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Abstract: We evaluated the adhesion, friction characteristics, durability against bodily acids, steril-
ization, cleaning, and anti-reflection performance of diamond-like carbon (DLC) coatings formed
as a surface treatment of intracorporeal medical devices. The major coefficients of friction during
intubation in a living body in all environments were lower with DLC coatings than with black chrome
plating. DLC demonstrated an adhesion of approximately 24 N, which is eight times stronger than
that of black chrome plating. DLC-coated samples also showed significant stability without being
damaged during acid immersion and high-pressure steam sterilization, as suggested by the results of
durability tests. In addition, the coatings remained unpeeled in a usage environment, and there was
no change in the anti-reflection performance of the DLC coatings. In summary, DLC coatings are
useful for improving intracorporeal device surfaces and extending the lives of medical devices.

Keywords: intracorporeal medical device; DLC coating; ionized deposition system; surface treatment;
low friction; durability; bodily acid; sterilization; anti-reflection; adhesion

1. Introduction

In recent years, owing to the continuous development of medical technology, the
average length of life has increased significantly in developed countries [1]. As a result,
the number of deaths caused by illnesses related to aging is continuously increasing,
and treatments for early detection of illnesses and less invasive medical procedures are
attracting attention [2]. The early detection of cancer is of particular importance because it
significantly reduces the mortality rate [3]. However, medical devices have material-related
problems. Speculum and cervical dilators that are widely used for the examination and
treatment of cervical and vaginal cancers are made from stainless steel (SUS) and brass [4].
When performing examinations and surgery, such as a speculum diagnosis, the reflection
of surgical light or a laser scalpel on metal surfaces is a cause of interference in treatment
and examination [5]. Therefore, current intracorporeal medical devices, such as speculums,
need to be coated with a matte black coating, such as black chrome plating, that suppresses
light reflection [4]. However, metal materials, such as black chrome plating, have a high
coefficient of friction on the contact surface with the living body, causing discomfort and
pain stemming from the friction experienced by the patient [6]. In addition, depending on
the part of the biologic organ into which a device is inserted, the metal material may elute
because of acid in the body, thereby causing problems like the deterioration of the black
chrome plating and skin inflammation in patients with metal allergies [7]. It is therefore
highly important to treat medical devices after use to prevent infectious diseases, and, once
used, medical devices must be sterilized in actual clinical settings [8]. The deterioration of
coating materials during the medical processes is also an issue [9]. For these reasons, there
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is a demand for the development of surface treatment technology for medical devices as an
alternative to black chrome plating.

Diamond-like carbon (DLC) is a non-crystalline or amorphous carbon-based material
(lacking a crystalline structure) consisting of sp2-bonded carbon atoms of a graphite struc-
ture and sp3-bonded carbon atoms of a diamond structure [10]. Some coatings contain
hydrogen at 0–40 atm%, and their properties depend on the ratio between sp2 bonding
and sp3 bonding with the hydrogen content [11]. Therefore, DLC coatings are produced
under conditions suitable for intended use and the properties on the material surfaces.
By reducing the hydrogen content, a coating that is nearly as hard as diamond will be
formed, whereas in the presence of hydrogen, a coating with gas barrier properties and
chemical resistance will be formed [12]. Owing to its high hardness, gas-barrier properties,
low-friction properties, and other features depending on the coating formation methods,
DLC coating continues to be developed in industrial applications, such as surface coating of
cutting tools and optical parts [13]. In addition, because DLC has properties like chemical
stability and biocompatibility, it is attracting attention as a surface modification for medical
devices with DLC coated on biomaterials [14–18].

This study is intended to utilize DLC surface coating technology to impart functions
such as sliding properties, chemical resistance, sterilization resistance, and surgical light re-
flection prevention in various intracorporeal medical devices. Therefore, in this experiment,
film adhesion was evaluated using a scratch test as a mechanical property of DLC coatings.
To evaluate the sliding property within a living body under conditions simulating clinical
settings, the coefficient of friction was measured in a simulated body environment using
lubricating liquids. To evaluate durability, an immersion test simulating the acid in the
body and a high-pressure steam sterilization test were conducted repeatedly. Furthermore,
regarding the reflection characteristics for surgical light, a sponge-rubbing test simulating
the usage environment was performed.

2. Materials and Methods
2.1. Sample Preparation and Surface Treatment

In this experiment, we used SUS304 samples (Namiki-Mi Co., Ltd., Tokyo, Japan),
which have a low cost and high workability, and are widely used as actual medical de-
vices [19]. In the scratch test, durability test, and evaluation of light reflection characteristics,
SUS304 (20 mm × 20 mm × 1.5 mm) samples were used as analysis samples. In the sim-
ulated body friction coefficient test, SUS304 (40 mm × 100 mm × 1.5 mm) samples were
used to match the size with the simulated living body tester.

Black chrome plating was applied using electroplating [20]. Film formation was
performed with SUS used as a cathode and the plating material (Cr) used as an anode. A
schematic diagram of the electroplating method is shown in Figure 1. The sample on which
black chrome was formed on SUS304 is denoted as Black Cr/SUS. In the Black Cr/SUS
samples, film formation with a thickness of 1.8 µm was confirmed by cross-sectional
scanning electron microscopy (SEM) (JEOL, Tokyo, Japan).

DLC was formed via the ionized evaporation method using C6H6 as a source gas [4,21].
DLC was deposited under the conditions of base pressure 2 × 10−3 (Pa), gas pressure
0.2 (Pa), filament current 30 (A), substrate voltage 2 (kV), temperature 200–250 (◦C), and
deposition time 220 (min). The samples for film formation were subjected to ultrasonic
cleaning in an acetone bath as a pretreatment [10]. The sample in which DLC was formed on
SUS304 is denoted as DLC/SUS. In the DLC/SUS sample, film formation with a thickness
of 1.5 µm was confirmed by cross-sectional SEM. Friction strongly depends on the surface
condition (roughness and electrical potential) and the usage environment (dry or wet) of
the material [4,22–25]. DLC coatings are water repellent and, as such, cannot be expected to
effectively reduce the coefficient of friction when using lubricating liquids [26]. Therefore,
to measure the coefficient of friction in a simulated body environment, the DLC/SUS
samples were subjected to oxygen plasma surface treatment using the high-frequency
plasma method to improve the hydrophilicity of the outermost surface [27]. The oxygen
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plasma surface treatment reformed the DLC/SUS surface with plasmaized oxygen. The
processing conditions were pressure 10 (Pa), power supply 200 (W), and treatment time
2 (min). The DLC/SUS sample subjected to oxygen plasma treatment was denoted as
O-DLC/SUS. A schematic of the plasma reactor and the surface treatment conditions have
also been shown in previous research [26].
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Figure 1. Schematic diagram of the black chrome (Black Cr) plating.

2.2. Evaluation of Film Adhesion by Scratch Testing

To ensure reliability, thin-film coatings must not peel off in a usage environment when
used as a surface treatment for medical devices. Films with weak adhesion will be peeled
off, and these films will not be able to exhibit their functions in the peeled area. In this
study, the adhesion was evaluated for the black chrome plating and the DLC-coated SUS
sample using a scratch tester (Revetest Scratch Tester) (CSM Instruments, Switzerland). The
conditions were set with reference to the ISO 20502 standard in the experiment [28]. In the
scratch test, Black Cr/SUS and DLC/SUS samples were measured three times each, and the
measured values were averaged to determine the peeling load. A schematic of the scratch
test is shown in Figure 2, and the conditions for the scratch test are shown in Table 1.
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Table 1. Scratch test conditions.

Samples Black Cr/SUS, DLC/SUS

Scratch speed (mm/min) 10
Applied load increase rate (N/min) 100

Initial load (N) 0.9
End load (N) 60

Temperature (◦C) 24
Humidity (%) 48
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2.3. Measurement of the Coefficient of Friction in a Simulated Body Environment

To clarify the effect of friction between the Black Cr/SUS and DLC/SUS samples and
biomaterials, a simulated body environment was prototyped using urethane to measure
the friction coefficient [26]. To measure the coefficient of friction in a simulated body
environment, the DLC/SUS samples were subjected to oxygen plasma treatment using
the high-frequency plasma method and then surface-treated. To calculate the coefficient
of static friction, both sides of the sample were deposited in DLC and were treated with
oxygen plasma. In this test, a comparative study of two samples, Black Cr/SUS and
O-DLC/SUS, was conducted. In addition to the measurement under dry conditions,
measurements were also performed under wet conditions containing blood, physiologic
saline, and hyaluronic acid solution to simulate an actual clinical setting. Blood (Tokyo
Shibaura Zoki Ltd., Cow blood, Tokyo, Japan), physiologic saline (SIGMA, sodium chloride
solution 0.9%), and hyaluronic acid solution (FUJIFILM, hyaluronic acid sodium 0.1%)
were used as lubricating liquids. These lubricating liquids were selected because they have
high biocompatibility and are commonly used in clinical tests [29].

The specific test procedures for measuring the coefficient of friction in a simulated
body environment were the same as those used in previous research [26].

2.4. Immersion and Sterilization Tests with Hydrochloric Acid

Immersion and sterilization tests with hydrochloric acid were conducted to study the
acid resistance and durability of black chrome coatings and DLC coatings in a simulated
clinical setting.

The Black Cr/SUS and DLC/SUS samples were used in these tests. A schematic of a
high-pressure steam sterilizer and the sterilization conditions have been shown in previous
research [26]. A schematic of the immersion test with hydrochloric acid and the immersion
conditions have also been shown in previous research [26].

The chemical composition of DLC/SUS was analyzed by using X-ray photoelectron
spectroscopy (XPS) (JEOL, Tokyo, Japan). The surface conditions of the samples were
observed with a Schottky field-emission scanning electron microscope (FE-SEM: JEOL,
JSM-7100F) (JEOL, Tokyo, Japan). In addition, surface elements were measured with
an energy-dispersive X-ray spectrometer (EDS; JEOL, JED-2300) (JEOL, Tokyo, Japan).
The results of these tests using Black Cr/SUS and DLC/SUS samples were compared to
investigate the utility of the DLC coatings.

2.5. Light Reflection Evaluation before and after the Cleaning Test

A black coating is applied to medical devices used in tests and treatments to prevent
the reflection of surgical light [6]. However, depending on the cleaning and usage environ-
ment, the coating material may peel off and subsequently become unable to prevent the
reflection of surgical light. Therefore, to study the surgical light reflection characteristics
before and after the use of medical devices, a cleaning test with a sponge (ICHIGUCHI
Ltd., outer diameter: 50 mm) (ICHICUCHI ltd., Yokohama, Japan) was conducted on each
sample before and after use. The surgical light reflection characteristics were evaluated
via specular gloss measurement using a gloss meter (HORIBA, IG-331) (HORIBA, Kyoto,
Japan). The SUS, Black Cr/SUS, and DLC/SUS samples were used in the test. Using
the glossiness of SUS as a reference, the glossiness of Black Cr/SUS and DLC/SUS was
measured before and after use. The specific test procedures are shown below. A schematic
of the test is shown in Figure 3. The test conditions are listed in Table 2.
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Table 2. Conditions of the cleaning test.

Substrate Black Cr/SUS, DLC/SUS

Diameter of polishing sponge (mm) 50
Load (N) 10

Rotation speed (rpm) 1290
Time (s) 20

(1) Each substrate was fixed to a drill press (MECANIX Co., Ltd. Shop-Ace M18A)
(MECANIX Co., Ltd., Japan).

(2) The sponge attached to the drill press was slid at a constant load.
(3) The reflection characteristics of each sample after sliding were measured using a

gloss meter.

After sliding, the surface condition of the sample on each substrate was visually
observed. The results of these tests using the Black Cr/SUS and DLC/SUS samples were
compared to investigate the utility of the DLC coatings.

3. Results and Discussion
3.1. Film Adhesion Evaluation by Scratch Testing

As previously mentioned, to ensure reliability, thin-film coatings must not peel off
in a usage environment when used as a surface treatment for medical devices. A scratch
test was conducted on the Black Cr/SUS and DLC/SUS samples to measure the film
adhesion. Table 3 shows the delamination loads measured in the scratch test. Each sample
was measured three times to calculate the average. The results in Table 3 show that the
delamination loads of Black Cr/SUS and DLC/SUS are 3.04 and 24.01 (N), respectively.
The DLC coatings demonstrated a load withstanding capacity that was approximately
eight times larger than that of black chrome plating. Delamination loads of DLC coating
was roughly the same value as other research paper [30]. In addition, delamination loads
of DLC coating was higher than other materials [31]. These results suggest that when DLC
coatings are formed on medical devices, their mechanical adhesion rate and usage life are
higher than those of the substrate coated with black chrome plating.

Table 3. Delamination loads of each sample measured in the scratch test.

Sample Delamination Load (N)

N1 N2 N3 Average Standard Deviation

Black
Cr/SUS 2.85 3.63 2.64 3.04 0.43

DLC/SUS 21.81 23.98 26.25 24.01 1.81
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3.2. Simulated Body Coefficient of Friction Measurement in Each Lubricating Liquid Environment

To clarify the effect of friction between the Black Cr/SUS and DLC/SUS samples and
biomaterials, a simulated body environment was prototyped using urethane to measure
the friction coefficient. Simulated body friction coefficient testing was conducted using
blood, physiologic saline, and a hyaluronic acid solution, as well as under dry conditions.
The measurement results are shown in Figure 4. The friction coefficient in this study was
measured by sandwiching the substrate with urethane rubber. Therefore, the friction
coefficient in this study is higher than the normal friction coefficient. The coefficient of
friction under dry conditions was 1.391 for Black Cr/SUS and 0.763 for O-DLC/SUS.
In addition to its lower friction in dry conditions, O-DLC/SUS showed lower frictional
properties than Black Cr/SUS under any lubricant conditions. In addition, the coefficient
of friction of O-DLC/SUS under physiological saline and hyaluronic acid conditions was
lower than that under dry conditions. These results suggest that O-DLC coatings have a
lower friction within the living body than black chrome plating, and it is highly possible
that physiological saline and hyaluronic acid can suppress the invasiveness of certain
medical procedures caused by friction. There is no specific value for the optimum friction
coefficient in the body. For a medical device to be inserted into the body, the lower the
friction coefficient, the better.
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3.3. Immersion and High-Pressure Steam Sterilization Tests with Hydrochloric Acid

To study the acid resistance and durability of Black Cr/SUS and DLC/SUS in a
simulated clinical setting, immersion and sterilization tests with hydrochloric acid were
performed to evaluate the durability before and after the immersion and sterilization tests.
Chemical composition was analyzed by using X-ray photoelectron spectroscopy (XPS).
The surface state and film composition were measured using field-emission scanning
electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS). The C1s
spectra of DLC/SUS before and after the immersion and sterilization tests are shown in
Figure 5. These spectrum were deconvoluted to find the ratio of sp3/(sp2 + sp3). Binding
energies corresponding to both the diamond and graphite were found at 284.3 eV (sp2) and
285.0 eV (sp3) before and after the immersion and sterilization tests. The sp3/(sp3 + sp2)
ratio governing the quality of the DLC films was calculated from the C1s peak (a greater
quantity of sp3 bonds makes the films more similar to diamond-like film, while more sp2

bonds make them more graphite-like). The sp3/(sp2 + sp3) before and after the immersion
and sterilization tests showed 0.23 to 0.26, and there was almost no change before and after
testing. The results of XPS confirmed that the surface of DLC/SUS was stable before and
after immersion and sterilization.
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SEM images before and after the tests are shown in Figure 6. The figure demonstrates
that the surface of Black Cr/SUS after the immersion and sterilization tests was changed
and damaged by acid and sterilization. On the other hand, no surface deterioration was
confirmed with the DLC/SUS sample before and after the immersion and sterilization
tests. This is presumably ascribable to the chemical stability, which is a characteristic of
DLC coatings.
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To analyze significant morphological changes in the Black Cr/SUS surface before
and after the immersion and sterilization tests, a quantitative analysis of elements was
performed using EDS. In addition to Fe, Cr, and Ni, which are the main elements of SUS, as
well as C, which is the element of DLC, studies were mainly conducted on O to analyze the
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possibility of oxidation. The analysis results are shown in Table 4. For the Black Cr/SUS
sample, the proportion of Cr decreased from 63.85 to 50.25, whereas the proportion of O
increased after the immersion and sterilization tests. This is because the passive film was
dissolved by the hydrochloric acid used in the immersion test. Moreover, the moisture
from the sterilization process invaded the boundary between the material and the film,
causing the Black Cr/SUS sample to corrode [32,33]. Next, we considered the DLC/SUS
sample. Neither an exposure of metal material nor a change was confirmed with the
DLC/SUS sample before and after the immersion and sterilization tests. In other words,
the surface of DLC/SUS was stable before and after the immersion and sterilization tests,
and its durability as a coating material was confirmed. The results of SEM and EDS suggest
that DLC coatings are more durable than conventional coatings as a surface treatment
technology for medical devices.

Table 4. Surface element analysis of samples using energy-dispersive spectroscopy (EDS).

wt.% Black Cr/SUS DLC/SUS

Before After Before After

C 2.5 ± 0.21 2.3 ± 0.56 98.1 ± 0.31 98.7 ± 0.28
O 32.2 ± 0.47 47.2 ± 0.43 1.9 ± 0.12 1.3 ± 0.34
Fe 1.2 ± 0.46 0.3 ± 0.20 ND ND
Cr 63.9 ± 0.38 50.3 ± 0.64 ND ND
Ni 0.2 ± 0.27 ND ND ND

Mean ± SD, Not Detected (ND): < 0.02%.

3.4. Light Reflection Characteristic Evaluation before and after the Cleaning Test

To study the surgical light reflection characteristics before and after the use of medical
devices, a cleaning test with a cleaning sponge was conducted on each substrate before
and after use. The surgical light reflection characteristics were evaluated with a gloss
meter. The measurement results of the glossiness are shown in Table 5, and the surface
conditions before and after sliding are shown in Figure 7. The glossiness of SUS was 75.4,
which was used as the reference. The glossiness of the Black Cr/SUS sample was 6.8 before
sliding and 63.8 after sliding. It is plausible that the function as a light reflection inhibitor
deteriorated because we confirmed that the black chrome plating was peeled off and that
the SUS was exposed by cleaning. The coating material with the lowest glossiness indicated
approximately 0 to 30 [34]. On the other hand, the glossiness of the DLC/SUS sample
before and after sliding was 15.8 and 15.4, respectively. No change was observed in the
reflection characteristics before and after sliding, thereby suggesting that the DLC coatings
are useful as a light reflection inhibitor in a usage environment.

Table 5. Glossiness of samples before and after the cleaning test.

Sample
Glossiness (%)

before after

SUS 75.4 (standard)
Black Cr/SUS 6.8 63.8

DLC/SUS 15.8 15.4
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4. Summary and Conclusions

In this study, we evaluated the adhesion, friction characteristics, durability against
bodily acids, sterilization and cleaning, and light reflection resistance of diamond-like
carbon (DLC) formed as a surface treatment for intracorporeal devices. The coefficient of
friction was lower with DLC coatings than with black chrome plating in all environments.
Furthermore, DLC showed an adhesion of approximately 24 N, which is eight times
stronger than that of black chrome plating. The DLC samples were also significantly stable
without being damaged during immersion in acid and high-pressure steam sterilization,
which were conducted as a durability test. In addition, the coatings remained unpeeled in
a usage environment, and there was no change in the anti-reflection performance of the
DLC coatings. In summary, the use of DLC coatings is a useful technique for improving
the surfaces of intracorporeal devices and extending the life of medical devices.

Author Contributions: Conceptualization, M.K., K.N. and K.H.; methodology, M.K. and K.H.; soft-
ware, M.H. and H.N.; validation, M.K., M.H. and K.H.; formal analysis, A.A. and K.H.; investigation,
M.K.; resources, M.H., H.N. and K.N.; data curation, A.A. and K.H.; writing—original draft prepara-
tion, M.K.; writing—review and editing, M.K., A.A. and K.H.; visualization, M.K.; supervision, K.H.;
project administration, M.K., M.H., K.N. and K.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by JAPAN Keirin Autorace, grant number 2018-113.

Data Availability Statement: The date presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Curtis, C.C.; Lugauer, S.; Mark, N.C. Demographics and aggregate household saving in Japan, China, and India. J. Macroecon.

2017, 51, 175–191. [CrossRef]
2. Merali, N.; Singh, S. Abdominal access techniques (including laparoscopic access). Surgeons (Oxford) 2018, 36, 220–227. [CrossRef]
3. Li, C.; Liu, Y.; Xue, D.; Chan, W.H. Effects of nurse-led interventions on early detection of cancer: A systematic re-view and

meta-analysis. Int. J. Nur. Stud. 2020, 110, 103684. [CrossRef] [PubMed]
4. Perez, R. Medical Speculum and Procedure. U.S. Patent 4597382A, 1 July 1986.
5. Pan, C.; Chen, Y.; Yang, T.; Lin, P.-H.; Huang, J.C.; Lin, P.-H. Study of reflection-typed LED surgical shadowless lamp with thin

film Ag-based metallic glass. Optic 2016, 127, 2193–2196. [CrossRef]
6. Usui, T.; Iwata, T.; Miyake, S.; Otsuka, T.; Koizumi, S.; Shirakawa, N.; Kawata, T. Mechanical and frictional proper-ties of aesthetic

orthodontic wires obtained by hard chrome carbide plating. J. Dent. Sci. 2018, 13, 151–159. [CrossRef]
7. Karthik, C.; Ramkumar, V.S.; Pugazhendhi, A.; Gopalakrishnan, K.; Arulselvi, P.I. Biosorption and biotrans-formation of Cr (VI)

by novel Cellulosimicrobium funkei strain AR6. J. Taiwan Inst. Chem. Eng. 2017, 70, 282–290. [CrossRef]
8. Moradi, L.; Jobania, B.M.; Jafarnezhad-Ansariha, F.; Ghorbani, F.; Esmaeil-Pour, R.; Zolbina, M.M.; Kajbafzadeh, A.-M. Evaluation

of different sterilization methods for decellularized kidney tissue. Tissue Cell 2020, 66, 101396. [CrossRef]

http://doi.org/10.1016/j.jmacro.2017.01.002
http://doi.org/10.1016/j.mpsur.2018.03.002
http://doi.org/10.1016/j.ijnurstu.2020.103684
http://www.ncbi.nlm.nih.gov/pubmed/32702568
http://doi.org/10.1016/j.ijleo.2015.11.150
http://doi.org/10.1016/j.jds.2017.07.003
http://doi.org/10.1016/j.jtice.2016.11.006
http://doi.org/10.1016/j.tice.2020.101396


Materials 2021, 14, 376 10 of 10

9. Mousavi, S.M.; Shamohammadi, M.; Moradi, M.; Hormozi, E.; Rakhshan, V. Effects of cold chemical (glutaraldehyde) versus
autoclaving sterilization on the rate of coating loss of aesthetic archwires: A double-blind randomized clinical trial Comparaison
des effets de la stérilisation à froid (glutaraldéhyde) et à l’autoclave sur le taux de perte de revêtement des arcs esthétiques: Essai
clinique randomisé, contrôlé, en double-aveugle. Int. Orthod. 2020, 18, 380–388.

10. Fontaine, J.; Donnet, C.; Erdemir, A. Fundamentals and Application of DLC Films, Tribology of Diamond-Like Carbon Films; Springer:
Berlin, Germany, 2008; pp. 139–154.

11. Mabuchi, Y.; Higuchi, T.; Weihnacht, V. Effect of sp2 /sp3 bonding ratio and nitrogen content on friction proper-ties of hydrogen-
free DLC coatings. Tribol. Int. 2013, 62, 130–140. [CrossRef]

12. Tashiro, H.; Nakaya, M.; Hotta, A. Enhancement of the gas barrier property of polymers by DLC coating with orga-nosilane
interlayer. Diam. Relat. Mater. 2013, 35, 7–13. [CrossRef]

13. Kumar, C.S.; Majumder, H.; Khan, A.; Patel, S.K. Applicability of DLC and WC/C low friction coatings on Al2O3/TiCN mixed
ceramic cutting tools for dry machining of hardened 52100 steel. Ceram. Int. 2020, 46, 11889–11897. [CrossRef]

14. Hauert, R. A review of modified DLC coatings for biological applications. Diam. Relat. Mater. 2003, 12, 583–589. [CrossRef]
15. Dearnaley, G.; Arps, J.H. Biomedical applications of diamond-like carbon (DLC) coatings: A review. Surf. Coatings Technol. 2005,

200, 2518–2524. [CrossRef]
16. Kobayashi, S.; Ohgoe, Y.; Ozeki, K.; Sato, K.; Sumiya, T.; Hirakuri, K.K.; Aoki, H. Diamond-like carbon coatings on or-thodontic

archwires. Diam. Relat. Mater. 2005, 14, 1094–1097. [CrossRef]
17. Banghard, M.; Hartmann, R.; Silmy, K.; Nisch, W.; Von Metzen, R.; Stett, A.; Bucher, V. High voltage insulation properties of

DLC-Parylene multilayer films for microsurgery instruments. Microelectron. Eng. 2016, 153, 126–131. [CrossRef]
18. Mano, T. Improvement of adhesion of diamond-like carbon films and its medical application. J. Surf. Finish. Soc. Jpn. 2007,

58, 18–22. [CrossRef]
19. Ho, C. New device for Pentax-Airway Scope in pediatric intubation. Acta Anaesthesiol. Taiwanica 2010, 48, 178–179. [CrossRef]
20. Lim, D.; Ku, B.; Seo, D.; Lim, C.; Oh, E.; Shim, S.E.; Baeck, S.-H. Pulse-reverse electroplating of chromium from Sargent baths:

Influence of anodic time on physical and electrochemical properties of electroplated Cr. Int. J. Refract. Met. Hard Mater. 2020,
89, 105213. [CrossRef]

21. Mayama, T.; Hiratsuka, M.; Nakamori, H.; Homma, A.; Hirakuri, K.; Ohgoe, Y. Effect of oxygen plasma treatment for different
types of DLC films. In Proceedings of the 79th JSAP Autumn Meeting, Nagoya, Japan, 18–21 September 2016.

22. Rahaman, M.L.; Zhang, L.; Liu, M.; Liu, W. Surface roughness effect on the friction and wear of bulk metallic glasses. Wear 2015,
332–333, 1231–1237. [CrossRef]

23. Menezes, P.L.; Kishore; Kailas, S.V. Influence of surface texture and roughness parameters on friction and transfer layer formation
during sliding of aluminium pin on steel plate. Wear 2009, 267, 1534–1549. [CrossRef]

24. Tian, S.F.; Jiang, L.T.; Guo, Q.; Wu, G.H. Effect of surface roughness on tribological properties of TiB2/Al composites. Mater. Design
2014, 53, 129–136. [CrossRef]

25. Lee, J.; He, M.; Yeo, C.-D.; Kumar, G.; Hu, Z.; Quitevis, E.L.; Thalangamaarachchige, V.D. Friction and wear of Pd-rich amorphous
alloy (Pd43Cu27Ni10P20) under dry and ionic liquid (IL) lubricated conditions. Wear 2018, 190–199. [CrossRef]

26. Sakurai, K.; Hiratsuka, M.; Nakamori, H.; Namiki, K.; Hirakuri, K. Evaluation of sliding properties and durability of DLC coating
for medical devices. Diam. Relat. Mater. 2019, 96, 97–103. [CrossRef]

27. Onodera, S.; Fujii, S.; Moriguchi, H.; Tsujioka, M.; Hirakuri, K. Antibacterial property of F doped DLC film with plasma treatment.
Diam. Relat. Mater. 2020, 107, 107835. [CrossRef]

28. International Organization for Standardization 20502:2005. Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics)—
Determination of Adhesion of Ceramic Coatings by Scratch Testing; ISO: Geneva, Switzerland, 2005.

29. Wang, J.; Ma, L.; Li, W.; Zhou, Z. Influence of different lubricating fluids on friction trauma of small intestine during enteroscopy.
Tribol. Int. 2018, 126, 29–38. [CrossRef]

30. Xu, P.; Wang, Y.; Cao, X.; Nie, X.; Yue, W.; Zhang, G. The tribological properties of DLC/SiC and DLC/Si3N4 under different
relative humidity: The transition from abrasive wear to tribo-chemical reaction. Ceram. Int. 2021, 47, 3901–3910. [CrossRef]

31. Sander, T.; Tremmel, S.; Wartzack, S. A modified scratch test for the mechanical characterization of scratch re-sistance and
adhesion of thin hard coating on soft substrates. Surf. Coatings Technol. 2011, 206, 1873–1878. [CrossRef]

32. Kato, M.; Sakaki, T. Corrosion behavior of metallic chromium in aqueous hydrochloric acid solution. J. Surf. Finish. Soc. Jpn. 1991,
55, 1108–1114.

33. Kato, M.; Sakaki, T. Effect of alloying elements on corrosion behavior of Cr in HCl solutions. J. Surf. Finish. Soc. Jpn. 1992,
56, 74–80.

34. Uribe-Padilla, J.; Graells, M.; Salgado-Valle, J.; Serrano, J.L. A viscosity-mediated model for relating gross and film thickness of
coatings. Prog. Org. Coating 2019, 136, 105195. [CrossRef]

http://doi.org/10.1016/j.triboint.2013.02.007
http://doi.org/10.1016/j.diamond.2013.03.001
http://doi.org/10.1016/j.ceramint.2020.01.225
http://doi.org/10.1016/S0925-9635(03)00081-5
http://doi.org/10.1016/j.surfcoat.2005.07.077
http://doi.org/10.1016/j.diamond.2004.11.036
http://doi.org/10.1016/j.mee.2016.03.057
http://doi.org/10.4139/sfj.58.18
http://doi.org/10.1016/j.aat.2010.04.001
http://doi.org/10.1016/j.ijrmhm.2020.105213
http://doi.org/10.1016/j.wear.2014.11.030
http://doi.org/10.1016/j.wear.2009.06.003
http://doi.org/10.1016/j.matdes.2013.06.038
http://doi.org/10.1016/j.wear.2018.05.017
http://doi.org/10.1016/j.diamond.2019.03.021
http://doi.org/10.1016/j.diamond.2020.107835
http://doi.org/10.1016/j.triboint.2018.05.002
http://doi.org/10.1016/j.ceramint.2020.09.252
http://doi.org/10.1016/j.surfcoat.2011.08.035
http://doi.org/10.1016/j.porgcoat.2019.06.041

	Introduction 
	Materials and Methods 
	Sample Preparation and Surface Treatment 
	Evaluation of Film Adhesion by Scratch Testing 
	Measurement of the Coefficient of Friction in a Simulated Body Environment 
	Immersion and Sterilization Tests with Hydrochloric Acid 
	Light Reflection Evaluation before and after the Cleaning Test 

	Results and Discussion 
	Film Adhesion Evaluation by Scratch Testing 
	Simulated Body Coefficient of Friction Measurement in Each Lubricating Liquid Environment 
	Immersion and High-Pressure Steam Sterilization Tests with Hydrochloric Acid 
	Light Reflection Characteristic Evaluation before and after the Cleaning Test 

	Summary and Conclusions 
	References

