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Abstract  The surface treatment of a titanium implant is investigated with a non-thermal atmospheric pressure plasma

jet. The plasma jet is generated by the injection of He and O2 gas mixture with a sinusoidal driving voltage of 3 kV

or more and with a driving frequency of 20 kHz. The generated plasma plume has a length up to 35 mm from the jet

outlet. The wettability of 4 different titanium surfaces with plasma treatments was measured by the contact angle

analysis. The water contact angles were significantly reduced especially for O2/He mixture plasma, which was

explained with the optical emission spectroscopy. Consequently, plasma treatment enhances wettability of the titanium

surface significantly within the operation time of tens of seconds, which is practically helpful for tooth implantation. 
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I. Introduction

An atmospheric pressure plasma has been well

established for diverse applications in material science

recently. It offers a vacuum-free applications such as

deposition, etching, surface modification, and biomedical

applictions [1-7]. Atmospheric pressure plasmas have

advantages in low manufacturing cost compared with the

conventionally used low-pressure plasmas which demand a

vacuum chamber and vacuum pumps. Therefore, the

expensive vacuum devices are not necessary [8].

Titanium and its alloys have been widely used in

biomedical application due to their corrosion resistance and

biocompatibility [9]. Moreover, titanium has long been used

for dental implants because of excellent osseointegration

[10]. Dental implants are rapidly increasing these days, but

the number of peri-implantitis is also increasing due to

surface contamination of implants and the gap between the

implant and tissue surrounding it. The surface modification

and chemistry of titanium implants are very important

factors for the achievement of osseointegration [11]. Surface

treatment methods such as titanium plasma spraying, acid

etching, coating with inorganic calcium phosphate and grit-

blasting have been studied to improve osseointegration and

reduce healing times [12,13]. Applications of atmospheric

pressure plasmas to the titanium surface of dental implants

are steadily increasing. They render surface wettability and

modify the oxide layer that interacts with cells and proteins.

Thus, plasma treatment to titanium surface can lead to an

improved adhesion of tissue [14-16]. Furthermore, recent

studies showed that surface wettability is beneficial to

prevent osseointegration at early times in vivo [17-20]. 

 In this study, we used a plasma jet device which is a non-

thermal atmospheric pressure glow discharge combining a

conventional dielectric barrier discharge (DBD) and a gas

jet configuration. It has two-coaxial electrodes and one-

dielectric tube configuration and is operated with He as a

noble gas. The important property of this type of plasmas is

that the electron temperature and the neutral temperature are

non-equilibrium, so that thermally sensitive materials can be

treated with this device. Therefore, non-equilibrium plasma

has been widly used for biological applications and some

dental experimental studies such as tooth whitening [21],

dental caries treatment22) and root canal treatment [23,24].

Many types of atmospheric pressure plasma sources were

developed in various names: Atmospheric Pressure Plasma

Jet (APPJ) [8,25], Plasma Pencil [26], Plasma Needle [27],

and so on. It can generate plasma plumes that expand into

the ambient air, typically in a length scale of a few

centimeters. For this reason, it also offers the advantage that

the target of the plasma treatment has not to be positioned

between the electrodes. Thus, it is applicable for the local

treatment of materials. In this study, the wettability of

plasma treated titanium surface is investigated by contact

angle analysis. In section 2, the experimental methods are

explained followed by results and discussion in Sec. 3.

Finally, conclusions are presented in Section 4.
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II. Experimental methods

1. Titanium samples preparation

In this study, we used 4 different titanium disks which

are control (machined), ASD (anodic spark deposition),

RBM (resorbable blast media) and SLA (sand blasting with

large grit followed by acid etching) as shown in Fig. 1. The

diameter and the thickness of all the titanium disks are

20 mm and 3 mm, respectively. Before the plasma

treatment, all titanium disks were cleaned for 20 minutes

with an ultrasonic cleaner.

2. DBD Plasma jet device and plasma treatment

Fig. 2(a) shows a schematic of the experimental setup. A

non-thermal APPJ device was used in this study. The

plasma source is composed of Teflon body, glass tube as a

dielectric, and inner and outer electrodes. The outer

electrode is grounded and an AC high voltage is applied to

the inner electrodes by a high voltage source which can

increase the voltage up to 20 kV with a frequency of

20 kHz. Two different gases can be mixed in this plasma

source: helium was used for a buffer gas and O2 was used

for a reactive gas. All titanium disks were treated at the

distance of 20 mm from the nozzle with the same applied

voltage of 6 kV. 

3. Contact angle measurement

Contact angles were measured for all titanium samples

of plasma treated and untreated by contact angle analyzer

(Phoenix 10, SEO, Korea). All contact angles were

captured by contact angle analysis software (SurfaceWare

7, SEO, Korea) after dropping 25 µl of distilled water

immediately after plasma treatment. 

4. OES measurement

Optical emission spectroscopy (OES) was observed by

the OES device (USB2000+, Ocean Optics, USA) in the

range from 300 to 800 nm. The optical emission spectrums

were detected 20 mm away from the exit of the glass tube

and with 0.5 ms exposure time for pure He plasma and O2/

He mixture plasma.

III. Results and discussion

1. Plasma plume length

Fig. 3 shows the photographs of the plasma plume

sustained by different applied voltages Vapp (from 3.3 to

13.3 kV) and with different O2 ratio (0%, 0.5% and 1%).

When Vapp increases up to about 3 kV, the plasma jet starts

to be generated from the nozzle. The length of the plasma

plume increases linearly upon further increasing the applied

Figure 1. (a) Four types of titanium disks used in this study (Machined, ASD, RBM and SLA) and (b) scanning electron
microscopy (SEM) images for them (Magnification: 400 times).

Figure 2. (a) Schematics of a non-thermal atmospheric
pressure plasma jet device and (b) a sample photo taken with
O2/He mixture gases.
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voltage. However, when Vapp is over 9 kV, the plasma

plume length increases slowly for the pure He plasma but

decreases for the He/O2 mixture plasma as shown in Fig.

3(b). This observation can be explained by the effect of

diffusion of the surrounding air into the plasma plume.

Helium metastable states at the end of the plasma plume

are lost through the interaction with the surrounding air

[28]. In the case of O2/He mixture plasma, the plasma

plume length is shorter than that of pure He plasma jet

because O2 gas is an electronegative gas to lose electron

energy by dissociation and attachment. The electrons in the

plasma are absorbed by the O2 gas on a time scale of tens

of nanoseconds, or shorter [29].

2. Optical emission

Fig. 4 shows the comparison of light emission spectra

observed in pure He plasma [Fig. 4(a)] and 0.5% O2/He

plasma [Fig. 4(b)]. The helium and nitrogen lines are

dominant in the case of pure He plasma, and the helium

and oxygen (777.3 nm) lines are dominant in the case of

0.5% O2/He plasma. Lines from oxygen and nitrogen

species appear for the both cases, because the plasma jet is

ejected into the surrounding air where oxygen and nitrogen

have dominant component ratio in the air. In the case of

0.5% O2/He plasma, the N2
+ (391.44 nm) line has much

lower intensity than that of the pure He plasma case.

Oxygen gas flows through between the inner electrode

where He gas flows inside and the glass tube so that

ambient air does not diffuse into the plasma plume. This is

the reason why O2/He mixture plasma has lower N2
+

(391.44 nm) intensity.

3. Contact angle 

The wettability of each different titanium disk was

evaluated by measuring the water contact angles. Contact

angles of all titanium disks were rapidly changed after the

plasma treatment, even within a few seconds as shown in

Fig. 5. In the case of SLA titanium disks, especially,

contact angles decrease rapidly from 99.24o to 11.06o after

40 s plasma treatment. Fig. 6(b) shows contact angles of 4

different titanium disks with different O2 ratio (0%, 0.25%

and 0.5%) for the same plasma treatment time (30 s).

Contact angles after the treatment with 0.5% O2/He plasma

were lower than those after the treatment with pure He

plasma or 0.25% O2/He plasma with the same plasma

treatment time. As shown in Fig. 4, emission of an oxygen

line (777.3 nm) has a higher intensity compared with that

of a pure He plasma. In case of O2/He mixture plasma, the

Figure 3. Shown are (a) photographs of the plasma jet for
different applied voltage Vapp (from 3.3 to 13.3 kV peak to
peak) and different mixture ratio of O2 (0%, 0.5%, and 1%)
and (b) the measured length of the plasma plume for different
applied voltages. The gas flow rate of He is fixed to be 20 slm.

Figure 4. Emission spectra for plasma jet for different conditions of (a) He gas only and (b) 20 slm He gas with 100 sccm of O2

gas (0.5% of O2).
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lattice oxygen of TiO2 film is oxidized to become a neutral

O radical which produce O2 molecules by coupling two

neutral radicals, and two oxygen defects are formed on the

titanium surface. Finally, one water molecule absorbs on

the defect dissociatively [30]. This is the reason that the O2/

He mixture plasma is more effective in decreasing the

contact angle compare with a pure He plasma. 

4. Wettability of implant samples

Fig. 7 shows the different wettability characteristics of

titanium implant surfaces without plasma treatment [Fig.

7(b)] and with the treatment by the O2/He plasma jet for 2

min [Fig. 7(c)]. When the plasma treated titanium implant

sample contacts with water, water rose up rapidly through

the titanium surface only in a few second. In case of an

untreated titanium implant sample, on the other hand,

water did not rise up. The distance of water absorption

position from the water surface is shown in Fig. 7(a). The

distance increases much faster for the plasma treated

implants than the untreated implants.

IV. Conclusions 

This study investigated the efficiency of a non-thermal

APPJ device in order to increase the wettability of titanium

dental implants. The plasma surface interaction were tested

Figire 5. Contact angles are analyzed for (a) Machined, (b) ASD, (c) RBM and (d) SLA samples after plasma treatment for 0, 10,
20, 30, and 40 s. All samples were treated by the APPJ at the distance of 20 mm from the nozzle with the same applied voltage of
6 kV and 0.25% of O2 flow ratio to He. 

Figure 6. Contact angle measurement for each titanium sample with the variation of (a) time without O2 mixture and of (b) O2

mixture ratio for a fixed treatment time of 30 s.

Figure 7. Comparison of the wettability of a plasma treated
cylindrical dental titanium implant with that of an untreated
titanium implant shows (a) the distance of the water absorption
position versus time from the water surface, (b) a photo for the
untreated implant sample without water absorption, and (c) a
photo for the treated implant sample with water absorption.
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for four different types of titanium disks for clarification.

Consequently, it was observed that just a few seconds of

plasma treatment can change the titanium surface from

hydrophobic to hydrophilic rapidly. Increasing the plasma

treatment time leads to the improvement of the wettability.

Especially, increasing O2 ratio has a great effect on the

change of the titanium surface from hydrophobic to

hydrophilic. The optical emission spectroscopy showed

that the inclusion of a small amount of oxygen gas increases

the light emission from O atom in contrary to the strong

emission from N2
+ for the case with pure He without O2. 

In addition, it was also proved that the APPJ treatment

increases the wettability of the realistic cylindrical dental

implants also. It is also necessary to find the best condition

for the surface wettability with which cell adhesion is

maximized for the dental implantation, which will be the

future work of this study.
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