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Additive Metal Printing on Multi Materials using an Atmospheric
Pressure Plasma Jet on a 5-Axis Platform

Oliver S. J. Hagger?, Michael A. Parkes?, Francis Lockwood Estrin?, Stefanos Agrotis®?, Ivan P.
Parkin?, Albertus D. Handoko® and Daren J. Caruana*?

Abstract

Post-production embellishment of objects with metal tracks presents challenges, due to the need for
multiple processing steps and the complexity of navigating intricate substrate geometries. Here we
describe a flexible approach to deposit conducting metal tracks on 3D objects using an atmospheric
pressure plasma jet (APPJ). APPJs offer distinct advantages over traditional inkjet printing methods as
they do not require metal particle inks or post-processing. An in-house-built APPJ print head was
mounted onto a 5-axis platform to demonstrate metal printing on multifaceted metal, ceramic and
glass complex objects. We use finite element modelling of the flow characteristics at the jet nozzle exit
to understand and predict the track deposition. The modelling was corroborated through Schlieren
imaging of the gas flow as well as chemical and physical characterisation of the resulting deposited
track. Conductive metallic tracks of 0.3 mm widths were deposited on non-planar surfaces with one
pass at a rate of 1 mm s, using simple aqueous metal salts with an average plasma power of 10 W.
Our findings reveal conductivity, adhesion strength and precision which present a benefit for additive
manufacturing.

Introduction

For many decades metal deposition has been a key feature of the electronics industry driven by the
need to create progressively smaller features. Processes such as reductive physical vapour deposition
(PVD)[1,2], chemical vapour deposition (CVD)[3] and electrodeposition[4] have been essential to fuel
the advancement of electronic devices by depositing metal and dielectric materials with incredible
precision. However, recently the emphasis has been reshaped towards developing more accessible
deposition techniques, where feature size may not be the driver, instead the ability to deposit
materials on a variety of substrates rapidly and with high adhesion. Here we introduce and
demonstrate a metal printing method using an atmospheric pressure plasma jet (APPJ) capable of
printing on multiple materials and 3D substrates in a single step.

Post-production metal printing is often done using inkjet printing, an established process with the
capability to deposit metals[5] on multiple substrates[6—9] over a large scale at a low cost. However,
inkjet printing has limitations, such as the requirement for pre-synthesised inks, and the need for a
post-printing step to fully sinter the deposition. These limitations may prolong production time and
increase the complexity of the process and cost. Ultimately, these limitations may affect the suitability
of inkjet printing for certain applications, perhaps most importantly temperature-sensitive substrates
that cannot withstand high curing temperatures.
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Atmospheric pressure plasma jets are an emerging promising avenue for precise and controlled
metallic deposition processes without the need for post-processing.[10—-17] The type of plasma used
here is a non-equilibrium plasma containing highly energised electrons, but the ions and neutral
species or atoms have a temperature just above room temperature. [18,19] As a result a plasma in
contact with a surface transfers little heat energy. Sometimes referred to as cold plasmas, atmospheric
pressure plasmas are used extensively to clean surfaces for adhesion promotion for bonding
applications and in some cases chemical or physical modification of surfaces.[20] The unique chemical
and physical properties of plasmas stem from the presence of free electrons which ‘hoards’ much of
the energy used to form the stable self-sustaining plasma. Relevant to this present study, the presence
of free electrons presents a realistic prospect of reducing metal salts to their respective zerovalent
metal electrochemically. We have shown that plasma electrons are responsible for the reduction of
copper oxide on a surface to copper. [17,21-27] Plasma deposition of zerovalent metal features has
been reported by Alder et al.,[11] Gutierrez et al.,[12,13] and Manzi et al.,[14] with significant progress
demonstrated in applications such as SERS surfaces, antennas, and consumer electronics. By atomising
an aqueous solution of metal salt directly into the plasma gas feeding the APPJ, it is possible to deposit
electrically conducting metal tracks in a single step on a variety of substrates ranging from glass to
polymers.[17] Here we extend this deposition process on curved topologies using a 5-axis stage.

In this work, a 3D printer was modified by the addition of two further axes to create a 5-axis platform
for enhanced design possibilities and material deposition techniques. Inspired by the pioneering work
of Hong et al.[28,29] who described the conversion of a 3D printer to a 5-axis printer. Using a 5-axis
printer instead of a 3-axis system provides distinct advantages, particularly the ability to deposit onto
curved, uneven, or unconventional surfaces.

Experimental

5-axis printer

The approach to create a 5-axis deposition system similar to Hong et al.,[28,29] was to modify a Prusa
i3 MK3S with a Duet2 and Due5x expansion board (Duet3D) enabling the utilisation of 5-axis motion
control axes. The original heated bed was replaced with a custom bed that accommodated the two
additional movement axes, as illustrated in Fig. 1(a, b). All relevant components and design files can
be found in the GitHub repository associated with Hong, F. et al.'s initial paper.[29]
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Fig. 1 — APPJ set up. (a) Schematic setup of a modified Prusa i3 3D printer with the attachment of two additional
axes (U and V) with APPJ mounted. (b) Ignited plasma plume extending from the end of the APPJ.




Modifications were implemented to enable the integration of an APPJ and facilitate metal deposition.
Notably, the entire nozzle extruder was replaced with the APPJ via a simple 3D-printed component
designed for magnetic attachment, as seen in Fig. S1(a, b, c). The final APPJ setup is depicted in Fig.
1(b) and Fig. S1(d). All elements were created using Autodesk Fusion 360 and printed on a QIDI i-mate
3D printer using a range of print materials including polylactic acid (PLA) (RS Pro, UK) and polyethene
terephthalate glycol (PET-G).
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Fig. 2 — Flow diagram depicting metallic deposition from start to finish. Depiction of the APPJ deposition
process in 8 steps, based on whether the substrate already exists or needs to be manufactured first.



Printing Approach

The process begins with one of two approaches, in Fig. 2, depending on whether the object already
exists or is pending production. For models pending production, Case | taking the left route in Fig. 2,
the CAD model is used to design the deposit on a substrate. If the model already exists, as shown in
Case I, taking the right route (3) in Fig. 2, the item must be measured, and in our case, a 3D laser
scanner is used to capture the topology of arbitrary surfaces on existing substrates. This high-
resolution scanner can capture the intricate details of any surface with a 3D resolution of 0.2 mm and
a point resolution of 0.1 mm. In collaboration with the Institute of Making, UCL, a comprehensive 3D
scan (Artec Leo 3D laser scanner) of an aluminium beverage can was captured and used to design a
CAD model upon which the design of the metal print was planned. This scanning procedure
encompassed full 360-degree scans, enabling the capture of a volume up to 160,000 cm?. Additionally,
it features a real-time 3D reconstruction rate of up to 28 frames per second (fps), facilitated by the
NVIDIA Jetson TX2 processor, allowing for instantaneous data compilation. 3D scanning technology
remains nascent and, therefore, warrants additional refinement. The Artec Leo scanner encountered
difficulties achieving absolute surface precision, requiring the implementation of techniques such as
hole filling and surface smoothing within the Artec Studio 18 software. While proficient in scanning
simple objects and surfaces, the software exhibited limitations in handling finer and more intricate
surfaces.

The laser scans yielded rudimentary meshes, which were subsequently imported into the CAD
software Fusion 360 for further exploration. However, imperfections may occur within the resulting
tessellation from the 3D scan process. Consequently, while the mesh generated may suffice for
straightforward scenarios, caution is warranted in more complex situations, where these scans should
be utilised as guiding references rather than definitive representations.

Design of Deposition Pattern

A simple 2D pattern was designed according to the deposition pattern. The patterns were reformed as
functional 3D models. Leveraging Fusion 360's 'replace face' feature, the design was aligned with the
curved surface of a glass hemisphere for the upper and lower face of the extruded object. The result
was a fully rounded 3-dimensional extruded circuit drawing ready for export from CAD software. Fig.
S2(a, b) show the hemisphere and modelled print placed on the 5-axis system.

5-axis slicing — Rhinoceros/Grasshopper

Rhinoceros 3D version 7, with Grasshopper integrated, was used for conformal slicing, G-code
generation, and scripting. Grasshopper is a visual programming language integrated with Rhinoceros
3D that enables users to create parametric designs and automate workflows through a node-based
interface. By manually selecting the substrate, the supportless structure and z-axis of the supportless
structure G-code were generated in multiple axes. The supportless structure is the metallic deposition
pattern designed in the previous Fusion CAD software. By also selecting the z-axis of the deposition
pattern, the software can determine the top layer for efficient deposition. Fig. S3(a) depicts the
proposed UCL motif for deposition. Fig. S3(b, c, d, e) shows the simulated movement of the 5-axis
print.

Grasshopper parameters such as layer height, travel height, and travel speed can be easily modified
for use with the APPJ. The G-code script underwent multiple refinements to accommodate the plasma
printer, facilitating smooth metallic printing specifically altered x-direction movement, keeping the
APPJ as static as possible. Any large movements of the APPJ would result in an increase in reflected
power and loss of plasma jet plume stability.



APPJ deposition

The APPJ deposited silver on unmodified substrates as follows. A solution of 5 x 10 M silver nitrate
(99.9%, Thermo Scientific, UK) in deionised water (18 MQ2-cm, ELGA) was injected using a syringe pump
(Harvard Apparatus, UK) at a rate of 0.5 mL min? into a nebuliser. The nebuliser (Teledyne CETAC
Technologies) atomised the solution and carried the nebuliser through a drying and cooling chamber
operating at 120 °C and 0 °C, respectively. The dry silver nitrate's gas stream was then combined with
helium (99.9+ %, BOC) 0.32 L min and hydrogen (99.9+ %, BOC) 10 mL min™! plasma gas and fed into
the plasma jet assembly. Brooks mass flow controllers controlled all gas flow rates.

The plasma was ignited at a stainless-steel needle electrode tip in a 440 um |.D. ceramic nozzle. A
CESAR 136 radio frequency (RF) generator (Advanced Energy, US) operating at 13.56 MHz was used to
drive the plasma at a single electrode jet. The RF driving signal was pulse width moderated at 18 kHz,
giving plasma average power of 10 W and passed through a matching network consisting of a variable
inductor to match the 50 Q output impedance of the RF generator. The plasma exited the ceramic
nozzle to form a stable plume extending 8 mm beyond the tip orifice. A nitrogen sheath gas, 1.5 L min
1 surrounded the plume to reduce air entrainment and aid plasma stability; this setup was previously
described in Lockwood Estrin et al.[17]

CFD modelling

Computation fluid dynamic modelling was carried out using axisymmetric modelling of the APPJ using
ANSYS 2021 (ANSYS Inc., US). Design modeller was used to accurately model the jet, with ANSYS mesh
software used to create a high resolution 25 um mesh. Helium gas was simulated to flow through the
jet while releasing discrete packets of silver particles ranging from 10 nm to 1 um in diameter. The
particles adhered to the Cunningham-corrected Stokes-Cunningham drag law, and Ranz-Marshall heat
transfer coefficient, and considered Brownian Motion. The boundary conditions were configured to
reflect the experimental conditions, aside from the bottom wall set to “trap” and the outlet set to
“escape” at an atmospheric pressure of 101 325 Pa. Each calculation underwent 10,000 iterations, and
records were analysed for velocity, pressure, and particle final positions.

SEM

For surface and morphology analysis, high-resolution scanning electron microscopy was used. Images
were obtained with a JSM 6701 and 7600 field emission SEM (JEOL, Japan) at an accelerating voltage
of 10 kV. Non-conducting samples were coated with gold to aid charge dissipation during imaging.
Particle size analysis from SEM images was carried out using ‘Imagel)’ software version 1.53 k to
estimate the particle size distribution.[30]

Optical

A VHX-7000 digital microscope (Keyence Corporation, Osaka, Japan), equipped with a Z20 (20—6000
x) objective (Keyence Corporation, Osaka, Japan) was used for all optical microscopy. Due to the size
of the printed object SEM was not possible, therefore, 3D optical microscopy was used to measure
the width of tracks on all substrates. Detailed SEM images of the tracks can be found in Lockwood
Estrin et al.[17] The VHX-7000 digital microscope features a 1/1.7-inch, 12.22-megapixel CMOS
sensor, offering resolutions of up to 4000 x 3000 pixels in 4K mode. For track width measurements
images taken at 200 x or 400 x magnification was used giving a minimum vertical field of view of 1.14
mm or 0.570 mm respectively, provided good accuracy and high precision.



TEM

To achieve highly magnified images of the metal particulates expelled from the APPJ during deposition,
Transmission Electron Microscopy (TEM) was employed. The particles were carefully collected from
the APPJ and deposited onto a TEM grid. For analysis, ultra-thin carbon support film (3 mm thick)
mounted on lacey carbon grids from Agar Scientific was utilised. The analysis of the particles was
carried out using a JEM-2100 electron microscope (JEOL, Japan).

XPS

A Thermo K-Alpha photoelectron spectroscopy system (Thermofischer, US) equipped with a
monochromatic Al-Ka (1486.6 eV) X-ray source was used for X-ray photoelectron and Auger electron
spectra acquisition. Unless noted otherwise, spectra were collected from a spot of 50 um diameter on
the sample surface at a pass energy of 50 eV. Photoelectron energy offsets were minimised using an
electron flood gun source during XPS spectra acquisition. Adventitious carbon C 1s peak at 284.8 eV
was used as an internal energy calibration as needed. For the analysis of zerovalent silver, the top layer
was ion-etched to remove any silver oxide that may have formed due to exposure to the atmosphere.

PXRD

An Empyrean Grazing Incident Powder X-Ray Diffractometer from Malvern Panalytical was employed
to acquire all diffraction patterns for the thin films discussed in this report. Unless specified otherwise,
the 20 range utilised ranged from 5° to 80°. The scan step size was set at 0.05, 0.5 times per step. Each
experiment utilised a 40 kV generator voltage and a 40 mA tube current. The divergence slit was
maintained at 0.38 mm and a fixed 0.1 receiving slit was utilised to generate the XRD patterns.

AFM

A Keysight 5500 Atomic Force Microscopy instrument was used to measure and image the surface
topology. Multi75Al-G silicon AFM cantilevers were purchased from Apex Probes. The AFM tip
specifications are as follows, tip height 17 um, tip set back 15 um, tip radius <10 nm and half cone
angle 20 ° - 25 °. Images were taken over a 5 pm x 5 um area, with root-mean-square (RMS)
roughness value determined by WSxM 5.0 software.

Results and Discussion

Case |: Printing onto a glass Hemisphere

The glass object, in this case, a hemisphere, was made to precise specifications according to a CAD
model. It was securely attached to the printer's U-axis to ensure the plasma jet tip was 2 mm away at
every point on the hemisphere, as shown in Fig. 3(a). As the hemisphere was rotated and moved
through a preprogrammed pattern, the plasma jet deposited silver metal on the surface of the glass.
The final deposited track is shown in Fig. 3(b to g), Fig. S4(a) and Fig. S4(b). The tracks are formed by
two consecutive passes and washed with deionised water to remove unreduced silver nitrate crystals
from overspray. The overall deposition process took 240 s to complete the circuit (120 s to complete
each pass). The track width was 300 um size, two tracks were printed with a roughly 600 um separation
distance.



Fig. 3. Plasma jet deposition on a hemisphere. (a) Photographs of a glass hemisphere (radius 25 mm) mounted
on the 5-axis platform with a metallic mesh positioned underneath the glass hemisphere held at an angle,
showing the plasma jet deposition in progress. (b) The final print of conductive silver trace on the glass
hemisphere substrate. (c, d) Magnified optical image of the silver track. (e) Optical image displaying an electrical
circuit using Ag metal-deposited tracks as conductive components. (f) Magnified view of the conductive track
connection. (g) Image showing conductance of silver metallic tracks on a glass hemisphere with the
associated resistance measured using a two probe.

The chemical and physical characteristics of the silver deposit were investigated to confirm the
oxidation state using XPS and XRD and the surface morphology using microscopy. The plasma was
indeed able to reduce the metal salt to zerovalent metal, as demonstrated by the carbon-corrected
XPS spectra, which were used to identify the Auger peaks, as shown in Fig. 4(a). The spectra also show
no silver oxide peaks, confirming the production of virtually pure zerovalent metal. XRD analysis
further supports this by displaying the characteristic peaks of the FCC crystal pattern of silver metal,
as illustrated in Fig. 4(b). SEM analysis revealed that the deposit consists of small metal particles
formed in the plasma jet, which then land on the surface to create a solid metal track, as shown in Fig.
4(c). Particle size analysis from the SEM images indicates a mean particle size of approximately 48.06
nm with a spread of + 11 nm shown in Fig. 4(d), consistent with TEM analysis depicted in Fig. 4(e).
AFM analysis of identical deposition on a planar surface, shown in Fig. 4(f), further demonstrates the
size variation of the particles, revealing an RMS roughness value of 68 nm, indicative of a relatively flat
surface topology with nanoscale peaks and troughs.

In addition to electrochemical reduction of the metal salt to zerovalent metal, the plasma also
pretreats the surface which promotes the adhesion of the metal to the substrate. Plasma jets are used



extensively in industry to promote adhesion.[31] Physical changes are mainly to remove surface
contaminants such as hydrocarbons, whilst the chemical changes that lead to changes in water contact
angle or wettability. On glass, and other materials, the adhesion strength appears to be directly
proportional to the extent of wettability of the surface to water. Plasma contains metastable species
such as reactive radicals, electrons and ions, which can react with the pendent groups on the glass
surface to promote the formation of hydrophilic functional groups such as hydroxides, aldehydes and
acid groups. These all contribute to an increase in wettability, and thus promotion of adhesion. Li et
al. [32] used molecular dynamics (MD) simulations to understand the wettability of surfaces with
various groups and surface group density. They found the influence of aldehydes, acid and amino
groups have a more dominate role compared to hydroxyl groups. Intuitively, the higher the functional
group density on the surface the more hydrophilic the surface becomes. We believe both of these two
factors contribute to the high adherence of the glass (or alumina) surface to the metal. We have
investigated the strength of adherence using a stylus scratch test and discussed in ref. [18]. In this case
track adherence was assessed using a Scotch tape® test. No visible difference was observed between
the tracks before and after tape removal, even when repeated ten times. There was no discernible
silver lifted on the tape and no change in the conductance of the track. Notably, no pre- or post-surface
treatment was employed to achieve this level of adhesion. Whilst this test was rudimentary, the
adhesion of silver tracks deposited on flat glass surfaces under identical conditions was extensively
tested using a stylus scratch test and described in reference showcasing a similar result. [17].
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Fig. 4. Silver deposition analysis. (a) The XPS peaks were fitted with Lorentzian peak shape with an asymmetry
parameter of 1.7, no Gaussian broadening, and Shirley background corrected. The spectra confirm the presence
of pure zerovalent silver (Ag®) at KE 358 eV with no detectable silver oxide peaks below the top layer. (b) XRD
confirms the presence of silver FCC structure, in correspondence with JCPDS 04-0783. (c) SEM image APPJ Ag
deposit, and (d) corresponding particle size distribution for the deposit. (e) TEM image of the Ag deposit showing
particle structure. (f(i), f(ii)) AFM image of surface topology with inflated z-axis highlighting peaks and troughs.

The width of the deposited metal track depends on multiple factors including jet orifice diameter and
helium flow rate. A computational fluid dynamic (CFD) model of the jet exit and substrate was used to



investigate the various dependencies of each variable on the width of the metal track. As described
above, zerovalent metal particles are generated within the plasma jet in a range of diameters. These
particles exit the jet and land on the surface beneath the orifice of the jet. The particles impact the
surface depending on the particles’ velocity mass and diameter. The 2D axisymmetric models of the
gas velocity within the nozzle and at the exit as it impinges on the substrate are shown in Fig. 5(a). The
flow of gas out of the nozzle is laminar with maximum exit velocities of 389 and 207 m s determined
for the 400 and 600 um nozzles, respectively. Schlieren imaging of the gas flow also supports laminar
flow of the helium gas exiting the nozzle, Fig. 5(b).[33] Additional simulations for different flow rates
through a 440 um nozzle have an effect on the deposition stream in Fig. S5(a, b).

To simulate the particles landing on the substrate, 400 particles with a range of diameters from 10 nm
to 1 um were added to the plasma gas flow exiting the nozzle. The most probable landing zone for
each size range was determined for two different nozzle sizes, 400 and 600 pm, with 300 mL min™
helium flow. The landing probability as a function of position is represented in Fig. 5(c, d) for the two
different nozzle diameters in each particle size range. At the centre, at position zero, there is a low
probability of any particles landing. This is due to the flow field of the helium jet, which is typical of a
wall jet flow, creating a stationary zone directly beneath the centre of the nozzle. As a result, the
probability of particles landing on the surface at this point is very low. For particles with a diameter of
1 um or smaller, the particle's inertia is sufficient to be deflected and land at a set distance from the
stationary zone, as described in Fig. 5(c(i), d(i)). With a 400 um nozzle size, the spread of particles
extends a shorter distance from the centre, creating a narrower track compared to the track deposited
with a nozzle diameter of 600 um. These simulations are mirrored in the actual profile of the resulting
track as displayed in Fig. 5 (c(ii), d(ii)), for 400 and 600 um, respectively. The track produced by the
400 um nozzle shows a gap in the centre of the track, whereas the track produced by the 600 um
nozzle is more uniform. It’s important to note that these simulations do not consider the effect of



plasma, which would increase carrier gas turbulence; however, the landing probabilities for the size
ranges described here remain appropriate.[34]
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The deposited circuit demonstrates a good level of conductivity that was greater than 40% of bulk
silver conductivity. Two-point conductivity measurements of the metal tracks on a curved surface
yielded a resistance of 1.4 Q, displayed in Fig. 3(g). Similar measurements were conducted on planar
surfaces using a four-point probe, and the conductivity of silver produced via this identical APPJ
process, as discussed in more detail by Lockwood Estrin, et al.[17], was 32 + 5 x 10° S m™, or greater
than 40 % of bulk silver conductivity. Fig. 3(g) illustrates the measurement of the conductivity over a
short distance. The conductivity was tested on a dielectric (glass hemisphere) hence the conductance
was solely due to the metallic track.

Case lla: Deposition on a Scanned Drinks Can
Deposition was demonstrated on an existing object with no available CAD model, as an example we

used a drinks can. To further validate the breadth of substrate APPJ can deposit on, a drinks can was
chosen to demonstrate that being metallic the plasma which couples to the deposition surface can
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also result in a silver metal deposit. The deposition design chosen was the UCL logo and a butterfly
motif, along with other motifs described in Fig. 6(b, c) and Fig. S6(a, b). Once the drinks can was
scanned and mounted on the 5-axis printer, the print path was simulated for calibration purposes prior
to metal printing by replacing the APPJ print head with a permanent marker. After this calibration, the
metal printing was carried out under the same conditions as described for the glass hemisphere. The
deposit had similar chemical and physical characteristics, although it was difficult to decouple the
conductivity from the substrate contribution in this case. The adhesion was tested using the Scotch
tape® method, no silver metal on the tape was visible by eye, even when repeated ten times. It is
expected that the mechanism for adhesion promotion as discussed above for glass also applies for
aluminium oxide. In fact the wettability on the surface of aluminium and its alloys is increased after
plasma exposure for adhesion promotion of various materials, as reviewed by Patel and Bhowmik[27].

Fig. 6. APPJ situated on 5-axis instrument. (a) Plasma deposition of the metallic track during operation. (b, c) Final
UCL motif deposition on aluminium beverage can using an APPJ.

Case lIb: Deposition on Scanned Ceramic Object
Our methodology demonstrates versatility in depositing on a diverse range of materials. Notably,

alumina, a white oxide of aluminium, can be effectively decorated with adherent metal tracks using an
APPJ coupled with our custom-modified 5-axis printer. Unlike the drinks can, the ceramic surface did
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not require pre-treatment with white matte spray due to its non-reflective nature. Utilising an Artec
Leo laser 3D scanner comprehensively to scan a ceramic alumina crucible, as shown in Fig. $7. The
ceramic crucible was mounted on the 5-axis printer, and the design of the metallic track was generated
and simulated with G-code before printing, as displayed in Fig. S8. The APPJ deposition speed was 1
mm s, using a silver nitrate concentration of 5 mM and a helium flow of 300 mL min?, with 3 %
hydrogen to aid reduction to zerovalent silver. The plasma deposition was aided with a nitrogen curtain
gas to stop oxidation from the atmosphere. The forward power used for the deposition was 19 W with
a 50 % duty cycle operating at 18 kHz. The deposition on the ceramic crucible resulted from a single
pass of plasma deposition, resulting in a conducting track deposited as shown in Fig. 7(a).

The resultant track has a width of roughly 230 + 12 um and an outer ‘spray’ track of 470 = 9 um,
as displayed in Fig. 7(b, c and d). Only the inner track was conducting; the jet's overspray was not
conducting. The properties of the substrate material require some refinement of the printing variables
to ensure the metal track adheres to the surface with a defined track width and conductivity. The
versatility of patterns, substrate, and deposition material is broad, and these patterns and materials
were chosen to showcase the technique's flexibility.

Rel230 + 12 ]

Fig. 7. Metallic deposition on ceramic crucible. (a) Real-time APPJ deposition of zerovalent silver track using the
5-axis system. (b) Final metallic track deposition on alumina crucible. (c & d) Optical microscopy image displaying
the deposited metallic track on ceramic close-up high-resolution images displaying track width, at 400 x
magnification, error stated is the standard deviation from five independent measurements.

Conclusion

In conclusion, this study has demonstrated the capabilities of the APPJ metal track.[17] The method
utilises previously published methods of using a modified Pursa i3 MKS3, adding two additional axes
to the original instrument as described by Hong et al.[28,29] Harnessing the potential of a 5-axis
printer, in contrast to the conventional 3-axis counterpart, has showcased the following advantages:
(1) the ability to deposit conducting tracks onto complex, curved, (2) no pre or post-processing is
required, (3) metal particle-free ink, and (4) no complex synthetic steps for the ink.

Through the integration of Fusion 360 and Rhinoceros 7 CAD software, intricate designs were
seamlessly transformed into practical, tangible models. The collaboration between design and
technology has led to the successful deposition of conductive metallic tracks, showcasing the potential
for precise and efficient printing on challenging substrates. The refined techniques, including
integrating Grasshopper for multi-dimensional G-code generation, have opened doors for intricate and
precise depositions.

The technique of plasma-deposited metallic tracks on various substrates, either planar or topologically
challenging, has been demonstrated. The combination of quick and simple technique of scanning a
rudimentary object, simulating and manufacturing the tangible conductive metallic tracks, is an

12



accessible example of additive manufacturing. This work demonstrates significant advantages over
traditional metallic inkjet printing [11-16], providing a simpler yet more versatile technique for
depositing multiple metals on non-planar surfaces. It enables deposition on temperature-sensitive and
challenging materials, with no need for post-processing or sintering. This study quantifies the one-step
deposition of zero-valent metals, verified by XPS spectra. The deposited sliver metal tracks show a level
of conductivity that was greater than 40% of bulk silver conductivity. From two-point conductivity
measurements of the metal tracks on a curved surface yielded a resistance of 1.4 Q. Furthermore, the
resulting metallic particles measure an average diameter of 48.0 nm, forming track lines approximately
230 um wide using a 400 um nozzle. Simulations with varying nozzle sizes and velocities were
conducted to optimise deposition further.

Overall, this work underscores the power of innovation in material deposition, bridging the gap
between design and fabrication. As this technology continues to evolve, it promises to shape industries
ranging from electronics to art conservation and beyond, offering a promising future for precision

deposition on diverse and challenging surfaces. The successful use of these instruments highlights the
immense potential of 5-axis deposition as a transformative tool in additive manufacturing.
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Additive Metal Printing on Multi Materials using an Atmospheric
Pressure Plasma Jet on a 5-Axis Platform
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Highlights:

e Atmospheric pressure helium gas plasma jet used to write silver metal tracks.
e Mounted plasma jet print head on to an in house constructed a 5-axis platform.

e Able to print pure metal on a range of materials from glass, ceramic and aluminium.

e Sustainable manufacturing using little primary resources.
e Aqueous metal salts as precursor used as a metal source.
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