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A B S T R A C T   

Cold atmospheric plasma devices have shown high potential to be useful for different medical applications. In this study, it has been tried to develop 
and characterize a cold atmospheric spark plasma device that can be used safely as a tool for medical and aesthetic applications. The schematic of 
the device is presented in the paper, and the signals of each block are also tested. A special handpiece for this device is designed to make the device 
as safe as possible. The device’s properties that can impose a risk to users’ health have been under consideration. The device’s electrical properties 
have been tested, and results show that the electrical current of the device is below the safety thresholds and can be used safely. The radiation power 
of the device also has been tested. It is shown that the time needed for the radiation power to reach the danger threshold is much longer than the 
treatment time. The device will not impose any risk regarding radiation from the UV spectrum. Optical emission spectroscopy is also used to 
investigate the neutral and charged species that are the by-products of electrical discharge. The presence of NOx and OH locally in the discharge can 
be helpful for various medical applications. This paper presents one of the first studies conducted to investigate the engineering aspect and the 
immunometry of the spark plasma that can be used in medicine and other purposes.   

1. Introduction 

Atmospheric pressure plasma instruments have a rich history that extends beyond fifty years. Commencing in the latter half of the 
20th century, specifically the late 1950s, the scientific community initiated investigations into atmospheric pressure plasma jets driven 
by arc mechanisms, with preliminary considerations for their market potential. Notably, Gabriel Gianinni emerged as an early 
innovator in this domain. His foresight in 1957 contemplated the application of these elevated-temperature plasma generators for 
thrust mechanisms [1,2] and cutting applications [3]. 

In the following decades, a comprehensive body of research was undertaken on these thermal plasma jets. These studies were 
distinguished by the examination of gas temperatures surpassing 10,000 K, aiming to elucidate the plasma-physical characteristics 
inherent to such high-temperature environments [4]. As the 1980s drew to a close, significant strides were taken to adapt processes 
involving low-pressure plasmas to those compatible with atmospheric pressure. This shift was aimed at obviating the necessity for 
expensive vacuum apparatuses. A notable advancement occurred in 1988 when Kurihara and colleagues successfully synthesized 
diamonds. To accomplish this feat, they employed a direct current (DC) plasma jet at heightened pressure levels, varying between 100 
and 400 Torr [5]. 

In a development that transpired three years subsequent, the research conducted by Lu and associates culminated in the successful 
synthesis of diamonds under atmospheric pressure conditions. This was realized by integrating three direct current (DC) jets, with each 
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jet consuming approximately 12 kW. The process was facilitated by employing a gas mixture composed of argon and hydrogen [6]. A 
further significant instance that exemplifies the transition from low-pressure to atmospheric-pressure conditions is the utilization of a 
direct current (DC) plasma jet in the synthesis of fullerenes. This application was documented in the literature in the year 1992 [7]. 
Although these applications were pioneering and sporadic, it is important to note that thermal arc-based plasmas were principally 
utilized as sources of thermal energy, with a notable emphasis on their application in welding processes. 

By the late 1990s, new concepts emerged for generating plasma jets at atmospheric pressure without relying on a transferred arc. 
These approaches included using pointed electrodes similar to corona discharges, employing dielectric materials to cover at least one 
electrode, reducing the discharge area through methods like micro-hollow cathode discharges, implementing discharge pulsing, and 
utilizing AC voltage signals [8–10]. Additionally, these alternative plasma generation methods brought about changes in plasma 
properties. Thermal plasma jets operating in Local Thermal Equilibrium (LTE) exhibited electron temperatures equal to that of heavy 
particles, resulting in high electron densities on the order of 1021/m3 or even complete ionization [11]. 

Koinuma and colleagues pioneered the development of the initial HF cold atmospheric plasma (CAP) jet in 1992, as referenced in 
[12]. This plasma device features a cathode, a slender tungsten or stainless-steel needle electrode with a 1 mm diameter connected to 
an RF source operating at 13.56 MHz. This needle electrode is positioned within a quartz tube while the anode electrode is grounded. 
Different gases, often helium or argon, were combined depending on the intended application. The research group extensively 
documented various iterations and uses of this plasma jet in a series of publications [13–19]. 

In the year 2002, Stoffels et al. were instrumental in the introduction of a diminutive atmospheric plasma jet, aptly termed the 
"plasma needle" [20], followed by an improved version in 2004 [21]. In the previous design, the needle was housed within an 
enclosure, which required that samples be placed inside this enclosure for treatment. The revised design of the plasma needle features a 
metal filament of 0.3 mm in diameter, terminating in a finely honed point and encased within a Plexiglas cylinder. The entire length of 
the needle measures 8 cm, with 1.5 cm of the tip protruding beyond the Plexiglas sheath. Helium is selected as the gas of choice for its 
superior thermal conductivity properties. At the apex of the needle, a blend of helium and ambient air initiates a micro-discharge. 
Additionally, gases other than helium are utilized in this context [22]. The generation of a plasma glow, which is confined to a 
diameter of 2 mm, is achieved through the application of radio frequency (RF) power. This RF power operates at a frequency of 13.05 
MHz and varies in intensity from 10 mW to several watts. The diminutive scale of the microplasma renders it particularly apt for 
targeted treatments in confined spaces, exemplified by dental procedures [23–28]. 

In 2012, another configuration of CAPs was introduced by Lu and colleagues [29] in which a needle is used as a high-voltage 
electrode. According to Paschen’s law, the plasma is created when the counter electrode is close enough so that the electrical 
discharge can occur. This configuration of CAP is now known as spark plasma and has found its applications in medical and aesthetic 
applications. 

In 2012, Scarano and colleagues [30] conducted the first experiment to prove spark plasma’s applicability in rejuvenation and 
improving signs of aging. This group of researchers also proved the applicability of this configuration of plasma devices in the 
treatment of xanthelasma [31]. In 2014, Tsioumas and colleagues conducted the first experiment for the application of spark plasma in 
non-invasive blepharoplasty. Also, they compared the results of this method with those of traditional blepharoplasty surgery [32–34]. 
In 2015, Tsioumas and colleagues presented the result of their histological study, which showed that treatment with spark plasma 
could cause an increase in the production of collagen and contraction of elastic fibers [35]. According to histological investigation 
findings, spark plasma can vaporize the outer skin layer (epidermis) without traversing the basal layer. Research has demonstrated that 
the depth to which spark plasma penetrates the skin remains within the range of 0.1 mm [36–38]. Spark plasma has the potential to 
induce the contraction of elastic fibers and generate type III collagen, all while avoiding undesirable skin damage. Furthermore, ex-
aminations utilizing confocal microscopes reveal the efficacy of spark plasma in rejuvenating collagen structures that have undergone 
alterations due to aging [39,40]. The utilization of spark discharges is rapidly gaining prominence as a technology for skin rejuvenation 
and the treatment of various skin conditions, including skin moles, solar lentigo, seborrheic keratosis, active acne, post-acne scars, and 

Fig. 1. Frequency and duty cycle controller circuit schematic. The voltage booster and internal power supply circuits are not shown for brevity.  
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even specific abnormalities like Darwin’s tubercle [41–45]. 
Various studies investigate the possibility of using different plasma configurations for clinical and therapeutic applications 

[46–49]. In this paper, efforts have been made to develop and characterize a spark plasma device’s electrical and mechanical parts and 
compare the results with international standards. 

2. Experimental setup 

In order to develop a suitable power supply for spark plasma that can be used in medical applications, there has been a need to 
design a power supply with adjustable frequency and duty cycle, which also exploits high voltages to be able to cause electrical 
breakdown between the electrode and the target. In order to achieve this goal, the power supply will be an aggregation of three main 
blocks, as shown in the circuit schematic (Fig. 1). 

The first block is the "control block" (red box), which includes 2 main parts: a 12V power supply that can provide 3 amps of 
electrical current and is used to run a TL494 IC for PWM modulation. RV1 and RV2 are variable resistors with a range of 0-100k ohm. 
According to the schematic, RV1 is connected to PIN#4, 13, and 14. It can adjust the duty cycle, and RV2 is connected to PIN#5 and 
adjust the frequency. Regarding the values of RV2 and C1, the device’s frequency can rise up to 200 kHz. PIN#9 and 10 are the output 
signals of the IC and are connected to the HIN and LIN PINs of the MOSFET drivers in the next block. 

The second block is the "driver block" (blue box), which includes two MOSFET drivers IR2110 and is used to run the MOSFETs in the 
subsequent (3rd) block. According to the datasheet, the connections and components used in this block have been chosen. R1-R6 are 
220-Ω 2-W resistors that decrease the value of the electrical current that flows through the circuit. 

The third block is the "power block" (green box) and includes a power supply with variable voltage (PS#2); this power supply can 
provide a DC voltage in a range of 39–49V and an electrical current up to 4 amps. The complete bridge circuit in this block consists of 4 
IRFP 450 MOSFETs. The drain and the source of each mosfet are connected using so-called "snubbers." A snubber is a device (a resistor 
and a capacitor connected in series) used to limit (or suppress) voltage spikes in electrical systems. In an electrical system with a 
sudden interruption in the flow of electricity, there may be a corresponding significant increase in voltage across the device. 

After designing the circuit that enables one to adjust the device’s voltage, duty cycle, and frequency, the output must be sent to a 
high-voltage, high-frequency transformer to provide the required voltage. According to (Fig. 1), the output signals are taken from the 
connection between adjacent MOSFETs’ source and drain PINs. The output signals are connected to a handmade/non-commercial 
transformer with a primary-to-secondary ratio of 1:50 with a ferrite core. In spark plasma devices, only one high-voltage electrode 
is needed; in order to adjust the configuration following the desired result, one end of the wire in the output of the transformer will be 
connected to the ground, and the other end will be connected to the special handpiece designed for the spark plasma application 
(Fig. 2a and b). 

The handpiece is ergonomic and made explicitly for spark plasma applications. The main body of the handpiece is 20 cm and is 
made and filled with PTFE. This electrical insulator will reduce the risk of electrical shock and is covered with a layer of aluminum. The 
handpiece has a uniquely designed connector that can be used as a place for needle electrodes. Any disposable dental needle can be 
used as the electrode to help users follow hygienic protocols. To adhere to the prescribed norms, electrodes were constituted of AVA 
stainless steel dental needles (manufactured by AVA pezeshk Co., Iran, bearing the Standard license number: 91943955). 

3. Results 

The electrical measurements have been taken on this device and compared with standards to ensure that it can be used safely in 
medical applications. The electrical measurements have been done on every block using a digital oscilloscope (Tektronix DPO 3012). 
In this apparatus, due to the utilization of a substantial potential difference for electrical breakdown, a high-voltage probe (Tekterorix, 
P6015A, with a ratio of 1:1000) is employed to ascertain the voltage across the high-voltage transformer. 

As described in the previous section, the "control block" uses an IC for pulse width modulation. This block is connected to a 12V DC 
power supply, and the output signals are taken from PIN#9 and #10. The test shows that every PIN can provide a square signal, and its 

Fig. 2. The design (a) and production (b) sample of the handpiece for the spark plasma device.  
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duty cycle can change from 0 to 50 %. The signals have an amplitude of 12V, and their frequency can vary up to 200 kHz (Fig. 3 a&b). 
The output signals of the first block are connected to the gate driver ICs in the "driver block." This block uses the same power supply 

of 12V DC and is used to run the MOSFETs in the next block. Each driver has three output signals (High-side, Low-side, and supply 
voltage) and is connected to the three PINs of MOSFETs according to (Fig. 1). The output signal of the IR2110 ICs, just like the previous 
case, is a square signal with an amplitude of 12V and a frequency up to 200 kHz (Fig. 4 a&b). 

The full bridge circuit in the "power block" will provide a bipolar square signal with an adjustable frequency and duty cycle. 
Adjacent MOSFETs will provide the positive and negative peaks (according to (Fig. 5)), which, when combined, will result in a bipolar 
square signal. 

According to (Fig. 5), positive and negative peaks will turn on and off in specific periods. If the red and blue graphs in (Fig. 5) 
combine, it can be seen that the result will be a bipolar signal. The output of the bipolar signal is taken from the connection between the 
drain and the source of adjacent MOSFETs and is sent to the transformer (Fig. 6a). The output signal is connected to a 1:50 transformer, 
which will increase the voltage. The output peak-to-peak voltage corresponding to the highest duty cycle is 4.621 kV (Fig. 6b) and has a 
sinusoidal waveform. 

In many articles, the resistance of human skin has been investigated. In these studies, it has been shown that the resistance of 
human skin has values between 1 and 100 kilohms depending on the examined area [50]. For this reason, a resistance that has a 
negligible value compared to the resistance of the human skin has been used to calculate the amount of electric current resulting from 
the electric discharge. This research, a 10-Ω resistor is used to check the electric current resulting from the electric discharge, which is 
placed in the circuit according to the (Fig. 7a). Also, many studies have been conducted to achieve a suitable equivalent circuit for 
simulating the electrical properties of human skin [51]. In this study, a Japanese leakage current circuit (Fig. 7b), mentioned in the IEC 
60601-1 standard [52] as a standard circuit, has been used to investigate the value of current passing through the human skin. 

The findings from this study indicate that the peak electrical current of the discharge, as delineated in the schematic of Fig. 7(a), 
registers at 2.6 mA, a value corroborated by Fig. 8(a). The root mean square (rms) of this electrical current is documented at 1.26 mA. 
Furthermore, the maximum patient leakage current detected by the device is significantly lower, recorded at 0.3 mA as depicted in 
Fig. 8(b), with an rms value of 0.1 mA. This level is deemed safe in accordance with the IEC60601-1 standard. The ET 213:2007 
standard posits that an electrical current of 5 mA sustained for 5 s may induce involuntary muscle contractions. Nevertheless, such 
electrical currents present no peril to the vitality of living tissues or the overall health of the organism. 

The discharge power was ascertained utilizing a capacitor with a capacitance of. The computation of the device’s discharge power 
is derived from the Q-V diagram’s enclosed loop, as illustrated in (Fig. 9). By calculating the energy per discharge cycle and then 
multiplying this energy by the cycle’s frequency, the power of the discharge is deduced [53]. The power of the discharge corresponding 
to the highest duty cycle is 1.2W. In a similar research context investigating the electrical characteristics of a different configuration of 
cold atmospheric plasma (plasma jet), Nastuta and colleagues focused their attention on both helium and argon plasma jets. Regarding 
the argon plasma jet, the discharge current exhibited a range of fluctuations, spanning from 4.2 to 4.5 mA. 

In contrast, the helium discharge registered a consistent 2 mA. Regarding power measurements, the recorded values for the argon 
plasma jet ranged between 0.7 and 1W. In contrast, the helium plasma jet’s power fluctuated between 0.4 and 0.9W [54]. 

The radiated power of the apparatus is quantified employing a Nova IIP/N7Z01550 power meter (Ophir Photonics Group). This 
instrument gauges the emitted radiation from the device when in proximity to the target surface, specifically at intervals of 5 cm and 
10 cm. To mitigate electromagnetic interference (EMI), the assessments were conducted within a sequestered, dimly-lit clean chamber. 
An enclosure fashioned from cardboard was utilized to insulate the measurements from external influences, ensuring that illumination 
from the power meter’s display did not perturb the data acquisition process. 

In alignment with the guidelines set forth by the German Dermatological Society, it is advised that the commencement doses for 
broadband UV-B (spanning 280–320 nm) should range from 20 to 60 mJ/cm2, contingent upon the individual’s skin type. Conversely, 
for narrow-spectrum UV-B (at 311 nm), the recommended starting doses are markedly greater, lying between 200 and 600 mJ/cm2 

[55]. In accordance with the directives of the International Commission on Non-Ionizing Radiation Protection (ICNIRP), the guidelines 
stipulate that for the most delicate, non-pathological skin types, the limit for non-therapeutic and non-elective ultraviolet (UV) 
exposure within the spectral range of 180–400 nm should not surpass 30 J/m2 or equivalently, 3 mJ/cm2. These thresholds are 

Fig. 3. The signals of the control block with frequency of 200 kHz and duty cycle of 50 %. (a) represents the signal from PIN#9 and (b) is the signal 
from PIN#10. 

M. Reza Lotfi et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e33042

5

Fig. 4. The output signals of the driver block with frequency of 200 kHz. (a) represents the output signal of High-side PIN and (b) represents the 
output signal of the Low-side PIN. 

Fig. 5. The view of connecting the output signals of the full bridge circuit to the voltage booster transformer and the shape of the positive peak and 
negative valley signals. As it can be seen the red graph represents the negative peak of the voltage varying from 0 to − 50 V and the blue graph 
represents the positive peak varying from 0 to 50 V. Combination of these two signals which is a voltage signal varying from − 50 to 50 V will be 
connected to the high voltage transformer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. The shape and amplitude of the bipolar signal before and after increasing the voltage can be seen. (a) The signal’s shape before the voltage 
increase results from combining the positive and negative poles at the output of MOSFETs which was show in Fig. 5. (b) represents the voltage signal 
after the voltage boost. 
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established to safeguard sensitive skin against the potential risks associated with UV radiation [56]. 
The UV emission dose of the device, when set to its maximum power and duty cycle, was measured at 7.86 × 10− 4 W/m2 in 

proximity to the discharge. This measurement is significantly lower by an order of magnitude compared to the values documented for 

Fig. 7. Schematic of the circuit designed to measure the electric current resulting from the discharge (a) and the equivalent circuit of the human 
body (b) to check the electrical safety of the device. 

Fig. 8. (a) the current signal of the spark discharge measured according to the circuit show in Fig. 7(a). (b) the signal of leakage current measured 
according to the standard circuit shown in Fig. 7(b). 

Fig. 9. The Charge-Voltage diagram of the plasma which is used to calculate the power of the discharge.  
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the commercially distributed SteriPlas plasma torches (produced by Adtec Europe Ltd, London, UK) [57]. The data suggests that a 
continuous discharge duration of 635 min meets the benchmark set by the ICNIRP guidelines. At a separation of 5 and 10 cm from the 
discharge source, the UV radiation levels were undetectable. It is particularly noteworthy that the UV radiation emitted could lead to 
more adverse effects, such as the creation of crusts on exposed tissue. Consequently, the emission levels of UV radiation warrant careful 
consideration during the development phase of new devices or applications, to mitigate potential harmful effects. 

The investigation employed an optical emission spectroscopy apparatus (OES; Avaspec3648USB2) to analyze the assortment of 
active and reactive entities within cold plasma, as well as to scrutinize the chemical and physical attributes of spark plasmas. The 
spectral data captured by the OES spanned from 200 to 450 nm along the axis of the plasma. The spectroscopic procedure was executed 
in a darkened chamber in direct proximity to the discharge event, with calibration to a zero baseline conducted at the precise site of 
measurement. The integration period was established at 500 ms, which facilitated an automatic 10-fold averaging by the device’s 
computational software (avasoft). 

Optical emission spectroscopy (OES) offers considerable benefits in the realm of materials processing, owing to its capacity to 
establish correlations between plasma characteristics and material properties. This technique is notably straightforward when the 
available instrumentation is conducive to its application. As a diagnostic tool for plasma analysis, spectroscopic methods are partic-
ularly resistant to interference, focusing on the examination of radiation—whether emitted, absorbed, or scattered—to ascertain the 
parameters of the plasma [58,59]. The application of optical emission spectroscopy (OES) on the spark plasma provided a deeper 
insight into the chemical composition of these discharges. The OES findings revealed the detection of various species, including OH at 
309 nm, NO within the 200–250 nm range, and N2/N2+ at 297, 315, 337, 358, 375.4, and 380 nm [60,61]. These results are detailed 
further in (Fig. 10). It is important to highlight that the spectral evidence of NO is discernible only under conditions of high power and 
increased duty cycles. In line with expectations, there is a direct correlation between the peak intensities and the escalation in both 
power and duty cycle. 

4. Conclusion 

Design and implementation of an adjustable cold atmospheric spark plasma device is done. Investigations indicate that this 
particular structure and combination of electrical and mechanical instruments can result in a suitable and safe spark plasma device for 
medical and aesthetic applications. 

The electrical results indicate that the current value is under the safety threshold. Regarding the electrical shock, this device can 
perform safely. The breakdown voltage might be considered dangerous, but in this case, the device can be used without any imposed 
risk to users’ health because of the high frequency. 

The radiation power is much below the safety threshold as well. The continuous discharge for 635 min was observed to radiate 
enough UV to be considered dangerous according to the ICNIRP standard. The OES indicates the presence of chemical compounds that 
can be helpful for the overall health of the skin. For example, NOx is one of the essential agents for cell signaling that increases the 
wound’s healing rate. The presence of OH in the OES spectroscopy also can indicate that in lower discharge durations that cause less or 
no tissue damage (which can be achieved by reducing the duty cycle), this device can be used as a tool for disinfection of wounds as 

Fig. 10. The graph obtained from optical emission spectroscopy indicates the presence of active species that can expand the field of device 
applications. 
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well as rejuvenation. 
Such features of the proposed design bring advantages to high-voltage power supplies but can also facilitate the commercial 

development of plasma system applications. 
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