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Abstract

Nowadays, the interest in the additive manufacturing (AM)
field is not only from a technological point of view, but also
from a materials perspective. The advantages of printing
functional parts allowed the transition from AM intended as
mere prototypes factory, to complete production process for
small batches of highly customized devices. Especially for
micrometric devices, the best solution in terms of material can
be found in photo-sensitive polymers. This study was focused
on finding the best way to make stereolithography (SL)
printed conductive parts easily embeddable in an electronic
circuit. A SL resin containing the electrically conductive
polymer poly(3,4-ethylenedioxythiophene) (PEDOT) was
considered for its interesting property to behave like an
electrochemical transistor in proper conditions. Different
standard metal plating techniques were evaluated to find out
the best one for the present case study. After metallization,
samples were electrically characterized to find out
conductivity values. Electroplating turned out to be a valid
solution, generating a metal layer on the surface without
damaging the printed part and enhancing the electric contact.
The reported outcomes pave the way for further studies on
polymeric parts welding, which often represents a bottleneck
in polymeric device integration in electronic circuits.

Keywords: Additive manufacturing; 3D  conductive
polymers; PEDOT:PSS; Stereolithography; Metal plating;
Biomedical applications

. INTRODUCTION

Unlike subtractive manufacturing processes, additive
manufacturing (AM) can directly produce complex three-
dimensional parts, with near-complete design freedom 1. The
stereolithographic technique (SL) is one of the most used AM
techniques and, compared to other additive manufacturing
technologies, such as fused deposition modelling - FDM - or
selective laser sintering - SLS, leads to a higher accuracy of
the components and degree of surface fineness, with
interesting mechanical properties . SL provides solid
components by the selective photo-induced polymerization of
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a photosensitive liquid blend by means of a laser (typically in

the UV range) spanning a three-dimensional CAD geometry
3]

High electrical resistivity is typical for photosensitive
polymers, also known as ‘resins’; when 3D printing of parts
with electrical conductivity properties is needed, one or more
proper conductive fillers must then be integrated in the resin.
Often, at micro- and nano- scale, these fillers can be found in
the literature to be metal particles -, carbon nanotubes -1,
graphene 1241 or other electrically conductive polymers [156],

Once a 3D printed electrically conductive object is produced,
it merely works as a technology exercise or a spare
component if integration into an electronic circuit is not
accomplished. Enough to say that even an electrical
characterization setup requires the simplest electrical circuit to
work: two wires and two probes. A good electrical connection
is even more important in case of 3D printed active devices,
e.g. sensors. A lot of 3D printed sensors are reported in
literature, i.e. strain 1 humidity [8 gas 11, temperature
[2021] ‘pressure 2223 and wearable sensors 2423 which operate
according to different strategies. The common denominator
between them is the difficulty to integrate those sensors in
more complex circuits ensuring a good and stable ohmic
contact 261, This issue is often addressed through contact
electrodes added by Ag paste spreading 2%%71, thin metal layer
deposition [ or simply by crocodile clamping 191,

This work started from a previously studied polymeric resin
composite 8 employed for SL: poly(ethylene glycol)
diacrylate (PEGDA) was used as the photocurable matrix,
while intrinsically conductive poly(3,4-
ethylenedioxythiophene) (PEDOT) served to increase the
resin electrical conductivity. PEDOT is a conductive polymer,
which found a wide range of applications in recent literature
ranging from biosensors [29-31] to energy storage [
Moreover, PEDOT has unique characteristics in terms of
biocompatibility and interfacing with living cells (53341,

Looking at the literature, it is easy to imagine an application
for electrically conductive PEGDA:PEDOT resin. However,
according to the previous considerations regarding electrical
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connection, finding the right way to contact such 3D printing
resin is crucial, whatever the application to be developed. First
of all, it is important to consider that PEDOT works as holes
transport material 1. Therefore, it is necessary to interface a
material with a higher work function (defined as the minimum
required energy to extract an electron from the surface of a
solid) than the PEDOT one to obtain an efficient hole
injection in the semiconductor and establish an ohmic contact,
maximizing the material electrical response [¢1. Moreover,
since metal plating on additively manufactured parts is an
extra process step in the object fabrication procedure, a simple
and fast metal deposition is welcome. Thus, in this paper three
different metal plating techniques were compared to find the
proper one for the promising PEGDA:PEDOT resin: Au
sputtering, Ag paste deposition and Cu electroplating. The
latter, in particular, was tested with positive results on
thermoplastic printed parts 71 and on stereolithographic

printed parts, but only mechanical properties were evaluated
[38]

1. MATERIALS AND METHODS

Aiming to connect PEGDA:PEDOT 3D printed parts to
electronic circuits elements, different metal plating techniques
were investigated: one not requiring laboratory equipment,
that is silver paste manual spreading. One, more accurate,
requiring minimal laboratory equipment, which is copper
electroplating. Finally, the more complex and expensive gold
sputtering, which is one of the conventional methods to create
contact pads in microelectronics. Three samples for each
metal plating technique were built. Then, after metallization,
samples were electrically characterized. As previously stated,
the present investigation was proposed to evaluate how to
properly integrate electrically conductive 3D printed parts
inside a circuit. Simple parallelepiped bars, all made up by
PEGDA:PEDOQOT resin, were chosen as tests samples.

I1.I Insulating matrix

PEGDA, purchased from Sigma Aldrich, was employed as the
matrix for the electrically conductive resin. When a proper
photoinitiator is mixed together, PEGDA becomes UV-
curable. In this case, the photoinitiator was IRGACURE 819
(used as received from Sigma Aldrich) at 1% wt. with respect
to PEGDA. Mixing was carried out by a digital sonifier
(Branson) at 30 kHz, operating in impulse mode (10 s ON — 5
s OFF) for 15 minutes at 30% amplitude and cooled in an ice
water  jacket to prevent unwanted heat-induced
polymerization.

[1.11 Conductive polymer

Clevios PH 1000, an aqueous solution of PEDOT:PSS
purchased from Heraeus, was treated before use to improve
electrical conductivity, and then added to the previously
prepared matrix. An aqueous solution 0.5 M of sulphuric acid
(H2S04 98%, purchased from Sigma Aldrich) was prepared to
separate the PEDOT:PSS fraction from solvent. 1 L of acid
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solution was used for each 50 g of Clevios PH 1000. After 5
minutes of magnetic stirring, the solution was left to rest for
12 h. In this time, separation occurred between PEDOT,
deposited on the bottom of the container, and the rest of the
solution. The supernatant was manually removed and the
recovered PEDOT was centrifuged at 4000 rpm for 10
minutes (OHAUS, Frontier™ 5706). Then, PEDOT was
fractioned in smaller agglomerates by employing a dispersing
instrument (IKA, Ultraturrax T10) for 15 minutes at velocity
level 4 in a clear acid solution 0.5 M of H;SOs. A new
centrifugation was performed in order to eliminate as much
acid solution as possible. Finally, the resulting PEDOT was
washed in ethanol and recovered by centrifugation.

I1.111 Composite resin

The insulating matrix and the conductive polymer were mixed
in the proportion of 45% wt. conductive PEDOT and 55% wi.
insulating PEGDA. Viscosity was adjusted by adding
dimethyl sulfoxide (DMSO, Sigma Aldrich) at 5% wt. on the
total weight. Magnetic stirring for 10 minutes was performed
to homogenize the liquid composite resin.

1.1V 3D printing

A customized 3D stereolithography printer was used to induce
the photopolymerization of the liquid composite resin for the
preparation of the samples. The printer (Microla
Optoelectronics s.r.l.) is able to write on a maximum area of
170 x 200 mm? and exploits a 405 nm wavelength laser
mounted on a galvo-scanner to polymerize the blend. From a
Design of Experiment (DOE) study to determinate the finest
printing parameters, 15 mW nominal laser power, 2000 mm-s’
! scan velocity, 50 pm hatch spacing and 100 pm layer
thickness were set as operating parameters. The sample was a
15 mm long, 10 mm wide and 1 mm thick parallelepiped. The
building direction was set orthogonal to major section. Once
the samples were printed, the uncured resin was gently
removed with isopropyl alcohol. UV-curing post process was
managed in an enclosed customized box with inert nitrogen
atmosphere, through an UV lamp (LC8 Lightingcure Series,
Hamamatsu) with 16 mW-cm2 power density for 30 minutes.

11.V Samples metallization

As regards Cu electroplating, samples were immersed in an
acid aqueous electrolyte solution (Ready to use TECHNI CU
2300 - Technic Inc.), made up by CuSO, dissolved salt and
H2SO4, to perform the electrodeposition. In the experimental
setup, the anode was a Cu plate, while the cathode was one of
the conductive printed samples, fixed on a collector. Collector
plays an important role in electrodeposition process. Good
adhesion and stable electrical contact between the sample to
be metal plated and the collector surface are essential to
obtain a uniform deposition. In this work, two different
collectors were tested: a metal plate (not Cu) and a conductive
Cu tape (Copper foil tape, 3M). In the first case, an adhesive
interface was needed to clamp the polymeric sample to the
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metal plate. Unfortunately, the insulating adhesive layer
prevented a good electrical contact. Thus, Cu tape, optimized
to be conductive also from the adhesive side, was considered.
In this case, the thin adhesive layer did not affect the electrical
contact between polymer and collector and a satisfying metal
deposition could be obtained. Not less important, Cu tape is
easy-to-use and allows creating specific and on-demand
collector geometries.

Before fixing the samples at the cathode, each sample was
masked with an insulating polyvinyl acetate film to selectively
electrodeposit Cu only at the parallelepiped extremities. The
mask was studied to deposit a surface area of 0.8 cm?. Anode
and cathode were fixed to a U-shaped poly-methyl
methacrylate (PMMA) support to guarantee the same anode-
to-cathode distance in each deposition test and to ensure
parallelism between the two (Figure 1). The distance between
the electrodes was set at 2.5 cm. A voltage was applied
between anode and cathode by a power supply (DuPR10-1-3
Dynatronix). At the same time, an ionic current in the
electrolyte solution occurred, making Cu positive ions move
and deposit on negative cathode (3D printed conductive
sample in this case). Different settings were explored in order
to define the right parameters for the electrodeposition; a
nominal current of 50 mA (62.5 mA.cm? current density in
this case) was found to be the minimum value for the present
setup to start observing Cu deposition on the sample in a
reasonable time (5 minutes). Indeed, the PEGDA insulating
matrix is known to swell when in contact with water.
Therefore, it was necessary to verify if the immersion in the
aqueous electrolyte could permanently damage the conductive
samples. Three parallelepiped samples with 4.5 mm nominal
width were printed. For each sample, four measures were
performed with the aid of a digital microscope (Leica
DVMZ2500): the sample width before immersion and the
sample width after 5, 10 and 15 minutes immersion inside the
electrolyte. Consequently, starting from the minimum, three
different nominal currents (50, 100 and 150 mA) at three
different times (5, 10 and 15 minutes) were applied for
conductive samples Cu electroplating.

Masked ..
sample |

Cu plate

support

(a) (b)

Figure 1 Electrodeposition setup: (a) CAD modeling and
(b) actual setup.
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A similar masking procedure was employed for the samples
deposited with Au sputtering. In this case, an insulating tape
was placed on each sample leaving only the extremities
exposed to Au deposition. Then, samples were placed into the
chamber (Q150T-ES Quorum Technologies) and the pressure
was set at 107 torr. For the deposition process, a 30 mA
current for 180 s was selected.

Finally, as regards Ag metallization, conductive Ag paste (RS
Pro Silver conducting paste) was manually spread at the
samples extremities, covering both the top and three sides of
the samples, with a covered surface area similar to the
unmasked one for electrodeposited and sputtered samples.

I11.VI Electrical and material characterization

Samples were tested before and after metal plating and the
electrical characterization was performed using a potentio-
dynamic current/voltage (I/V) instrument (Keithley 6430
Cleveland, OH). Tests were carried out measuring 11 current
values by applying a voltage from -1 V to +1 V at the samples
extremities with two golden probes; mean resistance was
calculated and finally conductivity values (o) were obtained
following the relationship reported in (1)

l
R-A
where R is the mean resistance, | the sample length and A the

sample section in mm?. Standard deviation of the obtained
values was considered for error estimation.

1)

g =

Moreover, a morphology and atomic composition
characterization of the electrodeposited Cu was performed by
field emission scanning electron microscopy (FESEM) and
energy dispersive X-ray spectroscopy (EDX). For this study,
only electrodeposited samples were observed to evaluate the
actual morphology of the deposited metal, which was strongly
dependent on the presented experimental setup.

1. RESULTS

In this section, results from metal plating with Ag, Au and Cu
are reported.

I11.1 Cu electroplating

Before showing Cu electrodeposition results, it is worth
mentioning strength tests performed to assess sample behavior
inside the aqueous electrolyte. As reported in Figure 2, a 10%
swelling ratio of conductive samples with respect to initial
value was observed after 15 min immersion. This deformation
was recovered after samples drying without displaying
damages.
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Sample 1

t=0min t=15min

Sample 2

t=0min t =15 min

t=0min t

o

Figure 2 Swelling tests in electroplating electrolyte solution.

Once electroplating maximum process time was chosen in
accordance to samples behavior inside the electrolyte solution,
Cu was deposited, and samples were tested. The aim was to
observe if a conductivity enhancement was achieved. In such
case, a higher measured conductivity would not mean a higher
bulk material conductivity, but an improved electrical contact
between the object and the probes. Electrical characterization
results for samples deposited at 50 mA and 100 mA nominal
current (62.5 and 125 mA-cm? respectively) are shown in
Figure 3a. Samples subjected to 50 mA nominal current

revealed first an increase of electrical conductivity until 10
min treatment and then an unexpected slight decrease with
higher process times, with large error bars for all the three
analyzed cases. The latter were due to an uneven surface
metallization and to a significant qualitative difference in the
metal coating from one sample to another (for the same
process time and current).

On the other side, samples deposited with 100 mA nominal
current showed an increase in the electrical conductivity with
higher process times. In this case, it was possible to appreciate
the formation of a more uniform Cu film on the 3D printed
parts. For lower deposition times, the film was not finely
formed, leading to a large error bar and a not-repeatable
process. Moving to 10 or 15 minutes deposition, it was
possible to observe a better Cu film formation. In particular,
for 15 minutes treatment (corresponding to a total charge of
25 mAh and a 10 um thick Cu layer), it was possible to reach
the highest value of electrical conductivity obtained for
electroplating Cu deposition (0.15 S-cm™, one order of
magnitude higher than undeposited sample conductivity equal
to 0.02 S-cm?) with an appreciable repeatability.

A further increase to 150 mA nominal current (187.5 mA-cm-
2) was detrimental to 3D printed samples, which started
cracking during metallization. Thus, no electrical
characterization was performed.

A FESEM characterization of the porous electrodeposited Cu
layer revealed the presence of the typical Cu grains on the
samples deposited with the optimized parameters (100 mA
nominal current for 15 min), as visible from Figure 3b. No
presence of Cu was observed on the masked regions (Figure
3c).

0.25
®  SOmA i
" = 100 mA
~ 0.20 ~020
:
s - 5 {
S o
L 0.15 2015 ]
2 z
£ [} 2
g 010 €010
° ]
2 s
- 005 + “ 005
» i
0.00 0.00
¥ L T T T T
Q R 5 o 10 o 35 o (a) 0 o 5 an \© e A o (b)
] Y Element | Atomic %
Element Alm_mc Yo e =308
C 65.44

3425
0.31
100.00 |

O
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Figure 3 Characterization of 3D printed Cu electroplated PEGDA/PEDOT samples. (a) Electrical characterization results for
samples deposited with Cu electrodeposition at 50 mA and 100 mA. (b) A sample electroplated (left) with the optimized
parameters (100 mA nominal current for 15 min) and a FESEM image showing the typical Cu grains. (c) Atomic composition of
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the “naked” surface (left) and the metal plated surface (right).
I11.11 Au sputtering and Ag paste

Differently from Cu electroplating, Au sputtering and Ag
spreading did not require any optimization for this specific
case. Thus, after deposition, electrical characterization was
performed and a mean conductivity of 0.03 S.cm™ and 0.16
S-cm® for Au sputtered and Ag plated parts respectively was
found.

V. DISCUSSION

IV.I Comparison between different metal plating techniques

It is interesting to observe that Ag paste allowed the samples
to reach the same increase in electrical conductivity as the Cu
electrodeposition method derived from the process at 100 mA
nominal current for 15 minutes. Unfortunately, a significant
variability was observed (high standard deviation as visible
from Figure 4a), but surely it is attributable to the low
repeatable manual paste spreading process and the
uncontrolled deposited layer thickness (in the order of

(a) 0.20
= 0.15 .
E
<
2
’z, .
3 0.10
<
2
=
'O
~ 005
s L
0.00
Untreated Ag paste Cu deposition  Au sputtering
===
(c) =

microns). In contrast, Au sputtering slightly increased the
electrical conductivity if compared to the non-metalized
polymer, but the measured conductivity was still low with
respect to Ag or Cu coated samples. This is probably due to
the deposition strategy: Ag paste and Cu were deposited both
on the unmasked superior side and lateral side of the
parallelepipeds. Instead, Au sputtering, which is a directional
process, allows to deposit a metal layer (less than 1 pm thick)
only on the upper sample surface orthogonal to the atoms flow
inside the sputtering apparatus. Thus, not all the 3D printed
layers were connected to the Au layer and probably, during
electrical ~ characterization,  current  couldn’t  flow
homogeneously through the PEGDA/PEDOT sample but only
through the upper, or external, surfaces of the body. On the
contrary, samples plated with Ag and Cu had a continuous
metal coating at their extremities, which allowed to establish a
more uniform electrons flow along the sample sections,
maximizing the percolative path density due to PEDOT
particles in PEGDA matrix. This difference is schematically
explained in Figure 4c.

(d)

7 Current (A)

Voltage (V)

T
-1.5 -1.0
~4e-3 4

-Ge-3

-8e-3

Figure 4 Characterization of plated and un-plated samples (a) Electrical characterization results for samples untreated and treated
with Ag paste spreading (Ag paste), Cu electrodeposition (Cu deposition) and Au sputtering (Au sputtering). (b) Samples as they
appear after treatment. (c) Schematic image of the samples sections highlighting the differences between the metal plating
techniques. (d) 1/V plot for the Cu electroplated sample with the optimized parameters; this plot is typical for all the metal plated

samples here presented.

Results obtained during electrical characterization revealed
also that all the proposed metals are suitable for ohmic contact
formation, as visible from the typical 1/V plot obtained during
testing (Figure 4d), and comparing the different metal plating
techniques (Figure 4a), Cu electroplating demonstrated to be
the best solution in terms of repeatability and quality of the
electrical contact.
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Cu electroplating demonstrated to be the best solution also
from an economic point of view. Considering process costs
referred to the final thickness obtained, Cu electrodeposition
and Ag paste deposition involve lower manufacturing costs if
compared to sputtering. For sure, sputtering allows for
uniform layers deposition with high precision on the final
thickness, but the deposited film thicknesses are in the
nanometric scale and process cost significantly increases if
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layers of the order of the micron-scale are required. Instead,
electroplating process allows to reach higher deposited
thicknesses, which are controllable as much as applied
potential, current density, pH and temperature B are tuned. In
this case, recursive costs are mainly related to the liquid
electrolyte. Nonetheless, the Cu layer is deposited only on
unmasked sample areas, thus limiting the associated
consumption. Finally, Ag conductive paste allows to create a
coarse metal conductive layer without specific equipment,
with a low cost per thickness ratio, but with no control on the
final thickness. Moreover, Ag paste layer can detach if in
contact with water and is supposed to last for a short time.
Indeed, the Ag paste can be degraded by PEDOT itself, whose
hygroscopic and acidic nature promotes a fast absorption of
ambient water corroding the Ag interface 7,

A further consideration can be made concerning samples
masking, which is also strictly related to process repeatability.
For Ag paste spreading no masking or very simple masking
are required, depending on the operator. For sputtering, it is
sufficient to control the mask thickness, few tens of microns
are compatible to avoid unwanted shadow effects. On the
contrary, Cu electroplating requires the material employed for
masking to be resistant to acid electrolyte, enough adhesive to
ensure a proper coverage during the whole process in aqueous
solution (otherwise Cu could deposit infiltrating the detached
mask) and, at the same time, easy to remove without sample
damage. For sure, masking can represent an issue in Cu
electroplating but, if accurately implemented, reproducible
results are guaranteed. Table | summarizes the reported
considerations.

Table I Comparison between the different metal plating
techniques. v* indicates advantages, x indicates disadvantages

Ag paste Cu Au
deposition electrodeposition  sputtering
Contact v v <
enhancement
Mgtal layer v v «
thickness
Process cost v v x
Equi_pment N v v
required
Masking
precision & % 4 4
repeatability
PEDOT y y
compatibility

IV.Il PEGDA:PEDQOT resin: an application

Analyzing the results from the different metal plating
techniques, it was interesting to observe that Ag paste allowed
the samples to reach the same increase in electrical
conductivity as the Cu electrodeposition, but at the cost of a

lower repeatability. In contrast, Au sputtering slightly
increased the electrical conductivity if compared to the non-
metalized polymer, but the measured conductivity was still
low with respect to Ag or Cu coated samples. Comparing the
different metal plating techniques, Cu electroplating
demonstrated to be the best solution in terms of cost
effectiveness, repeatability and quality of the electrical
contact, combining advantages of Ag paste and sputtered Au.

The active material PEDOT, employed to confer high
conductivity to the resin, is of big interest for researchers
working with transistors 1, especially the ones based on
electrochemical effect #2431, Indeed, PEDOT, which is a holes
conductor, is able to dope and de-dope when exposed to ionic
solutions, thus returning a current signal if properly excited. A
preliminary analysis demonstrated that the 3D printed objects
maintain the transistor behavior: it was possible to contact the
parallelepiped samples on the metalized ends and perform a
simple transistor characterization by an electrolyte (NaCl
aqueous solution) and an external gate. The transfer
characteristic curve of the 3D object was obtained and, as
previously stated, a typical electrochemical transistor behavior
was observed. The transfer characteristic curve was retrieved
applying a constant -0.5 V drain voltage and sweeping the
gate voltage (Vgs) from -0.75 V to 1 V (Fig. 5). The drain
current (Ips) is zeroed as soon as the gate voltage becomes
positive, thus inducing electrolyte ions diffusion inside the
sample and exhibiting a typical PEDOT based transistors
behavior.

2%1074
0 _
-2x1074 1
-4x107 l

-6x10™ 4

Ips(A)

-8x10™ 4
-1x107%
“1x10° A

“1x107% A

-2x10° 4

T T T T T T T T T T 1
08 06 -04 -02 00 02 04 06 08 10 12
VGS{V)

Figure 5 Transfer curve obtained by the 3D object
characterization.

As expected, as soon as a negative gate voltage was applied,
the transistor changed its conductivity, thus making the effect
of an ionic current detectable by a common multimeter (a
Keysight B2912A Source/Measure unit). Printable parts with
active materials, especially if working at low voltages (4,
pave the way for an easy development of wearable devices for
health monitoring or smart objects for the Internet of Thing
(1oT). In this view, the possibility to effectively integrate
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contacts in a 3D printed sensor inside an electronic circuit
plays a key role for the design and fabrication of novel
customized devices.

Next steps should be dedicated to find a more precise masking
technique for electroplating to furtherly promote the process
repeatability, as well as the introduction of a different metal.
Especially for biomedical applications, the electroplating of
gold would reduce possible adverse reactions from skin in
case of wearable devices.

V. CONCLUSIONS

In this work, a fast and easy method to metallize the surface of
a stereolithography 3D printed electrically conductive
polymer composite based on PEDOT:PSS is reported. Ag
conductive paste, Cu electroplating and Au sputtering were
investigated for understanding pros and cons of each one. The
most important effect is the increasing in samples electrical
conductivity, thus the establishment of a good electrical
contact. Therefore, reaching an effective electrical connection
of SL printed PEGDA:PEDOT parts with other electronic
elements was the goal of the present study. The driving force
lies in a promising application of such additive manufacturing
material:  fabrication of electrochemical sensors for
biomedical purposes.
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