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In this study, a small-sized plasma jet source with a 3.7 mm head diameter was
created via a 3D printer. The jet’s emission properties and OH radical concentrations
(generated by argon, helium, and nitrogen plasmas) were investigated using optical
emission spectrometry (OES) and electron spin resonance (ESR). As such, for OES,
each individual gas plasma propagates emission lines that derive from gases and
ambient air inserted into the measurement system. For the case of ESR, a spin adduct
of the OH radical is typically observed for all gas plasma treatment scenarios with
a 10 s treatment by helium plasma generating the largest amount of OH radicals at
110 uM. Therefore, it was confirmed that a plasma jet source made by a 3D printer
can generate stable plasmas using each of the aforementioned three gases. © 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4928034]

An atmospheric plasma source can generate high density plasma and enable a continuous
plasma treatment state without the aid of a vacuum system. Therefore, such a source can provide
high-efficiency and high-speed treatments, which are desired in various industrial fields, includ-
ing surface treatment,! harmful gas decomposition,” toxic degradation,* and elemental analysis.*!"!
Recently, heat-sensitive materials such as living bodies can be effectively irradiated with plasma,
since atmospheric nonequilibrium plasma can be generated from about room temperature to approx-
imately 100°C using argon and helium gases. Using this plasma, the efficacies of bacterial inac-
tivation,'? blood coagulation,'>'* wound healing,'>'® and cancer cell eradication'”-'® were investi-
gated. Therefore, various plasma sources have been developed for such potential applications, and
they have ultimately attracted much attention in the medical field. Currently, most products have
been fabricated by mechanical processing and welding. There are many marketplace needs for a
reduction in the size of certain plasma sources to support more “refined” applications, but present
mechanical processing technologies inherently have limitations as to the degree of downsizing,
especially in regard to complicated shapes and unification of parts. In response to such needs, a
microplasma source that can generate tiny plasma from a hole of less than 1 mm in diameter has
been developed.!' However, this plasma source has no aptitude for practical use in the realms of
surface treatment or bacterial inactivation due to its power input limitations and high gas flow rate.

Thus, in an endeavor to fabricate a new miniature-sized plasma source that was exempt from
the potential limitations discussed above, the use of a 3D printer was evaluated for effectiveness.'*-?
The designing of metal 3D printing by CAD is flexible with the inclusion of a detail curve and
complicated channel, which conventional mechanical processing and welding technologies are un-
able to manufacture. In addition, selectable materials include resins as well as metals.?! When
considering all these factors, the use of a 3D printer may be deemed the most effective approach for
reducing the size (and thus enhancing the applicabilities) of potential plasma sources. In this study,
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FIG. 1. Atmospheric plasma jet (a) cross-sectional view of plasma jet and scale, (b) plasma jet body, (c) produced plasma
by argon, helium, and nitrogen gases.

an atmospheric nonequilibrium plasma jet source was created using a 3D printer, and the properties
of generated plasmas were investigated.

The subject plasma source was constructed by a metal 3D(M280, Electro Optical Systems Inc.)
and resin 3D (ProJet 3500 HD, 3D Systems Inc.) printers. The machining errors are approximately
0.125 and 0.05 mm, respectively. Figure 1(a) shows a cross-sectional view of the plasma jet and
scale, and Fig. 1(b) shows a photograph of the plasma jet body made by the metal 3D printer.
The body, which is 60 mm in length with a 3.7 mm head diameter, is grounded, and the interior
high-voltage 0.5 mm electrode is connected to a power supply (Plasma Concept Tokyo, Inc.) with
16 kHz and 9 kV. The discharge gap, which is the distance between the high voltage and grounded
electrodes, is fixed at 0.5 mm. The electrodes are composed of titanium and insulated by an acrylic
resin. A segment of the gas insertion apparatus is unified with the printer body, and the gas being
inserted through a tube of 1.58 mm o.d. and 0.8 mm i.d. Generated plasma flows out through a hole
of 0.5 mm diameter at a flow rate of 20.3 L/min. As shown in Fig. 1(c), the plasma source can
generate stable plasmas with argon, helium, and nitrogen gases. The plasmas are nonequilibrium,
and the gas temperature of afterglow ranged from room temperature to approximately 100°C.

Spectrum analysis of plasma radiation is necessary to confirm the plasma generation. Argon,
helium, and nitrogen plasma jets were generated at a flow rate of 0.3 L/min, and emission spectra
were observed by spectroscope [Maya2000Pro (200—1100 nm); Ocean Optics, Inc.] under open-air
conditions. An optical fiber was set at a distance of 10 mm from the plasma outlet, and a quartz plate
(thickness of 1 mm) was strategically placed to prevent direct exposure to the fiber core.! Figure 2
shows the OES of the plasma jets that were created with the three different gases. Each of the
argon, helium, and nitrogen plasmas had emission lines originating from their component species.
In addition, the argon and helium plasmas had strong emissions of OH(A22+ - X214 s2), and the
helium plasma showed an atomic oxygen line originating from the ambient air. Thus, the reactions
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FIG. 2. Emission spectra of various gas plasmas. Observed gas species were argon, helium, and nitrogen gases.

relating to the individual gas species are shown below in Equations (1) to (6).

Ar+e — Arf+e (Ref. 22)
He+e > He" +e (Ref. 23)
Ny +e— Ny(A3ZH) +e (Ref. 24)
He* + O, —» He + 20 (Ref. 25)

Ar*+ H)O - Ar+ H- + HO-  (Ref. 22)
He* + HO — He + H- + HO-  (Ref. 26)

ey
@)
3
“
&)
(6

It is believed that each potential plasma treatment course (e.g., bacterial inactivation and blood
coagulation) is ultimately sponsored by a reactive oxygen species and OH radical.?’ Therefore, the
concentrations of OH radical, which are generated by the plasmas of argon, helium, and nitrogen,
were investigated. The OH radical reacts with individual spin trapping agents, and the spin ad-
ducts can be identified using electron spin resonance (ESR) measurements. The spin trapping agent
used in this study, 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO), was effectively employed as the OH
radical detector.”® The agent was dissolved in a phosphate-buffered saline (-) (PBS(-)) solution,
which had a pH of 7.5, and a fixed DMPO concentration of 200 mM.?’ Plasma treatments of 200 uL
solutions were conducted at a 6 mm distance between the plasma source outlet and liquid surfaces
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FIG. 3. ESR spectra of each gas plasma. Observed gas species were argon, helium, and nitrogen gases. As setup,
9.424818 GHz of microwave frequency, 2 min of sweep time, 100 kHz of modulation frequency, 335.5 + 5 mT of magnetic
field, 0.1 mT of modulation width, and 0.1 s of time constant were set.

with a flow rate of 0.3 L/min for 10 s. The amount of reactive species was calibrated with spin
adducts of 2,2,6,6-tetramethylpiperidine 1-oxyl, which identified the amount of OH radical. Results
showed that helium plasma generated the largest amounts of OH radical at 110 uM, as shown in
Fig. 3. The amounts of OH radical generated by argon and nitrogen plasmas were estimated at 5.0
and 24 uM, respectively. In terms of using argon, helium, and nitrogen, which are all inert gases, the
results suggest that liquid phase reactions were initiated and that the OH radical was generated via
reacting within a gas—liquid interface, as depicted in Equations (5) to (7).

N>(A3Z ) +Hy0 » Ny + H-+HO - (Ref. 24) (7

From this study, it was concluded that the endeavor to develop a miniature-sized plasma source
using a 3D- printer was a success. Moreover, it was confirmed that this plasma source generates
stable plasmas with argon, helium, and nitrogen gases. The plasma source can be attached to a
temperature controlled unit,*® which allows a user to easily control plasma gas temperatures. There-
fore, this correlates to the notion that such plasma gases can be accurately controlled at around body
temperature and that heat-sensitive targets can be effectively treated without thermal damage. As
such, miniature-sized plasma source has the potential to be used as a medical device to render states
of bacterial inactivation and blood coagulation under a narrow surgical field.
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