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Abstract:  Aerosol jet printing (AJP) is a contactless direct-write approach aimed at the production of fine features on a wide range of
substrates. The technology has been explored for a variety of applications, including active and passive electronic
components, actuators, sensors, and a variety of selective chemical and biological responses. However, the quality of
conductive traces printed with nanoparticle inks using AJP can be affected by several factors, including carrier and sheath
gas flow rate, ink properties, and substrate material properties. A typical defect present in the prints, such as non-uniform
metal particle distribution, solvent local concentration, porosity, delamination, and bubbles, can be reduced by additional
ultrasonic post-printing treatment. Therefore, the article investigates the influence of the self-designed sonotrode tool on
the quality of conductive traces printed with nanoparticle inks using AJP. An ultrasonic head was fixed in a tandem
position behind a printing nozzle at a distance equal to the node of ultrasonic waves. In this article, it was found that
ultrasound has a positive effect on the quality of printed traces by improving degassing with simultaneous uniform
particle distribution. As a result, the surface open porosity obtained for printed and ultrasonically treated traces was
decreased almost seven times from 17.2 to 2.7%, respectively. An improved surface and structural morphology increased
electrical resistivity in the prints from 6.85 to 4.57 pQ cm. The analysis included quantifying the macroscale geometry,
electrical properties, and micromorphological characteristics of the traces. The results of this article suggest that the
application of ultrasonic-assisted aerosol jet printing with a proper tool improves the quality of AJP prints.
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1. Introduction

The field of additive manufacturing has witnessed remark-
able advances in recent years, revolutionising traditional
manufacturing processes. Central to this transformation is
the field of flexible printed electronics, which has emerged
as a key enabler of versatile, cost-effective, and environ-
mentally sustainable electronic systems [1,2]. The demand
for flexible, lightweight, and customisable electronic devices
has never been greater. From portable health monitors to
foldable smartphones, the convergence of electronics with
flexibility has initiated a new field of applications [34].
A fundamental shift in the manufacturing landscape has
propelled flexible printed electronics to the forefront of
technological progress. One of the most transformative devel-
opments within this domain is aerosol jet printing (AJP), a
cutting-edge, three-dimensional (3D) additive manufacturing
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technique that is revolutionising how we design and produce
electronic circuits on flexible substrates [5-7].

AJP involves the deposition of functional materials on
a substrate using a precisely controlled aerosol stream [8].
This technique enables the fabrication of complex and
intricate structures with fine feature sizes and high reso-
lution, making it suitable for a wide range of applications,
including electronics [9], sensors [10], and biomedical
devices [11]. Therefore, the potential applications of AJP
span across various industries. In the electronics sector,
this technique can be used for the fabrication of flexible
and stretchable electronic devices, antennas, and intercon-
nects [12]. In the field of sensors, it offers opportunities for
the development of high-performance gas sensors, biosen-
sors, and environmental monitoring devices [13]. Further-
more, AJP can facilitate the precise deposition of bioma-
terials, opening avenues for biofabrication and tissue
engineering applications [14]. However, challenges such
as limited material compatibility, nozzle clogging, and
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low deposition rates have forced modifications to improve
process performance and versatility [15]. One of the pos-
sible solutions is the integration of the assistance of the
ultrasonic nozzle into the AJP. Ultrasonic waves are used
to enhance the atomisation and transport of aerosol dro-
plets [16,17]. Another option is subjecting the aerosol stream
to ultrasonic vibrations in the nozzle of the printing head
(PH) to control the droplet size distribution, resulting in
improved print quality, increased deposition rates, and
enhanced material compatibility [18]. However, the process
limits and does not eliminate the presence of common
defects in the printed traces, e.g. non-uniform metal particle
distribution, reduced by solvent local metal concentration,
pores, bubbles, etc. [19]. To solve the problem, the deposited
traces should be treated with ultrasonic waves.

Ultrasounds affect particles in a liquid suspension
through a process called acoustic cavitation [20]. Acoustic
cavitation refers to the formation, growth, and implosive
collapse of small gas- or vapour-filled bubbles (cavities)
within a liquid when subjected to intense ultrasound
waves. Rapid expansion and collapse of the cavities gen-
erate intense local shear forces and turbulence within
the liquid. Mechanical agitation causes a more uniform dis-
persion of particles throughout the liquid and prevents
agglomeration and sedimentation [21]. In addition, the
high-pressure waves created during cavitation lead to the
mechanical breakdown of agglomerated particles and are
known as sonoporation or ultrasonic fragmentation. Ultra-
sounds generally provide three basic advantages: (i) the
force is distributed over the entire surface and not only
on a very small region, (ii) adhesion problems do not arise
because no contact occurs, and (iii) many particles can be
handled at the same time due to the periodic nature of a
wave [22]. Taking into account the advantages in combina-
tion with the AJP process, smaller particles with a larger
surface area and uniform distribution are sinterable well
[23]. Furthermore, the additional energy provided by ultra-
sound can promote chemical reactions by breaking che-
mical bonds or overcoming activation energy barriers
[24]. As a result, surfactants, polymers, and other chemical
additives are easily removed.

It is well known that the forces of acoustic radiation
acting on particles are larger in an ultrasonic standing
wave than in a progressive wave, and therefore, standing
waves are mainly used for particle manipulation [25]. Ultra-
sonic particle manipulation (UPM) technique is a non-con-
tact label-free method for manipulating suspended in fluid
micro and nanoscale particles using ultrasound. The UPM
based on the standing wave principle has been widely used
in many applications. Courtney et al. [26] proposed and
demonstrated a method to trap 10 um polystyrene particles

in a water-filled cavity and manipulate them in a two-
dimensional plane using two orthogonal pairs of counter-
propagating waves. These traps can be manipulated by
appropriate adjustment of the system, e.g. sources of coun-
terpropagating waves. Usually, suspensions with nanosized
or submicrometre-sized particles appeared as homoge-
neous dispersed substances with a tendency to agglomera-
tion. However, when ultrasound is applied, the particles
move to the nodes of the standing wave field with a distance
between the localised particles equal to half the wavelength
[27]. Tt should be emphasised that aerosol droplets in AJP
are non-uniform [28] with potential agglomeration of metal
nanoparticles due to changes in ink properties, e.g. zeta
potential [29]. Aerosol droplets quickly lose solvent upon
contact with a dry carrier gas (CG), which results in poly-
dispersity [30]. The larger droplets generally settle at the
bottom of the ink reservoir. Therefore, gravitational settling
is a positive feature in AJP, as it imposes a tighter filter on
the droplet size [31]. However, a higher atomiser power
produces a population of larger droplets, and inks with
insufficient volatility will retain a larger droplet size, or
worse, without proper metal packing [32]. Additionally,
partly dried large agglomerates can be lifted and trans-
ported to the PH and further deposited on the trace, locally
changing the concentration of metal particles. These phe-
nomena can explain the presence of pores, cracks, and
delamination found in traces printed by AJP [33-35]. In
the printed graphene interconnects by Pandhi et al. [36],
the breakdown of the pattern occurred mainly due to
gases and solvents trapped within the interconnect, which
expand or vaporise during heating and resulted in mechan-
ical failure of the interconnect. Therefore, applying UPM
after AJP can establish a uniform structure with shattered
agglomerates at the submicronic or even nanoscale [37] and
remove gas bubbles or solvent remnants prior to sin-
tering [38].

Ultrasonic-assisted aerosol jet printing (UA-AJP) pro-
vides many benefits. First, it enables the printing of a
broader range of materials, including highly viscous or
nonatomisable inks, expanding the possibilities for func-
tional material deposition. Second, the improved atomisa-
tion and transport efficiency leads to higher printing
speeds, reducing the fabrication time of complex struc-
tures. Conversely, the enhanced control over particle dis-
tribution enables finer resolution and improved accuracy
in the printed features. Therefore, in this article, the con-
cept and potential of UA-AJP process with ultrasonic post-
printing treatment are presented from a technical point of
view. The ultrasonic generator was connected to a booster
and a conical sonotrode. Additionally, a special tool with a
spherical focussing cup was designed using the 3D finite-
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element method (FEM), self-made and joined with the
sonotrode. After the assembly was merged, ultrasonic syn-
chronisation was performed to make the system ready.
Afterward, an ultrasonic head (UH) was placed in a
tandem position behind a printing nozzle. The UH was
fixed at a distance equal to the node of the ultrasonic
waves. As a result, when the silver trace was printed,
ultrasounds were focused at the small point of the printed
trace due to the cup shape. The quality of the traces
printed with and without ultrasound was assessed by
microscopic analysis and resistivity measurements.

2. Materials and methods

2.1 Ultrasonic high-power generator

A Sonic Blaster Plus, high-power 1kW generator, supplied by
the Tele and Radio Research Institute of Warsaw, was used
to generate waves of the required ultrasonic frequency. It is
a general-purpose power generator used as a power supply
for power transducers for the processes of welding metals,
plastics, atomisation of liquid metals, or ultrasonic washers.

The generator has a touch-screen graphic display,
where parameters such as power and frequency range,
as well as ultrasound generation time, can be set. In addi-
tion, the generator allows measurement and recording of
the transducer’s frequency characteristics (phase and impe-
dance as a function of frequency), which makes it possible
to control the resonant frequency of the oscillating system.

The useful frequency range is 18-25 kHz, falling within the
operating frequency range of the ultrasonic system. The
user is informed in real time about the current status of
operation, failure, or readiness.

The generator has a built-in digital input and output
module, allowing integration with an external control
system, increasing flexibility and automatic responses to
external signals.

2.2 AJP process

In this article, a custom-built aerosol jet printer was used, as
depicted in Figure 1, to illustrate the operational concept of
the printing procedure. An aerosol with droplet size in the
range of 8-17 ym was generated in an ink reservoir using an
ultrasonic transducer immersed in a water chamber and
operating at a frequency of 1.7MHz. A compressed air
stream served as the carrier and sheath gas (SG), trans-
porting the generated aerosol to the PH. The ink aerosol
flowed through a 0.36 mm diameter orifice and expelled
from the nozzle to create fine conductive traces on the foil
substrate. The PH, positioned 3mm above the computer
numerical control (CNC) bed, was affixed to a manipulator
arm (refer to Figure 2). Precise regulation of compressed air
pressure down to 1mbar was achieved using a microfluidic
flow controller (Elveflow OB1 MK3+, Paris, France). Polyimide
foil samples, 100 pm in thickness and previously degreased
with ethanol, were secured to the high-precision mobile CNC
heating bed using magnets. The length of the printed traces
was standardised to 40 mm. A sonotrode with a designed and
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Figure 1. Schematic diagram of the aerosol jet printer with an ultrasonic atomiser equipped with (A) control unit, (B) microfluidic
Elveflow controller, (C) ink reservoir, (D) ultrasonic transducer, (E) air compressor, and (F) sonotrode with PH fixed above

CNC bed.
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self-made UH with cup shape was placed in a tandem posi-
tion with a PH. The UH was fixed at a multiple length of the
node formed by propagating and reflected ultrasonic waves,
in this case, 26 mm above the sample. A dedicated cup shape
enabled minimisation of ultrasounds region and simulta-
neously focused and intensified the ultrasound waves. While
the printing was finished, the UH moved the same path and
modified the structure of still non-dried ink by ultrasounds.
The selected samples were printed with an additional inline
heating of the substrate material to a temperature of 70°C. In
the last step, all of the printed traces were sintered by an
near infrared radiation-dot lamp (adphos, Bruckmiihl, Ger-
many) in three passes with voltages of 4, 5, and 6 V (from 40
to 60% of the maximum power), with traverse velocity of
10 mm/min. The lamp is equipped with a 150 W emitter
halogen lamp that focusses light waves and provides a high
heating energy density of 3.9 W/mm?

Figure 2. PH (a) and UH (b) fixed and attached to manipulator
arm, (c) CNC heating bed. 1 — aerosol inlet, 2 — shielding
gas inlet, 3 — exchangeable nozzle with an inner orifice
diameter of 0.36 mm, 4 — sample (polyimide foil) with
printed traces.

sonotrode with working tool

high power ultrasonic field

N— printed ink
\\/

polymer substrate

Figure 3. Schematic view of high-power ultrasonic field impact on
ink particles.

Figure 3 presents a schematic diagram of the impact of
the ultrasonic field on the ink particles applied on the
substrate.

The research used commercially available silver nano-
particle suspension ink (Amepox Microelectronics, Ltd.,
1L6dzZ, Poland), consisting of silver nanoparticles with a
median size (d50) of 6 nm, suspended in a solvent, predo-
minantly tetradecane or a mixture of ethanol and glycol,
with a silver concentration of 45% by volume. Ink proper-
ties are summarised in Table 1. The pressure of the CG and
the SG was 80 and 240 mbar, respectively. The printing
velocity was fixed at 73 mm/min. The parameters were
selected in our previous study [39]. All printing operations
were carried out under controlled room conditions at a
temperature of 22°C and a humidity level of 50%. In the
research, the following samples were produced: printed
and sintered (P + S); printed with bed heating and sintered
(P + H + S); printed, ultrasounds treated and sintered (P +
U + S); and printed with substrate heating, ultrasounds
treated and sintered (P + H+ U +S).

2.3 Printed trace characterisation
methods

The examination of printed and sintered traces involved
the use of the VHX-6000 digital microscope (DM) (Keyence
VHX-6000, Osaka, Japan) and the atomic force microscope
(AFM; NT-MDT NTEGRA Prima, Apeldoorn, The Netherlands).
AFM scans were conducted in resonant, non-contact mode,
employing NANOSENSORS PPP-NCLR cantilevers. Cross sec-
tions of the traces were performed by focused-ion beam
(FIB) polishing and imaged with the use of high-resolution
scanning electron microscope (SEM) Felios Nanolab 6001
DualBeam SEM/Ga-FIB (FEI, Waltham, USA). The width of
the samples was measured with the use of DM, analysing
ten images at a magnification of 300x. The surface open
porosity (SOP), height and roughness of each sample were
determined by analysing five images taken with an AFM at
a scan area of 0.12 x 0.12 mm® The resistance of the samples
was measured using the precise measure unit B2901BL,
Keysight Technologies (Santa Rosa, USA), with the four-
point probe method. The measurements were conducted
for three samples of each type of printed trace at a distance
of 40 mm. The resistivity of the traces was calculated on the
basis of the electrical measurement combined with the
trace length and area of cross-section according to the fol-
lowing equation:

p= ¥, @
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Dynamic Surface Density Silver Silver
viscosity tension (g/cm) content powder
(m-Pa-s) (dynes/cm) (%) particle size
range (nm)
7.5-10.5 28.5-32.5 11-13 45 3-8

Table 1. Properties of the utilised ink provided by manufac-
turer [40].

where p is the resistivity (2 mm), R is the resistance (Q), A
is the area of cross section (mm?), and [ is the length (mm).

3. Results

3.1 Design of the ultrasonic system

The effective vibration system that affects the ink particles
(Figure 4) consists of three parts: an ultrasonic transducer
(1), a truncated cone-shaped sonotrode (2), and a disc (3)
that directly transmits vibrations to the air.

The main consideration when designing the geometry
of the sonotrode was to achieve the highest possible vibra-
tion at the end of the sonotrode. The first step in selecting
the geometry was to find the main dimensions such
as length and diameter. The diameter of the sonotrode
was selected experimentally, whereas the length of the
sonotrode corresponds to half the length of the longitu-
dinal wavelength in order to achieve the largest possible

(1)

amplitude of displacement from the equilibrium posi-
tion. Equation (2) can be used to compute the wavelength
based on the ultrasonic wave generator’s operating range of
18-25 kHz:

v

where A is the wavelength, ¢ is the speed of sound
(5,000 m/s — dilatation wave for rode), and f is the fre-
quency (20,000 Hz).

The desired frequency of the generated ultrasonic
waves has been determined by the resonant frequency
of the transducer, close to 20 kHz. Using the expression
mentioned above, the wavelength is 250 mm. Based on
the theory of standing waves, the wave in the middle of
its length shows the greatest amplification or the greatest
attenuation; for this reason, assuming maximum deflec-
tion on the transducer surface, the length of the sonotrode
should be close to 125 mm.

The next stage of the designing process was to estab-
lish the concept of the sonotrode shape. The designed
system consists of two elements: a sonotrode and a disc,
the surface of which has the shape of a lens with a radius of
curvature of 75mm. Due to intended use, the sonotrode
should transmit the vibrations generated by the transducer
and amplify them while maintaining sufficient rigidity and
strength. The task of the sonotrode coupled with the plate is
to interact with the externally fed ink, grind it, and distri-
bute it evenly on the surface. During the design and proto-
typing process, a modal analysis of the vibration system was
carried out to obtain the desired vibration modulus

(2) (3)

1

O —

Figure 4. Cross section of the model of the designed ultrasonic system: transducer (1), sonotrode (2), and plate (3).
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(longitudinal vibration) at the transducer resonance fre-
quency of 20,000 Hz.

The main requirement formulated for waveguides is to
adjust their natural frequency for the axial form of vibra-
tion to the frequency of vibration of the transducer. Under
such conditions, the system operates in resonance, resulting
in large vibration amplitudes. Waveguides are designed to be
half-wave resonators. This means that their effective length
should be equal to a multiple of half the wavelength. Then,
under resonance conditions, a standing wave is formed in
them. The antinodes of this wave are located on the mounting
surface and, crucially, on the working surface.

At the points of the antinodes, the vibration amplitude
reaches the highest values. The points where the nodes of
the standing wave occur are places of zero amplitude.
They determine the places where the whole system can
be fixed in rigid clamps. The distribution of stresses in
such a waveguide is reversed. At the antinodes, the stresses
are zero and reach their highest value at the wave’s node.
The form of the standing wave and the stress distribution
along the axis of the waveguide are shown in Figure 5.

The wavelength in a waveguide depends on the fre-
quency of the wave, the speed of propagation of the wave
in a given material (equation (1)), and the shape of the
waveguide. The speed of sound c in a given material can
be determined from the following equation:

3

where E is the Young modulus and p is the density of rod.

Formula (2) is correct for a rod with a circular cross
section (cylindrical sonotrodes). For more complex shapes,
the waveguide length must be determined individually
based on analytical formulas or computer simulations.
Table 2 provides formulas for estimating the appropriate
length of sonotrodes so that their geometry allows them to
operate in resonance at a given frequency. These formulas

are applicable to sonotrodes with small cross sections.
They were derived from the wave equation, the applic-
ability of which applies to waveguides whose cross-
sectional dimension does not exceed a quarter of the
wavelength in a given material.

For larger waveguide cross sections, the contribution
of transverse deformation associated with the Poisson
effect increases, and the amplitude distribution is no
longer so homogeneous that the wave equation can be
used to describe the displacement field [41,45].

Sonotrodes can be designed on the basis of the formulas
cited above and then adjusted after they are made. The FEM
is successfully used in the design process. With the support of
simulations, it is possible to determine the natural frequen-
cies as well as the stress and strain distributions of sono-
trodes. The analytical formulas presented can be used to
estimate the geometry of the designed tool followed by verifi-
cation in simulation. For more complex geometries for which
there are no suitable formulas, the use of FEM is recom-
mended. For modal analysis supported by FEM, Siemens NX
software was used.

The calculations were carried out under the assump-
tion that the sonotrode and disc would be made of AISI 410
series stainless steel. The material was chosen because of
its easy availability and anticorrosion properties. As soon
as the boundary conditions (limiting vibrations to 1 degree
of freedom in order to analyse vibrations in the sonotrode
axis) have been determined, the type and type of analysis
was selected. The structural modal analysis of the fre-
quency response was chosen because of the accurate
determination of the model vibration frequency.

Figure 6 shows the results of the simulation (modal
analysis) of the vibration system designed for a frequency
of 20,000 Hz. Figure 6a presents the idle state of the ultra-
sonic system, while Figure 6b and c correspond to the
different phases of tool displacement. It should be noted
that the RGB colour scale is a dimensionless normalised
value of the amplitude displacement.

Amplitude
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Figure 5. Distribution of vibration amplitude and stress along the waveguide [41].
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Sonotrode shape First resonance length
Cylindrical L = ng [41]
Stepped cylindrical L=k 5 + kz% [42]
Exponential ln( % )
- C 72
L=y lrl— [43]
Conical 2f
2c atan| w
L = T uw [44]

where
* ki, k, represent coefficients depending on the cross-sectional area (for

simplicity, they are taken equal to unity),

Dy, D, represent the diameter of the attachment surface and working

surface,

a is the angle of inclination of the outline formers with respect to

the axis.

Table 2. Formulas for estimating length of sonotrode depending
on its shape.

1000
u.
083
o752
0870
0se7
= 050
042
0340
e
..
N.

1000

|

B o

0sas

oms2

060

oser

B

22

030

s,

N

Numerical simulations of the integrated vibration system:
a transducer with booster, a sonotrode, and a disc confirmed
the initial design assumptions. The maximum deflection
values are at the assumed location, ie. at the surface of the
disc, which is the source of the ultrasonic wave.

Figure 7 shows a complete 3D model of the ultrasonic
system consisting of a power transducer, a sonotrode,
and a working tip focussing the ultrasonic wave. The indi-
vidual parts of the actual system are connected by screw
connections.

3.2 Resonance measurements of the
vibrating system

First, the frequency characteristics of the transducer
(Figure 8a), the transducer connected to the sonotrode
(Figure 8b), and the system used for testing, i.e. the trans-
ducer, sonotrode, and disc (Figure 8c), were measured in
order to verify the correctness of the calculations made
using the FEM. The presented characteristics show that

Figure 6. Results of modal analysis of the designed ultrasonic system for 20,000 Hz longitudinal mode. Idle state (a), different phases of

tool displacement: +45° (b) and +90° (c).
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B

Figure 7. View of 3D model of the ultrasonic system with the
working plate for ultrasonic wave concentration.

the developed ultrasonic system was designed, assembled,
and integrated correctly. Its frequency characteristics
are distinguished by a narrow resonance at 20,040 Hz,
which corresponds to the design assumption of 20,000 Hz.
The difference of 40 Hz resulting from calculations and

measurements is negligible and does not affect the opera-
tion of the system.

3.3 Analysis of printed traces

The results of the printing process with various modifica-
tions are presented in Figure 9. It is clearly visible that all
the printed traces are well concentrated in the main axis,
with the residues of the spilt ink at the edges. The over-
spray is visible on either side of each sample. However,
intensive spatter occurred in samples printed without bed
heating (Figure 9a and c¢), smudging all around the poly-
meric substrate. It should be emphasised that the applica-
tion of ultrasounds influenced the borderline of the traces,
making it more irregular (Figure 9c and d). The width of
the samples measured with and without spilt ink residues
is presented in Table 3. The tracks printed with bed
heating showed slightly lower width. However, the appli-
cation of ultrasounds caused spilling of the deposited ink
and, as a result, increased the final width. The comparison
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Figure 8. Frequency characteristics of the designed ultrasonic system intended to increase the uniformity of particle distribution of injected
paths. Impedance characteristics of transducer (a), transducer coupled with sonotrode (b), and complete ultrasonic system (c).
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©)

d)

Figure 9. Top view of printed traces: P+ S (a),P+ H+ S (b),P+U+S(c),andP+H + U + S (d).

of samples fabricated without P + S and with ultrasound
application (P + U + S) is presented in Figure 10. This
phenomenon was stopped by applying substrate heating
due to intensive evaporation of dissolvent. Therefore, the
width of the sample P + H + U + S was comparable to P + S
and P + H + S (Figure 10a and 10b). It is worth noting that the
samples produced with ultrasound treatment showed a
higher average height value, resulting from the increased
mobility of the particles (Table 3).

The sintering process caused total evaporation of the
liquid dissolvent and residual polymers. The morphology

of the traces remains unchanged with one exception: the
border of the traces is flattened without a noticeable sharp
edge (compare Figures 9 and 11). It arises from the total
evaporation of the liquid and a decrease in the volume of
the trace. Some local porosity of the trace with SOP was
found in the spilled region (Figures 12 and 13). The porosity
resulted from rapid evaporation of the solvent. Within a
short period of time, the drying liquid underwent a phase
change to gas, and the resulting pressure facilitated its
removal from the deposited material. Crack generation
and propagation were observed in the sample P + H +

Sample Width (um) Height (nm) Roughness SOP (%)
Total Without spilled ink Average value Sa (nm) Sz (nm)

P+S 406 + 8 31+11 586 + 31 123 + 20 995 + 33 17.2
P+H+S 383 + 47 294 +29 556 + 89 91+13 888 + 30 9.1
P+U+S 526 + 56 416 + 35 629 + 106 148 + 21 1158 + 181 5.9

P+H+U+S 415+ 29 302 + 33 722 + 103 92+9 1276 + 198 2.7

The values presented in the table contain the standard deviation of the obtained results.

Table 3. Geometry and properties of printed traces.
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Figure 10. The boundary region of sample P + S (a) and P + U + S (b).

U + S due to excess of the process energy (Figure 11d).
Applied in the printing process, bed heating intensified
the formation of silver agglomerates in deposited traces
with minimised residues of liquid solvent. Further ultra-
sonic treatment provided additional energy, which affected
the semi-dried material by tearing the agglomerated bonds
that formed and leading to crack formation (Figure 12a and b).
All of the samples showed an increase in roughness (Sa and
Sz) on the surface. However, the mean roughness (Sa)

decreased due to the application of substrate heating in
the P+ H+Sand P + H + U + S samples, while the highest
maximum height (Sz) was observed for the ultrasonically
treated samples, P+ U+ Sand P + H+ U + S (Table 3).
AFM scans in the field of 0.12 x 0.12 mm? showed the
presence of porosity in all samples (Figure 13). The highest
SOP of 17.2% showed the P + S sample (Figure 14a and
Table 3). The application of bed heating or ultrasounds
decreased the presence of pores to 9.1 and 5.9%, respectively.

Figure 11. Top view of printed and sintered traces: P+ S (a), P+ H+ S (b),P+ U+ S(c),and P+ H+ U + S (d). The dark region in the central
part of the trace responds to porosity and high roughness.
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Figure 12. Sample P + H + U + S with a visible crack in the axis: DM (a) and AFM (b).

0.0

N —— |

a) b)

0.00mm  0.02 0.04 0.06 0.08 0.10 0.00mm  0.02 0.04 0.06 0.08 0.10

1.0 pm0.00 3 3 1.0 um

0.9 0.9
0.02

0.8 0.8

0.7 0.7
0.04

0.6 0.6

05 0.06 0.5

0.4 0.4
0.08

0.3 0.3

0.2 0.2
0.10

0.1 0.1

0.0 0.0

0.00mm  0.02 0.04 0.06 0.08 0.10

-4 1.5 um
e 2 14
AR . . || [13
. ) . . 12
1.1

- e

X ! : Y3 ' o 1.0
»* ) b 09
. | ) ; . \ - 0.8
el : " 3 o | 0.7
. ~ . 06
.087] \ ) . '8 3 05
. i ! L 04
) . 3 : : L 9 03
} R A » , o, 02
0.00 ) 0% 4 Yy | 1l oo

1.50 umo0.00
1.40

0.02

0.06

0.08

0.10

Figure 13. AFM scans of sample surface: P+ S (a), P+ H+ S (b),P+ U+ S (c),and P + H + U + S (d). Black dots respond to SOP.




Ultrasonic treatment of aerosol jet printed traces

Gas bubbles

Porosity

Polymer substrate Polymer substrate

| det | ) / ER | det | H mag B |tk | wo | ————1pm
0.17 A | TLD  4.14 ym | S50 000 x 52 2 2.00kV | 0.17 nA | TLD | 4.14 pm | 50000 x | 52° | 4.1 mm Nanores

Polymer substrate Polymer substrate

11/29/2023 crr | det | mag B8 | tit — 1 E— / 3 arr | det | HPW | mag B | tit | VD [— e —

J / u
41 PM KV | 0.17 nA | TLD | 4.14 pym | 50000 | 52° | 4.1 mm Nanores kV | 0.17 nA | TLD | 4.14 ym | 50 000 x 4.1 mm Nanores

Figure 15. SEM micrographs presenting cross-section of printed traces: P +S (@), P+ H+ S (b),P+U+ S (c),and P+ H+ U + S (d).




Marcin Korzeniowski et al.

The lowest SOP of 2.7% showed a sample P + H+ U + S. It
should be emphasised that large pores are present in the P +
S sample response for trace open porosity. When comparing
sample P+ Sto P + U + §, it is clearly observed that the size,
shape, and depth of the pores are tremendous (Figure 14).
The quality of the sintering process was evaluated by traces
cross-section (Figure 15). The multi-sectional region with por-
osity, nonuniform particle agglomerate distribution, and irre-
gular sintered structure showed samples P + S. The top layer
is fully sintered, forming a shell, while the middle region is
characterised by weakly bonded particles. The posttreatrent
quality presented by the P + H + S sample is characterised by
a uniformly sintered structure of bulk material showing the
grain boundary (Figure 15b). However, fine pores joined in
large gas bubbles because of the rapid solidification process
blocking degassing. Both ultrasonically treated samples, i.e.
P+U+Sand P+H+U+S, presented well-bonded regular
structures with uniform particle distribution and the pre-
sence of just some local nanoporosity.

The results of resistance measurements and the fol-
lowing resistivity calculations are presented in Figure 16.
The highest resistance of 24.49 Q was measured for the P +
S sample and decreased due to process modifications to
14.01 Q received for P + H + U + S. The width and height of
all the traces were comparable, exceptP+ U+ Sand P + H
+ U + S, which were 30% wider and 20% higher, respec-
tively (Table 3). Higher width and height of the traces
result in higher cross-sectional area and consequently
decreased resistance. Nevertheless, the geometry of the
traces arose from an appropriate post-treatment process.
The manufacturing process influences the quality of the
material. Therefore, the resistivity of the samples differs.

24.49
19.39
6.85
478
P+S P+H+S

The highest resistivity of 6.85 pQ cm was calculated for the
untreated P + S sample, defined by highest porosity, while
the lowest resistivity of 4.57 uQ cm achieved P + H+ U + S
sample. Evidently, the sample P + S showed the lowest
quality, while P+ H+ Sand P + H+ U + S were comparable.

4. Discussion

A sonotrode is part of an ultrasonic system that transfers
high-frequency vibrations to the material to be properly
treated. The geometry and dimensions of the sonotrode
affect the amplitude, frequency, and mode shape of the
vibrations, which in turn influence the quality and effi-
ciency of the ultrasonic process [46,47]. According to Li
et al. [48], the optimal design of a sonotrode depends on
several factors, such as the material properties, the oper-
ating frequency, the desired amplitude, the stress distribu-
tion, the temperature distribution, and the coupling with the
transducer. Finite-element analysis was used to model and
optimise the sonotrode geometry and dimensions for various
applications. The measured characteristics showed that the
developed ultrasonic system was designed, assembled, and
integrated correctly and prepared to work with the AJP
printer. The dimensions of the sonotrode were carefully
tuned and matched to the ultrasonic transducer and the
substrate material. Proper tuning ensured maximum effi-
ciency of the system, minimising energy losses. It is worth
emphasising that ultrasonic vibrations generate heat; there-
fore, sonotrode material considers thermal effects. Excess
heat can affect the performance of the sonotrode and the
materials being processed [49]. However, the cooling systems

M Resistance [()] M Resistivity [pQecm]

14.08 14.01
5.54
' . 3
P+U+S P+H+U+S

Figure 16. Results of resistance measurements and resistivity calculations.
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were not incorporated due to the short working cycles of the
ultrasonic generator.

The AJP process contains printing and sintering; how-
ever, various modifications are possible to increase the
quality of the prints. A commonly applied extension is
bed heating [50,51] that provides fast evaporation of the
liquid phase prior to sintering. Nevertheless, still the most
problematic issue is the formation of porosity. Heated
liquids transform into gas and can lead to the formation
of gas bubbles, especially while rapid sintering by electro-
magnetic radiation, e.g. IR. Radiation is absorbed by the
top layer of the printed material, and due to the accumu-
lation of energy, nano-sized particles are sintered [52].
Afterwards, heat is conducted to the lower part of the
print, and sintering embraces the residual part of the
material. This phenomenon occurred in the P + S sample
and is clearly visible in Figure 15a. A sintered top layer
forms a shell-like structure and blocks degassing of the
lower part. Consequently, the pressure of the evaporating
gas increases together with the increase in the tempera-
ture of the material and forms gas bubbles (Figure 15b).

To solve the problem, an ultrasonic treatment was
proposed to remove the gas when the printing was done.
The waves propagating through the material shattered the
pores and ensured degassing of the material in a semi-dry
state [53,54]. As a result, SOP and surface roughness were
significantly minimised (Table 3 and Figure 14), while
the bubbles present in the cross-section view of the traces
were totally eliminated (Figure 16). The appropriate ultra-
sonic energy was focused on the printed material due
to the dedicated shape of the sonotrode. The side effect
of ultrasonics is the alteration of surface tension between
ink and polymer substrate [55,56]. The ink flows on the
boundary region, increasing the width of the trace, hindering
the miniaturisation of the prints. However, the problem was
solved by combining printing with bed heating and ultra-
sound treatment. The semi-dried material by bed heating
on the boundary region blocked the spread of the ink in
ultrasound treatment. The improved quality resulted in satis-
factory electrical resistivity of the prints. In addition, it is
stated that ultrasonically modified structures will increase
the mechanical strength and plasticity of the prints. However,
this thesis should be verified by further research.

5. Conclusions

In this article, the UA-AJP process is presented from a
technical point of view. The dedicated, self-made device
consisted of an ultrasonic generator, a booster, and a con-
ical sonotrode combined with a spherical focussing cup.

The system was designed and analysed using the 3D FEM.
After synchronisation, the UH was placed in a tandem
position behind an AJP printing nozzle. The UH was fixed
vertically at a calculated distance to focus ultrasound
waves at the small point in the printed trace. Four types
of tests were performed: (i) printing and sintering by IR
lamp; (ii) printing with bed heating and sintering by IR
lamp; (iii) printing, ultrasonic treatment, and sintered by
IR lamp; and (iv) printing with bed heating, ultrasonic
treatment and sintering by IR lamp.

The quality of the traces printed with and without the
assistance of ultrasounds differed significantly. The printed
and sintered sample was full of defects, such as porosity,
open pores, non-uniform particle distribution, high rough-
ness, and nonregular sintered structure. Application of
additional bed heating solved problems with nonregular sin-
tered structure. Nevertheless, the heated substrate increased
gas fabrication and led to the formation of gas bubbles inside
the prints. The ultrasonic treatment favoured degassing, as
well as increased uniform of particle distribution and, as a
result, structure regularity. As a result, the resistivity of the
UA-AJP prints was decreased.

Printing with bed heating provides two main advan-
tages. First of all, it limits the spatter and formation of the
overspray, and additionally, it blocks the spread of the ink
in ultrasonic treatment due to the presence of semi-dried
material in the boundary region. As a result, traces printed
with bed heating showed slightly lower width. Combining
substrate heating and ultrasonic treatment showed one dis-
advantage. Applied in the printing process, bed heating
intensified the agglomeration of silver nanoparticles, while
further ultrasonic treatment caused tearing to form agglom-
erated bonds and led to crack formation. To solve the pro-
blem, ultrasonic power should be decreased, while process
time increased.

Summarising, the UA-AJP process represents a signifi-
cant advancement in additive manufacturing. By harnes-
sing the power of ultrasonic waves, this technique offers
improved material compatibility, increased deposition
rates, and enhanced print quality. The potential applica-
tions are vast, spanning across electronics, sensors, and
biomedical fields. As research progresses, the integration
of ultrasonic assistance is expected to unlock new possibi-
lities in additive manufacturing, paving the way for the
creation of innovative and tailored functional structures.
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