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Abstract

An innovative approach for metal electroforming is presented, exemplified with proof-of-concept geometries and illustrated
with an industrial application. The proposed production chain hybridizes 3D polymer printing and nickel electroplating
for the design-controlled forming of metals within fused deposition modelled contours or patterns, which provide a selec-
tive functionalization of the substrate for metal deposition on demand. Applying the developed process, Ni electrodes for
streamer discharge plasma generators are structured. These components stand out for their needle-like details, required for
promoting streamer discharge phenomena, which would be challenging to obtain employing traditional milling processes.
Current capabilities, main challenges and foreseen research directions, for this novel hybrid 3D printing and electroplating
process and for its industrial applications, are discussed. Overall, the described process contributes to the already fruitful
connections among additive manufacturing technologies and metal electrodeposition procedures, providing an interesting

route towards accessible and straightforward electroforming of large components and structures.

Keywords Electroplating - Electroforming - 3D printing - Streamer discharge

1 Introduction

Electrodeposition of metals from solution is a well-estab-
lished family of industrial methods that has been render-
ing innovations to the ways metals are purified, structured,
processed, protected, functionalized, and recovered for
more than one century and with continuous progresses. In
their classical work on “Principles of electroplating and
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electroforming (electrotyping)”, Blum and Hogaboom
divided electrodeposition in four main fields: electrorefin-
ing, electrowinning, electroplating and electroforming, the
latter introduced then as “new concept” for the production
or reproduction of components by electrodeposition [1, 2].
According to Mc Geough’s definition: “In electroforming,
metal is deposited electrolytically upon the cathode-polar-
ized electrode of an electrochemical cell. Unlike electro-
plating, in which the deposited metal has to adhere to the
cathode after electrolysis, in electroforming much thicker
coatings are applied, the plating is performed on a cathode,
and the surface of which bears a non-conducting film so
that the deposited metal can be subsequently removed to
yield a free-standing artifact or structural component”, and
its discovery is dated back to 1838 by Jacobi [3]. Several
variations of the electroforming process and a wide set of
metals processable through electroforming foster industrial
applications in energy, transport, space and healthcare, to
cite a few areas.

Along the last decades, both electroplating and electro-
forming have synergically evolved with the methods and
technologies from the micro and nano-electro-mechanical-
systems (MEMS/NEMS) industry, enabling many relevant
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advances these areas, as these MEMS and NEMS usually
require thin metal coatings, selective metallic functionaliza-
tion or even metallic structures [4, 5]. Indeed, electroplating
and electroforming as excellent companions to other usual
technologies from the MEMS/NEMS realm like etching,
photolithography, chemical and physical vapor deposition
or surface or bulk micromachining.

In fact, the use of electroforming is especially well-suited
for the creation of ultra-fine inserts and molds for mass pro-
duction. Such molds or inserts are normally grown upon (or
within) lithographically obtained masters in softer materials
or directly upon the surfaces of natural or synthetic objects.
This rationale has been pivotal for the developing of different
production chains, from micro-manufactured master models
to mass production tools, including LIGA (from German
Lithographie, Galvanoformung, Abformung) and deep X-ray
LIGA [6-8], compression molding or hot embossing [9, 10],
polymeric and ceramic micro-injection molding [11, 12],
and different biotemplating processes [13—15], to mention
some relevant possibilities.

Recently, synergies between electroforming and high-
precision additive manufacturing technologies, including
combinations of UV-lithography, laser stereolithography
and two-photon polymerization, have been also employed
by our team for achieving multi-scale devices [16, 17] and
functional biointerfaces [18, 19]. Applications in the devel-
opment of lab-on-a-chip and organ-on-a-chip devices, cell
culture platforms and microtextured biomedical devices have
been explored and demonstrated.

Such fruitful connection among additive manufacturing
technologies and metal electrodeposition procedures is cur-
rently a very popular research topic, with growing ramifica-
tions leading to versatile production processes. For example,
additive electrochemical micro-manufacturing is emerging
for the precise growth of pure metallic components [20] and
multi-metallic structures [21], the electrochemical reconfig-
uration of architected materials has been demonstrated [22],
and extrusion-based 3D printing has been hybridized with
electroplating for metalizing the polymeric filament layers
and reaching design-controlled metallic structures [23].

However, the research impact and industrial uptake of
some of these innovative production chains are sometimes
neglected by the limited availability of the first technological
stage (master generation), often due to their extreme installa-
tion and operation costs, as in the case of LIGA, two-photon
polymerization and industrial laser stereolithography. In
other cases, the reachable part sizes are also very limited,
considering that some UV photopatterning systems and 3D
direct laser writing systems achieve outstanding detail but
are restricted to structuring a few mm?.

To progress towards the desired accessibility, ease of use
and electroforming of larger components and structures, this
study presents for the first time an innovative production
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chain hybridizing 3D printing and electroplating for the con-
trolled forming of metals within fused deposition modelled
contours. In this approach, the selective patterns generated
by extruding thermoplastic filaments upon the substrates for
metallization are found able to guide the metallization pro-
cess for reaching design-controlled structures. Good prac-
tices for fused deposition modelling, electroforming and
postprocessing are provided to minimize production failures
and render the research as repeatable as possible, which is
expected to synergize with the accessibility of the employed
resources for increased impacts.

The presented procedure may complement other additive
manufacturing approaches aimed at the creation of complex-
shaped metallic components, including the laser powder bed
fusion of nickel super-alloys [24], the additive manufactur-
ing of 3D nanoarchitected metals employing lithographic
procedures of Ni-rich photoresits followed by pyrolysis [25],
or the use of wire and arc additive manufacturing and robotic
manipulation, also applicable to Ni and other alloys [26, 27].

Apart from explaining the method and exemplifying it
with various proof-of-concept geometries, the industrial
applicability is analyzed through the development of a set of
reliable Ni electrodes for streamer discharge plasma genera-
tors [28, 29]. These structural electrodes may constitute an
attractive alternative to the thin metallic filaments employed
in atmospheric plasma corona discharge devices [30, 31]. In
these devices, the filaments acting as corona electrodes are
often the weakest component and lack structural function
[32], while the Ni-structured electrodes presented here prove
mechanically stable. The systematic characterization of the
obtained electrodes validates both the functionality of the
components achieved and the proposed production route,
which provides a feasible way of structuring Ni with fine
details that would be challenging to obtain by computed-
numerical control machining or milling processes [33, 34].

Finally, the main limitations of the study, the most urgent
current research challenges and some impactful future pro-
posals for further investigation are discussed. Before pre-
senting the key findings and discussing them, the employed
materials and methods are detailed in the following section.

2 Materials and methods
2.1 Method for 3D printing-assisted electroplating

The proposed 3D printing—assisted electroplating synergizes
different materials and technologies for the design-controlled
electrochemical deposition (or growth) of metals within the
boundaries or contours of physical masks obtained by fused
deposition modelling of thermoplastic filament upon plates
of wafers. The process involves the following operations:
(1) design of the physical mask with the support of a 2D
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or 3D drawing or computer-aided design (CAD) modelling
software or a mask generation program. (2) 3D printing of
the designed physical masks upon wafers, plates or metallic
substrates, normally employing fused deposition modelling
due to its wide availability and affordability, although other
additive manufacturing technologies may apply. The gener-
ated physical masks create protected and unprotected regions
upon the metallic substrates and define the boundaries for
the subsequent stage. (3) Electrochemical deposition of the
desired metal, in this study nickel. (4) Rinsing, wafer etch-
ing and elimination of thermoplastic material to reach the
desired grown metallic components.

The experimental details of the different stages employed
for this study are provided below, including specific design
decisions, determinant parameters and operating conditions
of the setups required for manufacturing the proof-of-con-
cept geometries and for creating the samples for the selected
industrial application, linked to innovative and robust elec-
trodes for streamer discharge and plasma generation.

2.1.1 Design of physical masks

Computer-aided designs of the physical masks, to be printed
upon metallic substrates for subsequent electroplating, were
obtained with the support of NX (Siemens PLM) model-
ling software. First, different versions of masks for obtain-
ing spiky electrodes for streamer corona discharge were
designed. Second, representative examples were integrated
into a single mask design for enabling production of sev-
eral electrodes with variations in a single printing and elec-
troplating step. These electrodes counted with an L-shape
structure and two spikes normal to the longer arm of the
L, from which the streamer discharge would be promoted.
Design variations included sharper spikes with a base of c.a.

Fig. 1 3D printing setup: Prusa
i3 MK3s FF printer (left) and
machined wafer holder for 4"
silicon wafers (right)

1 mm, medium spikes with a base of c.a. 2 mm and broader
spikes with a base of c.a. 3 mm, to analyze the influence of
aspect ratio on ignition voltage. Each mask was designed
to incorporate 9 electrodes with 3 replicas of each design.
Conversion to.stl files enabled subsequent 3D printing as
described below.

2.1.2 3D printing upon metallic substrates

3D printing of polymeric masks was carried out on 4"
silicon wafers coated with a Ti/TiO, layer. For keeping
costs low and to test the capabilities of this method, Fused
Filament Fabrication (FFF) was chosen as the method for
the additive manufacturing step. Prints were carried out on
a Prusa i3Mk3S (Fig. 1) printer equipped with a 0.25-mm
nozzle to increase the resolution in X/Y direction to adjust
for the finer details of the mask. In addition, a special-
ized wafer holder was machined and placed on the print
bed, securing the wafer at a distinct position, as move-
ment of the wafer would have caused shifting between
the individual layers printed. Slicing of the original CAD
model (delivered as an.stl file) was performed with the
respective Prusa Slicer. The most relevant parameters set
for the printing step of the final test structures are shown
in Table 1. The parameters were chosen after conducting
a series of preliminary tests involving various polymer

Table 1 Parameters for printing step of the final test structures

Parameter Printhead Bedtem- Layer Print Extrusion
tempera- perature  Height Speed multiplier
ture [°C] [°C] [um] [mm/s] [%]

Setting 235 90 100 20 100
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types as well as an optimization of the printing parameters
for ASA.

After the slicer generated the G-code for the printing
step, modifications to the code were necessary to adjust
for the wafer holder, meaning that the print sequence
was modified like follows, and employing the materials
described further on: (1) Initial bed distance measuring
routine using the Prusa auto-leveling sensor. (2) Move-
ment of printhead to elevated z-position for placing the
wafer holder. (3) Attaching and securing the wafer holder.
(4) Material extrusion on front part of platform to secure
material flow. (5) Elevating the printhead slightly above
the height of the wafer holder. (6) Moving printhead to
start position on the wafer. (7) Lowering printhead to
z-position calculated by initial bed distance plus wafer
thickness. (8) Start of print.

Initial tests were carried out with different filament mate-
rials commonly used in FFF, according to details given in
Table 2. In particular, poly(methyl methacrylate) (PMMA),
acrylonitrile butadiene styrene (ABS), acrylonitrile styrene
acrylate (ASA) and polycarbonate (PC) were tested on the
silicon wafer with different coatings (used as adhesion lay-
ers). Each of these polymers is widely used polymers in the
3D printing community while also being dissolvable by sol-
vents typically available in a chemical laboratory. Therefore,
these materials were chosen over other potential candidates
that are known for their difficult printing behavior or chemi-
cal resistance. The testing was carried out to clarify two
main questions, namely the adhesion on the wafers them-
selves and, secondly, the solubility of printed parts in com-
mon solvents, as the printed masks have to be dissolved after
the electroplating step.

Adhesion tests were carried out according to DIN
50002-2 to determine the most suitable polymer
for printing the masks. To test the materials, small
(4 mm x4 mm X 3 mm) cubes (Fig. 2a) were printed on the
wafer and adhesion was tested by shearing off the cubes with

a testing machine (TA.XT.Plus form stable micro systems)
according to the DIN (Fig. 2b).

2.1.3 Electrochemical deposition

Once the masks were printed, electrochemical deposi-
tion followed, employing methods based on previous joint
experiments [16, 17], with some important modifications.
To foster electroplating, base samples consist of standard
4" silicon wafers (~ 500-um thick), whose top side is coated
with a titanium layer (1-pm thick). The titanium is then wet-
chemically oxidized, creating a conductive Ti/TiOx layer,
upon which FFF is performed.

After 3D printing, the adhesive applied on top of the
entire surface, in order to make the 3D-printed material bet-
ter stick to the Ti/TiOx layer, needs to be removed before
electroplating. To this end, an oxygen plasma etching pro-
cess at 100 W and 100 mTorr for 1 h is employed, to achieve
the desired conductive surface for the electroplating pro-
cess in between the printed material. A Sentech Etchlab
200 machine was employed for this purpose. The adhesive
underneath the 3D-printed material is left untouched to not
interfere with the adhesion thereof whereas the material
elsewhere is etched away.

When the required conductivity is confirmed, the sam-
ple is then fixed inside of an electroplating holder, which
is submerged in the electrolyte bath in order to start the
electroplating process. Knowing the surface area minus
the area of the 3D-printed material, desired height for the
electroplated nickel is accurately calculated. The 3D-printed
material always has to be printed as a negative of the desired
structures (corona streamer electrodes in this study), as the
nickel grows within the 3D-printed boundaries, and not on
top of it to avoid overplating, due to the lack of conductivity.

The used nickel electrolyte is a self-made boric acid con-
taining nickel sulfamate electrolyte (well-known for electro-
forming) with~80 g/l nickel, ~40 g/l boric acid and 0.2 g/l

Table2 An overview of the materials used, typical properties as stated by the filament manufacturers and the individual manufacturers

Polymer properties of tested materials

Unit ABS ASA PMMA PC
Printing temperature °C 230 240 230 260
Glass transition tempera- °C 97 94 71 113
ture

Tensile strength MPa 43.6 40 35 59.7

Solvent Concentrated acids, Polar solvents, strong Strong acids and bases, Chlorinated hydrocarbon,
Esther Acids and aro- acids and bases, polar polar solvents, Esther, strong acids and bases,
matic and chlorinated solvents, aromatic and Ether, aromatic and different solvents
hydrocarbons chlorinated hydrocar- chlorinated hydrocar-

bons bons
Shrinkage % 0.4t0 0.7 0.4100.8 0.1t00.8 0.6t0 0.8
Supplier 3DJake Filamentum Material4Print Polymaker
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Fig.2 a Setup for adhesion tests: top-down view of test cubes (DIN 50002-2) on wafer. b Adhesion test setup. Coordinate system of printer

indicated via X/Y/Z axis

surfactant. The pH is around 3.5, temperature c.a. 52 °C and
the current density from 0.1 to 2.0 A/dm?.

The heights of the 3D-printed material used throughout
this study vary from 500 um to around 2 mm, and the close
to 2-mm-thick electrodes are finally employed for the corona
discharge experiments. Due to uneven nickel distribution
(please see discussion on limitations in Sec. 4.1), the theo-
retical height of the electroplated nickel layer should range
from around 200 pm to no less than 100 um smaller than
the height of the 3D-printed material, e.g. corresponding
to a thickness between 1.8 and 1.9 mm for a 2-mm sample.

During the electroplating process, different current den-
sities are used to speed up the nickel growth, usually start-
ing with lower values such as 0.1 A per square decimeter
(A/dm?) in order to allow the nickel layer to start growing
properly at the base, all the way up to 2.0 A/dm? whenever
a certain height has been reached in order to save time. This
translates to nickel deposition rates between roughly 1.23
and 24.58 um per hour.

After electroplating, the sample is rinsed with DI water
and isopropyl alcohol. It is then submerged in ethyl acetate
inside of a~60 °C ultrasonic bath in order to remove the
3D-printed material: ASA (acrylonitrile styrene acrylate)
after evaluation of different candidates. The time of this step
ranges, according to the respective height of the ASA, from
4 up to 12 h. The nickel is not affected by this process and
whenever the 3D-printed material is fully removed, the sam-
ple is once again rinsed with DI water and isopropyl alcohol.

Once the ASA has been removed, the sample is then sub-
merged in a 30% potassium hydroxide solution at~ 80 °C in
order to remove the wafer substrate. Like before, this step
can take varying amounts of time although it typically lasted

for 6 h. Once again, the electroplated nickel is not affected,
and the individual nickel structures are all that is left by the
end of this process.

Finally, these structures are cleaned with isopropyl
alcohol.

2.2 Testing of electroplated streamer discharge
electrodes

Three types of L-shaped electrodes, each counting with
two streaming discharge generation tips, differentiated by
the sharpness of the discharge tips, were tested to analyze
the ignition voltage for starting the streamer discharge and
related plasma generation. Three replicas of each electrode
were tested employing a 3D-printed setup (holder) for sys-
tematically changing the gap between the tips of the corona
electrodes and the collecting electrode consisting of a planar
Cu layer upon the base of the 3D-printed holder.

A high-voltage power supply (Heinzinger® LNC high
voltage laboratory 6000-10 pos model) is used to produce
the positive DC discharge. The manufactured L-shaped elec-
trodes with the punctual tips (emitter or corona electrode)
are connected to the high-voltage DC system, which oper-
ates at a voltage between 0 and 6 kV and the convergent
or collecting electrode (planar Cu layer) is grounded. Two
types of experiments are performed with the voltage power
supply working with limited voltage or with limited inten-
sity. In short, at each experimental run, voltage is progres-
sively increased until the electric arc is generated, and the
discharge stabilized, to obtain the ignition voltage for each
type of electrode and as a function of the gap. Three igni-
tions for each sample and testing condition are documented.
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Standard deviations are below 5% for the experiments per-
formed with limited voltage and below 15% for the experi-
ments performed with limited intensity.

3 Results and discussion

3.1 Results of the hybrid 3D printing
and electroplating process

Firstly, the described methods and materials are applied to
the manufacturing of proof-of-concept test structures for
illustrating the variety of geometries achievable through
the proposed hybridization between 3D printing and elec-
trochemical deposition. A fundamental aspect for success
is the adhesion between the printed layers and the wafers
employed as substrate, for which the adhesion tests were
performed. Remarkably, the adhesion test of printed sam-
ples showed that the connection withstands a shear force
between 6.57 MPa in the case of ABS and 1.18 MPa in the
case of PMMA. ASA and PC could withstand 4.3 MPa and
4.24 MPa, respectively (see Fig. 3).

A good adhesion is critical for avoiding underflow dur-
ing the electroplating step, so ABS and ASA seem to be
the preferable materials considering the connection between
the printing material and the wafer surface. As the material
also has to be removed after the electroplating step, printed
samples were also treated with different solvents. Here,
ASA exhibited a preferable behavior being easily dissolved
in dichloromethane. Furthermore, when selecting the (ther-
moplastic) polymer 3D printing material, the stability of the
polymer in the electrolyte has a direct influence on the sub-
sequent electroplating process. The polymer (i.e. the printed
structures) must not deform at the working temperature of

Fig.3 Average shear stress in
adhesion test for printed speci-
men

Tension [MPa]
o = N w H (03] (@) ~ [0¢]

ABS
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the electrolyte (52 °C in this case) and there must be no
chemical attack (no chemical reaction with the electrolyte
components). In addition, no components should be released
from the printed material that could then enter the electro-
lyte, contaminate it and thus influence the properties of the
Ni deposit. For subsequent process steps and the separation
of the metallic components, it is necessary that the printed
plastic material can be dissolved in a common solvent after
electroforming. In order to achieve good adhesion of the
printed structures to the conductive substrate, an adhesion
promoter is usually used regardless of the 3D printing mate-
rial. This is sprayed or spun onto the substrate as a thin layer
over the entire surface in advance. This thin layer must then
be completely removed again inside the cavities in order to
expose the conductive surface again.

Printing of masks was carried out on the setup described
in Sec. 2.1. Due to the shrinkage of the polymer material,
the silicon wafers were bending if a whole mask was printed
as a full area on the wafer. Therefore, several iterations were
tested, as shown in Fig. 4. By dividing the overall print area
and introducing stress relief lines, a warping of the wafer,
and therefore the final electrode, could be prevented.

Besides, as shown in Fig. 5, the process stands out for the
selective electroplating thanks to the protective 3D-printed
structures upon the conductive wafers. Metallic samples
with desired geometries including file details are achiev-
able and the employment of 3D printing for defining the
boundaries stands out for being straightforward to apply, due
to direct transfer from the original CAD model to the printed
structure, and for its accessibility taking into consideration
the widespread use of FFF and its overall low cost.

In agreement with the methods section, the deposi-
tion area is defined by the open area on the plating holder
for the 4-inch substrates minus the area covered by the

ASA PC PMMA

Materials
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Fig.4 Iterations of electrode
mask: second version with three
individual parts (a), final ver-
sion with smaller areas (b)

031258.065
ASA (J545)

d)

Fig.5 Electroplating process and results: a substrates with printed
masks, b electroplated wafers, ¢ wafers with nickel structures after
removal of 3D-printed material, and d achieved metallic samples of
desired L-shape electrodes with streamer tips ready for the experi-
ments described in Sec. 3.2

3D-printed material. In our case, this resulted in an area
to be electroplated of approx. 2720 mm?>. The current
density is precisely specified for a fixed time by setting
a defined current at the voltage source. In these experi-
ments, our team usually started at 0.1 A/dm? and then
increase to 0.25 A/dm? after 1 h and then up to 2.0 A/dm?
after further periods of time. Taking Faraday’s laws into
account, a deposition time can then be calculated for a
defined deposition area in order to achieve a specific depo-
sition height. Low current densities (< 2.5 A/dm? = max
30 um/h) are recommended in order to achieve uniform
growth of the nickel layer and thus uniform filling of the
structure cavities. Furthermore, the electroplating holder
should be moved horizontally during deposition and the
electrolyte should be continuously circulated. Already in
the layout for 3D printing, care must be taken to ensure
that the cavities are evenly distributed on the substrate in
terms of shape and size and, as general recommendation,
the aspect ratio should not be greater than 3. A suitable
wetting agent should be added to the nickel electrolyte
to ensure good wetting and good penetration of the elec-
trolyte into the cavities and to prevent gas bubbles from
forming in the cavities.

Taking into account the quality of the electroplating
process, scanning electron microscopy (SEM) is employed
upon manufactured Ni electrodes as control measurement.
Figure 6 presents a selection of SEM images performed
upon the obtained Ni components. Figure 6a and b focus on
different corners of the obtained electrodes at various mag-
nification values (different rows), showing a conformal elec-
troplating with homogeneous surface and minor defects. The
way in which electroplating mimics the original 3D-printed
template can be appreciated in the vertical Ni walls due
to the presence of the wavy surface corresponding to the
3D-printed layers etched after the electroplating process.
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1258_05D A0Z3.40

Fig.6 Selection of SEM images performed upon the obtained Ni
components. a and b Different corners of the obtained electrodes at
various magnification values, showing a conformal electroplating
with homogeneous surface and minor flaws further explained in Sec.

Minor issues and manufacturing flaws that may eventually
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4.1. The way in which electroplating mimics the original 3D-printed
template can be appreciated in the vertical Ni walls due to the pres-
ence of the wavy surface corresponding to the 3D-printed layers
etched after the electroplating process

occur are additionally discussed in Sec. 4.1, when deal-
ing with the limitations of the presented study and current
research challenges.
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3.2 Results of the streamer discharge electrodes
obtained by 3D printing-assisted electroplating

Secondly, the 3D printing—assisted electroplating is applied
to the growth of special multi-tip electrodes conceived for
promoting streamer discharge in plasma generators, selected
as a possible industrial application for the proposed hybridi-
zation between fused deposition modelling and electrochem-
ical deposition of metals.

As illustrated in Fig. 5d, the designed electrodes are
achieved with a remarkable degree of precision. Considering
the performance of the created electrodes, Table 3 summa-
rizes the streamer corona discharge experiments performed
with the values that lead to the experimental graphs included
in Fig. 7. Three different tips, from sharper to broader, and
five different gaps were evaluated in the two operating
regimes of the power source described (limited voltage and
limited intensity), as described in the experimental section.
As can be seen in Fig. 7c, as expected, larger gaps lead to
increased ignition voltages and the values obtained for the
limited voltage operation are, in general, higher than those
required for arc generation in the limited intensity mode
(Fig. 7d). As regards tip type, the influence is not that clear.
Apparently, the intermediate size tips require slightly lower
ignition voltages at lower gaps, and a bit higher at larger
gaps. The fact is that thinner tips are mechanically less
robust and degrade more easily, which affect long-lasting

Table 3 Summary of the streamer corona discharge experiments per-
formed with the values that lead to the experimental graphs included
in Fig. 7

Gap [mm] Ignition voltage [kV] for 1-mm-thin electrode

Lim. voltage Lim. intensity

0.5 297 2.58
1.0 3.30 3.19
1.5 391 3.90
2.0 4.20 4.22
2.5 4.42 4.41
Gap [mm] Ignition voltage [kV] for 2-mm-thin electrode
Lim. Voltage Lim. Intensity
0.5 2.94 2.62
1.0 3.52 3.27
1.5 4.08 3.97
2.0 4.68 4.56
2.5 4.73 471
Gap [mm] Ignition voltage [kV] for 3-mm-thin electrode
Lim. Voltage Lim. Intensity
0.5 3.20 2.93
1.0 3.33 3.24
1.5 4.32 4.37
2.0 4.56 4.50
2.5 4.69 4.61

performance and stability of the discharge, so with the
obtained data the broader tips would be preferable.

After the experiments, visual inspection leads to find-
ing small colored regions of c.a. 1 mm? upon the Cu plates
employed as collecting electrodes, mainly surround-
ing the points of incidence of the generated electric arcs.
This denotes, to some extent like in previous studies [28],
mechanical and thermal damage, as well as material trans-
fer from the tips to the plates, which inspires us to further
explore the possibility of applying these kinds of streaming
discharges for selective surface functionalization. Related
procedures like spark plasma discharge and spark plasma
sintering have already put forward the interest of controlled
streamer discharge generation.

Related to previous studies by our team, in connection
with plasma generation by corona discharge [26, 27], the
structural L-shape electrodes with multiple tips lead to quite
analogous ignition voltages for similar gaps, which puts for-
ward the possibility of substituting the more common corona
discharge wires by other morphologies and structures of
emitter electrodes, the fine tips in current study.

It is important to highlight that these electroplated struc-
tural L-shaped electrodes prove more robust than the pre-
viously employed W filaments, which are prone to failure
due to filament degradation or increased mechanical tension
through heating and device dilatation. For some applica-
tions, in which punctual electric arc and consequent plasma
generation may be required, the electrodes grown by elec-
troplating within the boundaries of 3D-printed regions seem
a promising option. Once adjusted, following the methods
proposed in this study, the manufacturing procedure can eas-
ily be turned into a pilot production line. However, some
limitations and current research challenges, as well as future
directions, are detected and foreseen, as detailed in the fol-
lowing section.

4 Current challenges and future research
proposals

4.1 Limitations of the study and current research
challenges

Regarding the 3D printing—assisted electroplating, it is
important to take into account the limited dimensional and
geometrical tolerances of FFF systems in general, which
usually lead to very direct to manufacture components and
constitute highly accessible systems but cannot yet compete
with other high-precision industrial manufacturing systems.
Even within the realm of additive manufacturing, FFF has
never been the geometrical gold standard, as technolo-
gies including VAT-photopolymerization and powder bed
fusion usually lead to better results. Having said this, FFF
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Experiments performed limiting voltage

5,0
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Fig.7 The experimental setup for the streamer discharge (a) and the
actual discharge after ignition (b). Images of the experiments and the
summarizing graphs derived from Table 3 are shown in both for tests

is remarkable for its friendly usability and has proven an
almost perfect companion to electroplating in this research.
Nevertheless, some manufacturing limitations perceived
in this technological combination have been detected as
research challenges.

By means of example, Fig. 8 illustrates the more remark-
able defects that our team has found during the processing of
the different samples. Although these defects affect less than
12% of the samples, corresponding to ca. 1 electrode with
defect per wafer, it is important to understand their eventual
appearance and to minimize them by knowing their causes.
Among others, it is important to mention: presence of unex-
pectedly printed fibers due to printing movements without
retraction (Fig. 8a), overgrowth in certain sharp regions
(Fig. 8b), regions deviated from the desired shape (Fig. 8c)
and detachment of printed masks during electroplating lead-
ing to the exposure of unwanted regions (Fig. 8d).

Compared to machining and micromachining, electroplat-
ing of nickel structures within 3D-printed boundaries allows
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performed with limiting voltage (c¢) and with limiting intensity (d).
Additional insights can be obtained in the supplementary materials
including videos of the streamer discharge (S1 & S2)

for the generation of thin-walled structures and needle-like
geometries, hence avoiding the challenging machining of
nickel and preventing potential failures, especially when
thicknesses of less than 1 mm are involved. Still, as regards
achievable geometrical complexity, the generated structures
have a certain degree of intricacy but can be considered
quasi-2D or 2D V2. Towards the creation of more complex
geometries in connection with mechanical metamaterials,
other additive manufacturing approaches may be required
and investigated among possible future direction described
in the following subsection.

Considering the streamer discharge electrodes, the gen-
erated structural electrodes based on a design including a
set of discharge tips joined by a L-shaped plate prove more
mechanically stable and robust than more classical solutions
based on thin cross-section filaments, which under long
operations tend to fail due to mechanical integrity and degra-
dation issues [32]. It is expected that these innovative struc-
tural electrodes, obtained by electroplating of nickel within
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Fig.8 Selection of possible manufacturing flaws found along the
study in different experiments: a remaining printed fibers affecting
the electroplating process, b overgrowth at thinner regions, ¢ regions

the printed contours, may degrade more progressively and
prevent sudden failures, common in filament-based corona
discharge generators, although this should be further studies.

4.2 Future directions

The currently achievable geometries with the presented
process are quasi-two-dimensional, as the metal is grown
starting from a planar substrate, with a desired external
shape or pattern, but with homogeneous thickness and
overall 2D aspect. Authors envision improvements in
design and manufacturing freedom, leading to more ver-
satile 3D geometries, by the employment of non-planar
printing procedures upon curved substrates, for defin-
ing the electroplatable regions. Non-planar printing pro-
cesses, also known as curved layer deposition procedures,
have been explored for more than one decade [35-39]
and seem to be getting more and more popular thanks to
recent developments [40, 41]. The combination of these
non-planar printing paths with other robotic-assisted

deviated from the desired shapes due to overgrowth, and d detach-
ment of printed masks during electroplating leading to the exposure
to nickel of unwanted regions

fused deposition modelling or patterning processes [42,
43] could arguably lead to different levels of detail in the
deposited protecting materials and, hence, promote the
growth of non-planar metallic components and structures
with hierarchical geometries. The use of multi-material
extrusion nozzles employing different polymers reactive to
diverse solvents could allow for multi-metallic non-planar
electrochemical deposition, which would further increase
the versatility of the process.

As regards dimensional and geometric tolerances, fused
deposition modelling is still limited when compared to other
additive manufacturing technologies based on high-precision
lithographic and photopolymerization procedures, which
on the other hand are often limited in terms of achievable
part sizes and availability for their higher costs. Neverthe-
less, it would be interesting to explore the electroforming
within multi-scale patterns achieved by combinations of
UV-lithography, (micro-)laser stereolithography and multi-
photon or two-photon absorption, and thus reach truly micro
and nanomanufacturing details, following examples from
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3D-printed masks applied to surface micromachining by
etching [44, 45].

Considering the proposed industrial application to
streamer discharge electrodes, next steps would focus on
achieving more complex and larger electrodes capable of
generating several discharges against a collecting elec-
trode. To this end, inspiration in fractal geometries or mod-
els derived from applying the constructal law could prove
aesthetically sounded, effective and efficient (https://web.
archive.org/web/20181013014747/https://us.macmillan.
com/books/9780716711865, http://www.fractal.org/topop
leidingen/Fractalisme/Constructal-law.pdf). Surface func-
tionalization and material transfer processes, based on the
precise control of the generated micro-discharges and their
localization (https://www.db-thueringen.de/servlets/MCRFi
leNodeServlet/dbt_derivate_00055792/ilm1-2022000023.
pdf), possibly leading to a new micro-additive manufactur-
ing strategy, should be researched as authors intend to do in
the near future.

5 Conclusions

An innovative manufacturing method for selective electro-
chemical metal deposition has been developed and demon-
strated, both with proof-of-concept geometries and through
an industrial application. As described along the study,
the proposed production chain hybridizes 3D printing and
electroplating for the design-controlled electroforming of
metals within fused deposition modelled contours or pat-
terns, which provide a selective or guiding functionalization
of the substrate for metal deposition on demand. Applying
the developed process, Ni electrodes for streamer discharge
plasma generators have been structured and experimentally
evaluated. These components stand out for their needle-like
details, required for promoting micro-lightnings, which
would be challenging to obtain employing traditional mill-
ing processes. Current capabilities, main challenges and
foreseen research directions, for this novel hybrid 3D print-
ing and electroplating process and for its industrial appli-
cations, have been discussed. In the authors’ opinion, the
described process contributes to the already fruitful con-
nections among additive manufacturing technologies and
metal electrodeposition procedures, providing an interesting
route towards accessible and straightforward electroforming
of large-sized components and structures with fine details.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00170-025-15089-7.
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