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I. INTRODUCTION

Plasma, one of the fundamental states of matter, is 

defined as an ionized gas-like state that consists of excited 

ions and electrons in almost equal numbers. [1]. Usually, 

plasma is generated by heating a material using strong 

heat sources or electromagnetic fields [2, 3]. To be specific, 

strong heat sources or electromagnetic fields can separate 

electrons, neutrons, and ions from the atoms of the material. 

Plasma is categorized as high-temperature or low-temperature 

according to the temperature ratio of electrons and gases. 

On the other hand, plasma can be classified as high- 

pressure or low-pressure based on the pressure condition 

while generating the plasma. Since the first identification 

using experimental discharge tubes, such as a Crookes tube, 

plasma has been utilized in various necessary and industrial 

components because temperatures, sizes, and densities of 

plasma emissions are easily controllable. [4-9]. For instance, 

fluorescent lamps can emit a visible fluorescent light from 

plasma of mercury gas in the lamps [10]. The exposure of 

plasma generated from nitrogen (N2), oxygen (O2), or argon 

(Ar) gas and a thermal oxidation can be applied to bond 

glasses and polydimethylsiloxane (PDMS)-based microfluidic 

channels for the development of in vitro microfluidic 

devices [11-15].

In addition, the possibility of biomedical applications of 

low-temperature plasma has been studied by various 

research groups [16-20]. X. Zu et al. introduced argon 

plasma treatments for the enhancement of human-skin- 

derived fibroblast migrations in in vitro chitosan substrates 
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[21]. O. Lademann et al. studied the improvement of drug 

permeation through skin barriers using tissue-tolerable 

plasma (TTP), then suggested the feasibility of efficient 

cosmetics and drugs delivery based on plasma [22]. S. 

Rupf et al. investigated a cool plasma jet to eliminate oral 

microbes and applied the device in their study for dental 

treatments [23]. The most striking medical application 

using plasma is a plasma skin treatment. The plasma skin 

treatment is defined as one of the medical treatments in 

dermatology for direct exposure of radicals to eliminate 

skin lesions or efficient drug releases to deep regions of 

skins. With practical applications and bridge developments 

to commercialize, several low-temperature plasma medical 

devices have been commercialized [24-26].

In investigations and the commercialization of medical 

devices, a thermal safety is important to protect patients 

using the medical devices. For this reason, the International 

Electrotechnical Commission (IEC), the international standards 

and conformity assessment institute for all regions in 

electro-technology such as electrical and communication 

items, established technical standards of medical electrical 

equipment (IEC 60601-1), including the temperature require-

ments of components or surfaces that can be touched to 

patients [27]. Therefore, the thermal characteristics of 

every plasma skin treatment device (PSTD) must be tested 

and a safe range of applications should be specified to 

prevent heat injuries. In previous temperature tests in 

various industrial plasma torches, one-dimensional sensors 

such as a thermocouple, a thermochron and a fiber-optic 

temperature measurement device were employed to acquire 

averaged temperatures during the operation [28, 29]. On the 

other hand, thermal imaging by infrared (IR) thermography 

has been well established for non-contact measurements of 

temperatures in specific regions [30-32].

In this paper, we developed the temperature measurement 

system based on an infrared temperature imaging module 

for thermal safety verification of each torch in the PSTD 

consisting of multiple plasma generating torches. We tested 

a pilot product of the low-temperature PSTD using the 

system, and the temperature increase of each plasma gene-

rating torch was well-monitored in real-time. Additionally, 

through the approximation of the temperature increase of 

the plasma torches, a certain limitation of the plasma 

treatment time on skin was established with the IEC 

guideline. Through the pilot study to test the PSTD 

consisting of multiple plasma generating torches, we were 

convinced that the temperature measurement system has a 

potential to be employed for two-dimensional, multi- 

component tests of thermal safety and compensating to 

observe the regulation in medical devices and industrial 

instruments.

II. METHODS

A schematic of the infrared temperature measurement 

system for thermal safety verification of PSTDs is 

illustrated in Fig. 1. For the two-dimensional measurement 

of temperatures varying in time, an infrared temperature 

imaging module (FLIR C2, FLIR® Systems, Inc., Wilsonville, 

Oregon, United States) was installed in front of the PSTD 

at an appropriate distance to retain a tight focus. Lens 

holders (ALH-2, Namil Optical Instruments, Co., Incheon, 

Republic of Korea), metallic support posts (PHS, Namil 

Optical Instruments, Co.), and post holders (PH, Namil 

Optical Instruments, Co.) were employed to stand and 

fasten the PSTD and the temperature imaging module on 

rail carriers (RC-1, Namil Optical Instruments, Co.). To 

determine the appropriate distance between the PSTD and 

the module, all components were installed on a precision 

optical rail (POR-12, Namil Optical Instruments, Co.). Since 

performances in the configured temperature measurement 

system depend on specifications of the temperature imaging 

module, a measurable temperature range is from -10 to 

150°C and a resolution is 0.10°C. In comparison with 

other temperature measurement devices which have been 

generally employed in thermal safety tests in various 

industrial plasma treatment torches, the temperature imaging 

sensor employed in the system has similar or somewhat 

lacking performances, especially the measurable range. On 

the other hand, this system configured in the study has an 

exclusive merit, a feasibility of two-dimensional and multi- 

point temperature measurements. Also, the main objective 

in developing the temperature measurement system is the 

FIG. 1. A schematic of an infrared temperature measurement system for thermal safety verification of the PSTD.
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confirmation whether a temperature on the PSTD is over 

41°C, so we selected the temperature imaging module as 

an appropriate temperature sensor in the configured system.

In a preliminary test of temperature measurement, we 

applied a pilot product (PST-DM-03, Innovac Technology, 

Anyang, Republic of Korea) consisting of four plasma- 

generation torches. The radio-frequency electrical power 

generated by the power generator and Ar gas adjusted by 

the gas regulator were supplied to the pilot product of the 

PSTD. The control board in the pilot product monitored 

supplied power and Ar gas for confirming efficient 

supplements and prohibiting a sudden increasing of them. 

A brief sketch map of PSTD operations is illustrated in 

the left side of Fig. 1.

For transient acquisitions (thermal image acquisition time 

variance = 1 second) and the storage of the thermal images 

when the PSTD was operated, control and analysis software 

(FLIR ResearchIR, FLIR® Systems, Inc.) was employed. 

Post-processing to establish multi-pixel temperature distri-

butions, color mapping and quantitative analysis of transient 

temperature changes on each plasma generating torch in the 

PSTD were achieved by the control and analysis software.

III. RESULTS

Figure 2 illustrates temperature distribution images of 

the PSTD during the operation with the emission of Ar 

gas-based low-temperature plasma. As described in each 

temperature distribution image of Fig. 2, the configured 

temperature measurement system provided two-dimensional 

distributions and transient temperature changes. From 

temperature distribution images in multiple temporal points, 

the temperature of the PSTD during the operation was 

proportionally increased over time. The temperature of the 

centers in each plasma torch was higher than that of the 

surroundings. From this point, the heat traveled from the 

center of the plasma torches to the surroundings.

To confirm the pattern in increasing temperatures during 

the operation and determine an appropriate plasma treatment 

time for a compliance of the safety standard specification, 

quantitative analysis of transient temperature variations 

at the center of each plasma torch was conducted as 

illustrated in Fig. 3. In the qualitative interpretation based 

on thermal images in Fig. 2, the quantitatively induced 

temperatures at the center of the four plasma torches in 

the PSTD were proportionally increased over time. Temporal 

temperature changes in four plasma torches had a similar 

pattern with fluctuations as described in Fig. 3. The pilot 

product of the PSTD used the single power generator and 

electrical power was equally shared by a 1 × 4 radio-frequency 

electrical power divider and supplied to each plasma 

generating torch. For this reason, patterns in temperature 

increase of the four plasma generating torches is similar.

Derived from the data in Fig. 3, we induced linear 

approximations to acquire a temperature-time relation model 

of the center of each plasma torch, as shown in Fig. 4. The 

linear approximation (TTorch #N (t) = A*t + B) was employed 

to estimate temperature-time relation models of four plasma 

FIG. 2. Transient temperature images of the PSTD during the 

operation with the emission of Ar gas based low-temperature 

plasma.

FIG. 3. Transient temperature changes on the center of four 

plasma torches in the PSTD. An inlet figure indicates where 

each plasma generating torch corresponds to the number in 

the graph.

FIG. 4. Linear approximations of transient temperature changes 

on the center of four plasma torches in the PSTD. Equations 

in an inlet box indicates a temperature-time relationship of 

each plasma generating torch during the operation.
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generating torches although there were a few fluctuations 

in temperature changes. Gradients and constants of linear 

approximations in central temperatures of the four plasma 

torches are suggested in Table 1.

The averaged R-square, a parameter that can represent a 

statistical accuracy of approximations, was 0.91144. Based 

on the approximated temperature-time relations of each 

plasma torch and the standard of the thermal safety (TSafe 

= 41°C) in the technical standards of the medical electrical 

equipment, we could establish the appropriate plasma 

treatment time for the prevention of thermal damages to 

patients using the PSTD, as shown in Table 2.

Table 2 shows that the minimum expected time for the 

temperature at the center of the plasma torch to reach the 

regulated temperature for the thermal safety (TSafe = 41°C) 

was 1487.07 seconds (approximately 24 minutes). From 

transient thermal images and quantitative approximations, 

the appropriate plasma treatment time to satisfy the guideline 

of the thermal safety has been determined to be under 24 

minutes. Also, additional cooling modalities or designs to 

reduce heat accumulation are needed for the extension of 

plasma treatment time.

IV. CONCLUSION

In this study, we investigated the infrared temperature 

measurement system to verify the thermal safety of PSTDs. 

According to the result in the pilot study of temperature 

monitoring, temperature changes of each plasma-generating 

torch in the PSTD were well perceived in order to establish 

temperature increasing patterns and confirm whether or not 

the safety regulations are exceeded. The temperature 

measurement system can be applied for thermal safety 

tests with two-dimensional temperature distributions, so the 

inspector can easily find parts with a problem in thermal 

safety assessments.

Since a series of tests, for instance, the confirmation of 

individual standard specifications of a selected medical 

device and common standard specifications of electro-

mechanical and electromagnetic safety are needed to secure 

safety and validity, a temperature test using the temperature 

measurement system configured in this study does not 

fully guarantee that a medical device can be used and 

commercialized. The thermal safety test of non-contact 

parts in medical devices is one part of various tests in 

confirming the satisfaction of standard specifications. From 

the investigation of the temperature measurement system, a 

well-established safety verification platform should be 

required to test various medical devices and confirm that 

standard specifications are regulated. Especially, the need 

to develop customized safety verification instruments for 

novel medical devices based on advanced technologies is 

expected to increase.

On the other hand, we faced the problem of irregular 

disconnections in thermal image storage through a mismatch 

between the triggers in the personal control computer and 

shutter reconfigurations in a temperature imaging module. 

The problem can be resolved by the employment of a 

high-speed and large-data-capable data acquisition (DAQ) 

board and a deliberate trigger platform. Through the 

improvement of slight issues confirmed in the pilot study, 

the temperature measurement system, which can acquire 

two-dimensional temperature distributions during the ope-

ration, can be employed for thermal safety tests on various 

medical devices and industrial instruments.
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