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A B S T R A C T

We present a novel promising fabrication technique for Surface Dielectric Barrier Discharge (SDBD) plasma 
actuators based on Aerosol Jet Printing (AJP) technology of conductive inks on dielectric surfaces and charac
terize the AJP-SDBDs optical and electromechanical performance. Linear SDBD designs, with ultra-smooth 
electrode edges of micrometer thickness have been fabricated, which when driven by AC, High Voltage wave
forms, present stable plasma operation and reproducible features. We measure the electromechanical charac
teristics in terms of ink-related electrical properties (through Van der Pauw-resistivity and Hall measurements), 
plasma properties through electrical diagnostics, time-resolved imaging and optical emission spectroscopy (OES), 
while we perform Particle Tracking Velocimetry (PTV) measurements of the induced wall-jet flow. The printed 
electrodes show a clear metallic behavior, with their electronic properties comparing very favorably to other 
printable materials. The AJP-SDBDs show similar electromechanical characteristics with conventional SDBDs 
fabricated via conventional methods, good robustness, and more intense nature indicating lower breakdown 
voltage requirements. The emission spectra from the discharge show dominant formation of excited N2 and N2

+

species. Based on high-resolution OES, an estimation of rotational and vibrational temperatures of the N2(C) state 
is performed, showing the strong non-equilibrium nature of the discharges produced. This helps in maintaining 
the average gas temperature in the positive and negative AC voltage phase at low levels (below 350 K) indicating 
its minimal impact on the gas dynamics. In terms of induced flow and electrohydrodynamic (EHD) forcing, the 
AJP-SDBD resulted in wall-jet flows with a maximum velocity achieved of approximately 5 m/s and a wall-jet 
height of approximately 3 mm at 7 mm from the exposed electrode edge for the 30 kV 3 kHz case. At the 
same conditions, the EHD force reached more than 27.5 mN/m. The obtained values and trends are in good 
agreement with literature values of conventional AC driven SDBD actuators, showcasing AJP potential as a 
promising fabrication technique for robust and efficient plasma actuators and related applications.

1. Introduction

Surface Dielectric Barrier Discharges (SDBDs) [1], have gained sig
nificant attention in various fields due to their ability to produce rela
tively strong and localized ElectroHydroDynamic/ElectroAeroDynamic 
(EHD - EAD) flows and/or ultra-fast gas heating and pressure/shock 
wave formation [2] via energy deposition while promoting reactivity 
and transport mechanisms. The induced jet-like flows arising under 
Alternating Current (AC) excitation, often referred to as ionic wind, can 

help control aerodynamic phenomena [3,4], promote mixing for com
bustion applications [5], enable film cooling [6], while the reactivity 
occurring in SDBDs finds applications in several high-impact fields such 
as selective anti-cancer [7] and water treatment [8]. In parallel, when 
operated in nanosecond pulsed mode [9], SDBD actuators find appli
cations (among others) in plasma-assisted combustion as stimulants of 
kinetics [10] as well as a super/hypersonic shock wave control method 
[11]. However, SDBDs are often limited by fabrication constraints, 
leading to decreased robustness, longevity, repeatability, and flexibility 
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in design, hindering their electromechanical performance and applica
bility. Furthermore, most current fabrication techniques, mainly me
chanical and hand-handled, can hardly structure electrodes with fine 
features and complex geometrical shapes, which could potentially 
improve the plasma characteristics and EHD flows. SDBDs consist of 
typically thin, conductive layers, placed on both sides of a dielectric 
substrate in an asymmetric configuration. One of these layers plays the 
role of an air-exposed electrode while the other one is insulated by being 
embedded inside the dielectric substrate or sandwiched between two 
dielectric layers. Focusing on EHD force-producing excitation and 
ignoring nanosecond-pulsed operation here, an Alternating Current 
(AC) High-Voltage (HV) waveform is applied on one of the two elec
trodes (the other electrode being typically grounded), producing a sur
face plasma on the dielectric which in turn generates an EHD force on 
the surrounding flow. The conductive layers can be thin metal sheets of 
various shapes, typically made of copper (Cu), tungsten (W), stainless 
steel, silver (Ag) and various Ag – metal combinations, while the 
dielectric substrate is typically made of Kapton, PMMA, quartz glass or 
aluminum oxide (Al2O3). In most studies, the fabrication of SDBDs en
tails the usage of conductive foil/tape (of different thickness) glued 
(usually with epoxy resin adhesive) on the dielectric surface. This, 
essentially manual, fabrication procedure hampers both the repeat
ability and the optimization of the SDBD modules, both in terms of 
electrode shape quality (uniformity, alignment, smoothness), as well as 
in terms of design flexibility. The structure (edge pattern) as well as 
imperfections on (mainly) the exposed electrode structure can alter the 
plasma characteristics significantly (even leading to catastrophic failure 
due to intensified discharges emanating from sharp points which can 
cause dielectric erosion and breakdown) and also modify the direc
tionality and magnitude of the induced flow [12− 15]. In addition, the 
thickness of the exposed electrode plays an important role on both the 
discharge characteristics, thermal behavior and the induced flow 
magnitude: thin electrodes result in enhanced EHD flows compared to 
thick electrodes resulting in increased mechanical efficiency (despite 
consuming more power) while thick electrodes result to higher surface 
temperature [3,16,17]. Commercialization of SDBDs in different appli
cations, require more advanced fabrication techniques that can ensure 
optimal and long-lasting operation in application-specific configurations 
(which might require complex electrode shapes) while minimizing 
design faults and overall costs.

To date, such advanced fabrication techniques applied to SDBDs are 
rather limited. For instance, high-precision CNC machines can be 
employed to build sophisticated SDBD arrangements employing 3D cy
lindrical electrodes [18,19]. This allows for crafting circular electrode 
leading edges as low as 100 μm. However, electrodes must be manually 
glued/clamped to the dielectric surface afterwards which does not 
guarantee perfect adherence. Printed electronics and circuit board (PCB) 
techniques such as photolithography and wet/chemical etching have 
been used to generate more complex electrode designs such as the 
serpentine SDBD [20], able to generate three-dimensional flow features 
(compared to the quasi-two-dimensional flows emerged in 
linear-SDBDs). Millimeter size SDBDs have fabricated using a micro
electromechanical system (MEMS) process, achieving electrode thick
ness of 300 nm through a standard lithography process and vapor 
deposition of chromium/gold/chromium electrodes. A screen-printing 
technique is reported in Ref. [21]. These techniques, although very 
interesting and successfully demonstrated, are costly and require 
advanced facilities and know-how, require several steps and (often 
toxic) chemicals, while they hinder flexibility on material selection and 
pattern design. Recently, inkjet-based printed electronics technology 
has emerged as a promising technique for SDBD fabrication due to its 
low-cost process, ease of operation, design flexibility and availability of 
an increasing variety of commercially available conductive inks. Being a 
non-contact and no-mask printing and patterning method, it typically 
requires just two steps: printing and sintering. SDBDs fabricated by 
inkjet printing using silver ink [22− 24], full-inkjet-printed SDBD [25]

(where both electrodes and the dielectric are inkjet-printed have been 
reported. Despite its merit, standard inkjet printing (IJP) presents 
several drawbacks, such as the need for low-viscosity inks, weak suit
ability for non-planar thus variable material substrates, low-to-moderate 
resolution of printed line width (at least with non-exotic setups i.e. super 
inkjet technology) and nozzle clogging issues due to the direct, bulk ink 
flow through the nozzle.

Aerosol Jet Printing (AJP) is a promising alternative to the IJP 
technique to fabricate SDBDs. While both methods allow non-contact 
patterning (a huge advantage over mechanical methods), they differ in 
their working principles, material compatibility, resolution, and appli
cations. AJP excels in precision applications requiring high resolution 
and material versatility. During AJP, liquid ink, containing materials 
such as functional nanoparticles and polymers, is atomized to produce 
droplets on a scale of 1–5 μm. After being transported to the print head 
by a carrier gas flow, the aerosol stream is constricted by an annular 
sheath gas before exiting through a nozzle. AJP provides high resolution 
due to its ability to produce fine aerosolized droplets and the use of a 
sheath gas, around the aerosol beam, allows for better control over 
deposition, resulting in more consistent line width and smoother edges 
compared to IJP [26]. Furthermore, it is less prone to clogging (the 
sheath gas protects the aerosolized ink from touching the inner side of 
the nozzle), while achieving higher conductivity when compared to IJP 
for the same sintering protocols [27]. The resulting process can print 
lines on the order of 10–100 μm wide with its “narrow” class of nozzles 
and printing lines on the order of 800 μm wide with the “wide” nozzle 
class [28]. The AJP technology is optimized for inks within a wide range 
of viscosity (i.e. 1–10 cP for ultrasonic atomization and 1–1000 cP for 
pneumatic atomization).

A detailed quantitative comparison between AJP, IJP and conven
tional methods (e.g. conductive tapes) is not straight-forward due to the 
dependence of Jet Printing methods on various parameters (e.g. selected 
ink, printing method, substrate, sintering conditions etc) as well as the 
variety of manufacturers and quality of conductive tapes. Below, we try 
to summarize the main characteristics, benefits and drawbacks of each 
method. AJP and IJP are direct-write, contactless, mask-less and perfect 
candidates for manufacturing low-cost and even flexible electronics with 
minimal waste. Both work with nanoparticle inks in liquid state that are 
deposited either by the drop-on-demand mode (DOD-IJP) for a smaller 
drop size and high placement accuracy or by the aerosolisation of the ink 
into dense mist (numerous droplets) by an inert gas under pressure 
(pneumatic AJP) or by ultrasonication (ultrasonic AJP). Overall, AJP 
and IJP have many similarities in terms of the deposited outcome with 
AJP excelling in higher resolution deposition, (a lot) wider range of 
printable inks and less often clogging. Conductive tapes and specifically 
the aluminum ones (used in this work) are manufactured usually by the 
Hall-Heroult process into foils, then pressure rolled into thinner films 
which are coated with a highly engineered pressure sensitive acrylic 
adhesive. In Table 1, we provide a comparison of AJP, IJP and tradi
tional fabrication methods (using conductive tapes) in terms of key 
metrics relevant to SDBD actuators. We note that a detailed comparative 
study of AJP and IJP technologies for silver ink has been reported in 
[27].

In this work, we report for the first time (to the best of our knowl
edge) the fabrication of Aerosol Jet Printed SDBDs (AJP-SDBD) able to 
generate stable surface discharges and produce EHD flows. The structure 
of the remaining part of this article is as follows: In Section 2, we present 
the methods used for the fabrication and the characterization of the 
SDBDs. In Section 3, we present results on electromechanical charac
teristics. In Section 4, we discuss our results and some limitations/re
strictions linked to the AJP technique. Last in Section 5, we conclude and 
provide future directions.
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2. Methodology

2.1. Aerosol Jet Printing

The SDBDs were devised, designed and fabricated by CERTH, with an 
Aerosol Jet Printer (Optomec, AJ200 model) available at CERTH/CPERI 

and its ARTEMIS laboratory. The dielectric substrate used is commer
cially available Plexiglas (PMMA) with a thickness of 3 mm. An aqueous- 
based silver ink (Metalon JS-A426, NovaCentrix, USA) was used. The 
Metalon JS-A425 ink contains 50% w/w Ag nanoparticles, 30–40 nm in 
diameter, has a viscosity of 6–10 cP and is formulated specially for ul
trasonic aerosolization. Additionally, it contains polyurethane binder 

Table 1 
Key metrics comparison of AJP, IJP and conventional fabrication methods.

Parameter Direct-write printing technologies Conventional methods

AJP IJP Conductive tapes

Range of functional 
materials

− Conductive inks: Au, Ag*, 
C black, Cu, W, Pt, 
Graphene.

− Dielectric (UV curable 
polymers, alumina),

− Conductive polymers: 
PEDOT:PSS,

− Semiconductors
− Biomaterials.
− Ag-C nanotubes (CNTs)
− Ag nanowrires(AgNWs)

Same as AJP but in lower 
viscosity ranges.

Cu tape, 
Al tape.

Range of ink 
viscosity

1–1000 cP [29] Typically, up to 2 cP, possible up 
to 25 cP [26,30]

Not applicable.

Deposition methods Ultrasonic (u- 
AJP)

Pneumatic 
(p-AJP)

Continuous 
(CIJ)

Drop-on- 
demand 
(DOD)

None.

Tracewidth 
Resolution

~10um (ink dependent) 
[29]

Size of inkjet dots: > 50–60um 
[26,27].

mm range

Clogging Print head specifically 
designed for minimal 
clogging (Optomec AJP 
technology).

First drop problem-i.e. often 
clogging of nozzle by dried ink.

Not applicable.

Adhesion 
characteristics

Additives into the liquid ink and sintering after deposition. Thus, 
ink dependent. No mid-layer needed – only metal-dielectric 
interface present. 
Adhesion properties depend on surface tension of the selected ink 
compared to the surface tension of the selected substrate and the 
sintering process (mainly temperature).

Resin, solvent based acrylic**, silicone, rubber. Metal-adhesive and adhesive- 
dielectric interfaces present. Very good/good adhesion dependent on substrate and 
manufacturer (5.5 – 10 N/m range**)

Edge sharpness Lower edge sharpness 
compared to IJP due to the 
overspray effect [27].

IJP deposits droplets which are 
uniformly circular-shaped with 
high edge sharpness and no 
sprinkle splats or overspray but 
with higher diameter compared 
to the main splats in AJP. [27]

Slitting/ die-cutting dependent.

Thin film thickness Hundreds of nm to few μm 
(depends on ink, nozzle 
diameter, motion stage 
speed, number of layers) 
[27,29]

Higher than AJP ([27] – see 
Table 1)

Manufacturer dependent. Typical values: 30–75um conductive foil + 50 – 100 μm 
adhesive

Coffee-ring effect Applicable in both techniques resulting is less material in the 
center compared to the edge. [31]

Smooth layer in stripe.

Reproducibility Excellent due to CAD based 
printing.

Excellent due to CAD based 
printing.

Moderate: Reproducibility depends cutting/shaping technique which hinders 
precision and complex designs.

Temperature 
resistance

Up to 300*◦C [29] but ink & 
substrate dependent

Similar to AJP -40–160◦C** but model and manufacturer dependent

Clogging Low/minimal owing to AJP 
technology.

First drop problem-i.e. often 
clogging of nozzle by dried ink. 
[31]

Not applicable.

Substrate 
compatibility

Nearly any substrate [32]: 
Flat and/or rough glass, 
plexiglas, flexible polyimide, 
paper, FR4, ceramic, 
stainless steel, Si wafer. It 
only depends on the 
application and ink 
compatibility. Specific 
models (e.g. Optomec’s 
Aerosol Jet 300 Series) allow 
printing on 3D non-planar 
surfaces. [27,31]

Same as AJP but there is 
limitation for 3D non-planar 
surfaces.

Nearly any substrate.

Deposition velocity In principle, higher in AJP. 
[27]

Lower in IJP due to the drop-on- 
demand mechanism. [27]

Not applicable.

* Silver Ink NovaCentrix Metalon JS-A426 used in this work.
** Tesa 60670 tape used in this work.
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and is designed to present improved adhesion to variety of substrates 
such as paper, PET, glass and polyimide. Ultrasonic atomization (UA) is 
employed for all prints, with the aerosol carrier gas being pre-saturated, 
in a bubbler, with water vapor. A narrow circular nozzle (300 μm in 
diameter) was used for contouring, i.e., printing the exposed electrode 
edges (see below for details), while a wider nozzle (0.75 mm in diam
eter) was used for filling, i.e., printing the bulk areas of the electrode 
geometries. Both nozzles were delivered by Optomec Inc. (USA). During 
both contouring and filling stages, the same silver ink was used. The 
contouring step is important to be printed with the narrow type of 
nozzles as these produce significantly less overspray compared to the 
wide type of nozzles, a crucial parameter for the SDBDs as the electrode 
edge morphology dictates plasma ignition and stability. The two stage 
procedure significantly reduced the overall printing time (with respect 
to using only the narrow nozzle for the whole design). Curing/sintering 
was performed at 85 ◦C for one hour (adequate for the dielectric sub
strate – see below). Layers printed with the wide nozzle (filling stage) 
require an in-between step prior to sintering at which the deposited ink 
onto the substrate dries at room temperature for a minimum of two 
hours. The final assembly includes an additional dielectric layer (same 
thickness and material, i.e., 3 mm Plexiglas) glued (with Epoxy resin) to 
the bottom part of the actuator to create the SDBD sandwich structure 
and electrically insulate the bottom electrode, ensuring that plasma is 
ignited only on the top side. The epoxy glued SDBD was left to rest for 
more than 8 h at room temperature, to ensure proper curing. The whole 
procedure – from design to SDBD assembly – is subject to optimization 
and reduction in overall time required for a single SDBD print which falls 
outside the scope of this work. For the current work and dimensions (see 
below), a single AJP-SDBD print, excluding curing and drying stages, 
requires approximately 1–2 h. A schematic of the fabrication process and 
workflow is shown in Fig. 1.

2.2. Measurements of AJP ink resistivity and carrier properties

Prior to the SDBD fabrication, Van der Pauw and Hall-effect mea
surements have been conducted (at AUTH), at room temperature, to 
evaluate the values of specific resistance, charge carrier density, and 
mobility. A Van der Pauw experimental configuration attaining up to 
0.5 T magnetic field strength was used, while measurements were taken 
for both magnetic field directions and current to eliminate voltage probe 
contact resistance effects as well as magnetoresistance contributions. 
Silver paint was used to form Ohmic contacts with an AJP rectangular 
electrode.

2.3. Plasma characterization

The AJP-SDBDs were initially tested in the Plasma Science and In
novations (PlaSci) research team of ARTEMIS laboratory in CERTH/ 

CPERI, with an AC-HV generator delivering max output of up to 40 kVp-p 
at 20 kHz in an open-air environment. More elaborated measurements 
including discharge power, Voltage-Current (V-I) waveforms and optical 
diagnostics were performed at LSPM/CNRS where the actuators were 
ignited by an AC-HV generator (Trek 20/20 C) triggered by a digital 
delay generator (Aim & Thurlby Thandar Instruments TG1010A). An HV 
probe (Cal Test CT4028, with an attenuation ratio 1000:1) was used to 
measure the applied voltage at the driven electrode, and a current 
transformer (Magnelab CT-D-2.5-BNC) was used to measure the 
discharge current in a digital oscilloscope with a sampling rate of 2.5 
GS/s and a bandwidth of 1 GHz (Teledyne LeCroy HDO6104). The cir
cuit included a capacitor (10 nF) to monitor the voltage drop across its 
terminals and register Lissajous curves in the oscilloscope, allowing 
direct calculation of the discharge power. For optical diagnostics, a 
Digital Single Lens Reflex (DSLR; Nikon D5300) camera and an inten
sified Charge Coupled Device (ICCD; Princeton Instruments PIMAX-1K- 
RB-FG-P43) were used to obtain time-integrated and -resolved images of 
the discharge. The DSLR camera was equipped with a VIS objective lens 
(Nikkor) and had the following settings to record the discharge emis
sion: exposure time= 2 s and ISO= 400. The ICCD camera was equipped 
with a UV–VIS objective lens and allowed space-time-resolved moni
toring of the plasma wavelength-integrated emission via suitable trig
gering from the delay generator. Furthermore, two spectrometers were 
used to acquire optical emission spectra of the discharge. The first was 
compact and portable (Avantes AvaSpec–ULS4096CL-EVO; 75 mm focal 
length, 10 μm slit size, 300 lines/mm diffraction grating, 4096-pixel 
CMOS linear image sensor) offering a low spectral resolution of 
~0.5 nm/pixel for a spectral range of 200–1100 nm. In this case, the 
discharge emission was collected using a collimating lens (Avantes COL- 
UV/VIS) having an 8.7 mm focal length and fed into a quartz optical 
fiber bundle (Avantes FCUV400–2) coupled to the spectrometer’s 
entrance slit. The second unit was a spectrograph (Oxford Instruments 
Andor Shamrock 500i) with 500 mm focal length, 100 μm slit size and 
three interchangeable gratings (1200, 1800 and 2400 lines/mm). This 
was coupled with an intensified sCMOS camera (Oxford Instruments 
Andor iStar sCMOS 18U-03). The nominal resolution for the spectra 
collected in the present work were 0.1 nm and 0.07 nm, for the 1800 
lines/mm and 2400 lines/mm gratings, used for the estimation of the 
vibrational and rotational temperatures of N2(C), respectively. The 
discharge emission was imaged using a 2-inch UV lens (60 mm focal 
length) in a 2f–2f focusing configuration between the plasma and the 
entrance slit of the spectrograph. Both spectroscopic systems were 
calibrated in terms of relative spectral irradiance using a Halogen- 
Deuterium calibration lamp (Ocean Optics DH3-PLUS-CAL).

A schematic of the experimental setup is shown in Fig. 2. The oper
ating conditions used for plasma characterization are shown in Table 2. 
It must be noted here that all measurements described in this work (OES, 
ICCD imaging, etc.) were performed after the AJP-SDBD had been 

Fig. 1. Aerosol Jet Printed SDBD sequence and workflow.
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operated for at least 15 min. This time was necessary for the device parts 
to reach thermalization and for the discharge properties (e.g., emission 
intensity of key species generated) to reach a steady state.

2.4. Ionic wind flow measurements and EHD body force reconstruction

Ionic wind measurements were conducted under quiescent condi
tions at the Low-Speed Lab of the Department of Flow Physics and 
Technology, at Delft University of Technology, using Particle Tracking 
Velocimetry (PTV). The actuators were enclosed in a Plexiglas box of 
1000 × 500 × 500 mm dimensions, with sufficient optical access all 
around allowing external placement of the digital camera and the laser 
head. A LaVision Imager sCMOS camera (2650 × 2048 px), furbished 
with a 200 mm Macro lens captures the PTV images in double frame 
mode. The imaged region of interest of approximately 42 × 12.5 mm is 
illuminated by a Quantel Evergreen 200 Nd:YAG laser, used in a double 
pulse mode. The entirety of the enclosure was seeded using parafine- 
based particles (Shell Ondina) of approximately 1.5 μm average diam
eter produced by a TSI atomizer. The actuators were powered through 
Trek’s 20/20C-HS high voltage amplifier (same generator used for the 
plasma characterization at CNRS), which is fed a digitally generated AC 
waveform from National Instrument’s NI9215 card. An illustrative 
schematic of the experimental setup has been included in Fig. 2. The 
electrical parameters used for the ionic wind characterization are also 
shown in Table 3.

The acquired image pairs were processed using LaVision’s DaVis 
FlowMaster 10.2 software to obtain the time-averaged flow field. Initial 
image pre-processing was applied to enhance particle visibility and 
consistency across the image datasets. The strong laser illumination 
produced a diffuse bright background, reducing contrast and 

complicating particle detection. To address this, the background in
tensity was normalized, reflections from walls and electrodes were 
removed, and the images were cropped to align the lower edge with the 
wall, thereby eliminating unwanted reflections from the base plate. 
These preprocessing steps ensured that the subsequent Particle Tracking 
Velocimetry (PTV) analysis could reliably identify and follow tracer 
particles throughout the flow domain.

Following image cleanup, the PTV algorithm was configured and 
executed to track particles between successive image pairs. The particle 
detection threshold, pixel size, and search window dimensions were 
optimized based on flow characteristics, with a 32 × 10 pixel window 
offset by 12 pixels in the streamwise direction to account for the 
dominant horizontal flow component, inherent to DBD plasma actua
tors. This setup allowed for the detection of both forward and reverse 
flow while minimizing false matches. The particle trajectories obtained 
from 1000 image pairs per case were then spatially averaged through a 
binning process, wherein the image domain was divided into 4 × 4 pixel 
bins. The velocity vectors within each bin were averaged to yield the 
time-averaged velocity field, while bins with insufficient data were 
excluded to suppress noise near walls. The final achieved vector reso
lution for the time-averaged velocity fields is 49 μm. The achieved 
vector resolution is examined in comparison to the characteristic half- 
height of the plasma induced wall jet at conditions Vpp = 30 kV and f 
= 3 kHz. The jet characteristic half-height is extracted at location of 
maximum velocity (x = 7.1 mm) and is found to be yh = 1.4 mm, where 
U(yh)= 0.5 Umax.

The PTV measurements are used to aggregate the time-averaged flow 
field resulting from the operation of the SDBD actuators. Access to the 
mean velocity provides the opportunity for further characterization of 

Fig. 2. Experimental setup of the different diagnostics applied. DDG stands for digital delay generator. The probed SDBD area by the high-resolution spectrograph is 
shown as an inset on the top side.

Table 2 
Operating conditions for plasma characterization.

Plasma characterization

Held Constant Varied
f = 3 kHz VAC = 12, 28, 30 kVp-p

Table 3 
Operating conditions for flow characterization.

Flow characterization

Held Constant Varied
f = 1 kHz VAC = 20, 25, 30, 35 kVp-p

VAC = 30 kVp-p f = 1, 2, 3 kHz
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the volume-distributed body force generated by the plasma cloud [33]. 
The differential form of the Navier-Stokes equations is used, following 
the approach by Kriegseis et al. [34]. More specifically, the incom
pressible, steady form is considered as the velocity field is time-averaged 
and no time data is available (plasma interaction/momentum transfer is 
quasi-static). 

ρ
(

u
∂u
∂x

+ v
∂u
∂y

)

= fx −
∂p
∂x

+ μ
(

∂2u
∂x2 +

∂2u
∂y2

)

ρ
(

u
∂v
∂x

+ v
∂v
∂y

)

= fy −
∂p
∂y

+ μ
(

∂2v
∂x2 +

∂2v
∂y2

)

where ρ is the density, u and v are the x and y velocity respectively, x and 
y are the directional grid spacing, fx and fy are the horizontal and vertical 
body forces, p is the pressure and μ is the viscosity. Following the 
approach by Wilke [35] assumed the pressure gradients to be negligible 
compared to the respective forces, as further confirmed numerically by 
Benard et al. [36]. With two equations and two unknowns, the respec
tive body force components can be found. The time-averaged PTV ve
locity field retains some noise which can lead to unphysical spikes while 
computing the derivatives. Therefore, the u and v fields are smoothened 
by using 4th order bivariate spline surfaces fit to the respective velocity 
fields. The algorithm is based on the work of Dierckx [37], where spline 
functions are fitted to data on a rectangular grid using a least squares 
method.

Uncertainty in the time-averaged velocity fields extracted from PTV 
measurements is estimated to be approximately 0.1% of the maximum 
plasma-induced velocity [38]. Finally, it must be noted that the body 
force estimation method is inherently based on a 2D projection and as 
such can result in significant errors if the measured flow field exhibits 
strong out-of-plane components. To mitigate this, the PTV plane was 
aligned to the mid-span of the actuator. Considering a characteristic 
induced jet half-height in the order of about 1 mm, and the spanwise 
extent of the actuator of 80 mm, edge effects on the PTV measurements 
are deemed negligible. Furthermore, the uncertainty in the 
time-averaged velocity fields (~0.1% of Umax) is propagated through the 
body-force estimation method and provides an estimate of uncertainty 
for the calculated body force fields of approximately 0.5% of maximum 
body force.

3. Results

3.1. Aerosol Jet Printed SDBD and printed electrode electrical properties

The linear AJP-SDBD was printed with no overlap or gap between the 
HV (top) and ground (bottom) electrodes. Using fiducial markers, an 
excellent alignment between the top and bottom printed electrode has 
been achieved. Conductive paths to allow for proper connection with the 
HV power source and ground terminals have also been printed. The 
design as well as dimensions is shown in Fig. 3, where W1= 80 mm, 
L1= 15 mm, L2= 20 mm, D1= 20 mm. In this schematic, the regions that 
have been printed with the narrow nozzle (for contouring) and the re
gions printed with the wide nozzle (for filling) are shown in different 

colors. The width of the contouring regions is 1 mm. Another piece of 
dielectric (same thickness and material i.e. 3 mm Plexiglas) has been 
glued (with epoxy resin) to the bottom part of the actuator to create the 
sandwich structure and electrically insulate the bottom electrode.

The trace width of the JS-A426 silver ink using a 300 μm diameter 
nozzle is approximately 80um, with minimal overspray, while, when 
using a 0.75 mm diameter circular wide nozzle, it is approximately 
400–500 μm with ~50 μm overspray on each side. The thickness of the 
deposited layer (printed with the narrow nozzle) is approximately 4 μm 
(measured by a stylus profilometer). Resistivity, charge carrier density 
and mobility values extracted from Hall measurements are shown in 
Table 4, for samples that have been printed in x, y, and 45◦/135◦ di
rections. Considering that the measurements show homogeneous 
structures, the lower resistivity values are attributed to a high-quality 
print result. Overall, the three electrodes show a metallic behavior, 
with their electronic properties comparing very favorably to other 
printable materials like PEDOT:PSS (1 – 10− 2 Ωcm) or graphene ink 
(3–8 ×10− 3 Ωcm).

Fig. 4 shows different phases of the printing process. On the right 
side, the final linear AJP-SDBD print is also shown. The regions of 
contouring and filling are reflected on the ink structure and are visible 
with the naked eye. Fig. 5 shows images acquired with a microscope 
(Motic, SMZ-168-BL) showcasing two different regions of the top 
(exposed) electrode edge (where the plasma forms). On the left, a region 
near the middle of the SDBD length is shown, which demonstrates the 
fine quality of the printing at this critical area. On the right, an image at 
the utmost right edge of the top electrode is shown, which demonstrates 
the smooth curvature of the print, and which was used to reduce non- 
desirable edge effects at this region.

3.2. Plasma characterization

Fig. 6a, and b show the V–I characteristics and corresponding Lis
sajous curves of the AJP-SDBD operating at different peak-to-peak (p-p) 
applied voltages: 12, 28 and 30 kVp-p. The corresponding current 
waveforms in Fig. 6a exhibit typical DBD behavior under AC excitation: 
numerous narrow and rather erratic pulses are captured for all applied 
voltages being superimposed to a weak capacitive current component. 
These electrical characteristics agree well with the two-phase operation 
of typical AC-SDBDs [1,39]: during the positive-going phase of the AC 
waveform (dV/dt > 0), the (positive) current pulses are higher in 
peak-amplitude and correspond to streamers that propagate on the 
dielectric surface. During the negative-going phase (dV/dt < 0), the 
pulses are more numerous but lower in amplitude and correspond to a 
pulsating glow-like micro-discharge formation. As the applied voltage 
increases from 12 to 30 kVp-p, the number and amplitude of current 
impulses also increases, due to an enhancement of the local electric field 
and more efficient gas breakdown and air ionization. Similarly, the area 
of the Lissajous plots in Fig. 6b significantly increases with increasing 
voltage, reflecting a higher energy dissipation into the plasma. Table 5
shows the power consumption which generally ranges in the 
0.1–1 W/cm range, in agreement with previous studies (see for example 
Ref. [40] where a 3 mm dielectric was used).

For comparison with conventional hand-made SDBDs, Fig. 6c and d, 
present the features of the AJP-SDBD under the same operating condi
tions (30 kVp-p, 3 kHz) with those of a hand-made SDBD using tape 
electrodes (called “taped” SDBD). For the latter, we’ve used aluminum 

Fig. 3. Linear AJP-SDBD – schematic and dimensions.

Table 4 
Resistivity, charge carrier density and mobility of mono-axial x, y and criss
crossed printed electrodes.

x-axis y-axis x-y

Resistivity (Ωcm) 1.5 10− 4 3.4 10− 4 1.4 10− 4

Charge carrier density (cm− 3) 1.5 1023 5.5 1022 7.6 1022

Mobility (cm2/Vs) 0.3 3.4 0.6
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tape (tape thickness: 80 μm) for the electrodes, cut in similar dimensions 
as the AJP-SDBD, and exactly the same Plexiglas (dielectric) substrate 
with the AJP-SDBD. The taped SDBD seems to produce fewer current 
spikes and, thus, discharge events, than the AJP-SDBD, which is 
consistent with the differences observed in the optical emission features 
between these devices (see below). Indeed, an accurate quantification of 
the number of current spikes in Fig. 6c(i) and c(ii) gives an average of 
approximately 150 ± 20 impulses for the taped SDBD and 353 ± 14 
spikes for the AJP-SDBD per positive half-cycle (calculated over three 
consecutive periods), i.e, the AJP-SDBD produces about two times more 
impulses than the taped SDBD. We note that the temporal resolution of 
the oscilloscope used (sampling rate of 2.5 GS/s (0.4 ns time resolution), 
high vertical resolution (12-bit)) is more than sufficient to resolve in
dividual current pulses and distinguish them from noise. To demonstrate 
this, In Fig. 6(d) we show a zoomed-in view of the current waveform, 
where the individual pulse shapes are clearly resolved and the difference 
on the pulse number between the taped and AJP-SDBD is clearly seen. 
This denotes that AJP-SDBD is more advantageous due to a much more 
efficient power transfer and plasma formation. Indeed, if we consider 
the corresponding Lissajous loops (Fig. 6d), the dissipated power for the 
hand-made SDBD is 2.41 W (0.3 W/cm – in excellent agreement to the 
results in Ref. [40] – Fig. 5, where a 80 μm thick electrode was used) 
while for the AJP-SDBD it is 5.98 W (0.747 W/cm), i.e., ~2.5 times 
larger which resembles their difference revealed in the number of cur
rent pulses. This discrepancy is attributed to the finer electrode contour, 

and reduced thickness of the AJP electrode (approximately 4 μm), which 
enhances the local electric field and promotes more efficient ionization 
along the driven electrode’s edge. To verify our claim, we have per
formed 2D electrostatic simulations of the exact SDBD geometry 
(including the dielectric layer) using the Poisson solver from the 
in-house plasma solver COPAIER, which has already been used to study 
linear and annular SDBDs [39,41]. We compare two different electrode 
thicknesses: one of 4 microns (corresponding to the AJP actuator) and 
one of 75 microns (corresponding to the thickness of the conductive strip 
from the aluminum tape used in this study). Fig. 7 shows the electric 
field magnitude contours for both cases, normalized to the maximum 
field value obtained for both electrode thicknesses. The electric field 
distribution is quite different in the two cases: the thin electrode results 
to a maximum field of approximately 20% higher, while the field is 
highly concentrated near the right edge, presenting a rather spherical 
profile. With the thick electrode, the E field distribution is quite 
different, presenting two zones of high fields near the two corner points 
of the electrode vertical edge, while the highest values are present at the 
bottom corner (electrode – dielectric – gas triple point). These results 
indicate a more efficient breakdown in the thin (AJP) electrode case 
owing to the higher field values. We also note that for the case of thick 
electrodes and during the positive phase, streamers typically initiate 
from the top electrode corner as shown in self-consistent simulations 
[39] (due to the direction of the electric field vector and corresponding 
directional charge drift). At this region, the electric field is even weaker 
(60 – 70% lower than the maximum electric field in the thin electrode 
case) which indicates that breakdown and discharge ignition might be 
even more pronounced with thin electrodes. Last, the sheath thickness at 
atmospheric pressure and at high plasma density (~1020 m− 3 as shown 
in the simulations) can be quite small (less than 50 μm), affecting the 
negative phase which corresponds to the formation of numerous 
microdischarges burning near the exposed electrode: at the thin elec
trode case, the whole electrode edge is surely involved in the sheath 
dynamics. To further verify these initial results, self-consistent plasma 
simulations are necessary, which are planned for future work. Further
more, the AJP electrode adheres much better to the dielectric surface, 
limiting air bubble trapping between it and the surface of the Plexiglas, 
thus significantly suppressing parasitic discharges and maximizing 
power transport to the surface discharge.

Fig. 8 shows representative images of the AJP-SDBD taken with the 
conventional DSLR camera under various operating conditions. They 
show the global discharge morphology around the driven electrode. At 
higher applied voltages at constant frequency (left and middle images), 
the plasma emission significantly intensifies and seems to spread more 
uniformly along the electrode and further downstream on the dielectric 
surface. At lower frequency and constant applied voltage (middle and 

Fig. 4. Linear AJP-SDBD - images of printing process (left, middle) and final print where both top and bottom electrodes are visible (right).

Fig. 5. Microscope images of the top electrode edges. Left: linear region cor
responding to the middle of the SDBD length. Right: Curved edge region cor
responding to the utmost right edge of the top electrode.
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right images), the discharge emission weakens and the plasma glow is 
more concentrated near the exposed electrode. In all cases noticeable 
edge effects are seen with curved emission lines at the right and left sides 
of the driven electrode, following the lines of the electric field.

We now focus on the Vp-p= 30 kV and f = 3 kHz case and present 
time-averaged and single-shot ICCD images (Fig. 9a,b) which provide 
deeper insight into the discharge spatiotemporal development within 

the rising and falling AC voltage phases as well as the full AC cycle. The 
ICCD settings were set as follows: 150 μs delay (see to in Fig. 6a) and 150 
μs width for the rising phase; 310 μs delay (see to’ in Fig. 6a) and 150 μs 
width for the falling phase; 150 μs delay and 300 μs width for the full 
cycle. Fig. 9a (rising AC phase) shows intense discharge spots starting 
from the electrode’s edge and spanning its entire length. These seem to 
quickly transform into a uniform discharge propagation away from its 
edge. A rather different behavior is seen in the falling AC phase; the 
initial channels at the electrode’s edge appear to be brighter and the 
discharge pattern away from it seems to be fainter. The 3 mm scale bar 
in the figure confirms the micro-scale nature of the discharge, typical for 
surface DBDs operating at atmospheric pressure. Although these ana
lyses offer more details compared to the DSLR camera, a clearer idea on 
the true structure of the discharge’s emission can only be obtained using 
single-shot ICCD imaging (Fig. 9b). Indeed, Fig. 9b(i,ii) clearly shows a 

Fig. 6. a) VI characteristics for different applied voltages at f = 3 kHz. The instants to and to’ denote the start of the ICCD gate delay used to capture the time-resolved 
discharge evolution during the rising and falling AC voltage phases; the dashed rectangles denote the gate widths used to capture time-integrated discharge dynamics 
during both AC voltage phases. b): Lissajous curves for same conditions with a). c) VI characteristics of hand-made taped (i) and AJP (ii) SDBDs at Vp-p= 30 kV and f 
= 3 kHz. d) Lissajous curves for taped (blue) and AJP (right) SDBDs at Vp-p= 30 kV and f = 3 kHz. d) Comparison of current waveforms in the temporal range 
150–200 μs, corresponding to the waveforms of (a) for the taped and AJP SDBDs at Vp-p= 30 kV and f = 3 kHz.

Table 5 
Electrical power consumption of AJP-SDBD.

3 kHz - 12 kVp-p 3 kHz - 28 kVp- 

p

3 kHz - 30 kVp- 

p

Normalized Power 
(total power)

0.022 W/cm 
(0.178 W)

0.545 W/cm 
(4.36 W)

0.747 W/cm 
(5.98 W)
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rich diversity of filamentary patterns during the rising voltage phase due 
to positive streamers that stochastically propagate along the dielectric 
surface. These extend over a distance of about 10 mm away from the 
driven electrode exhibiting noticeable branching, curling, and bifurca
tion. These filamentary structures suggest non-uniform electric field 
distribution, surface charge accumulation and resulting electrostatic 
repulsive forcing, all characteristic of AC-driven SDBDs [42]. During the 
falling AC phase, as seen in Fig. 9b(iii,iv), however, short distinct 
channels remain attached to the driven electrode’s edge while further 
upward the discharge exhibits a glow-like behavior, leading to a more 
homogeneous pattern across the dielectric surface. This phase is char
acterized by microdischarge formation very close to the exposed elec
trode due to the potential different of the previously positively charged 
section of the dielectric surface (note that this section is typically adja
cent but not connected to the electrode [39]) and the now negative 
applied potential on the exposed electrode. Each microdischarge which 
corresponds to a current pulse, takes the form of a short and thin 
quasi-neutral plasma that connects to the exposed electrode. It then 
results to a relaxation phase with strong electron drift away from the 
exposed electrode neutralizing and charging negatively the nearby 
dielectric section. These electrons lead to the formation of ion clouds 
(via electron impact ionization and attachment) and during each sub
sequent pulse, the process repeats and the space charge volume is 
continuously extended further downstream. The elongation of this space 
charge region during the negative-going phase is linked to the streamer 
extension and related dielectric charging during the positive-going 
phase. These AC-related plasma regimes in SDBDs and corresponding 
physics of streamers and microdischarge formation have been studied 

extensively in the past years (see [39,43,44]) and a detailed analysis falls 
outside the scope of this work. Finally, Fig. 9b(v,vi) represents super
position of the discharge events formed in the previous two phases with 
dominant contribution from the rising phase away from the driven 
electrode, and from the falling phase at the close vicinity of the elec
trode. Overall, Fig. 9 effectively captures the asymmetric nature of 
streamer propagation in AC sinusoidal excitation, where both positive 
and negative half-cycles contribute differently to discharge morphology. 
The presence of distinct three-dimensional filamentary structures and 
propagation paths implies strong surface-discharge coupling and 
showcase the increased intensity of the positive-going phase plasma 
regime.

The dynamics of these different plasma regimes are shown in Fig. 10, 
which depicts time-resolved ICCD images of the discharge evolution 
during the rising (Fig. 10a) and falling (Fig. 10b) AC voltage phases. 
Despite the stochastic nature of the discharge development, these results 
shed bright light on the chronological order of the corresponding pat
terns previously observed in Fig. 9a and b. It should be noted that the 
numerous discharge events formed during both phases are representa
tive of the current pulses shown in Fig. 6a. Fig. 10a shows the early 
stages of discharge formation in the rising AC part, revealing bush and 
glow-like structures at 163 μs which densify at 166 μs and start to 
elongate after 178 μs. Besides, after 196 μs, these transform into 
branched/curled filaments, the density of which significantly increases 
until around 220 μs, just before they reach their maximum propagation 
length (at 235 μs). Then, they seem to maintain their length until 255 μs 
(i.e., when the peak voltage is attaint; see Fig. 6a); however, their 
density noticeably decreases between 235 and 255 μs and they totally 

Fig. 7. Electric field magnitude contours for HV electrode thickness of 4 μm (left) and 75 μm (right). Log-scale – normalized to the maximum field value for 
both cases.

Fig. 8. DSLR images (exposure time=2 s and ISO=400) of the AJP-SDBD under different operating conditions. Top: full scale images. Bottom: zoom at electrode’s 
right edge.
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disappear after 262 μs. It is remarkable that these filaments initiate from 
(or very close to) the exposed electrode and propagate on the dielectric 
surface without being detached from their initial starting point. The 
appearance of thin, bright and sharp filaments denotes enhanced 
localized electron densities and energy deposition which are charac
teristic of typical streamer heads. During this positive going phase, the 
EHD production is mainly attributed to the relaxation phase of the 
streamer formation i.e. the time periods between each high-current 
pulse where quasi-neutrality is broken [45]. Fig. 10b shows the initial 
discharge phases during the falling AC voltage phase. Here, the first 
plasma structures appear at the edge of the driven electrode at around 
316 μs and start to intensify until 330 μs without any noticeable length 
change, indicating a glow-like regime until this time-instant. Their 

length significantly increases only after 360 μs and continues to increase 
until around 430 μs indicating that during this time period, micro
discharge formation and electron/ion cloud expansion occurs as 
described above. At 430 μs the discharge becomes practically invisible, 
the AC voltage reaches the minimum value, and the discharge stops after 
441 μs. The discharge pattern in this case noticeably differs from that 
shown in Fig. 10a. As expected and as described above, the discharge 
shows a general glow-like behavior, being more diffuse and uniform 
with absence of filaments and broader vertical span. The maximum 
propagation length of the space charge cloud in this case is similar to the 
positive-going phase (almost 10 mm), as expected by the interconnec
tion of the remnant positive surface charge during streamer propagation 
and necessary electric field enhancement for microdischarge formation 

Fig. 9. a). ICCD images (500 single-shot frames averaged through post-processing) of discharge structure over a small selected AJP-SDBD area at Vp-p= 30 kV and f 
= 3 kHz. (i): Rising AC voltage phase. (ii): Falling AC voltage phase. (iii): Full AC voltage cycle. b) Indicative single-shot ICCD images of discharge structure at Vp- 

p= 30 kV and f = 3 kHz. (i-ii): Rising AC voltage phase. (iii-iv): Falling AC voltage phase. (v-vi): Full AC voltage pulse (see Fig. 5a for a time correlation with the 
voltage waveform).
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and electron drift downstream on the dielectric. During this phase, 
negative ions are expected to play the most significant role in the pro
duction of EHD force and ionic wind [43,46].

Fig. 11a shows the time-averaged low-resolution emission spectrum 
of the AJP-SDBD plasma in air at 30 kVpp, 3 kHz. It highlights the pri
mary excited species formed. The spectral region 280–450 nm is domi
nated by molecular nitrogen bands of the Second Positive System of 
N2(C3Πu → B3Πg). Also, emission from the First Negative System of 
N2
+(B2Σu⁺ → X2Σg⁺) is detected with its characteristic band at 391.4 nm. 

These emissions indicate that electrons in the discharge are exciting 
ground state N2 molecules to the C3Πu state and can also ionize N2 to 

form N2
+(B), consistent with a typical air DBD plasma [47,48]. The 

prevalence of N2(SPS) bands (and the relative absence of other species 
commonly found in air plasmas like excited atomic oxygen) confirms 
that most of the deposited energy goes into electronic excitation and/or 
ionization of molecular nitrogen. Fig. 11b demonstrates the stability of 
the SDBD emission features over time by tracking the peak intensities of 
selected N2(SPS) and N2

+(FNS) transitions (at 337.1 and 391.4 nm; see 
Fig. 9a) over a 40-minute period. After about 10–15 min of continuous 
operation both emission intensities remain steady within the experi
mental uncertainty, highlighting the robustness of the plasma generated 
by the AJP-fabricated electrodes. Therefore, all measurements shown in 

Fig. 10. Time-resolved ICCD images of the discharge evolution during a): rising AC voltage phase, b): falling AC voltage phase, at Vp-p= 30 kV and f = 3 kHz. These 
are captured using 1 μs gate width and 100-frame accumulation. The gate delay is shown in the images starting from t0= 150 μs (upper frames; see Figure 5a) and 
toˊ= 310 μs (lower frames; see Fig. 5a).

Fig. 11. a) Wide emission spectrum of AJP-SDBD (Vpp=30 kV and f = 3 kHz) with the key species detected. b) Intensity evolution of N2(SPS) and N2 + (FNS) during 
the first 40 min after the discharge’s ignition. c,d,e,f) Experimental ro-vibrational spectra (blue) of N2(SPS) during the rising (c,e) and falling (d,f) AC voltage phases. 
These are fitted with synthetic spectra (red) to determine the vibrational (c,d) and rotational temperatures (e,f) of N2(C). The gating conditions were set as follows: 
150 μs delay (to in Fig. 5a) and 150 μs width for the rising phase; 310 μs delay (toˊ in Fig. 5a) and 150 μs width for the falling phase.
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this work (OES, ICCD imaging, etc.) were performed after the AJP-SDBD 
had been operated for 15 min. It should be noted that the actuator 
demonstrated its ability to maintain stable operation during the 
short-term experimental windows studied in this work, corresponding to 
more than 30 million AC cycles of operation. Thus, the robustness of the 
AJP-SDBD was evaluated by monitoring the discharge stability over 
rather short operation periods (<3 days). For example, the time-resolved 
ICCD imaging and the OES stability tests required approximately 40 min 
of continuous operation at 3 kHz. This corresponds to a cumulative load 
of over 7 million high-voltage cycles per experiment. Throughout these 
periods, accumulating more than 107 cycles, the actuator exhibited no 
signs of dielectric breakdown, electrode detachment, or intensity drift.

Using the high-resolution spectrograph, quantitative information 
was obtained about plasma rotational and vibrational temperatures. 
This was also achieved through a more detailed analysis of ro- 
vibrational spectra of selected spectral bands. First, time-averaged 
spectra of N2(SPS) during the rising and falling phases of the AC 
voltage cycle were approximated with simulated spectra (using the 
MassiveOES software [49− 51]) in order to determine the corresponding 
vibrational (Tvib) and rotational (Trot) temperatures of N2(C). The re
ported uncertainty values for Tvib and Trot account for the experimental 
signal-to-noise ratio and the sensitivity of the fitting procedure. Specif
ically, they represent the temperature interval within which the residual 
sum of squares between the measured and simulated spectra remains 
comparable to the experimental noise level. The spectral resolution of 
the spectrometer may also play a role on the accuracy of the obtained 
values. The highest the spectral resolution is the better the accuracy of 
the measured Trot and Tvib will be. This is of course valid until a sepa
ration limit between adjacent rotational lines is distinguished (typically 
on the order of few 10 s pm or smaller). To achieve a good spectral 
resolution, a monochromator with high focal length (ideally 2 m [52]) is 
required, which is not currently available in our case. However, the 
spectral resolution of our spectroscopic system, is still acceptable to have 
a good estimation of the Trot and Tvib, given also the fact that we perform 
measurements during the positive and negative phases of the AC 
voltage. Making an accurate estimation of the uncertainty of our mea
surements compared to those made with a higher resolution spectrom
eter is not straightforward. This would require a direct comparison of 
the fitting result of the same ro-vibrational band recorded with higher 
and lower spectral resolutions. Thus, we can only estimate a total un
certainty of the temperatures on the order of 10–15% of the values 
provided by the fitting. The fitted spectral regions correspond to the 
Δν= -2 ro-vibrational band of N2(C-B) (Fig. 11c,d) and the 
Δν= 0 (ν’=0→ν’’=0) rotational band of N2(C-B) at 337.1 nm (Fig. 11e, 
f). In the rising AC voltage phase (Fig. 11c,e), the inferred values indi
cate a Tvib ≈ 3078 ± 30 K, while the rotational temperature remains 
almost an order of magnitude smaller (Trot ≈ 326–348 K). This decou
pling of vibrational and rotational modes reflects the non-equilibrium 
nature of the discharge, in agreement with other similar studies per
formed in atmospheric pressure plasmas [48,53]. The elevated Tvib 
values are consistent with the presence of intense streamer channels 
observed in the ICCD images, which accelerate electrons to energies 
large enough for efficient vibrational energy transfers. During the falling 
phase (Fig. 11d,f), a reduction in vibrational temperature is observed 
(Tvib ≈ 2570 ± 30 K), while the rotational temperature is fairly similar 
(Trot ≈ 300–326 K). This trend suggests that at the falling AC voltage 
phase, the energy available for electron impact processes is reduced, 
resulting in fewer vibrational excitations [53,54]. As a matter of fact, the 
discharge mechanism is not the same during the rising and falling AC 
voltage phases: in the former case we deal with positive (cathode-dir
ected) streamers with electrons moving towards the driven electrode 
and inducing gas excitation/ionization; in the latter case, we deal with 
microdischarges near the electrode, electron drift away from the elec
trode and ion production during a charge relaxation phase, leading to 
weaker excitations and more diffuse emission pattern. The rotational 
temperature across both phases is quite similar which confirms that the 

bulk gas remains near ambient conditions, indicative of a non-thermal 
plasma device. Therefore, gas heating is not expected to play a key 
role in the modification of flow dynamics. While a detailed kinetic 
analysis is beyond our scope, the key point to retain from this OES 
analysis is that the AJP-SDBD generates the same types of emissive 
species as conventional SDBDs, while the extracted ro-vibrational tem
peratures align with literature values for common SDBDs [48], con
firming that the novel fabrication method does not alter the fundamental 
plasma characteristics.

3.3. Electrohydrodynamic flow

Fig. 12a shows a typical contour plot of the induced jet’s velocity 
magnitude, overlaid with velocity vectors. The plots shown are for the 
linear actuator operating at VAC of 30 kVp-p and fAC of 3 kHz, which 
produced the highest induced velocity among the considered cases. The 
top electrode’s edge is at x = 0 mm, and the ground electrode extends to 
x = 20 mm. Characteristic of a linear DBD actuator, a wall parallel jet is 
induced by the discharge, as can be seen by the domination of the 
horizontal velocity component. This wall jet is preceded by a region of 
downward velocity motion, seen as a non-negligible negative vertical 
velocity in the vicinity of the electrode interface. This suction is again 
indicative of the class of surface DBD actuators, as have been seen pre
viously [1,55,56].

A comparison of the ionic wind produced at different operating 
conditions is seen in Fig. 12b by plotting the horizontal velocity profiles 
at x = 0, 7 and 18 mm, corresponding to dashed lines at P1, P2 and P3 in 
Fig. 12a. At P1, just above the electrode edge, the initial acceleration of 
the wall jets close to the wall is seen. This acceleration continues to P2 
for all operating conditions, with the peak of the wall jet still within 
approximately 0.1 mm distance to the wall. The plasma at all operating 
conditions is active at this location (as evident by the optical emission 
measurements (Fig. 9). At P3, the velocity peaks are reduced and the 
profiles flattened, owing to viscous losses and momentum displacement 
within the wall jet. There is no more acceleration from the plasma at this 
location for all the profiles, indicating the plasma extension ending 
before this distance, again reconciling well with optical emissions 
measurements (Fig. 9). Here the plasma extension is approximately 
10 mm at the operating conditions used (30 kVp-p 3 kHz), while typical 
plasma extensions achieved from SDBDs range from 3 to 8 mm for thin 
dielectrics, and up to 20 mm for thicker dielectrics [1].

The plasma extension from the edge of the AC electrode increase 
with the increase in the applied voltage and frequency. The plasma body 
force increases in amplitude and imparts flow acceleration over a longer 
spatial extent as a function of both voltage and frequency, which is 
further evident as an increase in the maximum velocities seen in the wall 
jet, as demonstrated in Fig. 12c. The maximum velocities range from 
1.33 to 3.9 m/s for the considered range in driving voltage (at constant f 
= 1 kHz), and from 3.1 m/s to 4.9 m/s for the considered range in fre
quency (at constant Vp-p = 30 kV). The increase from driving voltage is 
almost linear in trend, while the increase from frequency is leading to a 
stagnation in the maximum velocities. This is again in line with the 
behavior of SDBDs, and often attributed to the fact that an increase in 
frequency does not leave enough time for charge relaxation on the 
volume and the dielectric surface, leading to more frequent filamentary 
discharges. An increase in voltage however does not face this issue. [57]

Fig. 13 shows the contours of the horizontal body force distributions 
fx for the respective operating conditions. For 20 kV, 1 kHz, the bulk of 
the body force is concentrated in a small region just downstream of the 
AC electrode’s edge (at x = 0 mm.) With the increase in voltage and 
frequency the extent of the body force increases, reaching as far 
downstream a x = 12.5 mm, as well as reaching a height of y = 4 mm 
from the wall. A quantitative effect of this increase can be seen by 
integrating the forces in a control volume spanning from x = -6mm to 
24 mm and from y = 0 to y = 11 mm. The results of this operation for all 
the operating conditions are seen in the plot in the inset. In addition, the 
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Fig. 12. a) Velocity magnitude contours of AJP-SDBD (at Vpp=30 kVp-p, f = 3 kHz) overlaid with the quiver plot of the velocity vectors. b) Horizontal velocity 
profiles at locations P1, P2 and P3 in a, for all the operating conditions specified in Table 3.c) Maximum induced velocity as function of Vpp and f.

Fig. 13. Contours of the horizontal force distributions fx are shown for the operating conditions specified. White patches correspond to invalid measurement regions. 
Lower left plot shows the spatially integrated body force magnitudes achieved in the specified control volume vs. the voltage and frequency (for Vpp=30 kV, • f =
1 kHz, Δ f = 2 kHz, ◊ f = 3 kHz). Lower right plot shows normalized thrust to electrical power ratio. For comparison, reference values from a copper tape based DBD 
actuator of similar geometric and material properties are shown in star markers taken from the study of [58].
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integrated body foce values from the present configuration are 
compared to a geometrically similar actuator configuration for which 
the electrodes were constructed using adhesive copper tape of 60 μm 
thickness. The copper-based actuator was tested in an integral thrust 
bench, using a reaction load cell as described in [58]. As evident the 
integrated thrust performance of the AJP-DBD is strikingly similar to the 
more conventional copper tape, albeit small differences can be attrib
uted to variations in ambient conditions, power circuit and measure
ment methods. The comparison provides confidence that despite the 
extreme thinning of the active electrode enabled by the AJP method and 
the differences in discharge dynamics and intensity, the integral forcing 
performance of the actuator is not significantly affected. The body force 
increase with voltage follows a power curve trend typical of SDBDs, also 
seen in [56,59]. The increase with frequency however sees the total 
body force reaching an asymptote. This is in correspondence with pre
vious works [56,59] where it is observed that increasing the frequency 
for a given voltage increases the body force only up to a limit, called the 
saturation thrust. This is again due to the effect outlined previously, 
where the increase in frequency beyond a certain point only increases 
the intensity and frequency of filamentary discharges, not allowing for 
the relaxation inter-pulse phases to contribute significantly to the total 
body force [1]. Finally, the relative efficiency of the AJP-DBD actuator is 
examined as the ratio of integrated force and electric input power. The 
values presented here are consistent with values reported for conven
tional copper tape based DBD actuators [56,59].

4. Discussion

The results obtained in this study clearly demonstrate the applica
bility of the AJP technique on the fabrication of plasma actuators. The 
AJP-SDBDs produced similar EHD force and presented competitive 
performance in terms of power consumption and thrust to power ratio 
when compared with conventional fabrication methods. This is attrib
uted mainly to the micrometer thickness of the exposed electrode, which 
as explained in Section 3.2, can be linked to the electrostatic potential 
distribution and consequences on plasma regime development. These 
promising metrics show potential and encourage the AJP technique to 
be applied (and show its unique capacity) to the design of unconven
tional shapes with micrometer precision and features, while allowing for 
designs on flexible and non-planar substrates. In addition, the AJP- 
SDBDs showed good robustness and durability under the short-term 
(hours/days) stress tests, despite visually apparent electrode and 
dielectric degradation (see below). We attribute this to a) the enhanced 
adhesion properties achieved via the AJP technique and the avoidance 
of any adhesive layer which typically exists in conductive tapes – a 
potential cause of dielectric breakdown and detachment due to thermal/ 
electrical stress and b) the ultra-smooth electrode edges (see Fig. 5) 
which reduce amplification of electric fields at the location of defects/ 
sharp points - consequently reducing overintense discharges that could 
severely damage the electrodes/dielectric layer. These points require 
careful future examination to conclude on durability aspects: detailed 
degradation studies should be performed and focus on both the elec
trode edge and the dielectric material – both have shown substantial 
degradation in previous studies [21,60]. A preliminary inspection on the 
electrode edges has been performed using microscope imaging. Fig. 14
shows images of the electrode edge (top view) taken by a microscope 
(Nikon Eclipse MA100N) before and after several hours (see Section 3.2
for details) of plasma exposure. The images show a certain degree of 
degradation and the formation of “troughs” (and corresponding “crests”) 
with characteristic size of approx. 100 μm. These are preferential points 
of discharge initiation, which are clearly observed in the ICCD images. 
Despite this fact, the stable operation and power consumption over 
several hours (and days) of operation indicate that this degradation 
might not be critical to the AJP-SDBD operation and resulting EHD force 
generation.

Furthermore, we need to recognize the importance of ink adhesion in 

terms of durability of the proposed device. The dominant adhesion 
mechanisms anticipated are the Van der Waals dispersion forces and 
mechanical interlocking (chemical bonding less probable due to the 
inert character of the substrate that is not pre-activated). Moreover, it is 
known that thermal sintering improves cohesive strength as the solvent 
evaporates and the nanoparticles bind together and to the surface more 
uniformly, avoiding voids that can weaken adhesion. Recent studies 
[61] have shown though that the increase in the sintering temperature 
enhances neck formation in the metallic nanoparticle boundary, which 
boosts the connection between particles and leads to densification. 
Nevertheless the polymeric additive (Polyurethane binder) which is 
featured in the Metalon JS-A426 ink, surely plays the role of the main 
adhesion promoter as confirmed by the product’s technical datasheet1 as 
well as similar studies which emphasized on the enhancement of the 
interfacial bonding between the ink and substrate [62]. However, 
fundamental understanding of the interplay among different adhesion 
mechanisms of AJP (conductive) inks on various substrates, as well as 
their relative contribution to adhesion strength is beyond the scope of 
the current work.

In addition, specific to the AJP technique, features such as sheath/ 
carrier gas flow and high velocity jet focusing can improve anchoring of 
the ink to the substrate - in contrast to IJP technique. Aspects related to 
wettability, surface energy, roughness and other well-known parameters 
that affect adhesion strength, are ink and substrate specific and 
emphasize the need of specific and dedicated studies focusing on ma
terial/surface properties and adhesion mechanisms (including compar
ative adhesion durability studies) between various inks and substrates 
which is left for a future work. Conductive tapes typically have acrylic 
layers that bind to a surface when pressed (pressure sensitive adhesives) 
through various well known physical mechanisms (including visco
elastic dissipation). A review and analysis of these mechanisms is also 
outside the scope of this work.

Nevertheless, the authors recognize that reducing or eliminating 
degradation as well as improving adhesion strength is an essential aspect 
towards the establishment of AJP-SDBD actuators and thus emphasize 
once more on the need of detailed degradation/adhesion stress studies 
which should investigate different inks, different dielectric materials 
and their combination as well as techniques to create thin protective 
layers (e.g. non-reactive/resistant coatings etc.) that can withstand 
plasma exposure, reduce direct metal sputtering and improve durability 
and adhesion strength [63].

Despite the overall promising results and besides degradation, as in 
any other technique, AJP presents its own limitations while several as
pects of its operation and handling need caution and precise control. The 
main limitation in terms of ink properties comes from the compatible 
range of dynamic viscosity (1 – 1000 cP) and particle size (if any) (up to 
500 nm). In addition, the AJP principle relies (amongst others) on the 
laminar flow of aerosol droplets until they exit the nozzle. This implies 
that any visible amount of residue of material in any of the components 
could affect the printability of the technique. A factor that is not a 
limitation but mostly affects the overall printing time and can be seen as 
a drawback towards industrialization or mass production. We note that 
IJP technique face similar issues. Specific to the AJP technique is the 
overspray effect: The AJP aerosol mist consists of very small aerosol 
droplets in a stream of transport gas. The deposition is controlled by a 
shutter, and the splats are guided to the substrate. The small sprinkle 
spots located around the central splat represent small portions of 
atomized ink outside the main focused stream of transport gas. This 
affects the edge sharpness and the total tracewidth resolution. Regarding 
the dimensions and specifically the thickness of the dielectric material, 
there is no minimum height; even very thin and flexible and curved or 
stepped substrates could be printed on. On the contrary the deposition 
from 5 mm distance allows the deposition in non-planar surfaces of few 

1 https://novacentrix.com/product/js-a426-silver-nanoparticles/
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mm roughness. This might be interesting for applications where the 
SDBD actuator needs to be applied on non-planar or curved surfaces e.g. 
on an airfoil or another aerodynamically critical part of an aircraft. For 
the specific AJP model used in this study, there is a limitation for the 
maximum thickness of the substrate that is 4 cm – this is due to the 
available area for placement of the substrate and it linked to the specific 
AJP model. Regarding the material of the dielectric materials there is no 
limitation for the AJP technique apart from the possibly poor compati
bility between a specific ink and a specific substrate in terms of adhesion 
strength although this can be further optimized by pre-treatment tech
niques and/or post-treatment which includes sintering. Last, we note 
that the AJP technique is an open-air procedure meaning that changes in 
temperature/humidity affect the properties of deposition. The temper
ature is/can be controlled at the ink tank bath at the ultrasonic aero
solization. This is not a limitation but an important parameter that needs 
to be controlled.

Lastly, we note a few points on other aspects that require further 
investigation:

Regarding the thermal characteristics and stability of the AJP-SDBD 
actuators, previous works in atmospheric pressure plasma jets 
impinging on dielectric surfaces have shown very good agreements be
tween OES-derived gas temperatures and plasma-induced surface tem
peratures measured by IR cameras and fiber optic sensors [64,65]. 
Besides, in the present work, the emitted light from the discharge is 
directly collected end-on with respect to the dielectric surface. As both 
streamer discharges and microdischarges burn very close to the surface 
(i.e. in air the streamer thickness is approximately 100 μm including a 
sheath of few 10 s of μm), the estimated gas temperature is a good 
estimation of the surface temperature in the present work. Thus, our 
measurements are valid for continuous operation referring to at least 30 
million AC cycles. While this satisfies the scope of the present study, for 
accurately quantifying the long-term thermal impact, gas temperature 
estimation via OES (indirect method) should be ideally accompanied by 
direct methods for surface temperature measurements. These methods 
refer to IR cameras and plasma-compatible fiber optic sensors [64,65]. 
Nevertheless, even if these studies are combined, they cannot provide 
satisfactory accuracy on the discrepancies between the OES-derived gas 
temperature and the surface temperature at the micrometric scales of 
the AJP-SDBD of the present study. At the best case the spatial resolution 
of such diagnostics can reach few hundreds of micrometers [64,66]
which is already much larger than the thickness of the electrodes.

Regarding flow measurements: in the present work, the approximate 
streamwise length of the body force is in the order of 10 mm (see 
Fig. 13), which results in an aspect ratio of 8. This is sufficiently large for 
edge effects to remain inconsequential to the measurements. However, 
the AJP method provides the opportunity for creation of complex elec
trode shapes, tailored to particular flow control applications. It becomes 
evident that electrode edge effects on the induced velocity and body 
force distributions need to be carefully characterized in future work. In 
addition, future work should also entail direct PTV measurements of a 
custom-built taped SDBD (same geometry/materials as AJP-SDBD) to 

enable side-by-side velocity/force comparison.

5. Conclusions

We have successfully demonstrated the applicability of AJP tech
nology for the fabrication and rapid prototyping of linear SDBD actua
tors with ultra-fine precision. The AJP technology allows for CAD based, 
direct, flexible - in terms of ink and substrate selection - electrode 
printing with perfect alignment between asymmetrically placed elec
trodes. We successfully ignited the AJP-SDBDs in a wide range of 
operating frequencies (1 – 20 kHz) and applied voltages (12 – 40 kVp-p), 
which operation showed quite stable plasma formation under prolonged 
(several hours) continuous and repetitive (several days) testing, indi
cating promising robustness. Compared to conventional fabrication of 
SDBDs using tape electrodes, the AJP-SDBDs showed higher power 
consumption for the same operating conditions and higher number of 
pulses per AC period, indicating lower breakdown/ignition voltages, 
higher electric fields and consequently more intense discharge under the 
same applied voltage. We attribute this to both the small thickness of the 
exposed electrode (~4 μm) and probably enhanced adhesion (e.g. due to 
the ink’s adhesion properties owed to the polymer binder and me
chanical interlocking promoted through the sintering process) and 
uniformity of the AJP electrodes. Advanced time-resolved imaging di
agnostics, OES analysis and PTV measurement of the induced flow 
fields, showed that the AJP-SDBD does not alter the fundamental plasma 
characteristics of AC-SDBDs: a) streamer formation and elongation for 
several millimeters on the dielectric surface during each pulse of the 
positive-going cycle and microdischarge formation and space charge 
glow-like expansion during each pulse of the negative-going cycle. b) 
generation of the same types of emissive species as conventional SDBDs 
(mainly N2(C3Πu) and N2

+(B)) c) non-thermal and non-equilibrium na
ture with near-ambient rotational temperature and relatively high 
vibrational temperature (higher during the positive-going phase) and d) 
EHD force and flow characteristics similar to conventional SDBDs, with 
maximum induced velocities in the 1–5 m/s range, maximum body force 
in the 1–27.5 mN/m range, both increasing with higher applied voltage 
and reaching saturation with increasing AC frequency.

Future work will focus on the design and characterization of non- 
linear AJP-SDBDs (e.g. annular where design dimensions can cause 
flow reversal [41]), including unconventional designs and electrode 
contour shapes enabled by the AJP technique. In parallel, detailed 
longevity and robustness studies will be performed along with an 
in-depth analysis of conductive inks/electrodes characteristics and 
possible degradation under plasma exposure. While the printed silver 
electrodes exhibited good adhesion and structural integrity, under 
plasma exposure over short time periods (hours/days) a slight electrode 
deformation was observed. Thus, the long-term reliability of the devices 
remains to be assessed via dedicated stress tests. Future work will focus 
on the long-term durability of AJP-SDBD under extreme conditions of 
voltage and frequency, while also considering more robust dielectric 
materials (such as alumina, quartz, etc.) demonstrating the potential of 

Fig. 14. Electrode degradation of the AJP-SDBD after over 30 million AC cycles of operation. “After” images show two different regions of the exposed electrode edge 
where different degradation patterns can be observed. The yellow dashed lines help to distinguish between the dielectric (bottom regions) and electrode (top regions) 
regions and they don’t refer to the actual electrode outline.
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Aerosol Jet Printing for rapid prototyping of plasma actuators that can 
reliably operate for long periods. Last, we aim to extend this new 
fabrication process of SDBDs to flexible substrates which has already 
shown promise in preliminary tests.
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