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Abstract: Reducing the friction force between the commercial archwire and bracket during the orthodontic 

treatment in general dental practice has attracted worldwide interest. An investigation on the friction and wear 

behaviors of the uncoated and carbon film coated stainless steel archwires running against stainless steel 

brackets was systematically conducted. The carbon films were prepared at substrate bias voltages from +5 to 

+50 V using an electron cyclotron resonance plasma sputtering system. With increasing substrate bias voltage, 

local microstructures of the carbon films evolved from amorphous carbon to graphene nanocrystallites. Both 

static and stable friction coefficients of the archwire-bracket contacts sliding in dry and wet (artificial saliva) 

conditions decreased with the deposition of carbon films on the archwires. Low friction coefficient of 0.12 was 

achieved in artificial saliva environment for the graphene sheets embedded carbon (GSEC) film coated 

archwire. Deterioration of the friction behavior of the GSEC film coated archwire occurred after immersion of 

the archwire in artificial saliva solution for different periods before friction test. However, moderate friction 

coefficient of less than 0.30 sustained after 30 days immersion periods. The low friction mechanism is clarified 

to be the formation of salivary adsorbed layer and graphene sheets containing tribofilm on the contact 

interfaces. The robust low friction and low wear performances of the GSEC film coated archwires make them 

good candidates for clinical orthodontic treatment applications. 
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1  Introduction 

Orthodontic treatment is the restoration of the 

abnormally positioned teeth for human beings, 

especially for children and teenagers with dramatically 

increasing oral health and beauty requirements in 

recent years [1−5]. The fixed orthodontic appliance 

consisting of archwire and bracket has been extensively 

applied for dental clinical applications. The relative 

sliding of the archwire to bracket produces first static 

and then kinetic friction forces, which greatly affects 

the tooth movement efficiency [6−9]. The achievement 

of low friction forces could strongly reduce the risk of 

root resorption and patient pain, shorten the treatment 

time, and improve both anchorage control and direction 

of tooth movement. Therefore, reducing the friction 

force (no matter static or kinetic) between the orthodontic 

archwire and bracket has drawn worldwide interest not 

only from clinicians in clinical stomatology fields but 

also scientists in surface engineering fields [10−12]. 

Numerous attempts have been carried out in the last 

two decades for minimizing the friction resistances 

between archwires and brackets. Particularly, surface 

coating technique is clarified as one of the most 

effective strategies for tailoring the friction and wear 

behaviors of the archwire-bracket contact systems 
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[13−18]. Katz et al. found that the inorganic fullerene- 

like WS2 nanoparticles embedding self-lubricating 

nickel-phosphorous film reduce the friction coefficient 

to 0.05 for the coated stainless steel archwire [13]. 

Akaike et al. reported that the fluorine-doped 

diamond-like carbon film coated archwire demonstrates 

lower static friction force than the uncoated archwire 

in both dry and wet conditions [14]. Wei et al. 

clarified that the carbon nitride thin film significantly 

reduces the friction force of the archwire-bracket 

sliding contacts in ambient air and artificial saliva 

environments [15]. 

Since the discovery of graphene in 2004, the graphene 

and derived products have emerged as star-materials 

for advanced and cutting-edge applications [19]. On 

the one hand, the superior antibacterial, biocompatible, 

inexpensive, and sustainably available characteristics 

of the graphene-based materials make them suitable 

for demanding biomedical and clinical applications 

[20−23]. On the other hand, superlubricity (friction 

coefficient in the order of 0.01 or less) of the single 

layer or few layers graphene enables the possible 

design of frictionless sliding contacts in practical 

engineering applications [24−27]. In the previous 

researches of our group, the embedding of graphene 

nanocrystallites into amorphous carbon matrix pro-

motes the formation of graphene sheets embedded 

carbon (GSEC) films with highly active graphene 

edge defects, which presenting unique mechanical 

(surface roughness less than 0.1 nm), magnetic (12% 

of magnetoresistance at room temperature), electro-

chemical (potential window larger than 3.2 V), and 

even optoelectronic (photocurrent responsivity of 

0.35 A/W) properties [28−30]. Therefore, the purpose 

of this research is to optimize the friction and wear 

performances of the archwire-bracket sliding con-

tacts by depositing GSEC films on the commercial 

stainless steel archwires with an electron cyclotron 

resonance (ECR) plasma sputtering system. Low 

friction coefficients and high wear resistance of the 

stainless steel archwire-bracket tribo-couples were 

achieved in artificial saliva environment through the 

fabrication of GSEC films on the archwires. The low 

friction mechanism of the GSEC film coated archwires 

was discussed in terms of structural changes on the 

contact interfaces. 

2 Experimental details 

2.1 Materials 

Commercially obtained orthodontic stainless steel 

archwire (HXH-0023, Xihubiom, Xihu Biomaterials 

Co., Ltd., Hangzhou, China) with a cut length of  

110 mm and cross-sectional dimensions of 0.017 inch 

(0.42 mm)  0.025 inch (0.64 mm) was employed in 

this work. The archwire was fitted in a stainless steel 

bracket (torque and/or angulation of 0°) with a slot of 

0.22 inch (0.56 mm) (ALS-0008, Alice Dental Medical 

Equipment Co., Ltd., Hangzhou, China). The combined 

archwire and bracket was utilized only once to avoid 

the potential effects from the strain of archwire and 

the abrasion of bracket. Prior to film deposition and 

friction test, all archwires and brackets were con-

secutively cleaned with acetone, ethanol, and deionized 

water by an ultrasonic cleaner (M2800-C, Branson, 

China). Each solution was used separately for 20 min 

to clean organic compounds and inorganic substances 

at the surfaces of archwires and brackets. 

Treated archwires were fixed in a vacuum chamber 

of a mirror confinement electron cyclotron resonance 

(MCECR) plasma sputtering system by a custom 

designed jig, and the background pressure was 810-5 

Pa. Detailed information about the self-developed 

deposition system could be found in Refs. [31−33]. 

After purging argon (Ar) gas to achieve a pressure 

of 0.1 Pa, the surfaces of archwires were firstly 

etched by an Ar plasma for 3 min with a substrate bias 

voltage of –50 V, and then carbon films were deposited 

onto the sliding contact surfaces (width of 0.017 inch) 

of the archwires with substrate bias voltages under 

+5, +10, +20, and +50 V. Low energy electron irradiation 

is realized by using a positive substrate bias voltage 

[33−35]. The deposition time was set at 30 min, and 

the thickness of the film was approximately 100 nm. 

Specific deposition parameters are summarized in 

Table 1. 

2.2 Film characterization 

Surface morphology and elemental composition of 

the uncoated and carbon film coated archwires 

were examined by using a scanning electron micros-

cope (SEM, Scios, FEI, USA) operated at an electron 
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Table 1 Conditions of carbon films deposition. 

Deposition parameter Value 

Base pressure (Pa) 8  10-5 

Deposition pressure (Pa) 0.1 

Ar gas flow ratio (sccm) 12.8 

Microwave power (W) 500 

Target bias voltage (V) –500 

Substrate bias voltage (V) +5, +10, +20, +50 

 

acceleration voltage of 10 kV in association with an 

energy dispersive X-ray spectroscope (EDS). 

A three-dimensional laser confocal microscope 

(VK-X250K, Keyence, Japan) was used to evaluate the 

surface roughness of the carbon film coated archwires 

and analyze the wear scars on the worn surfaces of the 

carbon film coated archwires. The surface roughness 

was measured three times and an average value was 

applied. 

The bonding structure configurations of the carbon 

films were obtained using a Raman spectroscope 

(LabRAM HR Evolution, Horiba, Japan) at a laser 

wave length of 532 nm and a spectrum region between  

800 and 3,500 cm−1. 

The nanostructures of the as-deposited carbon films 

were investigated with a double spherical aberra-

tion corrected high-resolution transmission electron 

microscope (HRTEM, Titan 3 Themis G2, FEI, USA)  

and an electron energy loss spectroscope (EELS, GIF 

Quantum ER/965 P, Gatan, USA). An electron accelera-

tion voltage of 80 kV was applied to avoid potential 

damages from high energy electron irradiation. 

2.3 Friction tests 

Friction and wear behaviors of the archwire-bracket 

combination were systematically evaluated with a 

home-built reciprocating sliding tribometer, as shown 

in Fig. 1. The customized tribometer consists of two 

parts, as shown in Fig. 1(a), one is the reciprocating 

sliding friction system, including a bracket holder, an 

archwire holder, a cantilever beam, a stepper motor, 

a three-axis stage, and a waste liquid collecting   

tank. The other is the artificial saliva supply system, 

containing a beaker, a peristaltic pump, a thermostat 

water bath, a tube as well as a magnetic stand. 

Commercially available artificial saliva was supplied 

to the contact interface of the archwire and bracket 

with the adjustments of dripping speed and tem-

perature by using a peristaltic pump and a thermostat 

water bath, respectively. The used artificial saliva was 

gathered in a waste liquid collecting tank. A bracket 

was firstly stuck on the surface of an aluminum block 

by glue, and then was fixed in the bracket holder, as  

shown in Fig. 1(b). The bracket holder was installed 

at one end of the cantilever beam which was attached 

 

Fig. 1 Experimental configurations for a home-built reciprocating sliding tribometer for evaluating friction and wear behaviors of the
orthodontic archwire-bracket combination. (a) 3D structural diagram; (b) enlarged view of the contact combination of the archwire and 
bracket; and (c) sliding contact model of the GSEC film coated archwire and bracket. 
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to a stationary three-axis stage. Thereafter, an archwire 

was fixed in the archwire holder and pre-stretched 

with a tensile force of around 10 N. The archwire 

holder was mounted on a stepper motor (TSA50-C, 

Zolix, China) for controlling the relative sliding 

between the archwire and bracket. The archwire was 

moved to pass through the slot of the bracket. The 

sliding contact model of the carbon film coated archwire 

and slot surface of the bracket with no ligation is shown 

in Fig. 1(c). Two sets of strain gauges (horizontal and 

vertical directions) were cemented on the cantilever 

beam for detecting the friction force and normal force 

during the movement of the archwire and bracket. 

The data of the friction force and normal force was 

simultaneously recorded by a computer. 

The reciprocating sliding friction tests were per-

formed at a stroke length of 1 mm under a sliding 

speed of 3 mm/min as well as a normal force of 1 N. 

The number of reciprocating movements was set to 

be 100 times (around 4,000 s) according to the number 

of contacts for a single archwire in the orthodontic 

treatment [36]. Friction tests were conducted in both 

dry (ambient air, room temperature of 25 °C and 

relative humidity of 60 %RH) and wet (artificial saliva) 

conditions. Commercially available artificial saliva 

(pH=6.9) containing mainly 0.4 g/L NaCl, 0.4 g/L KCl, 

0.795 g/L CaCl2, 0.78 g/L NaH2PO4, 0.005 g/L Na2S, 

and 1 g/L urea was employed in this study. The 

temperature of the artificial saliva was maintained at 

37 ± 0.5 °C to simulate the human oral environment 

with a thermostat water bath (BHS-1, Joanlab, China). 

The artificial saliva was supplied to the contact 

interface of the archwire and bracket with a tube (inner 

diameter of 3.2 mm) under a dripping speed of 

3.6 mL/min by using a peristaltic pump (BT100J-1A, 

Huiyu, China). After friction tests, the worn archwires 

were thoroughly cleaned in an ultrasonic cleaner with 

deionized water for 5 min to eliminate the artificial 

saliva on the archwires. The surface conditions  

of archwires before and after friction tests were 

analyzed by an optical microscope (LV150N, Nikon, 

Japan) and a 3D laser confocal microscope. 

2.4 Immersion test 

To assess the corrosion resistance of the carbon film 

coated archwires, the specimens were immersed in 

the artificial saliva solution. The carbon film coated 

archwires were placed in the artificial saliva solution 

with the side of the carbon film facing up. According 

to the replacement cycle of a single archwire in the 

clinical orthodontic treatment [36, 37], the archwire 

was observed and investigated with a time interval of 

0, 10, 20, and 30 days. Before and after the immersion 

test, worn surfaces of the archwires were observed 

with an optical microscope and a 3D laser confocal 

microscope. 

3 Results and discussion 

3.1 Composition and structural analysis of carbon 

films 

In the present work, carbon films were fabricated  

on the surfaces of stainless steel archwires by using   

an MCECR plasma sputtering system. The surface 

roughness of the uncoated and carbon film coated 

archwires deposited at various substrate bias voltages 

is given in Table 2. The surface roughness of the 

as-received stainless steel archwire is 0.031 m. The 

surface roughness of the archwire increases with the 

production of the carbon film. Specifically, the surface 

roughness of the carbon film coated archwire increased 

gradually from 0.043 to 0.053 m with the increase of 

substrate bias voltage from +5 to +50 V. 

SEM images of the as-received stainless steel bracket 

and stainless steel archwire were shown in Figs. 2(a)– 

2(d). A relative smooth surface was observed on slot 

surface in the bracket. SEM image of a typical carbon 

film coated stainless steel archwire was shown in  

Fig. 2(d). It can be found in Figs. 2(c) and 2(d) that 

micro-grooves generated in the production process  

of the stainless steel archwire were clearly observed 

even after the deposition of the carbon film under the 

substrate bias voltage of +50 V. Besides, small particles 

were randomly distributed on the surface of the carbon 

film coated archwire. 

Table 2 Surface roughness of the uncoated and carbon film 
coated stainless steel archwires fabricated at different substrate 
bias voltages. 

Film 
condition 

Uncoated +5 V +10 V +20 V +50 V

Ra (m) 0.031 0.043 0.046 0.051 0.053
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Fig. 2 SEM images of (a) a conventional stainless steel bracket, 
(b) an enlarged view of slot surface of stainless steel bracket, (c) an 
as-received stainless steel archwire, and (d) a carbon film coated 
stainless steel archwire (substrate bias voltage of +50 V). (e) EDS 
spectra of a stainless steel bracket, an uncoated stainless steel 
archwire, as well as a carbon film coated archwire (substrate bias 
voltage of +50 V). 

Representative EDS spectra of the uncoated and 

carbon film coated archwire and bracket were 

shown in Fig. 2(e). Typical peaks of N, C, Fe, Ni, Si, 

and Cr could be seen in the spectra of stainless steel 

archwire [15, 38] and bracket. Strong peak of C with 

a lower energy in the spectrum of carbon film coated 

archwire was mainly ascribed to the growth of the 

carbon film. 

Raman spectra of the carbon films prepared at 

various substrate bias voltages were shown in Fig. 3. 

The Raman spectrum of the carbon film generally 

contains a D peak (sp2 bonding state of carbon atoms 

in clusters of sixfold aromatic rings) and a G peak 

(sp2 bonding state of carbon atoms in rings and chains) 

at approximately 1,350 and 1,600 cm−1, respectively. 

The shapes of the D and G peaks become sharper and 

more distinct with increasing substrate bias voltage 

from +5 to +50 V. Besides, a compound 2D peak (typical 

feature in graphene or graphite samples) centered 

around 2,800 cm−1 was observed on the Raman spectra 

of the carbon films produced at substrate bias voltages 

of +5 and +10 V, as shown in Figs. 3(a) and 3(b). 

However, two separate 2D peaks were detected on 

the Raman spectra of the carbon films produced at 

substrate bias voltages of +20 V and +50 V, as shown 

in Figs. 3(c) and 3(d). According to the previous 

researches [39, 40], the change of the 2D peak shape 

in the carbon films strongly implies a phase transition 

from amorphous carbon structure to an ordered 

graphene nanocrystalline structure with the increase 

of substrate bias voltage from +5 to +50 V. 

The prominent D peak and G peak of the Raman 

spectrum ranging from 1,100 to 2,000 cm−1 were fitted 

with a Lorentzian peak and a Breit-Fano-Wagner 

(BFW) peak, respectively [41−43], after a background 

subtraction, as shown in Figs. 3(e)−3(h). The D peak 

shifts to a lower frequency with the increase of the 

substrate bias voltage and varies slightly among 

1,341 and 1,345 cm-1. Additionally, the height ratio of 

the D peak intensity to G peak intensity (denoted as 

ID/IG thereafter) increases substantially from 0.65 to 

0.95 with increasing substrate bias voltage from +5  

to +50 V, as listed in Table 3. The in-plane size (L) of 

graphene nanocrystallites in the carbon films was 

calculated based on the above-mentioned ID/IG values 

by using the equation of ID/IG = C(λ) L
, where C(λ) 

is equal to 0.55 nm–2 [32, 34], the corresponding 

results are shown in Table 3. The size of the graphene 

nanocrystallites increases gradually from 1.09 to  

1.31 nm with the increase of substrate bias voltage 

from +5 to +50 V. Therefore, it is concluded that higher 

substrate bias voltage results in stronger graphene 

nanocrystallization of the prepared carbon films on 

the stainless steel archwire. 

The nanostructure information of the carbon films 

on the surfaces of the stainless steel archwires was 

further characterized by a high-resolution TEM, as 

shown in Fig. 4. Figs. 4(a) and 4(b) show the plan 

view TEM images of the carbon films fabricated at the 

substrate bias voltages of +5 and +50 V, respectively. 

The inset fast Fourier transformation (FFT) image of  
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Table 3 Raman analysis results of the carbon films deposited at 
different substrate bias voltages. 

Substrate bias  
voltage (V) 

D peak  
(cm-1) 

ID /IG L  
(nm) 

+5 1,350 0.65 1.09 

+10 1,341 0.66 1.10 

+20 1,342 0.81 1.21 

+50 1,345 0.95 1.31 

 

the selected white color square region (no special 

pattern or white light spot in Fig. 4(a)) demonstrated 

an amorphous structure in the carbon film prepared 

under substrates bias voltage of +5 V. FFT image of 

the selected yellow color square region (two white 

light spots in Fig. 4(b)) indicates the existence of 

multilayer graphene sheets (an average interlayer 

spacing of 0.34 nm) in the carbon film prepared 

under substrates bias voltage of +50 V. Graphene 

nanocrystallites (marked with yellow dotted circles) 

with a maximum layer number of less than five are 

uniformly distributed in the carbon films, as indicated 

in Fig. 4(b). Graphene edges are easily observed at the 

borders of the graphene nanocrystallites. 

EELS spectra in the C-K edge region were employed 

to further elucidate the nanostructures of the carbon 

films. Figures 4(c) and 4(d) show the C-K edge core-loss 

 

Fig. 4 Nanostructures of the carbon films observed by HRTEM. 
(a) The plan view TEM image and (c) C-K edge core-loss EELS 
spectrum for the carbon film prepared at the substrate bias voltages 
of +5 V. (b) The plan view TEM image and (d) C-K edge core-loss 
EELS spectrum for the carbon film prepared at the substrate bias 
voltages of +50 V. Inset figures in (a) and (b) indicate FFT images 
of the marked square regions in the corresponding TEM images. 

 

Fig. 3 Raman spectra and corresponding deconvolution curves (a Lorentzian peak for the D band and a BFW peak for the G band) of
the carbon films prepared at substrate bias voltages of (a, e) +5 V, (b, f) +10 V, (c, g) +20 V, and (d, h) +50 V. Enlarged views of the 2D 
peak(s) are shown in the inset images. 
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spectra for the carbon films produced under the 

substrates bias voltages of +5 and +50 V, respectively. 

Two feature peaks locate around 285.0 and 292.0 eV, 

corresponding to peak (sp2 bonding carbon atom) 

and  peak (crystalline structure in carbon film), 

respectively, are observed in the C-K edges after 

removal of the background signal. The intensity of 

the two peaks and the shape of the spectrum are 

highly related to the nanostructures of the carbon 

films [44−46]. The normalized height ratio of  peak 

to  peak (denoted as  thereafter) increases 

from 0.61 to 0.74 with the increase of substrate bias 

voltage from +5 to +50 V. Therefore, it is suggested 

that higher sp2/sp3 ratio is obtained in the carbon film 

fabricated at a higher substrate bias voltage. 

The TEM images and EELS spectra provided a direct 

evidence of the formation of multilayer graphene 

sheets in the carbon films. It is clearly demonstrated 

that higher energy of electron irradiation induces the 

growth of the graphene nanocrystallites. Therefore, it 

was further confirmed that higher energy of electron 

irradiation is beneficial for achieving an ordered 

graphene nanocrystallites layer structure in carbon 

films grown by an ECR plasma system [29, 34, 42]. 

The growth mechanism of the GSEC films has been 

attributed to the inelastic scattering of the electron in 

Ref. [40]. Besides, the formation of sp2 clusters generally 

leads to surface roughening of the carbon films [47], 

resulting in an increase of the surface roughness of 

the carbon film coated archwire (shown in Table 2). 

According to the abovementioned analysis results, 

it is unraveled that the local nanostructures of the 

carbon films evolve from an amorphous phase or small 

size sp2 nanocrystallites domains in low substrate 

bias voltages (+5 and +10 V) to a highly ordered or 

multilayer graphene sheets embedded carbon matrix 

structures in relatively high substrate bias voltages 

(+20 and +50 V), as clearly revealed by the Raman and 

TEM-EELS characterizations. 

3.2 Tribological behavior of the archwire-bracket 

system 

Friction and wear behaviors of the archwire-bracket 

contact combinations were evaluated in both dry and 

wet conditions, as summarized in Fig. 5. Typical friction 

curves of the uncoated and GSEC film (substrate bias  

voltage of +20 V) coated archwires sliding against 

stainless steel brackets under wet conditions are shown 

in Figs. 5(a) and 5(b), respectively. Specifically, the 

friction coefficient increases sharply and reaches a 

stable value up to 0.50 for the uncoated stainless steel 

archwire sliding against bracket in wet conditions. 

However, when the carbon film coated archwire rubs 

against bracket in artificial saliva condition, friction 

coefficients less than 0.20 are observed from the initial 

stage and a steady state around 0.15 is established 

after 100 seconds. Friction curves of the uncoated and 

carbon film coated archwires sliding against brackets 

in dry condition are demonstrated in Figs. S1(a) and 

S1(b) in the Electronic Supplementary Material (ESM), 

respectively. Mean friction coefficients of four types 

of contact combinations in each cycle (totally 100 

cycles) during sliding tests are calculated and are 

plotted in Fig. 5(c). Friction coefficients are higher 

than 0.50 that observed in the contact combinations 

including uncoated archwires, friction coefficients are 

lower than 0.20 that achieved for sliding contacts of 

the carbon film coated archwire no matter in dry or 

wet conditions. Typical friction curves in one cycle 

(i.e. two sliding strokes) at steady state from 3,000 to 

3,040 s are drawn in Fig. 5(d). It can be found that 

carbon film coated archwires not only provide lower 

friction coefficients but also achieve smaller friction 

fluctuations compared with the uncoated archwires 

in both dry and wet conditions. 

The maximum static friction coefficients and stable 

average friction coefficients of the uncoated and 

carbon film coated archwires sliding against brackets 

in dry and wet conditions are depicted in Fig. 5(e). The 

maximum static friction coefficient (stat) is evaluated 

as the maximum value of the static friction coefficient 

of each cycle during the whole friction test. The stable 

average friction coefficient (stab) is calculated as the 

average value of the friction coefficient during the 

final 1,000 seconds (from 3,000 to 4,000 s) of the sliding 

test. Representative friction curves for determining 

the maximum static friction coefficients of uncoated 

and carbon film coated archwires are shown in 

Figs. S2(a) and S2(b) in ESM, respectively. 

It can be found that the carbon film facilitates the 

reduction of both the static friction coefficient and 

stable friction coefficient of the archwire-bracket contact 
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system. The uncoated archwire provides the highest 

static and stable friction coefficients of 0.64 and 0.52 in 

dry condition, while the carbon film coated archwire 

gives the lowest values of 0.16 and 0.12 in artificial 

saliva environment, respectively. 

Optical images of worn surfaces on the uncoated 

and carbon film (substrate bias voltage of +20 V) coated 

archwires after sliding against brackets in dry and wet 

conditions are shown in Fig. 5(f). Optical images of the 

as-received stainless steel archwire and bracket are 

also given for comparison in Figs. S3(a) and S3(b) in 

ESM, respectively. Machining marks, such as grooves 

and pockmarks (Fig. S3(c) in ESM), because the 

manufacturing procedures (e.g. cutting and grinding) 

are clearly observed on the surfaces of the archwire 

and bracket, respectively. The wear tracks are clearly 

identified on the uncoated archwires, where micro- 

grooves due to the machining process are observed 

parallel to the sliding direction of the archwire-bracket 

contact. However, the wear tracks could barely be 

detected on the GSEC film coated archwires, the 

positions of the wear tracks are ascertained with the 

 

Fig. 5 Friction and wear behaviors of the contact combination of the archwires and brackets. (a) Typical friction curve of the uncoated
archwire sliding against bracket under artificial saliva environment. (b) Typical friction curve of the carbon film (substrate bias voltage 
of +20 V) coated archwire running against bracket under artificial saliva environment. (c) Mean friction coefficients of each cycle for
the uncoated and carbon film coated archwires rubbing against brackets under dry and wet conditions. (d) Typical friction curves in one 
cycle at steady state (3,000 to 3,040 s) of the uncoated and carbon film coated archwires sliding against brackets under dry and wet
conditions. (e) Maximum static friction coefficients and stable average friction coefficients of the uncoated and carbon film coated 
archwires sliding against brackets in dry and wet conditions. (f) Optical images of worn surfaces on the uncoated and carbon film coated
archwires after sliding against brackets in dry and wet conditions. 
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assist of enlarged views of the images. It is therefore 

argued that friction and wear of the archwire is 

strongly determined by the deposition of the GSEC 

film other than the sliding environment. Adhesive 

and abrasive wear are the domain mechanisms for 

the uncoated archwires sliding with high friction 

coefficients in both dry and wet conditions. Mild 

wear occurred on the carbon film coated archwires 

with low friction coefficient in both dry and wet 

conditions. 

Theoretically, the wear track should locate at the 

center of the archwire, as typically shown in Fig. 5(f1). 

The position of the wear track occasionally moves to 

the edge of the archwire, as shown in Fig. 5(f2), due 

to the misalignment of the archwire in relation to the 

bracket, which can hardly be eliminated in the archwire- 

bracket contact systems [48]. However, identical friction 

behaviors are achieved with the wear tracks locating 

at different regions of the archwires, as illustrated  

in Fig. S4 in ESM, the corresponding two friction tests 

are executed under the same experimental conditions. It 

has been confirmed that the friction behavior of the  

archwire shows less dependency on the location of 

the wear track in the present work. 

With respect to the raw bracket, wear tracks on the 

brackets are concentrated at the external edge of the 

slot bottom surface, as definitely shown in Fig. S5 in 

ESM, which effectively mimick the wear mechanism 

of the bracket in the patient [48]. Severe scratches are 

observed on the worn surface, indicating abrasive wear 

of the bracket. Furthermore, the wear of the archwire 

and bracket seems unaffected by the experimental 

conditions. 

3.3 Tribological behavior of carbon film coated 

archwire 

To better understand the low friction behavior of  

the carbon film in artificial saliva environment, 

reciprocating sliding friction tests between brackets 

and carbon films coated archwires deposited at various 

substrates bias voltages were carried out in wet 

condition, the corresponding friction results are shown 

in Fig. 6. Mean friction coefficients of the four types 

of carbon film coated archwires sliding against brackets  

 

Fig. 6 Friction and wear behaviors of the carbon film coated archwires sliding against brackets under artificial saliva environment.
The carbon films were produced on the surfaces of archwires at substrate bias voltages of +5, +10, +20, and +50 V. (a) Mean friction
coefficients of each cycle. (b) Typical friction curves in one cycle at steady state from 3,000 to 3,040 s. (c) Maximum static friction
coefficients and stable average friction coefficients. (d) Optical images of worn surfaces on the carbon film coated archwires. 
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under wet condition are given in Fig. 6(a). Low friction 

coefficients less than 0.25 are observed in all the 

carbon film coated archwires. In case of the amorphous 

carbon film (substrate bias voltages of +5 and +10 V) 

coated archwires, the friction coefficients first increase 

and then gradually decrease to a steady state. On the 

other hand, the friction coefficients of the GSEC film 

(substrate bias voltages of +20 and +50 V) coated 

archwires decrease from the beginning of the sliding 

test and quickly approach a steady state after 200 

seconds. Friction fluctuations of different carbon 

films at steady state are added in Fig. 6(b). Lower 

friction fluctuation is obtained with the production  

of the GSEC films on the archwires. The maximum 

static friction coefficients and stable average friction 

coefficients of the carbon film coated archwires sliding 

against brackets in wet condition are shown in    

Fig. 6(c). Both the static and stable friction coefficients 

of the carbon film coated archwires decrease with  

the increase of the substrate bias voltage, with the 

lowest values of 0.17 and 0.12 are obtained at +50 V,  

respectively. It is thus argued that the GSEC film 

coated archwire is favorable for achieving low friction 

coefficients of the archwire-bracket tribo-systems in 

artificial saliva environment. 

Optical images of worn surfaces on the carbon 

film coated archwires after sliding against brackets 

in wet condition are given in Fig. 6(d). Magnified 

views of the specific worn areas on the carbon film 

coated archwires are shown in Fig. S6 in ESM, clearly, 

delamination of the film as well as large amount of 

tribofilm is observed on the wear track of the carbon 

film coated archwire with carbon film deposited at 

substrate bias voltage of +5 V. The wear of the carbon 

film decreases with the increase of the substrate bias 

voltage. Particularly, mild wear occurs on the carbon 

film coated archwire at the substrate bias voltage of 

+50 V. As illustrated in Fig. S7 in ESM, morphological 

aspects of wear tracks on the slot bottom surfaces of 

brackets are identical with those observed in Fig. S6 

in ESM, indicating mild wear of the brackets. 

3.4 Immersion test of carbon film coated archwire 

In order to assess the feasibility of the GSEC film 

coated archwires in clinical orthodontic treatment, 

immersion tests of the GSEC film (substrate bias 

voltage of +20 V) coated archwire were carried out in 

artificial saliva solution, the subsequent friction results 

are shown in Fig. 7. Mean friction coefficients of the 

GSEC film coated archwires sliding against brackets 

under artificial saliva environment after different 

immersion periods are given in Fig. 7(a). Generally, 

friction coefficients of the GSEC film coated archwires 

increase with the immersion periods. Slightly higher 

friction fluctuations of the GSEC film coated archwires 

at steady state are obtained with the increase of the 

immersion periods, as shown in Fig. 7(b). Furthermore, 

the maximum static friction coefficients and stable 

average friction coefficients of the GSEC film coated 

archwires reach the highest values of 0.29 and 0.19 

after 30 days of immersion, respectively, as specifically 

shown in Fig. 7(c). However, the low friction coefficient 

of less than 0.20 could be retained even after 30 days 

of immersion periods. 

Optical images of worn surfaces on the GSEC film 

coated archwires before and after friction tests are 

given in Figs. 7(d). Small cracks were observed on  

the surfaces of the GSEC film coated archwires, the 

number of cracks increases with the extension of 

immersion periods. The cracks could be considered 

as the corrosion of the GSEC film during the immersion 

periods in the artificial saliva solution. Several 

delaminations of the GSEC film are randomly found 

on the surfaces of the archwires, including inside and 

outside of the wear tracks. Continuous tribofilms are 

accumulated inside of the wear tracks. Besides, mild 

wear is maintained on the brackets, as evidenced in 

Fig. S8 in ESM. 

3.5 Low friction mechanism of GSEC film coated 

archwire 

Low friction and high wear resistance of the archwire- 

bracket tribo-pairs are achieved under artificial saliva 

environment with the production of the carbon films, 

especially the GSEC films fabricated on the stainless 

steel archwires. In order to gain more insights into the 

low friction mechanism, worn surfaces on the carbon 

film coated archwires were analyzed by the Raman 

spectroscopy and 3D laser confocal microscopy, as 

shown in Figs. 8 and 9, respectively. 

Raman spectra and derived deconvolution curves 

of the worn surfaces on the carbon film coated  
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Fig. 7 Friction and wear behaviors of the contact combination of the GSEC film coated archwires and brackets under artificial saliva 
environment after different immersion periods (0, 10, 20, and 30 days) in artificial saliva solution. The GSEC film was fabricated at 
substrate bias voltage of +20 V. (a) Mean friction coefficients of each cycle. (b) Typical friction curves in one cycle at steady state from 
3,000 to 3,040 s. (c) Maximum static friction coefficients and stable average friction coefficients. (d) Optical images of worn surfaces on 
the GSEC film coated archwires before and after friction test. Delamination of the GSEC films are denoted by yellow arrows. 

 

Fig. 8 Raman spectra and corresponding deconvolution curves (a Lorentzian peak for the D band and a BFW peak for the G band) of 
the worn surfaces on the carbon film coated archwires prepared at substrate bias voltages of (a, e) +5 V, (b, f) +10 V, (c, g) +20 V, and 
(d, h) +50 V. Enlarged views of the 2D peaks are shown in the inset images. 
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archwires are shown in Fig. 8. Compared with Raman 

spectra of the as-deposited carbon films in Fig. 3, the 

appearance of two separate 2D peaks reveals the 

existence of graphene nanocrystalline structures on 

the worn surfaces of all four types of carbon films. 

Therefore, it is suggested that a transformation from 

nominal amorphous structure to graphene sheets 

embedded nanostructure inside of the carbon film 

arises during the sliding friction tests, especially for 

the carbon films prepared under substrate bias voltages 

of +5 and +10 V. Moreover, the Raman analysis results, 

as provided in Table 4, demonstrate higher values  

of ID/IG in relation to those in Table 3. Furthermore, 

the ID/IG increases from 0.82 to 1.01 with increasing 

substrate bias voltage from +5 to +50 V as well. It is 

therefore argued that the low friction behavior of  

the carbon film, particularly the GSEC film, is highly 

related to the formation of the graphene nano-

crystallites in the local structures. Surface morphological 

characteristics of worn surfaces on the carbon film 

coated archwires after sliding against brackets under 

the artificial saliva environment are shown in Fig. 9. 

Peaks and valleys in the profiles of the carbon film 

are strongly related to the delamination of the carbon 

film during the friction test. It is found that smooth 

surfaces are obtained together with low friction 

coefficient in carbon film deposited at higher substrate 

bias voltages. 

In summary, the low friction mechanisms of the 

GSEC film coated archwire sliding against bracket  

Table 4 Raman analysis results of the worn surfaces on the 
carbon film coated archwires after friction tests. 

Substrate bias voltage (V) D peak (cm−1) ID /IG 

+5 1,347 0.82 

+10 1,340 0.84 

+20 1,342 0.90 

+50 1,342 1.01 

 

in the artificial saliva environment is proposed and 

a schematic diagram is shown in Fig. 10. Figure 10(a) 

demonstrates the initial state of the archwire-bracket 

contact combination. The low friction performance 

is mainly attributed to the formation of a tribofilm 

during the running-in stage (Fig. 10(b)) and a salivary 

adsorbed film at the steady state (Fig. 10(c)). Firstly, 

the fabrication of carbon film onto the archwire 

surface could directly inhibit the metal-metal contact, 

where the intensive abrasive and adhesive wear of the 

stainless steel material cause high friction coefficient 

up to 0.60. Generally, the extraordinary nanostructure 

of the carbon-based films facilitates the formation 

of carbon tribofilm to reduce the shear strength of 

the sliding contacts, thus acting as a solid lubrication 

layer and leading to the low friction coefficient of less 

than 0.20 for the archwire-bracket contact system  

[36, 37]. The existence and/or generation of graphene 

nanocrystallites in the contact interfaces of amorphous 

carbon film [34, 44], GSEC film [34, 44] as well as 

graphene nanocrystallited carbon nitride (GNCN) film  

Fig. 9 Surface morphological characteristics of worn surfaces on the carbon film coated archwires. (a–d) 3D optical images and (e) 
corresponding cross-sectional profiles of the worn surfaces of the carbon film coated archwires after sliding against brackets under
artificial saliva environment. 
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[31, 32] have been clarified to be beneficial for achieving 

the friction coefficients of lower than 0.10. Thus, the 

formation of highly ordered graphene nanocrystalline 

structures together with the graphene edge defects 

[28−30], which were evidenced from TEM and Raman 

analyses, undergo the combined effects of compressing 

and shearing stress, facilitate the emerging of graphene 

sheets aligned to sliding direction in the tribofilm 

with extremely low shear force (van der Waals   

force [49]). 

Secondly, the roles of the artificial saliva in the 

friction and wear performances of the archwire-bracket 

sliding contacts have been extensively explored in 

the previous researches [15, 36, 37, 50−53]. On the  

one hand, the artificial saliva flowing into the contact 

interfaces is favorable for generating a salivary protein 

adsorbed layer, the multilayer structures of the 

adsorbed layer provide low boundary friction coefficient 

through a complicated interaction between mucins 

and lower-molecular weight proteins [52, 54]. Hence, 

a slight decrease of stable friction coefficient from 

0.17 to 0.12 is observed in the GSEC film coated 

archwires under mild wear condition. On the other 

hand, the insertion of active atoms, such as Cl, from 

the artificial saliva solution [53] and the following 

chemical reactions with the amorphous carbon matrix, 

resulting in the appearance of cracks and delamination 

of the carbon film on the worn surface of the carbon 

film coated archwire in some cases, a relatively higher 

friction coefficient of less than 0.30 are observed   

for the GSEC film coated archwires after different 

immersion periods. 

Finally, it is concluded that coupling effects of   

the generation of the salivary adsorbed layer with  

a continuous supply of the artificial saliva as well as 

dynamic friction-induced formation and transfer of 

graphene sheets on the contact interfaces are beneficial 

for obtaining robust low friction and low wear 

behaviors of the GSEC film coated archwires, which 

suggest their potential applications in clinical 

orthodontic treatments in the near future. 

4 Conclusions 

In summary, the local microstructures of the carbon 

films prepared by using the customized MCECR 

plasma sputtering system evolve from amorphous 

carbon to graphene nanocrystallites with the increase 

of the substrate bias voltage from +5 to +50 V. Graphene 

sheets embedded carbon films are successfully 

 

Fig. 10 Low friction mechanism of the GSEC film coated archwire sliding against bracket in artificial saliva environment. (a) Initial
state of the archwire-bracket contact combination. Detailed nanostructures of the GSEC films are shown in the inset image. (b) Reduction
of friction coefficient during the running-in stage. (c) Stable low friction state of the archwire coated with the GSEC film with the formation
of tribofilm containing graphene sheets as well as salivary adsorb layer. 
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fabricated under substrate bias voltages of +20 and 

+50 V. Moreover, low friction coefficients and high 

wear resistance of the GSEC film coated archwires 

are achieved when sliding against stainless steel 

brackets in artificial saliva environments. Furthermore, 

the low friction behaviors of the GSEC film coated 

archwires sustain even after 30 days of immersion in 

artificial saliva solution. The excellent friction and 

wear performances of the GSEC film coated archwires 

have been attributed to the formation of salivary 

adsorbed layer and graphene sheets rich tribofilm on 

the contact interfaces. With the application of surface 

coating technique using GSEC film, it is expected that 

the orthodontic treatment could be more effective and 

efficient with improved quality of patient care. 
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