Home

Search

Collections

Journals

About

Contact us

My IOPscience

A battery-operated atmospheric-pressure plasma wand for biomedical applications

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2014 J. Phys. D: Appl. Phys. 47 145204
(http://iopscience.iop.org/0022-3727/47/14/145204)
View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 211.69.195.192
This content was downloaded on 12/04/2014 at 01:30

Please note that terms and conditions apply.

Journal of Physics D: Applied Physics
J. Phys. D: Appl. Phys. 47 (2014) 145204 (6pp)

doi:10.1088/0022-3727/47/14/145204

A battery-operated atmospheric-pressure
plasma wand for biomedical applications
X Pei, J Liu, Y Xian and X Lu1
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, Huazhong University
of Science and Technology, Wuhan, Hubei 430074, People’s Republic of China
E-mail: luxinpei@hotmail.com
Received 10 January 2014, revised 11 February 2014
Accepted for publication 17 February 2014
Published 21 March 2014
Abstract

A handheld, battery-operated atmospheric-pressure plasma rod (named the plasma wand)
which does not rely on an external power source (e.g. mains power or a power generator) or gas
supply is reported. The plasma wand can be used for killing bacteria, fungi or viruses that are
hidden in narrow channels such as the nasal cavity and ear canal, which are difficult to access
using most currently available devices. Besides, the electrical characterization, plasma wand
temperature, emission spectra of the plasma, ozone and OH radical concentration generated by
the device, are investigated by different diagnostic methods. The ozone concentration reaches
120 ppm 1 mm away from the device and the OH concentration reaches 3.5 × 1014 cm−3 in the
plasma. The preliminary bacteria inactivation experiment results show that all the bacteria
samples on the microfiltration membrane are killed by this device within 30 s.
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plasmas in the surrounding air without an extra noble gas
supply. There is no feeling of heat or electrical shock at all
when one holds the plasma wand. The characteristics of the
device, including the electrical characterization, temperature
of the plasma wand, emission spectra of the plasma, ozone
and OH radical concentration generated by the plasma, are
investigated. A bacterial inactivation experiment shows that
the device can effectively kill bacteria.

1. Introduction

In the past decade room-temperature atmospheric-pressure
plasma jets (RT-APPJs) have attracted a lot of attention due
to their applications in the field of health care and medicine,
including bacteria inactivation, blood coagulation, wound
healing, teeth whitening, and tooth root canal treatment [1–9].
To fulfil the specific requirements of various applications,
many different types of RT-APPJs with different designs and
driven by different power sources, including kHz ac, RF,
microwave, pulsed dc and dc voltages, have been developed.
However, external power sources (e.g. mains power or a
power generator) are needed for all these devices [10–16]. In
addition, most of these devices also need a gas supply (e.g.
He, Ar). Furthermore, for applications where bacteria, fungi,
or viruses are hidden in narrow channels such as the nasal
cavity and ear canal, most currently available devices are not
suitable [17–23].
In this paper, a battery-operated handheld plasma source,
named the plasma wand, is reported. This device is driven by
a battery without an external power source. It can generate
1

2. Experiment setup

Figure 1(a) is schematic of the experimental setup. The device
consists of two HV electrodes (an outside electrode and inside
electrode) and a dielectric tube. A one-ended closed stainless
steel mesh tube is used as the ground outside electrode. The
inner diameter and thickness of the stainless steel mesh tube are
5 mm and 0.1 mm, respectively. The diameter of the meshes is
0.8 mm. The inside electrode, which is made of a copper wire
with a diameter of 4 mm, is connected to a pulsed ac booster
output. The pulse ac booster is driven by a 12 V lithium battery.
The frequency of the ac booster is fixed at about 25 kHz. The
duty cycle of the ac booster can be adjusted from 5% to 100%.
A ceramic tube with one end closed is placed between the
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Figure 1. (a) Schematic of the experimental setup. (b) Photograph
of the handheld atmospheric-pressure plasma wand device.

two electrodes. The inner diameter of the ceramic tube is the
same as the diameter of the inner copper electrode while the
outer diameter of the ceramic tube is the same as the inner
diameter of the stainless steel mesh tube. The lengths of the
mesh electrode and the ceramic tube are 50 mm and 60 mm,
respectively. When a 12 V voltage is applied to pulse the ac
booster, a bright plasma rod, named here ‘the plasma wand’, is
generated as shown in figure 1(b). It can be hold by a human
being without any feeling of heat or electrical shock.
3. Experiment results

Figure 2. (a) I –V characteristics of the discharge when the duty
cycle of the power supply is 10%. (b) The current and voltage
waveforms at a higher magnification.

To study the I –V characteristics of the plasma, a P6015
Tektronix HV probe is used to measure the voltage on the
HV electrode, and a Pearson current monitor (model 2877) is
used to measure the discharge current. The voltage and current
waveforms are recorded by a Tektronix DPO7104 wide band
digital oscilloscope. Figure 2(a) shows the I –V characteristics
of the discharge when the duty cycle of the power supply is
10%. Figure 2(b) is the close-up of the current and voltage
waveforms of about two cycles. As can be seen from this
figure, the peak-to-peak voltage is about 9 kV and the discharge
current appears with many filament peaks per cycle of the
applied voltage. The maximum current pulse has a peak of
about 30 mA. It is a typical surface dielectric-barrier discharge
(DBD) discharge.
In order to estimate the power consumption by the plasma
rod, the Lissajous-figure method is used by connecting a large
capacitor (5 nF) in series in the discharge circuit. The average
power consumed by the plasma rod can be determined from a
Lissajous figure as shown in figure 3. This typical Lissajous
ellipsoid relates the charge Q to the applied voltage during a
single period of the applied voltage. By calculating the area of
the Lissajous figure in figure 3, the average power consumption
of the plasma rod is about 12 W when the duty cycle of the pulse
ac booster is 10%.
The temperature on the stainless steel tube of the plasma
wand was measured by an infrared thermometer when the
discharge condition is the same as that in figure 2. Figure 4

Figure 3. Lissajous figure for the discharge driven by the pulsed ac
booster supply. The discharge operation parameters are the same as
in figure 2.

shows the time dependent temperature behaviour. It can be
seen clearly that the temperature of the plasma rod reaches
its maximum of about 38 ◦ C after operating for about 5 min.
Then it stays at about 38 ◦ C. The maximum temperature of the
2
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Figure 4. Temperature variation with the discharge time on the
stainless steel tube of the plasma wand device.

plasma wand allows numerous applications in plasma health
care and medicine.
To know what kind of reactive species are present in
the plasma, a half-metre spectrometer (Princeton Instruments
Acton SpectraHub 2500i; grating: 1200 g mm−1 , slit width:
80 µm) is used to measure the optical emission spectrum (OES)
of the plasma. Figures 5(a) and (b) display the emission spectra
of the plasma from 250 nm to 500 nm and 500 nm to 850 nm,
respectively. It shows clearly that the spectrum is dominated by
N2 emission. Moreover, there is also an O-atom emission. As
we know, O atoms are very active and play a very important
role in the applications of plasma medicine [24]. From the
simulations of reactive oxygen plasma species (especially
O atoms) interacting with bacterial cell walls [25–27], they
found the chemical reactivity of these reactive oxygen species
warranted the effectiveness of plasmas for decontamination
and sterilization purposes.
In order to learn more about the reactive species generated
by the plasma, the ozone density at different positions around
the plasma rod is measured by UV absorption spectroscopy.
Ozone which has long lifetime (an hour or longer) [28] is
a well-known reactive agent for the proliferation of cells,
disinfection of wounds and blood ozonation [29]. Figure 6(a)
shows the experimental setup for the measurement of ozone
concentration around the plasma rod. A calibration light
source (Ocean Optics, DH-2000-CAL) which can emit the
254 nm UV line is used. The UV light goes through a convex
quartz lens (f = 500 mm) and focuses at the location of the
plasma rod, then the light is collected by another convex quartz
lens (f = 500 mm) and is projected on the entrance slit of
a half-metre spectrometer (grating: 1200 g mm−1 , slit width:
80 µm). The intensity of the UV light is measured by the
spectrometer. The distance d between the light beam and the
plasma rod is adjustable. The density of ozone can be estimated
by the equation below [30]
O3 (ppm) =

I0
106 T
log ,
273P kl
It

Figure 5. Optical emission spectrum in the range from 250 to
850 nm of the plasmas in the open air. The discharge operation
parameters are the same as in figure 2.

where T is the temperature, K; P is the total pressure, atm; k is
the extinction coefficient, 134 cm−1 atm−1 at STP for ozone;
l is the absorption length, ∼5 cm; I0 is the intensity of the
incident UV light with carrier gas only; and It is the intensity
of the transmitted UV light with O3 present.
According to the relative emission intensity of the 254 nm
line measured by the spectrometer, the I0 /It ratio can be
obtained. The gas temperature around the plasma rod (not
on the steel tube) can be treated as a constant. Thus the O3
concentration can be easy obtained according to equation (1).
Figure 6(b) shows the obtained ozone concentration for
different d. It is about 120 ppm for d of 1 mm and it decreases
quickly with the increase of d. It should be pointed out
that the plasma generated by this device mostly appears near
the meshes of the stainless steel tube. There is no plasma
in the detected region for d of 1 mm. However, the ozone
concentration is still quite high even at the distance of 5 mm
away from the plasma rod.
OH is another important reactive agent that is generated by
cold atmospheric-pressure plasmas. OH species can enhance
chemical reactions and also have a destructive effect on the
fatty acid side-chains of lipids in various membranes such as
mitochondrial membranes of cells [31]. The interaction of
OH with lipids also had been modelled and demonstrated by

(1)
3
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Figure 6. (a) Experimental setup for measurement of ozone around
the plasma rod, (b) absolute concentration of ozone for different d. d
is the distance between the laser beam and the plasma rod. The
discharge operation parameters are the same as in figure 2.

Figure 7. (a) LIF experiment setup for the measurement of OH
radicals in the plasma. (b) Characteristic decay curve of OH LIF
signal under the same experimental conditions as in figure 2. The
blue ring symbol is the experimental LIF signal. The red dash–dot
line is the simulation result using the OH radical decay model.
Model parameters are: nOH = 3.5 × 1014 cm−3 ,
k1 = 10.4 × 10−12 cm3 s−1 , k2 = 3900 s−1 , b = 200 s−1 ,
C = 3500 s−1 .

Van der Paal et al [32]. Their calculations predicted that the
OH radicals can increase the hydrophilic character of the fatty
acids and change the general lipid composition of the skin.
Thus, the OH radical concentration is also measured in our
experiments. Here a laser-induced fluorescence (LIF) is used
to measure the OH radical density inside the plasma. The
absolute OH density is estimated by the decay model which
considered the most important loss processes of OH radical
after the discharge. This method has been successfully used
in many LIF measurements for plasma sources in different
atmospheres [33–37].
A dye laser (Radiant Dyes, NarrowScan) pumped by a
YAG : Nd laser (Continuum, SURELTTE III-10) which was
also used in our previous study [38] at 532 nm is used for
exciting OH radicals with 80 µJ energy per pulse. The dye laser
wavelength
(∼282.6 nm) is set
 to excite the P1 (2) branch of the
OH [(A 2 , υ  = 1)–(X 2 , υ  = 0)] band. The diameter
of the beam at the position of the plasma is about 0.5 mm. The
laser beam passes through the plasma near the tip of the outer
electrode where it can achieve a good fluorescence signal as
shown in figure 7(a). Perpendicular to the laser beam, the
fluorescence light is captured by an ICCD camera ((PIMAX2;
exposure time: 100 ns) through a 309 nm narrow-band
filter.
Figure 7(b) shows the time evolution of OH LIF intensity
after the plasma is switched off. The discharge parameters are
the same as in figure 2.The blue ring symbol is the experimental
LIF signal which decays with time. The red dash–dot line is
the simulation result using the OH radical decay model, which
was previously used for atmospheric DBD plasmas [37]. In
this model, most of the OH loss mechanisms are considered

including ‘self-destruction’ processes and reactions with other
species including NO, NO2 O, H, O2 , O3 , H2 O2 , etc. [38].
The OH decay behaviour can be described by the following
equation:
d[OH]
= −k1 [OH]2 − (k2 e−bt + C)[OH],
dt

(2)

where −k1 [OH]2 is the quadratic self-destruction term.
−(k2 e−bt + C)[OH] is the term of reactions with other species
and diffusion. When the simulation result fits very well
with the experimental LIF signal as shown in figure 7(b),
the initial OH absolute density (at 1 µs) can be estimated as
3.5 × 1014 cm−3 in the plasma. Here the fitting parameters
are chosen as k1 = 10.4 × 10−12 cm3 s−1 , k2 = 3900 s−1 ,
b = 200 s−1 and C = 3500 s−1 . It is worth noting that
this absolute OH density is inside the plasma produced by
the surface DBD. Unlike the ozone concentration distribution
presented above, there is no obvious OH LIF signal outside the
plasma.
Finally, a preliminary bacteria inactivation experiment
has been carried out. The Bacillus coli bacteria are used
in this experiment. The bacterial samples treated by this
device were prepared as follows. First, a bacterial culture
with the concentration of about 108 CFU ml−1 (CFU: colonyforming unit) is prepared and then the culture is diluted to
106 CFU ml−1 for this experiment. Then, 0.2 ml of this diluted
4
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Figure 8. Photographs of Bacillus coli samples on the microfiltration membrane in Petri dishes treated by the plasma wand. The

microfiltration membrane with bacterial samples is spread out on the agar plates in Petri dishes. (a) Control experiment. (b)–(d) The
treatment time is 5 s, 15 s, and 30 s, respectively.

suspension is evenly spread over a microfiltration membrane
which has same size as the Petri dish (diameter: 5 cm). The
bacterial samples can take up nutrients through the microspores
of the microfiltration membrane and grow on it. Next,
this microfiltration membrane taken with bacterial samples
is placed on the inner surface of a quartz tube with one end
closed (inner diameter: 25 mm, length: 50 mm). Then the
plasma rod is inserted into the centre of the quartz tube and it
is then switched on to treat the bacterial samples for different
lengths of time. After the plasma treatment, the microfiltration
membrane with bacterial samples is taken out from the quartz
tube immediately and then placed on the agar plates in Petri
dishes. Next, the Petri plates are put into an oven and incubated
for 24 h at 37 ◦ C. For the control experiments, the bacterial
samples on the microfiltration membrane are treated similarly
but with the plasma switched off. It should be pointed out that
all the experiments reported in this paper are repeated three
times, and the results are consistent with the same experimental
conditions.
Figures 8(a)–(d) shows the experiment results. The white
areas suggest the effective killing of bacteria in these areas.
On the other hand, the grey points suggest that bacteria grow
there. As we can see from the control experiment result
(figure 8(a)), the bacteria grow on the entire surface of the
microfiltration membrane. When the plasma is on, as shown in
figures 8(b)–(d), the growth of bacteria is affected significantly.
We can see clearly that all the bacteria on the microfiltration
membrane are inactivated when the treatment time is 30 s.
Compared with the recent inactivation results achieved by
different atmospheric-pressure plasma sources (such as plasma
jets, plasma needles, etc.), the plasma wand device has a very
high sterilization efficiency. Kim et al [39] treated E. coli using
an atmospheric pressure single pin electrode plasma jet (power
consumption 8 W). It needed at least 60 s to inactivate all the
bacteria. Shimizu et al [40] reported a microwave plasma
torch (power consumption 85 W) to inactivate E. coli with a
treatment time of 4 min. Of course, it is difficult to conclude
which device is the best due to the different sensibility of
living biological material and different surrounding conditions.
More importantly, as pointed out in the beginning, this device
is especially designed for the decontamination of narrow
channels such as the nasal cavity and ear canal, where most
current devices are not applicable.

4. Conclusion

In conclusion, a battery-operated handheld surface DBD
plasma source which is designed for the treatment of narrow
and deep channels such as the nasal cavity is reported. The
temperature on the plasma wand stays at about 38 ◦ C after
operation for about 5 min and the outside electrode is grounded.
So there is no feeling of heat or electrical shock at all when
one holds the plasma wand. From the Lissajous figure of the
discharge, the power consumption is estimated to be about
12 W when the duty cycle of the power supply is 10%. The
ozone density is about 120 ppm at 1 mm from the plasma rod.
Using the LIF technique, the OH radical density in the plasma
is estimated to be about 3.5×1014 cm−3 . Preliminary bacterial
inactivation experimental results show that the device has a
very high sterilization efficiency.
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