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ABSTRACT: Three-dimensional (3D) printing brings exciting pros-
pects to the realm of conjugated polymers (CPs) and organic elec-
tronics through vastly enhanced design flexibility,
complexity, and environmental sustainability. However, the use of
3D printing for CPs is still in its infancy and remains full of chal-
lenges. In this review, we highlight recent studies that demonstrate
proof-of-concept strategies to mitigate some of these problems.
Two general additive manufacturing approaches are featured: direct

structural

INTRODUCTION Ever since the 1977 discovery that doped
polyacetylene is highly conducting, conjugated polymers (CPs)
have dramatically evolved from scientific curiosities to mate-
rials with commercial success.? Organic light emitting diodes
(OLEDs) and organic photovoltaics (OPV) are but two shining
examples.>™® Despite their inferior mobility and conductivity
compared to their inorganic counterparts such as silicon and
copper, CPs have become a serious contender in the electron-
ics and optoelectronics industry largely due to their syntheti-
cally tunable properties and solution processability.”® In
particular, the low cost and near room temperature solution
processing methods are attractive properties for consumer
electronics.’

The unique chemical, physical, and processing properties of
CPs have also made them competitive contenders for next-
generation wearable or implantable electronics.”!® Such
applications require electronic devices to be stretchable to
accommodate the three-dimensional (3D) movement of the
human body while maintaining electrical performance. Most
of the solution processing methods developed for CPs for
OPV, OLED, or organic field-effect transistors (OFETSs) appli-
cations (Fig. 1) can be applied to the fabrication of wearable
and epidermal organic electronics.'> Common approaches
such as spin coating, drop casting, blade coating, and spray
coating, are among a variety of direct printing and
meniscus-guided coating methods.'? Virtually all of these
methods rely on processing the CPs onto a two-dimensional
(2D) substrate, followed by stretching the device onto the
human skin,'® which has a 3D topography. Bridging this gap
in 2D processing and 3D applications can potentially render
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ink writing and vat photopolymerization. We conclude with an out-
look for this thriving field of research and draw attention to the new
possibilities that 3D printing can bring to CPs. © 2019 Wiley Periodi-
cals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2019, 57, 1592-1605
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this class of materials equally, or even more, competitive
than inorganic materials in the booming field of wearable
and epidermal electronics. 3D printing has therefore
become the popular choice for bridging this gap in dimen-
sionality. Furthermore, the design flexibility offered by 3D
printing can create new opportunities for CPs in other
applications, such as bioelectronics that can be personalized
for each individual, free-form energy harvesting or storage
devices that can take advantage of unused gap spaces, as
well as prosthetic devices with lightweight, functional elec-
tronic components.

3D printing, a subfield of additive manufacturing (AM), has
quickly captivated scientists and engineers from all disciplines
because of the geometric freedom and complexity that it can
offer (Fig. 2).'* The additive nature of the technique also renders
it more environmentally friendly than the wasteful, subtractive,
lithography-based processing and patterning methods currently
used for the fabrication of most electronics. These features are
attractive for applications in virtually all areas of science and
engineering, including load-carrying parts in the automobile and
aerospace industries, personalized prosthetics, tissue engineer-
ing, electronics, mechanical metamaterials, soft robotics, optics,
and bioinspired materials."*

Despite these alluring prospects, reports on 3D printing of
CPs are scarce. In this review, we will start by providing an
overview of the most commonly used 3D printing methods
and discuss the materials and machine building challenges
for processing CPs using these tools. We will then survey
the current status of the field and highlight two specific 3D
printing techniques, direct ink writing (DIW) and vat
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plex hierarchical structures inspired from nature.

photopolymerization [which includes stereolithography appa-
ratus (SLA) and digital light processing (DLP)], that are
uniquely suited to be compatible with CPs. Finally, we will
conclude with an outlook highlighting opportunities and chal-
lenges. We hope this review can (a) excite researchers in the
CP community to explore 3D printing techniques as new
processing methods for next-generation organic electronics,
and (b) ignite interest in researchers from the 3D printing
community to build machines that are tailored toward
processing CPs, and potentially add these unique polymers to
their standard material repertoire.

CHALLENGES FOR 3D PRINTING CONJUGATED POLYMERS

In order to overcome challenges in processing a material via a
given approach, we need to first develop an understanding of
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the processing method itself. Therefore, we start this
section by providing an overview of the commonly used 3D
printing methods, and then move on to the specific challenges
in 3D printing of CPs.

3D Printing Methods

Within the field of AM, Chuck Hull is widely regarded as the
“father” of 3D printing due to his pioneering patent for the
first AM technique submitted in 1984.'>'® The term SLA was
first disclosed within Hull’s patent application, but the roots
of the technique can be traced back to experiments carried
out by Hideo Kodama in 1981 at the Nagoya Municipal
Research Institute.’” While the first commercial SLA printers
were developed in the 1980s by 3D systems, today, there
exists a large range of AM instruments for the professional or
the hobbyist. The three most widely utilized AM techniques
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FIGURE 1 An overview of solution-based 2D deposition techniques for CPs. (Reproduced from ref. 11, published by the Royal Society
of Chemistry under the Creative Commons Attribution 3.0 Unported License (creativecommons.org/licenses/3.0).) [Color figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 2 An example of a 3D printed object to demonstrate the resolution and complexity achievable by this processing method.
(a) Orchids printed using an extrusion-based method that display high complexity and anisotropic swelling which produce twisted
structures that mimic nature. (b) The orchid Dendrobium helix which served as the basis for the print (scale bars, 5 mm).
(Reproduced from ref. 13, with permission from the Nature Publishing Group.) [Color figure can be viewed at wileyonlinelibrary.com]

are (a) fused deposition modeling (FDM), also known as melt
material extrusion, (b) stereolithography and the closely
related DLP (collectively known as vat photopolymerization),
and (c) selective laser sintering (SLS) [Fig. 3(a,d,e)]."®*° In
FDM, a filament comprised of a thermoplastic such as
poly(lactic acid) or acrylonitrile-butadiene-styrene is heated
above its glass transition temperature (7,) so that the mate-
rial can flow out of the nozzle and be deposited onto a heated
substrate in layers to provide the 3D structure [Fig. 3(a)]. Due
to its simplicity and low material cost, FDM printers have
become the most widely used hobbyist 3D printing technique.
SLA and DLP both utilize an ultraviolet (UV) light source (typ-
ically 405 nm) to selectively cure a 2D pattern into a thin
layer of a photoreactive resin [Fig. 3(e)]. Addition of a fresh
layer of resin followed by curing allows 3D structures to be
produced from digitally controlled light patterns. SLS can pro-
duce both plastic and metal parts, but the fundamental pro-
cess is the same regardless of the material to be printed.

(a) (b) (c)

A thin layer of material in the form of a fine powder is heated
locally using a focused beam of laser light. Local heating cau-
ses the particle within the beam to sinter and form a solid
object [Fig. 3(d)]. After a 2D pattern has been created, a fresh
layer of powder is added and the process repeated until the
desired object is formed. For those who are interested in the
detailed mechanisms and examples of 3D printing, we refer
the reader to the following references for information,'*2°

Challenges and Opportunities for 3D Printing CPs

When choosing a 3D printing technique to use with CPs, poly-
mer stability is of significant importance. In both FDM and
SLS, the materials to be deposited/molded are heated above
their glass transition temperature or melting point. Due to the
electron-rich nature of CPs, many of these materials undergo
irreversible oxidation/decomposition upon prolonged expo-
sure to oxygen, and this effect is typically accelerated via
heating.?*~** This chemical instability makes adaption of this

(d) (e)
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FIGURE 3 Schematics depicting 3D printing techniques: extrusion-based methods such as FDM (a) and DIW (b), inkjet printing (c),
particle fusion-based methods such as SLS (d), and light-based method SLA (e). (Reproduced from ref. 18, with permission from the
American Chemical Society.) [Color figure can be viewed at wileyonlinelibrary.com]
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class of polymers to 3D printing particularly challenging.
However, one of the attractive features of CPs is that they can
be made solution processable through a diverse array of
chemistries and techniques. Careful synthetic design allows
for the incorporation of solubilizing side chains onto the CP
backbone, which can offer exquisite control over the solution
processing conditions of a CP.>**?5 Many CPs that are not
fully soluble can be processed as dispersions, allowing mate-
rial deposition using nozzle-based 3D printing techniques
such as DIW. We will discuss representative studies in the
Direct Ink Writing section.

Another beneficial feature of CPs for their incorporation into
3D printing is that they are synthesized bottom-up from
monomers or oligomers. SLA/DLP 3D printing is based on
photopolymerization of a reactive resin. Although direct
photopolymerization of CPs is rare, clever design of resin sys-
tems using a cascade of reactions can afford the direct synthe-
sis of some of these polymers under the irradiation of light.
We will discuss representative studies on the SLA/DLP 3D
printing on CPs in the Vat Photopolymerization Techniques:
SLA and DLP section. Many CPs also display electromechani-
cally active behavior with their electrical properties (typically
resistance) changing under applied stress. This can be
exploited to create a number of useful devices such as actua-
tors, sensors, or the direct harvesting of mechanical energy
through this behavior. A recent publication has described 3D
printed CP systems which displays such behavior.2®

We focus on conducting polymers instead of semiconducting
polymers in this review as they are the subject of virtually all
existing reports on 3D printing of CPs, principally due to their
ease of synthesis and potential for practical applications in
the near term.

ADDITIVE MANUFACTURING OF CONJUGATED POLYMERS

2D Additive Manufacturing of CPs

Before we begin our discussion of DIW and SLA/DLP, we
would like to briefly discuss the technique of inkjet printing
(IJP), a well-investigated AM method for 2D structures. Of the
additive techniques, printing with CPs has seen the most
development utilizing IJP. The major limitation of this tech-
nique is the difficulty in translating 2D patterns formed by IJP
into genuine 3D structures, and to date this has not been
resolved concerning CPs. We will discuss the reasons for this
limitation, but first, we give a brief overview of the develop-
ment of printing CPs utilizing IJP.

As a technique, IJP has been under constant development for
decades, with the printing of CPs having been first reported in
the late 1990s.%’ Since the initial reports, IJP of conjugated
materials has seen a wealth of publications and been the sub-
jects of recent reviews.”®?° In general, IJP has proven to be a
reliable and robust technique for the formation of complex 2D
patterns with low-viscosity inks (typically <100 cP). Its addi-
tive nature, where patterning is completed during the
processing step, renders this method more environmentally
friendly and cost-effective than the other commonly used
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methods, such as spin coating or drop casting. As noted ear-
lier, the tunable solubility of CPs makes them ideal for incor-
poration into IJP inks. For polymers with low or problematic
solubility, methods have also been developed for the deposi-
tion of monomers via IJP followed by a postdeposition poly-
merization to form CPs.3® Due to the inherent “2D” nature of
most organic electronics to date (e.g, OPV, OLED), IJP has
been utilized for the fabrication of organic electronics con-
taining CPs and is relatively well developed. As an example, in
nearly all organic electronics, careful control of polymer chain
alignment is essential for good device performance.®* Recent
development has led to IJP processes that allow for manipula-
tion of polymer chain alignment, enabling the printing of
devices with anisotropic properties (Fig. 4).32

Despite the wealth of interest and progress made concerning the
IJP of CPs, controlled layering of printed layers into the third
dimension remains difficult. The major limitation keeping IJP of
CPs from expanding to the third dimension is curing. Conven-
tionally, most layers printed by IJP (CP and most other poly-
mers) are cured not by chemical crosslinking, but by simple
evaporation of the solvent. This produces a dried layer that is
subject to redissolution and flow upon deposition of fresh ink.
Industrially for non-conjugated materials, this problem has been
solved by incorporation of UV-reactive inks into IJP technologies,
such as the PolyJet system by Stratasys. The PolyJet system
operates via IJP of mixtures of UV-curable resins allowing for
the combination of multiple colors and materials within a single
monolithic print. Taking inspiration from the PolyJet technology,
it may be possible to develop IJP inks that contain CPs and UV-
reactive crosslinkers that do not negatively affect the electrical
properties of CPs. These mixed systems could provide IJP of CPs
the breakthrough it needs to get to the third dimension.

We will now begin our discussion of two techniques that can
currently create 3D structures containing CPs, DIW, and vat
photopolymerization (SLA/DLP).

3D Printing of CPs

Direct Ink Writing

The origin of the DIW technique (also referred to as
“Robocasting”) is attributed to work performed in 1996 at
Sandia National Laboratories.*® The technique was initially
developed for the deposition of inorganic slurries to create
composites with complex 3D architectures. Recently, the tech-
nique has seen an explosion of use within research groups for
the deposition of inorganic, organic, and biomaterials.'®>*
Typical DIW setups utilize a number of common extrusion
strategies, including pneumatic or mechanical pistons and
Archimedes screws (augers), depending on the application
and material to be utilized (Fig. 5).3° Attachment of these
extruders to a commercially available 3D printer allows a
low-cost DIW setup to be created for less than $1000. Some
unique advantages of DIW are its low cost, ability to work
with inks/pastes with a wide range of viscosities, and con-
struction of complex structures without the need for litho-
graphic techniques.
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FIGURE 4 IJP processing and patterning of P3HT. (a) Absorbance spectra of aligned P3HT fibers with light source being polarized
parallel or perpendicular to the fibers. (b) Crossed-polarized and polarized images of printed P3HT fibers; solid arrows indicate the
orientation of the polarizers, and dashed arrows point in the printing direction. (c,d) Images of star-shaped printed P3HT fibers taken
with polarizer; polarizer orientation is indicated by the solid arrow, and the printing direction is indicated by dashed arrows.
(e) Photograph of fibers on flexible PET. (Reproduced from ref. 31, with permission from the American Chemical Society.) [Color

figure can be viewed at wileyonlinelibrary.com]

Arguably, the most important aspect controlling the success of
a DIW implementation is the rheology of the ink to be printed
(Fig. 6). If the ink to be deposited has a relatively low viscos-
ity and displays near-Newtonian properties, the ink is more
suitable for IJP with deposition occurring in a drop-wise

Screw

Piston

Pneumatic

Air

Inlet
Syringe
barrel Rotating
screw gear
Microneedle

Extruded filament

FIGURE 5 Comparison of nozzle-based extrusion strategies
commonly utilized in DIW. The strategies differ in the
mechanism by which the material is forced through the nozzle
either by air (pneumatic), a piston, or a screw gear (auger).
(Adapted from ref. 18, under the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0)). [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Ideal rheology of DIW and IJP inks. Suitable inks for
IJP display Newtonian behavior with low initial viscosities. Inks
typically utilized within DIW processes display shear-thinning
behavior and have high initial viscosities. The shear-thinning
curve here is intended to serve as a conceptual aid to
demonstrate the decrease in viscosity with increasing shear
rate. The shape of the shear-thinning curve can vary depending
on materials, solvents, or concentrations. [Color figure can be
viewed at wileyonlinelibrary.com]
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manner with a curing step in between layers. If the ink has a
relatively high initial viscosity, then the ability of the ink to
retain its shape after exiting the nozzle can allow for continu-
ous printing without the need for a curing step between
layers. Desired ink rheologies can be achieved through clever
molecular design of polymer side chains.*® Most of the inks
currently being developed for DIW systems utilize shear-
thinning dispersions or pastes to achieve high shape retention
upon immediate exiting of the nozzle. This allows for shorter
overall printing times and higher resolution features via care-
ful tuning of ink rheology. Another attractive feature of DIW
systems is the deposition of material at relatively low temper-
atures (i.e., room temperature). This has allowed for the depo-
sition of heat-sensitive materials such as CPs. In the following
sections, we will highlight several recent reports where truly
3D structures containing CPs were created.

Rheological investigation and DIW printing of a polyaniline-
based ink. As stated previously, suitable rheological properties
are of paramount importance when developing a DIW plat-
form. Work carried out at the University of Western Ontario
under the direction of Prof. Aaron D. Price tackled this prob-
lem directly for the case of polyaniline (PANI).3” PANI is a
prototypical conducting polymer and can exist as three dis-
tinct oxidation states, of which only one displays good

As printed 3D bowl structure
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electrical conductivity upon acid doping, referred to as the
emeralidine salt.3® The emeralidine salt is formed by revers-
ible protonation of the partially oxidized form (emeralidine
base) with strong protic acids (mineral acids, sulfonic acids,
etc.).?? Many groups have utilized formation of the salt to
attenuate the physical properties of PANI via complexation
with tailored counterions.**™*? In this work, the team studied
the complexation of dodecylbenzenesulfonic acid (DBSA) with
PANI, and how the processing conditions affect final paste
rheology and printing.*?

To begin, the team took inspiration from previous work that
had described doping of PANI with DBSA under different ther-
mal conditions.** Using this work as a starting point, the team
formed their inks via mechanical mixing of PANI and DBSA
under different temperature/time regimes, and identified the
suitable parameters to achieve the desired ink rheology: rela-
tively high initial viscosities (no) and strong shear thinning.

In order to 3D print this ink, a DIW platform was built in-
house from the combination of a commercially available FDM
delta printer and a pneumatic extrusion system supplied by
Nordson EFD. The printed specimen demonstrated that, while
not exact, the extrusion pressure and print speed were predic-
tive of the extruded line width. A number of different struc-
tures were successfully printed, including a bowl with a

1000.00pm

Lens: ZS20:X20

multi-layer S-pattern

As printed 3D bowl structure

FIGURE 7 PANI-DBSA structures printed via a DIW process. (a,b) Example two-layer grid and multilayer S-pattern printed out of
conductive PANI ink. (c,d) Bowl structure with 58° overhang angle successfully printed with conductive PANI-based ink. (Reproduced
from 36, with permission from IOP Publishing.) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 3D printed PANIy4/GO workpieces and their structure. (a) Column lattice formed by orthogonal lines layer by layer.
(b) Honeycomb. (c,d) Micrographs of the surface of the honeycomb in (b). (e-h) Scanning electron microscopy (SEM) images of
lyophilized PANIy /GO workpiece (e,f) and lyophilized PANIy 4/reduced GO (rGO) workpiece (g,h). (Reproduced from ref. 45, with
permission from the American Chemical Society.) [Color figure can be viewed at wileyonlinelibrary.com]

challenging 58° overhang angle (Fig. 7). The printed struc-
tures are shown to be indeed conductive, but the electrical
properties were not specifically quantified.*> Overall, this ini-
tial report by the team shows the promise of developing
robust, printed devices made from PANI. Further development
of the ink and extrusion printer could lead to complex struc-
tures with the resolution necessary for incorporation in
devices or multimaterial systems.

DIW printing of a PANI-graphene oxide composite. Research
led by Hua Bai at Xiamen University recently disclosed the
printing of conducting polymer-based composite inks. Their
ink formulation contained a mixture of PANI and graphene
oxide (GO) dispersed in N-methylpyrrolidone/water.*® Tuning
the relative composition of PANI to GO was proven to be the
key to realizing optimal rheological properties for successful
DIW printing. Inks with low PANI content underwent smooth
extrusion but had a tendency to flow and not retain its shape
well after exiting the nozzle, while those with high PANI con-
tent were prone to clogging during extrusion. Ink containing
40% PANI (PANIj4/GO) allowed for smooth extrusion and
good shape retention, and was used for printing. Importantly,
the resulting inks displayed higher viscosity than the precur-
sor solutions (PANI and GO) viscosities, indicating the forma-
tion of a 3D network between PANI and GO. This was further
supported by a dramatic increase in the storage modulus of
the combined inks. This robust gel network is believed to
originate from strong n-n interactions at the PANI/GO
interface.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2019, 57, 1592-1605

A three-step procedure is required to produce 3D PANI/GO
structures with good electrical properties. The first step is
deposition of the ink using a homemade 3D printer, extruded
by a pneumatic syringe dispenser, into the desired 3D architec-
ture. Next, this object is placed into a bath of hydroiodic acid to
promote the reduction of the GO to rGO, which displays better
electrical properties compared to its oxidized counterpart.
Finally, dialysis of the remaining acid and salts using water and
ethanol produced the desired structure. Examples of some of
the printed structures and microscopic analysis are shown in
Figure 8. A resolution of 300 pm was achieved utilizing their
system. The equivalent series resistance of the composite was
measured as 0.808 Q via electrochemical impedance spectros-
copy (EIS), demonstrating good electrical conductivity for the
material. Using this ink and processing method, interdigitated
planar supercapacitor was created with a H,SO,/poly(vinyl
alcohol) gel electrolyte. The supercapacitor has an areal specific
capacitance of 12554 74 mFcm™ at a current density of
42+ 0.8 mA cm % much higher than other supercapacitors
prepared via DIW.*7~*°

DIW  of  poly(3,4-ethylene  dioxythiophene):poly(styrene
sulfonate) within a biopolymer film. A team led by Marc in het
Panhuis at the University of Wollongong has detailed the
extrusion of a poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) paste onto different substrates in a
recent report.>® While this report only describes the creation
of 2D structures, it is notable for their fundamental examina-
tion of the substrate’s effect on the extruded tracks. A PEDOT:

Wiley Online Library


http://wileyonlinelibrary.com
http://WWW.POLYMERPHYSICS.ORG

JournaL oF _ Polymer
POLYMER sCIENCE Physics

Laser beam

(a)
Laser

g /B

) Scanning mirror Sal e "WY\r"

i [ radical polymerization R R R R
: ; R'—SH

Built object + photoinitiator -
SR $/\|/Y\I/\f
Moving platform Po}yh,-:?,l—n?z:eﬁon R R R g 2

B N =~ [0
Liquid photopolymer | 4
UC .
) b/R OR ,o\)\o/\rO\)‘.~
Bath container o cationic polymerization R

WWW.POLYMERPHYSICS.ORG

REVIEW

(C) comPuTER

CONTROL
SSTEM

FIGURE 9 (a) Schematic diagram of the typical SLA process with specific parts annotated. (b) Chemistries commonly employed in
photopolymer resins including radical, thiol-ene, and cationic polymerizations. (c) Schematic of the SLA process as described in
Chuck Hull's original patent. [Part (a) reproduced from ref. 57, with permission from the Royal Society of Chemistry, part
(c) reproduced from ref. 15.) [Color figure can be viewed at wileyonlinelibrary.com]

PSS paste with a suitably high initial viscosity and shear-
thinning behavior is first developed. Utilizing a pneumatic
syringe, the authors printed lines of PEDOT:PSS and investi-
gated the influence of two different substrates, glass and a
hydrogel made of chitosan and hyaluronic acid, on the electri-
cal properties of the extruded material. They found that tracks
printed on the surface of the glass or hydrogel had lower con-
ductivities (6.3 and 1.7 S cm™") then tracks printed within the
hydrogel (17 S cm™). The authors believe that this difference
in conductivity most likely originates from the evaporation of
water from the PEDOT printed on surface compared to the
hydrated track suspended within the gel. This work is of note
as one of the only reports that attempts to directly process a
benchmark CP, PEDOT:PSS, using the DIW technique and
investigated the structure-property relationships to some
extent. While the authors have currently demonstrated 2D
printing, the technique used to suspend printed tracks in a gel
can be readily transformed to construct 3D structures by con-
structively stacking lines on top of one another. The gel
medium can provide the structural support for the embedded
3D structures. Such matrix-stabilized 3D printing for soft
materials has been demonstrated by the groups of Prof.
Alshakim Nelson and Prof. Adam Feinberg.>'>2

Direct writing of PEDOT:PSS micropillar arrays. Recent work
carried out under the direction of Jadranka Travas-Sejdic at
the University of Auckland described the formation of PEDOT:
PSS micropillar arrays using an electrochemical DIW tech-
nique.>® This work builds upon an earlier report by the group
demonstrating a similar technique for the deposition of poly-
pyrrole (PPY).>* The current method operates using a glass
micropipette, with a narrow inner diameter of roughly
2-20 pum, that contains a Pt wire as an electrode. A solution of
PEDOT:PSS containing high boiling solvents (dimethyl sulfox-
ide, ethylene glycol) and a crosslinking agent ((3-glyc-
idlyoxypropyl)-trimethoxysilane) is infiltrated into the barrel
of the micropipette. The micropipette is lowered, using a pie-
zoelectric, to a substrate containing an Au counter electrode
to which a bias voltage (0.5 V) is applied. Upon contact of the
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solution to the metallic substrate, a significant current is gen-
erated and the tip is raised at a constant rate (typically
1-2 pm s™Y) leaving behind a solid PEDOT:PSS micropillar.
Investigation using Raman spectroscopy confirmed the integ-
rity of the PEDOT polymer within the structures. These micro-
pillars can be patterned into arrays and show good
electrochemical stability with no significant degradation after
100 cyclic voltammetry cycles. They are also mechanically
robust, recovering immediately after manipulation using the
tip. Using this technique, the group was able to print micro-
pillars with extremely large aspect ratios of nearly 700x.
While the authors only describe the creation of pillars, their
work highlights the resolution that DIW could achieve using
custom-made nozzles with micrometer-sized diameters. Fur-
thermore, the prospect of printing narrow lines in the direc-
tion perpendicular to the substrate is of significant
importance for electronic applications. Devices with vertically
stacked structures can maximize device density while mini-
mizing the size of the electronics. The ability to print via inter-
connects in the direction perpendicular to the device planes
that join all the stacked layers can enable many new
opportunities.

Outlook for DIW of CPs. The creation of 3D structures incorpo-
rating CPs via DIW is still in its infancy. The current focus
remains on the development of printable inks that incorporate
CPs and fabricating structures without sacrificing their electri-
cal properties. In two of the reviewed studies, careful develop-
ment of ink rheology was critical to successful printing. The
major advantage of applying the DIW technique to CPs is its
high versatility in printing pastes that can be generated from
virtually any solution processible material including CPs.
While the majority of inks currently developed have focused
on PANI and PEDOT:PSS, careful synthetic design of mono-
mers, side chains, and selection of additives can allow for inks
with other CPs that have desired electronic, electrical, optical,
and mechanical properties. One current limitation is that the
interior of commercially available extruders typically contains
polymers that are sensitive to acid and organic solvents,
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FIGURE 10 Design-driven fabrication approach to develop PEGda-PANI samples: (a) schematic of projection stereolithography
process. PEGda monomer solution is placed in a chamber covered by a methacrylated glass coverslip. Computer aided design files
were used to generate a series of virtual masks (dot, grid, and letter patterns). Polymerization of the 3D scaffold begins at the
coverslip surface, where UV light modulated by DLP array is focused. (b,c) Crosslinked PEGda and PEGda-PANI microstructures
adhered to silanized glass coverslip are visualized using HIROX instrument. All scale bars are 200 pm. (Reproduced from ref. 61, with
permission from the Royal Society of Chemistry.) [Color figure can be viewed at wileyonlinelibrary.com]

severely limiting the types of fluids that can be utilized. This
could be overcome with the development of extruders made
out of resistant materials like polypropylene or Teflon. Such
improvement in chemical compatibilities can potentially
enable the printing of CP hydrogels and organogels already
reported in literature.>>>® These limitations aside, with the
low-cost to entry and high versatility that DIW offer, the CP
field is sure to see a wealth of studies on DIW-based
processing in the near future.

Next, we will review the printing of CPs via vat photo-
polymerization, an AM approach with its own unique advan-
tages and challenges.

Vat Photopolymerization Techniques: SLA and DLP

Vat photopolymerization is an AM technique in which a
solid structure is produced from a pool of liquid resin, typi-
cally a mixture of monomers, oligomers, and photoinitiators.
The two most commonly used methods are SLA and DLP.
While SLA and DLP differ in the radiation source, either a
laser or a LED projector, the actual printing method is iden-
tical in both techniques. A build plate is used to create a
narrow layer of resin (typically <100 pm) which is hardened
through exposure to a specific wavelength of light. The
hardening of successive layers creates a 3D structure with
high dimensional freedom and accuracy. SLA and DLP sys-
tems are available that build in either a top-down or
bottom-up fashion. Exposure of the resins to light promotes
decomposition of a photoinitiator which generates reactive
species and initiates chemical reactions for solid polymer
formation [Fig. 9(a)]. To date, nearly all resins utilize some
combination of radical, cationic, or thiol-ene type mecha-
nisms to crosslink and strengthen the resulting polymer
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structure [Fig. 9(b)].*° Although SLA/DLP can seem compli-
cated when compared to DIW, principally due to the need to
develop chemical strategies, there are significant advantages
to this approach. One major advantage of vat polymerization
is the resolution that can be achieved. Whereas common
DIW extruders struggle to reach resolution below 100 pm
without specialty machined tips, this resolution can be effec-
tively achieved even with hobbyist SLA/DLP equipment.®>”->8
Also, SLA/DLP are capable of producing complex, porous
structures by using the uncured resin as a support bath for
the growing part. Another advantage is speed, where tech-
niques such as DLP can create an entire 2D layer of the
print at the same time, dramatically shortening overall
print time.

The incorporation of CPs in SLA and DLP methodologies has
seen relatively few reports so far. This is likely due to a num-
ber of fundamental obstacles that must be overcome when
combining these two fields. First and foremost is the over-
lapping UV-visible absorbances of the growing CPs and the
photoinitiator utilized to catalyze their formation.’® CPs usu-
ally absorb intensely in the UV and visible region due to the
presence of long chains of conjugated = bonds, which provide
them with their electrically conductive properties.®® This can
pose a balancing act in the design of a system where the pro-
duced conducting polymer does not disrupt, or inhibit, subse-
quent layer curing by outcompeting the photoinitiator for the
incident photons. Also, CPs can have quite complex redox
chemistries which may be incompatible with the reactive spe-
cies formed during classic photoinitiator decomposition, that
is, radicals. Yet, despite these caveats, a number of groups
have developed strategies to successfully grow structures con-
taining CPs using SLA and DLP.
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FIGURE 11 (a) Example of a honeycomb structure printed in different dimension and SEM detail of the features obtained. (b) 3D
printed PEGda-PPY honeycomb structures. (c) SEM images of the PPY surface. (d,e) Cross section of a thick sample (4 mm).
(Reproduced from ref. 63, with permission from John Wiley and Sons.) [Color figure can be viewed at wileyonlinelibrary.com]

As we have described, a combined strategy of (a) understanding
the photochemical properties of CPs as well as (b) modification
of contemporary SLA/DLP strategies could enable the successful
application of SLA/DLP to CPs. Clever chemistries can enable the
successful formation of CPs using the input of light. More
broadly, the creation of CPs using the input of light as a stimulus
has a rich history and is the subject of a recent review.* This
can also allow for multimaterial parts, containing conductive and
structural elements, if suitably orthogonal chemistries could be
developed. In the following sections, we will describe recent
work to unify the strategies listed above to realize the printing
of 3D structures containing CPs via the input of light. The
methods employed fall into two broad categories, (a) the forma-
tion of a support structure using SLA/DLP and the subsequent
growth of a CP in a separate step and (b) the direct growth of a
CP during the SLA/DLP process.

Postprinting growth of CPs within SLA/DLP-grown structures.
To date, a number of groups have reported on the successful
growth of CPs within 3D printed hydrogels in a separate
postprinting step. Recently, the group of Pranav Soman at Syr-
acuse University developed an interfacial polymerization
approach to the synthesis of conductive PANI within
poly(ethylene-glycol) diacrylate (PEGda) or gelatin methacry-
late (GeIMA) gels (Fig. 10).% Their process begins with the
formation of a crosslinked hydrogel utilizing a home-built DLP
setup. After printing, the gel is placed in DI water to remove
any unreacted monomers or photoinitiators. The washed gel
is then placed in a solution of ammonium persulfate (APS) in
1 M HCl to allow for diffusion of the APS into the gel network.
After the gel has reached equilibrium, it is transferred to a
solution of aniline in hexanes and rapidly changes colors as
conductive PANI grows within the gel. The use of two
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immiscible solvents (water and hexanes) allows for the con-
finement of the polymerization solely within the gel as the
absorbed APS cannot diffuse out of the hydrogel and into the
hexanes solution.

Subsequent testing of the PEGda-PANI hydrogel confirmed
that the incorporation of PANI had no effect on the compres-
sion modulus of the gel and that they were indeed electrically
conductive. Conductive gel patterns with small features
around 100 pm were produced using this approach. In a sub-
sequent report by this research group, this methodology was
expanded to create GelMA-PANI hydrogels using a similar
strategy.®® In that system, the authors found that the addition
of the conductive PANI network led to worse charge transport
characteristics, most likely due to the inhibition of ion-
diffusion throughout the gel. Interestingly, EIS showed that at
lower, physiologically relevant frequencies, the GelMA-PANI
network displayed lower impedance values as compared to
just GelMA, with lower resistances values overall for the gels
with conductive PANI networks.

Also utilizing an interfacial polymerization approach, the
group of Jun Yang at the University of Western Ontario
reported the growth of PPY within 3D-printed PEGda net-
works (Fig. 11).°* In their work, they utilized a commercial
DLP printer to produce complex PEGda hydrogels. Subsequent
soaking of these hydrogels in an aqueous solution of FeCls
followed by a solution of pyrrole in cyclohexane promoted the
growth of conductive PPY networks within the hydrogel. The
incorporation of PPY led to an increase in the compressive
Young’s moduli of the resulting gels, and a dramatic decrease
in the electrical resistance by an order of magnitude or more.
These three reports highlight the creative approach the
authors undertook to create conductive, 3D structures via

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2019, 57, 1592-1605

1601


http://wileyonlinelibrary.com
http://WWW.POLYMERPHYSICS.ORG

1602

WWW.POLYMERPHYSICS.ORG

JournaLoF __ Polymer
POLYMER SCIENCE  Physics

. N
w

. N
NV N

polypyrrole (PPY)

REVIEW
(a)
)
N
H Ru(bpy)s™*
pyrrole ih'
/\ Ru(bpy)s®*
o O
I \__s
s\ J
0} O
/
Bis-EDOT
(.
(
(b) AGNO,
lphotoinitiator
) Ad” NO,
N
H
pyrrole

.

3
H — H
I N\ N__ ~ N, ..
"N G N oo
H = H =/ NO3

NO,

polypyrrole (PPY)

J

FIGURE 12 Synthesis of CPs via photogenerated oxidants. (a) Photogeneration of a ruthenium(lll) oxidant can successfully initiate
polymerization to form PPY and PEDOT.®® (b) Radical sensitization of silver ions using photoinitiators can induce polymerization of

pyrrole to PPY.%’

initial printing of nonconductive, porous substrates. These
approaches benefit from utilizing canonical monomers for the
initial stereolithographic printing. As highlighted, complex
structures can be reliably produced using well-understood
chemistries. The downside to this process is the difficulty in
achieving high loading of the electrical network within the
porous gels. In the next section, we will describe a more direct
approach to the synthesis of complex structures with the

(@)

\\‘_ ot -
PR A==

conductive network being formed concurrently during the
printing process.

Direct synthesis of conducting polymers during SLA/DLP
printing. Initial progress toward the direct printing of conduc-
tive 3D structures was reported under the direction of Junji
Sone at Tokyo Polytechnic University in 2014.°°°° In two
reports, the authors described their approach to the

FIGURE 13 PPY containing conductive structures produced through DLP printing of a dual reactive resin. The structures contain a
combination of a crosslinked diacrylate network and PPY network to lend mechanical strength and electrical conductivity
respectively. (Reproduced from ref. 66, with permission from Elsevier.) [Color figure can be viewed at wileyonlinelibrary.com]
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photochemical production of conductive PPY and PEDOT
structures within a transparent polymer (Nafion) sheet [Fig. 12
(a)]- Their approach utilized a photoactive transition metal
catalyst, tris(2,2’-bipyridyl) ruthenium(II) (Ru(bpy)s**), acting
as an oxidant after photoexcitation via its two photon-
absorption using a femtosecond laser pulse. This approach
relies on careful tuning of the redox interaction of the photo-
oxidant and the monomers so that polymerization is effec-
tively initiated. In the case of PPY, the oxidizing power of the
Ru(bpy)s>* was able to successfully initiate polymerization via
direct oxidation of pyrrole monomers. In the case of PEDOT,
3,4-ethylenedioxythiophene (EDOT) monomers had an oxida-
tion potential that was too high for Ru(bpy)s;>*. To overcome
this challenge, the authors found that the simple dimer of
EDOT, bis-EDOT, had a lower oxidation potential that would
drive electron transfer from bis-EDOT to the photocatalyst.
This allowed for the successful creation of PEDOT structures
utilizing the same photoredox catalyst. Having developed suc-
cessful chemical systems for the production of PEDOT and
PPY, the authors turned their attention to creating 3D struc-
tures. The photo reactive solutions were soaked into a Nafion
polymer prior to excitation with the laser. Utilizing a piezo-
electric stage with a focused femtosecond laser, they were
able to successfully create structures with feature sizes down
to 500 nm. Their process allowed for the creation of 3D struc-
tures with the major limitation being the confinement of the
printing area to within the Nafion film.

Recently, the first report of the synthesis of a CP concurrently
with the generation of a support structure was published. The
work was carried out under the direction of Aaron D. Price at
Western University in Ontario.®”®® The authors describe the
development of a divergent catalytic system originating from
a single photoinitiator. Photopolymerization of pyrrole within
films had been described in the literature but was never
incorporated into an AM system.’® In their setup, a UV-
absorbing photoinitiator creates radical centers that promote
polymerization of a diacrylate support structure, while also
oxidizing silver ions that initiate the polymerization of pyrrole
[Fig. 12(b)]. This process led to a solid, black, conductive
structures in a single printing operation using a DLP printer
(Fig. 13). Spectroscopic analysis (Fourier transform infrared)
lends support to the successful growth of PPY within the 3D
printed structure. The conductivity of the DLP-printed PPY
was as high as 5 x 1072 S cm™, which is comparable to simi-
lar systems that have been reported.” This report represents
a large step toward the direct formation of 3D CP structures
using just light. Currently, the structures can only be produced
utilizing a mixed resin employing canonical acrylate-based
monomers to provide mechanical support. Within these struc-
tures, the electrical conductivity is low, most likely due to
dilution of the conjugated network within the overall struc-
ture. If a photoactivated system could be developed to pro-
duce solely CP containing structures that were mechanically
sound, this would be a major step toward producing 3D CPs
with complete design freedom and good electrical properties.
Future development of clever synthetic chemistries could
make this a reality.
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Outlook for SLA/DLP 3D printing of conducting polymers. In
this section, we have provided an overview to recent work on
3D conductive structures containing CPs produced via an
SLA/DLP process. With the recent proof-of-concept studies
reviewed in this section, this area is ripe for a wealth of inno-
vation in the coming years. The evolution of clever chemistries
that allow for the controlled, rapid synthesis of CPs using light
can provide a boon to the field.

OUTLOOK

To date, the application of 3D printing methods for processing
CPs is still in its infancy. Recent work highlighted in this
review has demonstrated proof-of-concept for achieving this
outcome. In addition to the ability to create 3D freeform
organic electronics, total 3D design freedom, the generation of
little to no waste, and the combination of processing and
device patterning in one-step are attractive features of this
worthy goal. Therefore, it is evident that many exciting oppor-
tunities lie within this nascent field.

First, as the case for any new processing methods applied to a
given class of material, thorough processing-structure-
property relationships need to be investigated to develop a
holistic evaluation of the benefits and limitations of this
approach. The structure-property relationships of CPs that
are heavily dependent on processing conditions include, but
are not limited to, chain conformation, interchain packing
arrangement, domain morphology, crystallinity, charge carrier
mobility, and conductivity. The understanding of these funda-
mental properties and their relationship with processing con-
ditions has fueled a phase of rapid growth in the molecular
engineering and bespoke processing method developments
for CPs. This research is largely responsible for the commer-
cial success of OPV, OLEDs, and OFETs). We speculate the
same progression will be necessary for the field of 3D printing
of CPs to mature. Furthermore, current proof-of-concept stud-
ies have been focused on intrinsically conducting polymers.
The field of semiconducting polymers remains untapped and
full of opportunities.

With the understanding of these fundamental properties and
relationships, researchers will have the toolbox to manipulate
the processing methods to create new and enhanced proper-
ties. Development in two parallel fields will be required.

1. New chemistries for synthesizing or formulating CPs will
have to be developed for existing 3D printing methods. For
instance, viscosity-tuning additives that do not negatively
affect physical properties, or side-chain chemistry that can
induce gelation, are necessary for enabling DIW-based 3D
printing for a wider range of CPs. New photochemical syn-
thetic routes for CPs can initiate a chain of developments
in the area of SLA/DLP printing. The recent pioneering
work on melt-processed semiconducting polymers from
Jianguo Mei’s group at Purdue University’ "2 offers a hope-
ful glimpse to the prospect of 3D printing this class of
materials using FDM or SLS-based approaches.
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2. Tailored 3D printing tools need to be developed for
processing CPs. This class of materials are typically highly
acidic (i.e., many conducting polymers) or processed utiliz-
ing corrosive organic solvents (i.e., many semiconducting
polymers), with which few commercially available 3D
printers are chemically compatible. In-house machine
building is currently a necessary component for 3D print-
ing CPs. Chemically compatible commercial 3D printers will
likely bring in researchers without tool building experience
and accelerate the development of the field.

Finally, the drastic expansion of form factor, functionality, geom-
etry, personalization, and total design freedom enabled by 3D
printing is poised to positively impact a myriad of potential
applications. They include, personalized organic wearable elec-
tronics and bioelectronics, arbitrarily shaped organic energy
harvesting and storage devices, functional prosthetics, or soft
robotics with embedded organic circuitry, just to name a few.
Because of the design freedom of 3D printing, an artistic factor
can also be readily attached to these functional devices, bringing
the field one-step closer to infusing aesthetically pleasing and
humanistic design into new cutting-edge technology.

We hope these exciting prospects can spark the interest of
researchers in the CP community to join the rapidly growing
3D printing community, and the 3D printing community to
add CPs as a class of lightweight, low cost, functional mate-
rials that are full of possibilities to their material repertoire.
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