an interesting combination of
functional materials and precision manufacturing that can be applied in
advanced applications. However, as previously mentioned, n-conjunctive
polymers are difficult to process, which can create issues with the AM of
CPs. Each AM method has a unique set of requirements to achieve good
printability, including specific transitional temperatures as well as
rheological and chemical properties [102]. Therefore, CPs are often
blended with other polymers to enable AM whilst still maintaining
electrical functionality [9]. This, however, usually means a reduction in
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the material's overall electrical conductivity due to the presence of a
secondary insulating polymer [103]. To improve upon the polymer's
overall conductivity, conductive particles such as carbon, graphene, sil-
ver, etc. are added [104].

4.1. Additive manufacturing of PANI

The printing of CPs has become an interesting field in academia and
industry, as complex functional parts can be manufactured quickly with
minimal waste for a whole host of applications. Some of the reported
major achievements in this field have included work by Joo et al., who
recently demonstrated the AM of PANI/polyurethane composites via DLP
(Fig. 3a) [105]. This study found that the addition of 6 wt% PANI
nanofibers to the PU matrix decreased the sheet resistance from 1.08 x
10711 t09.28 x 1077 Q/sq. The mechanical properties of the composites
were also improved, with a reported Young's modulus of 26.1 MPa (6 wt
% PANI) compared to 24.3 MPa for pristine PU. The elongation at break
of the composite was also increased from 5.20 x 102 (pristine PU) to
5.76 x 10 (6 wt% PANI), providing an improvement not only in
toughness but also in flexibility.

4.2. Additive manufacturing of Ppy

Yamada et al. reported the AM of PPy into a Nafion® sheet using a
Ti/sapphire laser (A = 850 nm) (Fig. 3b) [106].They used multi-photon
excitation of tris(2,2'-bipyridyl)ruthenium complex [Ru(bpy)32+] by a
femtosecond pulse laser with near infrared wavelength as the light
source, the multi-photon sensitized polymerization of pyrrole, and an
AM (photo-fabrication) system of polypyrrole (PPy) by 3D scanning of
the laser focal point. In this study, the AM of PPy into a Nafion® sheet
was carried out to evaluate the electronic conductivity of the product
micro-structures formed by multi-photon sensitized polymerization.
This method of micro-nano AM created high resolutions with a
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minimum line width of approximately 0.8 pm. The multi-photon
sensitized polymerization of PPy resins also achieved extremely high
conductivities of up to 4.1 x 10% S m™?, tested using the 2-point probe
method under a vacuum. Yamada et al. [106] studied the relationship
between laser power, line width, and conductivity (Fig. 3b(i,ii)) and
found that the line width and conductivity of the AM composite
increased along with the increasing laser power. This was believed to be
due to polymer chain orientation and crystallinity, stimulated by an
increase in the electric field from the femto-laser. Each AM technique
can offer a different resolution and finish to the printed part and
therefore a difference in mechanical, electrical, and thermal properties
[107,108], in contrast to the extremely fine resolutions achieved by
Yamada et al. [106].

4.3. Additive manufacturing of PEDOT:PSS

Gutiérrez-Fernandez et al. achieved a line width of ~25 pm for their
AM PEDOT:PSS onto indium tin oxide (ITO) substrates using inkjet
printing [109]. In this study, thin films of poly(3,
4-ethylenedioxythiophene) complexed with poly(styrenesulfonate)
(PEDOT:PSS) on indium tin oxide (ITO) were prepared by inkjet printing
technology. The process allowed the creation of thin films over large
areas. A relatively broad range of thicknesses could be obtained by the
addition of subsequent polymer layers in what resembled an additive
manufacturing process. The resulting inkjet PEDOT:PSS films were ho-
mogeneous in regard to both electrical and mechanical properties. In
inkjet printing, the line width is closely related to the diameter of the
ejected droplets. Following on from this work, they reported that their
printed thin films were homogeneous and had reasonable electrical and
mechanical stability (Fig. 3c). The Young's moduli of the films were
measured to be between 4.6 + 0.2 GPa for one printed layer and 2.4 +
0.1 GPa for four printed layers, and their recorded moduli values were
higher than with other manufacturing approaches, such as free-standing
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fabrication [110].

Scordo et al. reported the effects on electrical performance when
varying the concentration ratio of PEGDA to conductive PEDOT (10:1,
5:1, 1:1), see Fig. 3 [111]. Their findings showed that an increase in the
concentration of PEDOT (1:5) improved electrical conductivity (Fig. 3),
but the mechanical performance of the composite inks was compromised,
hindering the overall printability. The 5:1 ink showed the most promise.
This is often seen in the development of conductive polymers and com-
posites for AM — there is a compromise between printability and per-
formance, and optimization is crucial [112-114].

Although there are many advantages of using AM techniques over
traditional methods (casting and forming), such as high-precision com-
plex parts, low costs, and minimal waste, there are still concerns about
whether a layer-by-layer manufacturing approach can produce robust
load-bearing parts compared to traditional manufacturing methods.
Mohan et al. tested this concept by conducting a study on AM hybrid
polyethylene-graphene nanoplatelets (6 wt%)-polypyrrole (2 wt%)
composites compared to those that had been compression molded [11,
114]. The mechanical, thermal, and electrical performance of both
manufacturing techniques was assessed, indicating that the mechanical
properties of the AM composites exhibited a 13% reduction in tensile
strength and a 31.8% reduction in flexural strength compared to the
compression-molded samples. However, the AM samples did show an
increase in electrical conductivity of 7.9% (~3 x 1074sm™) compared
to those that had been compression molded (~2.78 x 1074 s m’l),
owing to the potential alignment of filler material during the extrusion
process in the AM (FFF) process.

An alternative technique to combine AM and CPs is via infiltration of
a CP into a porous AM part during the post-processing stage. The AM
component can be used to manufacture complex and intricate shapes,
whilst infiltration of a CP in a secondary processing stage means that
enhanced mechanical and electrical properties can be achieved without
the need for extensive processing of the CP. Mu et al. utilized this tech-
nique in the AM of a commercial UV curable Spot E resin via DLP with
sacrificial sodium chloride particulates mixed in Ref. [115]. Salt leaching
was then used to create complex porous parts, which could be applied as
a template for the infiltration PEDOT:PSS and 5 vol% ethylene glycol
(EG) (Fig. 4). The resultant product was a flexible conductive component
with tunable properties. The reported resistance of the composite was 50
kQ, which meant that the AM part could light an LED bulb (Fig. 4b)
[115].

The AM of CPs is summarized in Table 2, showing that a variety of
technologies can be used to AM CPs and their composites. As previously
discussed, the overall properties of the printed material can be greatly
affected by the resolution, feature size, and conductive material
component. As there is a broad scope of printing techniques and mate-
rials, this creates an abundance of possible applications for AM
conductive materials.

5. Additive manufacturing of conductive polymer
nanocomposites

Conductive fillers dispersed within a polymer matrix can be used as
an alternative to conjugated polymers to provide electrical pathways to
an intrinsically insulated polymer or aid in increasing the conductivity in
CPs. The incorporation of these fillers can drastically affect all properties
of the composite, including optical, mechanical, thermal stability, and
electrical properties. The benefit of using conductive fillers in a polymer
means that a wide range of polymers can be used as the matrix material;
therefore, depending on the application, a bio-polymer can be used, or a
polymer with specific mechanical, chemical, or optical properties. The
polymers can also be tailored for specific AM techniques, including
photocurable polymers for SLA, low-viscosity polymer resins for inkjet
printing, and high-viscosity resins for DIW. This provides a degree of
freedom for AM conductive polymer composites using a variety of
technologies. The limitations of this method depend on the achievable
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Fig. 4. (a) (i) From left to right, AM cubes using extra-fine PEGDA, and com-
mercial resins Standard Clear and Spot-E. SEM images of the porous structures
printed by using (ii) coarse, (iii) fine, and (vi) extra-fine Spot-E ink. (v), (vi), and
(vii) are zoomed-in images of (ii), (iii), and (iv), respectively. (b) An LED bulb is
lit up when voltage is applied through porous polymer materials infiltrated with
PEDOT:PSS conductive ink, and (ii) the bulb keeps shining while the porous
conductive material is stretched (Copyright© The Royal Society of Chemistry,
2017: [115]).

loading of fillers above the percolation threshold for electrical conduc-
tivity, and good dispersions of conductive fillers within the polymer
matrix. These factors can affect the overall printability, attainable elec-
trical conductivity, as well as mechanical, thermal, and chemical prop-
erties [116]. Another consideration is the cost of using expensive filler
materials such as silver, gold, etc. [117,118].

The percolation threshold of the conductive filler in the polymer
matrix is critical when developing conductive inks for AM. The perco-
lation threshold is the transition between polymers changing from an
electrically insulating state to an electrically conductive state. In polymer
composites, conductive fillers are wusually distributed randomly
throughout the polymer matrix, which means that the composite can be
either electrically insulating or conductive, depending on whether the
concentration of fillers is below or above the percolation threshold [119].
Above the percolation threshold, a critical amount of conductive filler
material enables the formation of one or more continuous conductive
networks within the polymer, changing the electrical properties [120].
This critical amount is dependent on the type of filler material,
geometrical factors (flakes, spheres, tubular particles), filler alignment,
composite processing, and the polarity of the polymer matrix [118,
121-123]. We have summarized the AM of conductive polymer nano-
composites in Table 3.

5.1. Metallic nanoparticles

Metallic nanoparticles are the most obvious choice to utilize due to
their known excellent conductivities, although they obviously are more
expensive than carbon-based materials. In particular, the dispersion of
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Table 2
Electrical properties of additive manufactured conductive polymers and their associated composites.
Conductive Polymer Secondary Materials Additive Manufacturing Electrical Applications Ref.
Technology Properties (S
cm’l)
PEDOT:PSS PEGDA matrix SLA 0.05 microsensors, MEMS, and [111]
microfluidics devices
2-hydroxyethyl acrylate (HEA) with 4- - DLP 1.20 flexible sensors [191]
vinylbenzenesulfonic acid (SSS), 3, 4-
ethylenedioxythiophene (EDOT)
(PHEA-PSS/PEDOT)
PANI nanofibers (5 wt%) polyacrylate and graphene (1.2 wt%) DLP 4.00 x 10°° electronic and biomedical [192]
devices
PPy tubular nanoparticles (30%) poly-l-lactide (PLLA) DIW 7.50 x 107° tissue engineering scaffolds [66]
PEDOT PEGDA (PEGDA:PEDOT 5:1) customized SL printer 0.05 biosensors, energy storage, [111]
health monitoring, and
sensing applications
PANI (1:3) dodecylbenzenesulfonic acid (DBSA) FFF 3.26 sensors and actuators [10]
PPy collagen and polyarylate film inkjet 1.10 conducting polymer [161]
structures that promote
cellular adhesion
PANI doped with MWCNTs PU 5 wt% 45.0 organic antennae [156]
Ppy doped with Fe(ClO4)3 Nafion sheet multi-photon sensitized 410 conductive inks for printed [106]
polymerization metamaterials
Ti/sapphire laser (A = 850
nm) 3D printer laser
PEDOT(12 wt%):Nafion Nafion and ABS blend FFF 1.00 x 107° organic electrochemical [168]
transistors (OECTs), wearable
electronics, and electronic
textiles
PEDOT:PSS ionic liquid hydrogel microreactive inkjet 900 next-generation bioelectronic [13]
printing (MRLJP) devices; wearable and
stretchable electronic devices
EDOT (17 wt%) PEGDA two-photon lithography 0.04 photonic metamaterials, [103]
microfluidic
and biomedical devices,
MEMS, and actuators
PEDOT:PSS 1.25% (w/w) multiwalled carbon nanotubes (MWCNTSs) inkjet and aerosol-jet 3.23 microelectrode arrays (MEAs) [12]
(0.5%), deionized water, glycerol, and printing and biomedical devices
ethylene glycol in a ratio of 8:1:1 (w/w/w)
PPy polycaprolactone (PPy-b-PCL) in-house built EHD-jet AM 0.12 nerve guide conduits [160]

(electrohydrodynamic)

metallic nanoparticles within a polymer matrix can be applied to improve
its electrical properties without drastically changing the bulk material; it
therefore can be used in AM via a variety of technologies, such as FDM,
DIW, SLA, inkjet, etc. For example, Mannoor et al. coupled nano-
electronics with biological systems when making their AM printed ear, as
shown in Fig. 5a [124]. The ear was printed via DIW, and the ink con-
sisted of a chondrocyte-seeded alginate hydrogel matrix with a conduc-
tive silver nanoparticle-infused inductive coil antenna. The ear was able
to receive electromagnetic signals over a wide range of frequencies
(Hz-GHz). Lei et al. also demonstrated the possibilities of AM silver/-
polymer composites through printing conductive circuits using sil-
ver/PVB filaments via FDM [125]. At 55 wt% loading of the silver
powder, a low resistivity of 7.02 x 10~* Q cm was obtained. The com-
posite material also showed improved microhardness (31.90 HV )
compared to PLA-only filaments (23.37 HVj»), with their results
showing promising applications in PCB, RFID, and electronic paper.
Tan and co-workers developed a conductive filament for FFF
comprised of nickel and SngsAg4Cu; (5-35 vol%) alloy in a nylon-6 or
polyethylene (PE) thermoplastic matrix [129]. The percolation threshold
for electrical conductivity of the alloy composites was found to be ~25
vol% for both polymers. At 30 vol% in a Nylon-6 matrix, the electrical
conductivity was > 31,000 S m~! and 23,000 Sm™! for the PE matrix at a
loading of 35 vol%. The conductive filament also showed changes in
mechanical properties compared to the neat polymer. Both Young's
moduli and the ultimate tensile strength (UTS) increased with greater
solid loading of the alloy in Nylon-6, but a decrease in toughness was
observed. A similar result was obtained when printing using the PE
matrix, except the UTS started to decrease after loadings greater than 20

vol%. This effect is commonly seen in the AM of composites using filler
materials, as there is often a trade-off between electrical conductivity and
the mechanical properties of the composite. Specifically, although an
increase in metallic filler concentration will lead to high electrical con-
ductivity in the composite, it can also lead to brittleness, limiting the
applications of the printed part. Yung et al. took a different approach to
the AM of a thermoplastic (PLA) via FFF by applying a photochemical
coating of copper [126]. Acrylic paint containing malachite (5:2 mala-
chite to acrylic mass ratio) was painted onto the additive manufactured
structures to form a copper coating after laser treatment. The recorded
resistance of the coated additive manufactured object was 4.3 x 1077
Qm. Yung et al. demonstrated the potential of this method by using laser
writing to photochemically reduce conductive copper tracks on the
coating, which could be used to light an LED on an additive manufac-
tured hand (Fig. 5b).

5.2. Carbon-based nanomaterials

Carbon materials have been a key focus filler material for many
polymer composites due to carbon's relatively high electrical conduc-
tivity [130], light weight, and low cost. A wide range of carbon nano-
materials are available to be explored, such as carbon black [131,132],
graphite [133], graphene, graphene oxide [134,135], carbon nanotubes
[136], and carbon nanofibers [137].

5.2.1. Carbon black
Carbon black is one of the most abundantly used nanomaterials for
polymer composites due to its good electrical conductivity and
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Table 3
Electrical properties of additive manufactured printed conductive fillers in polymer composites.
Conductive Filler Loading of Polymer Matrix Additive Electrical Applications Ref.
Filler Manufacturing Properties
Technology
carbon black 32.3 wt% polypropylene FDM < 1000—-200 Q@  AM sensors [139]
cm
graphene 10 wt% PMMA and PPy (10 wt %)  FDM 14.2 S em™! alternative to wiring or expensive printable [150]
conductive inks
silver 55 wt% polyvinyl butyral (PVB) FDM 7.02 x 1074 Q PCB, RFID, and electronic paper [125]
cm
nickel particles 30 vol% nylon-6 FFF 3.10 x 10% S AM conductive tracks [129]
(dispersed with em !
SnosAg4Cuy)
multiwalled carbon 30 wt% PLA DIW 23Scm !t sensors (gas or strain sensors) and EMI shielding [177]1
nanotubes
nano-carbon black (CB) 4 wt% polyamide 12 SLS 7.71 x 107°§ conductive polymer composites for SLS printing [193]
em™!
carbon black 4 wt% nylon-12 SLS 1.00 x 107 S conductive polymer composites for SLS printing [194]
em™!
CNTs 0.3 wt% methyl ether DLP 8.00 x 10°°S 3D structures with conductive electrical [195]
methacrylate em™! properties
(PEGMEMA)
silver nanoparticles 20 wt% PEGDA SLA 1.50 x 10° Q composite metal-polymer 3D structures [81]
cm
CNTs 0.5 wt% polyurethane (PU) DIW 1.00 x 10768 MEMS, electromagnetic shielding meshes, flexible ~ [196]
em™! electronic connections
graphene 75 wt% polylactide-co-glycolide DIW ~6.5S cm™! medicine, bioelectronics, sensors, and energy [162]
devices
reduced graphene oxide 5.6 wt% ABS DIW 1.05x107°§ AM of electrically conductive materials [151]
(rGO) em !
CNT 10 wt% PLA FDM ~1Sem™! manufacturing of structural and conductive [197]
components
GNP 15 wt% ABS FDM 1078-107°§ AM of electrically conductive materials [198]
m-!
graphene oxide 0.5 wt% PEGDA DLP 408 x107°S graphene-based 3D-printed composite [199]
em™!
silver - UV-cured polymer inkjet 1.00 x 10* S AM antennas [200]
em™!
CNTs ~0.49 wt% PBT polybutylene FDM ~0.01 Scm™! manufacturing of functional structures [148]
terephthalate
CNTs ~3 vol % HDPE FFF ~10728em™! designing electro-conductive polymer [147]
nanocomposites (PNCs)
MWCNTs 5 wt% TPU FDM ~1.00 x 1072 piezoresistive feedstock for AM of strain sensors [201]
Scm™?
MWCNTs 0.3 wt% commercial acrylic-based DLP 2.70 x 1074 S hollow capacitive sensors, smart structures with [202]
photocurable resin m™! shape memory effects, and stretchable spring

circuits

reinforcing properties for polymers and elastomers [138], so it presents
as a good choice for the AM of conductive nanocomposites. Conductive
nanocomposites incorporating carbon black have been reported by Kwok
et al., who developed a conductive polypropylene filament for FFF [139].
Carbon black particles (15.5, 25.9, 32.3 wt%) were blended with PP in a
single-screw extruder, producing an electrically conductive polymer
composite filament. The AM filament achieved electrical resistivity
below 102 Q m with concentrations greater than 30 wt% and a perco-
lation threshold of ~11.3 wt%. Kwok et al. demonstrated the capability
of their filament by additive manufacturing circuits powered with a 9 V
battery to light a blue LED. Similarly, the use of carbon black for FFF
printing has been described, but in this work, a commercially available
carbon black-based FFF filament (Palmiga PI-ETPU) was used to print a
metamaterial for a capacitive sensing array for human joint wearables
[140]. Espera Jr et al. reported the use of carbon black powders with
polyamide-12 for SLS applications [141]. Through varying the percent-
age of carbon black (0, 1.5, 3, 5, and 10 wt%) in PA12 powder, the
electrical conductivity of the nanocomposites was studied. The percola-
tion threshold was reported to be between 1.5 and 3 wt% carbon black
concentration, with the highest electrical conductivity reported as 11.17
pS cm ! for the composite containing 10 wt% carbon black.

Affordable AM of carbon black polymer nanocomposites has been
reported by Joao et al, who demonstrated the fabrication of an

electrochemical sensor using a cheap AM pen and a commercially
available conductive filament (Proto-Pasta®, obtained from ProtoPlant
Inc., Vancouver, Canada) [142]. AM pens use a filament that is extruded
through a heated nozzle powered by a battery usually associated with a
children's toy. However, Joao et al. reported that their pen AM electrode
could detect lead and copper in tap water and liquid fuels (both 100 pg
L™Y), which could provide a cheap and portable solution for field anal-
ysis. Undoubtedly, the availability and good processing properties of
carbon black offer a good option for AM, resulting in interesting appli-
cations that include stretchable conductors [143], electrochemical sen-
sors [142], health monitoring devices [144], smart textiles [145], and
microwave absorption materials [146].

5.2.2. Carbon nanotubes

Carbon nanotubes — cylindrical particles made of one or several
concentric graphite layers — have been used as additives in many AM
applications to produce conductive polymer nanocomposites. Recent
work demonstrated the conductivity of FFF CNTs using PLA and HDPE as
the polymer matrix [147]. Filaments containing CNTs were prepared and
mixed with the polymers using melt-mixing processes with a twin
extruder. The loading of the CNTs was 0, 0.5, 0.5, 1, 2, 4, and 6 as a
percentage of weight fraction to the polymer. The measured data found
the percolation threshold for the composites to be 0.23 vol% for
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Fig. 5. (a) Ilustration of a bionic ear (i) and optical image of an AM ear (ii) (Copyright© The American Chemical Society: [124]). (b) Image of AM robot hand being
brushed by acrylic paint containing malachite (i); schematic showing laser writing technique to pattern circuit tracks (ii); testing of the tracks using LED lightbulb (iii);
image of the robot hand in use, showing powered red LEDs (iv) (Copyright© Sci. Rep. 2016: [126]). (c) Optical microscope images showing the surface of printed 20
wt% graphene in epoxy (i) and 20 wt% graphene + clay in epoxy (ii); a photograph of the DIW printing process using 20 wt% graphene + clay formulation (iii, iv);
height map of the printed wafer tray, showing minimal height variations (v) (Copyright© Elsevier, 2018: [126,127]). (d) Schematic showing: SLA printing process (i),
AM epoxy with triangular gratings for nanoparticle patterning (ii), dip-coating process (iii), mechanism of CNF band formation (iv); and a CNF-epoxy composite as a

sensor device (v) (Copyright© The Royal Society of Chemistry, 2020: [128]).

CNT/PLA and 0.18 vol% for the CNT/HDPE polymer. Gnanasekaran et al.
compared the printability and properties of their CNT/polybutylene
terephthalate (PBT) FFF filaments with graphene (G/PBT) FFF filament
[148]. Both melt-extruded composites were printed using an Ultimaker 2
desktop printer. Gnanasekaran et al. reported their G/PBT printed fila-
ments appeared rough and brittle in comparison to the CNT/PBT printed
filaments, suggesting that the overall quality [149] of the printed mate-
rial was superior in the composites containing CNTs. The CNT/PBT
printed composites in this study also showed superior electrical proper-
ties, with a percolation threshold of ~0.49 wt% of CNT (~0.31 vol%),
compared to the much higher quantities needed for the G/PBT based
composite, at ~5.2 wt% (~ 3.3 vol%). Both composite filaments in this
study provided a low-cost solution for the additive manufacturing of
electrically conductive materials [148].

A novel approach with AM MWCNTs was reported by Chavez et al.,
who described the in situ alignment of a conductive filler within a
photopolymer via applied electric fields [149]. This method enabled the
properties of the printed polymer nanocomposite to be finely tuned to
control not only the electrical properties of the SLA printed part but also
the mechanical properties. Through adjusting the frequency and electric
field, the orientation of the printed component while printing the
MWCNTs could be aligned randomly, in parallel, and perpendicularly.
The results indicated an improvement in UTS for both samples when
their fillers were aligned in parallel or perpendicular to the test di-
rections. Critically, the electrical conductivity of the samples where the
MWCNTs were aligned in parallel showed an improvement of 89.3%.
However, when the fillers were aligned perpendicular to the test elec-
trodes, the conductivity was around 6 times lower than that of the par-
allel samples. This work highlights the ability to improve the electrical
properties of AM polymers using conductive filler materials; it also shows
that aligning these fillers enables the fine-tuning of electrical properties
as well as thermal and mechanical properties.

5.2.3. Graphene

Graphene is a 2D material has reported to their unique optical,
electrical, and physicochemical properties and has gained significant
attention as a conductive filler material for AM due to its reported
beneficial properties. The development of graphene-based polymer
nanocomposites can provide conductive materials for a variety of
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applications from electrochemical sensors to biological implants. Mohan
and co-workers [150] added a 10% graphene content to a hybrid polymer
consisting of the primary polymer (PMMA) and secondary polymer pol-
ypyrrole (PPy, 10%). Conductive filaments for FDM applications were
prepared and printed achieving high electrical conductivities of 14.2 S
cm ™!, Similarly, Foster et al. used commercially available graphene/PLA
filament that could be AM via FFF for energy storage devices [1,3]. Here,
additive manufactured disk electrodes were printed out of commercially
available conductive filament for freestanding lithium-ion anodes in a
Li-Ion coin cell. FDM printed graphene-based polymer composite was
also demonstrated by Wei et al. to improve the electrical conductivity of
ABS [151]. With the addition of 5.6 wt% loading of graphene in ABS the
printed composites achieved a conductivity of 1.05 x 1072 S m ‘and a
percolation threshold calculated to be ~2 wt%. Meanwhile, other work
took a different approach in the fabrication of graphene-reinforced epoxy
printed via DIW methods [152]. The bulk resistivity of the printed
epoxy-graphene (20 wt%) along the print direction was significantly
lower than the resistivity of epoxy alone (Fig. 5c). Hensleigh et al. re-
ported the AM of their XGO resin containing graphene oxide (GO) and a
UV-curable acrylate resin for projection micro-stereolithography (PuSL)
applications [153]. Although their main aim was to produce
micro-architected graphene (MAG) by reducing the GO to rGO and
subsequently removing the acrylate polymer, this work demonstrated the
ability to AM graphene-polymer composites via laser-based AM tech-
niques for potential use in electrically conductive UV-curable resins.

5.2.4. Carbon nanofibers

Carbon nanofibers, an analog of carbon, can be used as conductive
fillers in polymer composites to improve the electrical conductivities of
3D printable polymers. Much like all conductive fillers used in polymer
composites, carbon nanofibers rely on good dispersions in the polymer
matrix to create continuous conductive pathways for electrical conduc-
tivity [154]. Rymansaib et al. incorporated carbon nanofibers with
graphite in polystyrene (HIPs) to produce electrically conductive fila-
ments for FFF [5]. Conductive filaments comprised of 80 wt% poly-
styrene, 10 wt% carbon nanofibers, and 10 wt% graphite flakes and were
used to print electrodes for voltammetric sensing and detecting heavy
metals. The group also reported the detection of Pb on the surface of the
composite electrode, highlighting the potential for AM conductive
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polymer nanocomposites for applications in health-related sensors and
the monitoring of metal pollutants.

Jambhulkar and co-workers took a different approach to developing
an AM conductive CNF-epoxy polymer composite via SLA [128]. The
group conducted AM upon an epoxy-patterned substrate via SLA and
then subsequently dip-coated the substrate into a CNF/THF solution,
which resulted in the assembly of CNFs on the substrate upon evapora-
tion of the THF. The ability to 3D print small channels with a spacing of
200 pm allowed for conductive sensing components, as the CNFs were
able to align directionally along the channels for improved directional
conductivity. The reported resistance for the composites containing 0.1,
0.5, 1.0, and 10.0 mg ml~! CNF/THF was 1.4, 2.1, and 16.3 kQ,
respectively. The conductive nanocomposite was then successfully used
to print chemical sensors that could detect volatile organic compounds
(VOCs), see Fig. 5d.

In summary, comparisons of metallic and carbon fillers have shown
that metallic fillers have considerably higher conductivity but clearly
also have higher costs, so research continues to explore the effect of
carbon fillers.

6. Applications of AM conductive polymers and polymer
nanocomposites

Multifunctional AM CPs and polymer nanocomposites offer oppor-
tunities in a myriad of applications, from tissue engineering to soft ro-
botic actuators [155] and even organic dual-band antennas [156]. The
literature of AM CPs and polymer nanocomposites mainly focuses on four
key areas: bioelectronics; flexible and stretchable electronics; sensors;
and electrochemical devices. The achievements in each field are dis-
cussed in the following sub-sections.

6.1. Bioelectronics

There is no doubt that many of the published studies about AM CPs
are related to applications in the biomedical field, from drug delivery
systems [157] to sensors for orthopedic implants [158]. One key area
being explored is tissue engineering, where, for example, Heo et al. re-
ported an AM conductive PEDOT:PSS/PEGDA hydrogel printed via SLA
[159]. The reported hydrogel showed significant improvement in the
electrical potential for neuronal differentiation. The mechanical prop-
erties of the hydrogel showed a decrease in compressive stiffness with
increasing concentration of PEDOT:PSS from 35.4 + 1.4 MPa (0 wt%) to
26.3 + 4.2 MPa (0.9 wt%). The reported cell viability results showed that
with increasing amounts of PEDOT:PSS in the hydrogel there was a slight
positive effect on the cellular behavior, with an increase in the number of
cells that showed no observable cytotoxic effects (Fig. 6a).

Vijayavenkataraman et al. reported the AM of a biodegradable and
conductive copolymer of PPy and polycaprolactone (PPy-b-PCL) for
porous nerve guide conduits (NGCs) intended for peripheral nerve injury
repair [160]. Increasing concentrations of 1-2 v/v% PPy-b-PCL were
printed via an electrohydrodynamic-jetting (EHD-jet) printer [165]. The
electrical and mechanical properties and cell viability were explored to
examine the suitability of the printed composite for application. Vijaya-
venkataraman et al. found that increasing the concentration of PPy-b-PCL
reduced the mechanical properties, meaning the structures became softer
to imitate the properties of the native human peripheral nerve. As ex-
pected, the conductivity of the composites increased as the concentration
of the conductive component PPy was raised from 0.28 + 0.02 mS cm ™!
(PCL/PPy 0.5%) to 1.15 + 0.03 mS em! (PCL/PPy 2%). Observation of
cell viability showed human embryonic stem cell-derived neural crest
stem cells (hESC-NCSCs) attach and differentiate into peripheral neurons
on the printed composite scaffolds. These results showed promise for AM
conductive polymers for tissue-engineering applications.

Ma et al. explored the effects of the concentration and morphology of
polypyrrole nanoparticles for tissue engineering scaffolds [66]. Both
tubular (10 pm in length, outer diameter of 100-300 nm) and spherical
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Fig. 6. (a) (i) (From top to bottom) CAD drawing of a scaffold with varying
square widths (width = 500, 600, and 800 pm); AM pattern of PEDOT/PSS
hydrogel; (ii) encapsulated DRG cells in GelMa. (iii) Optical images of AM
PEDOT:PSS hydrogel displaying drying effects, and a photograph of dried
hydrogel connected to an LED (Copyright© Elsevier, 2019: [159]). (b) 3D
fabrication process of p-needle electrode arrays. (Copyright© The American
Chemical Society, 2019 [12]).

(50 nm diameter) particles were dispersed in a poly-l-lactide (PLLA)
matrix and fabricated via DIW. Ma et al. found that at the same con-
centration, tubular PPy displayed a higher conductivity for the AM parts
(~2 x 107%s cm_l) than spherical PPy (~7.5 x 107° s cm_l). The
composites were recorded to be cytocompatible for applications in tissue
engineering scaffolds. Weng et al. also explored the application of CPs in
tissue engineering using a PPy/collagen composite printed using an
inkjet [161]. The composite material was printed on a polyarylate for cell
patterning purposes and achieved an electrical conductivity of 1.1 S
em™!. In vitro cell study tests confirmed the material's suitability for
tissue engineering applications, as more than 90% of the cells adhered to
the PPy/collagen printed pattern.

Meanwhile, Zips et al. took a different approach and reported their
additive manufactured PEDOT:PSS-MWCNT composites for bio-
electronics applications (Fig. 6b) [12]. They used a combination of inkjet
and aerosol printing to fabricate needle-like electrode tips (p-needles)
with a diameter of 10 &+ 2 pm and a height of 33 + 4 pm. The electrical
performance tests exhibited a conductivity of 323 + 75 S m™! and a
capacitance of 242 =+ 70 nF at a scan rate of 5mV s~ ' and an impedance
of 128 + 22 kQ at 1 kHz frequency. They tested their fabricated p-needle
microelectrode arrays (MEAs) using cell-culture compatibility tests with
cardiomyocyte-like HL-1 cells and established their relevance for elec-
trophysiological recordings from living cells.

AM graphene-based polymer composites for biomedical applications
were reported by Jakus et al., with their liquid ink consisting of
polylactide-co-glycolide (a biomedical polymer) and graphene [162].
The conductive ink was printed via DIW methods that produced robust
structures with a reported electrical conductivity of over 800 S m ™. The
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addition of graphene in the composite ink was used to enhance cell-cell
signaling, cell differentiation, and cell function, which were subsequently
assessed by seeding female bone-marrow-derived human mesenchymal
stem cells (hMSCs) onto AM scaffolds containing 60 vol% graphene. The
results demonstrated that the hMSCs were viable on the printed scaffolds
for 2 weeks and proliferated to coat the scaffold, showing promise for
bioelectronic medical devices.

6.2. Flexible and stretchable electronics

Flexible and stretchable electronics is a growing field for new wear-
able technologies that are lightweight and can perform under consider-
able amounts of strain without failure [163,164]. These innovative
materials can be applied as electronic skins, stretchable transistors,
sensors, and supercapacitors. As CPs aren't inherently flexible or
stretchable to the extent needed for flexible and stretchable electronics,
they are often blended with a second polymer, such as silicon or an
elastomer, to enhance their mechanical properties and still maintain
electrical conductivity [165,166].

Teo and co-workers reported printing a PEDOT:PSS/ionic liquid
hydrogel composite via microreactive inkjet printing (MRIJP) that could
be applied for wearable and stretchable electronic device purposes [13].
The composite achieved conductivities of 900 S cm ™! with a resolution of
~60 pm (drop diameter). Vaithilingam et al. reported inkjet printing
PEDOT:PSS onto a flexible and stretchable substrate that could be used in
flexible electronic applications [167]. The group printed conductive
PEDOT:PSS tracks onto a commercial resin TangoBlack® FLX973 sub-
strate. The printed composite was able to withstand extensions of up to 3
mm before cracking, and it contracted back to its original shape. The
resistance was tested before (1-2 KQ) and after (10-15 KQ) elongation,
showing an increase in resistance after stretching. The printed composite
could also be flexed with a resistance of (1.1-2.1 KQ) up to a radius of
curvature of 15 mm before cracking.

Some researchers have taken a different approach to incorporating
CPs and AM without directly printing the CP. Instead, they have fabri-
cated the CPs via coatings or infiltration of the conductive polymer onto
the printed material. Hoffman et al. demonstrated this by blending an AM
Nafion® template and ABS (30 wt%) via FFF and then submerging the
polymerized part in an activation bath of PEDOT (Fig. 7a) [168]. This
technique allowed conductive PEDOT to polymerize with the Nafion®
template to achieve a bulk conductivity of 3 S em™!, permitting the
fabrication of conductive flexible parts for organic electrochemical
transistor (OECT) devices and wearable electronics, e-textiles, and bio-
sensors. Li et al. fabricated highly stretchable micro-supercapacitors
using a combination of AM and coating techniques [169]. To fabricate
the micro-supercapacitors, a template was additive manufactured using
DIW; PDMS was then cast on it to obtain a stretchable substrate with
wavy tracks onto which a slurry of PANI nanorods-coated MWCNTSs was
injected as an electrode. The electrode yielded a specific capacitance of
44.13 mF cm~2 and a capacitance retention of 87% after 20,000 cycles.
The fabricated structures maintained this stability even after stretching,
twisting, crimping, and winding of the electrode (Fig. 7 b).

Both Duan et al. [170] and Zhang et al. [171] reported the use of AM
conductive graphene networks in highly stretchable and flexible poly-
mers for next-generation electronics. Duan et al. reported the use of
extrusion-based printing to form a porous PLA network that was infil-
trated with PDMS integrated with carbon nanotubes and graphene [170].
Their AM highly stretchable polymer composite displayed electrical
stability over a 5,000-bend cycle and showed minimal decrease in elec-
trical conductivity over 100 stretching cycles under 50% strain, indi-
cating great promise for future stretchable electronics. Zhang et al.
melt-blended PLA with graphene to form conductive (4.76 S cm ™' at 6 wt
% graphene) and flexible filaments for FDM applications, which showed
promise in the organic electronics field [171].
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Fig. 7. (a) (i) Schematic of processing precursor/ABS blends via FFF to obtain
PEDOT:Nafion® structures. (ii) SEM image of the cross-section of an AM line of
Nafion®/ABS with a 30 pm coating of PEDOT:Nafion®. FFF printed duck of
Nafion®/ABS before (iii) and after PEDOT synthesis (iv). (v) 100-leg thermo-
electric module (Copyright© The American Chemical Society, 2020: [168]). (b)
(i) Optical images of a stretchable micro-supercapacitor undergoing deformation
(stretching, twisting, crimping, and winding), showing it lighting a red LED. (ii)
CV curves under various types of deformations at a scan rate of 0.5 V st (iii)
Normalized capacitance (C/C 0) of the device under different deformations
(Copyright© Wiley, 2017: [169]).

6.3. Sensors

The use of conductive polymers in sensing applications has been
widely reported in the literature [34,172,173]. CPs can be applied as
sensitive layers because of their high sensitivities, low production costs,
and ability to detect considerable amounts of volatile substances. Devaraj
et al. demonstrated the AM of the conductive polymer PEDOT:PSS for
digital airflow sensor applications [174]. Micro-hair structures made
from PEDOT:PSS were printed via FFF, to imitate natural fluid airflow
sensors (hairs) (Fig. 8a). An array of the micro-hair sensors acted as
switches to a common terminal in response to airflow. The printed sensor
was capable of measuring flow from 61 to 91 mm s~?, due to its excellent
electrical and mechanical properties. In another example, Tarabella et al.
demonstrated the use of PEDOT:PSS for resistive humidity sensors. In this
case, PEDOT:PSS was used as a coating on top of an SLS-printed poly-
amide structure used as a template [175].

Cullen and co-workers described the AM of PPy composites via DLP
for potential uses in sensing applications [9]. PPy was blended with
urethane dimethylacrylate (UDMA) to improve the mechanical proper-
ties of the composite, due to polypyrrole's brittle nature. The UDMA also
aided in the 3D process but hindered the overall conductivity (Fig. 8b).
Although no specific sensing tests were verified in this work, the authors
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Fig. 8. (a) SEM of 1000 pm long micro-hair structure (scale bar 200 pm) (left), and the surface of a PEDOT:PSS micro-hair (scale bar 10 pm) (right) (Copyright© IEEE,
2015: [174]1). (b) Electrical conductivity of CP composite versus weight fraction of UDMA (Copyright© Elsevier, 2018: [9]). (c) (above) Optic images showing AM
graphene/PDMS with a grid structure, triangular porous structure, and hexagonal porous structure (left to right); (below) monitoring of skin temperature and joint
bending using the AM sensor (Copyright© American Chemical Society, 2019: [176]).

suggested this technique and conductive material would be suitable for
sensing applications in the future. Similarly, Benjamin-Holness et al.
reported an AM PANI-based composite for potential sensing applications
[10]. PANI was printed via a DIW technique, but this provided a mini-
mum feature size of 1.5 mm, which was a much larger resolution than
previously described AM CPs [106]. To enhance the conductivity of the
printed material, PANI was doped with DBSA and heated during the
post-processing stage for thermal doping purposes. The ideal thermal
doping parameters were found to be 145 °C for 10 min, which boosted
the electrical conductivity from 0.2 to 3.26 S cm™! before and after
doping, respectively. Although specific sensing applications were not
tested in this work, the material and fabrication method show promise
for the future development of CP sensors printed using DIW.

Wang et al. developed a stretchable temperature sensor consisting of
graphene and PDMS [176]. In this work, the group optimized the sensing
capabilities by adapting the structural designs printed using DIW to
include grid, triangular, and hexagonal structures (Fig. 8c). As many
conductive nanocomposites suffer from strain-sensitive effects, the vari-
ations in these printing structures compensate for these effects to
improve the sensing capabilities under external deformation. The per-
formance of the printed grid structure showed a good stretchability of
50-60% and a sensitivity decrease of ~15% under large tensile strain
compared to a solid printed nanocomposite, which showed a stretch-
ability of ~35% and a decrease in sensitivity of ~90%. The performance
of the conductive nanocomposites in this work could be applied to
wearable temperature sensors. Chizari et al. developed a liquid sensor
consisting of CNTs and PLA, which could be printed via FDM [177]. In
their work, the group also optimized the structural parameters to opti-
mize the performance of the liquid sensor. They found that by varying the
inter-filament spacing (IFS) from 0.2 to 1.5 mm, the average relative
resistance change varied from ~78% to ~238%, respectively. The lowest
sensitivity of 78% was attributed to the structure being compact with
smaller IFS, meaning there was more inaccessible surface area,
decreasing the effect of the liquid sensor. They also found that by
reducing the filament diameter from 433 to 128 pm, the sensitivity
increased from 58% to 290%, respectively. These works demonstrate that
optimizing the printing parameters of conductive nanocomposites is
important for their performance as sensors.

6.4. Electrochemical devices

The fabrication of electrochemical devices via AM offers the unique

advantages of complex designs with high surface areas. CPs used in
electrochemical devices have shown great promise due to good electrode
interfaces between the electronic and ionic transporting phases [178,
179]. CP polymer composites can be used to improve the overall pro-
cessibilities of CPs for AM applications whilst maintaining functionality
for electrochemical devices [180,181].

Wang et al. demonstrated the potential of a reduced graphene oxide
(rGO)/PANI composite AM via DIW for electrochemical devices [44]. In
this work, rGO sheets were used to form a 3D dynamic network with
PANI chains assembling directly onto the GO sheets, driven by strong n-n
interactions. The recorded areal specific capacitance of their AM device
was 1255 + 74 mF cm ™2 (volumetric specific capacitance: 12.5 + 0.8 F
cm’3) at a current density of 4.2 + 0.8 mA cm 2 (Fig. 9a). These results
showed potential for applications in supercapacitors and energy devices.
Qi et al. also used DIW to print PPy/graphene electrodes for electro-
chemical energy storage; however, in this work, PPy was used to coat the
AM graphene-aerogel structure rather than directly printing the PPy
[182]. While the authors reported the benefit of the hierarchical porous
printed structure's large specific surface area (786 m? g™1), the deposi-
tion of the active material PPy was mainly focused on the outer surface
rather than the small internal pores. Even so, the reported printed
PPy/GA electrode showed an areal capacitance and energy density of 2 F
cm~2 and 0.78 mWh cm™2, respectively. Also, the porous lightweight
structure of the printed aerogel allowed for enhanced compressibility and
full recovery of the printed electrodes. This novel approach could be
applied in batteries, solar cells, and fuel cells.

Lu et al. took a different approach and manufactured a porous iron-
nickel/polyaniline nanocages supercapacitor via selective laser melting
(SLM) [184]. Here, the Ni-based alloy was fabricated via AM to produce a
porous architecture for energy storage; PANI was then deposited onto it
via anodic electrochemical polymerization. The described specific
capacitance results for the AM CP composite were 540.68, 390.25,
114.84,84.20, 49.85, and 23.57 F g’1 at scan rates of 5, 10, 50, 100, 200,
and 500 mV s}, respectively. Shim et al. reported an inkjet printed
electrochromic device made out of a PANI/silica and PEDOT/silica
composite [183]. An electrochromic device is an electrochemical cell
that changes color when electric potential energy is applied. The
colloidal suspension of the CPs in a solvent allowed the viscosity to
remain low enough for inkjet printing of the active color-changing layer
in the devices. Each inkjet printed device showed a color change when a
voltage was applied, from —2 to +2 V for both PANI/silica and
PEDOT/silica composites (Fig. 9b). The color change shown
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Fig. 9. (a) Photograph of DIW printed (rGO) (i)/PANI supercapacitor (ii). (iii) CV curves of the planar supercapacitor at various scan rates. (iv) Specific capacitances at
various current densities (Copyright© ACS, 2018: [44]). (b) Inkjet printed electrochromic devices: (i) PANI-based ECD at —2 and + 2 V; (ii) a PEDOT-based ECD at —2

and + 2 V (Copyright© The Royal Society of Chemistry, 2008: [183]).

corresponded to the redox state of the CPs when the varied voltage was
applied.

7. Conclusions and outlook

This review has presented an overview of the major achievements
within the field of additively manufactured conductive polymers and
nanocomposites, which allow the achievement of high electrical con-
ductivities that can be applied in a myriad of applications, including
bioelectronics, flexible and stretchable electronics, sensors, and electro-
chemical devices, to name just a few. The ability to additively manu-
facture conductive polymers and polymer nanocomposites allows for the
fabrication of lightweight, conductive, and complex designs. This is an
exciting prospect for the additive manufacturing industry, as multifunc-
tional components can be manufactured, expanding the existing realms
of additively manufactured polymers with limited functionality that have
predominantly been applied in prototyping.

The main areas of debate in the additive manufacture of conductive
polymers and nanocomposites include improving the stability and
dispersion of nanoparticles in polymers to allow for uniform printing and
better electrical conductivity. Another key consideration is the trade-off
between the electrical conductivity of the printed materials and their
mechanical properties, as high loadings of filler materials and CPs often
lead to a reduction in mechanical properties due to their brittle nature.
Incorporating a second polymer has shown promise for achieving the
desired mechanical properties as well as decent conductivity, and we
suggest this should receive particular emphasis in future studies.

The current literature demonstrates the high electrical conductivities
that can be achieved through the printing of both CPs and polymer
nanocomposites. However, it remains unclear whether additively man-
ufactured conductive polymers and nanocomposites can truly compete
against additively manufactured metal components. We anticipate that
through the development of new hardware for additive manufacturing
technologies, significant improvements to the electrical and mechanical
properties of conductive polymers and nanocomposite can be
anticipated.
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