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ABSTRACT
In this paper, we report deposition of ZnO nanoparticles on stainless steel orthodontic wires by
chemical solution method for the first time. The prepared samples were characterized by x-ray diffraction
(XRD), scanning electron microscopy (SEM) coupled with energy dispersive x-ray analysis (EDX), visibleultraviolet diffuse reflectance spectroscopy (DRS) and transmission electron microscope (TEM) to evaluate
particle structure, size distribution and composition. ZnO nanoparticles are almost hexagonal (spherical) in
shape. The mean particles size of them is 40-45 nm. Coating of SS wires with ZnO nanoparticles has effect in
decreasing of frictional forces which is an important problem in orthodontic treatments. Amount of friction
force between rectangular SS wires and orthodontic brackets showed 51% decrease in zno coated group
relative to non coated group of wires .Also after deposition of nano zno on round SS wires 39% decrease in
friction force was observed. ZnO nano particles play as a significant solid lubricant between orthodontic
brackets and wires.
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INTRODUCTION
Compact and uniform films and also self-assembled nanostructures of ZnO can be synthesized by
various vapor-phase and solution-phase techniques. In comparison to the vapor phase techniques, the lowtemperature synthesis from chemical solutions is simpler and more cost-effective. In chemical solution
deposition, films are grown on the substrate through a controlled heterogeneous precipitation of ZnO. In
successive chemical solution deposition (SCSD) process, a thin layer of zinc complex ions is adsorbed on the
substrate by the immersion of substrate into the complex solution kept at room temperature. This step is
followed by the immersion of the wet substrate in boiling water where the chemical reaction between water
and the adsorbed ions leads to the growth of a few nm-thick and adherent ZnO film. The cycle of ion
adsorption followed by chemical reaction in hot water is repeated to achieve the desired thickness [1–8].
ZnO seems to have the richest family of nanostructures (nanospheres, nanocombs, nanorings,
nanohelixes/ nanosprings, nanobelts, nanowires and nanocages) among all materials, both in structures and in
properties. These could have novel applications in dentistry and orthodontic treatments. Orthodontic
treatment is directly related to tooth movements. One common procedure to translate a tooth in the dental
arch is sliding it along an arch-wire, which is associated with advantages such as decreased clinical treatment
time, patient satisfaction, and three-dimensional control of tooth movements [9,10]. In orthodontic
treatments, when the tooth-bonded brackets move along the wire, friction results from the load naturally
occurred on contact points [11]. Friction accompanies all sliding techniques and is considered an uncontrolled
factor [9,12]. Some techniques have been developed to overcome this problem, such as use of wires of
different metals, shapes, and sizes, as well as application of extra-oral forces or use of temporary implants
[13,14]. Furthermore, the use of nanoparticles, invented in the 1990s, has been emphasized to decrease
frictional forces between two metallic surfaces as excellent solid lubricants [15-17]. In order to utilize this
characteristic of nanoparticles to decrease friction during orthodontic treatments, orthodontic wires or
brackets must be coated with the nanoparticles [15]. Redlich et al. (2008) coated 0.019 inch × 0.025 inch
orthodontic wires with inorganic fullerene-like nanoparticles of tungsten disulfide (WS2) and showed
significantly reduced frictional forces on wires [15]. Naveh et al. (1995) reported reduced friction after coating
Nickel-Titanium (NiTi) wires with nanoparticles of WS2 in the laboratory [18]. Furthermore, stainless steel (SS)
orthodontic wires were subjected to significantly decreased frictional forces when coated with nanoparticles
of Carbone Nitride (CNx) as suggested by Wei et al. [19], Goto et al. (2008) demonstrated a reduction in the
frictional coefficient of zinc oxide (ZnO)-coated SS substrates in vacuum [20]. Appropriate benefits of
nanoparticles are related to, Rolling effects that cause two surfaces to slide on each other due to the spherical
shape of the particles, Nanoparticles serve as spacers, preventing the contact between the two opposing
surfaces, Third-body material transfer, which only occurs when the nanoparticles are released from the coated
surfaces by electrolysis and transfer to the opposing metal (bracket) [15-17, 21]. Obviously, future clinical use
of coated wires will depend on safe biocompatibility tests according to accepted procedures. Here, we report
on the composition, and structure of films grown by SCSD process on stainless steel (SS) orthodontic wires. The
aim of the present study was to assess the effect of ZnO spherical nanoparticle coatings on reducing frictional
forces in sliding tooth movements.
EXPERIMENTAL
Materials
In this in vitro study, 80 orthodontic wires of 0.016 inch and 0.019 inch × 0.025 inch (American
Orthodontics, USA) were used with and without ZnO nanoparticle coating. The studied devices included 40 SS
brackets of the upper right centrals in 0.022 standard system (Ultratrimm, Dentaurum, Germany), 40 SS
brackets of the upper right centrals in 0.018 standard system (Ultratrimm, Dentaurum, Germany), forty 0.016
inch SS straight wires (American Orthodontics, USA) with and without spherical ZnO nanoparticle coating as
well as 40 rectangular 0.019 inch × 0.025 inch SS straight wires (American Orthodontics, USA) with and without
spherical ZnO nanoparticle coating.
Measurements
X-ray diffraction patterns (XRD) were collected using a Siemens D500 diffractometer with Cu kα
radiation (λ=1.5418 A° and θ=4-80°) at room temperature. Scanning electron microscope (Philips XL30)
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equipped with energy dispersive X-ray (EDX) facility was used to capture SEM images and to perform
elemental analysis. The products have been characterized by transmission electron microscope (TEM) and
energy-dispersive X-ray analysis (EDX). TEM studies, combined with EDAX were carried out on a Zeiss LEO 912
Omega instrument, operating at 120 kV. TEM specimens were made by evaporating one drop of solution of
sample in ethanol onto carboncoated copper grids. Grids were blotted dry on filter paper and investigated
without further treatment.
Furthermore, a universal testing machine (Huns field Test Equipment, H5K Model; England) was used
to exert tensile and sliding movements between the wires and brackets.
Experimental procedure
In order to coat wires with ZnO nanoparticles, the bath was prepared by adding concentrated NH 3
solution (35.28wt.%) as the complexing agent, to 100 ml of aqueous ZnSO4 .7H2O (0.5M) solution. Due to the
formation of Zn(OH)2, the mixture became milky in appearance. Further addition of ammonia dissolved
Zn(OH)2 and yielded a clear zincate solution. The solution was then diluted to a volume of 500 ml. The
concentration of ammonia in the freshly prepared bath was about 1.7M and the pH was 11.0. The wires were
cleaned in an ultrasonic bath of ethanol for 30 min at 30°C just before the deposition.
RESULTS AND DISCUSSION
Deposition mechanism
In the SCSD technique, which is also known as SILAR (successive ion layer adsorption and reaction),
ZnO is deposited as the result of a chemical reaction between boiling water and a thin layer of a zinc complex
solution that the substrate carries. NH3 is used as the complexing agent and the reactions leading to the
formation of zincate ions are,
2+

+4

Zn (aq)+4NH3(aq)↔Zn(NH3)2 (aq) ,
+4
−
−2
Zn(NH3)2 +4HO ↔ZnO2 +2H2O+4NH3 ,

(1)
(2)

The reaction between the boiling water and the zincate ions adsorbed on the substrate leads to the
deposition of ZnO through,
−2

ZnO2 +H2O↔ZnO+2HO

−

(3)
◦

At a reaction temperature exceeding 50 C the zinc hydroxide film transforms to ZnO. The exact route
and mechanism by which ZnO is deposited on the substrate, in a hot-water bath, is not very well known and
needs further studies.
Different time intervals were selected for coating the wires with ZnO nanoparticles (10, 15, 20, 30, 40,
50, and 60 min).
Structure and morphology
The size and morphology of the samples are illustrated in Fig.1. SEM images of the SS wires confirmed
ZnO nanoparticle coating in this method are uniform and in spherical shape. From particle size analyzer results,
the synthesized ZnO nanoparticles on the wires have narrow size distribution with a mean diameter of 42 nm.
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Figure 1: SEM of a wire coated with zinc oxide a) after 10 min, b) after 15 min,
c) after 30 min, d) EDX after 30 min
Furthermore, a pilot study and assessment of frictional forces showed that the time interval of 20 min
was the best choice for nanoparticle coatings, so in figure 2, The SEM images of a wire coated with zinc oxide
before and after friction test were illustrated. As shown in figure 2 after friction test, most of the nano
particles are not be separated from the wires and this fact is very pleasure. So nano particles are stable after
friction test and this fact will cause reduction of frictional force between orthodontic wires and brackets on
contact points when the tooth-bonded brackets move along the wire.

Figure 2: SEM of a wire coated with zinc oxide (20 min); a: before friction test (× 1500), b: before friction test
(× 3000), c: after friction test (× 1500), d: after friction test (× 3000)
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The diffraction peaks for ZnO lifted off its SS substrate were in good agreement with those given in
the standard data (PCPDF, 79-0207) and showed a good crystallinity. This means that as prepared materials
had crystallized in a hexagonal wortzite ZnO. On the other hand, it is clear to see that the width of the
reflections is considerably broadened, indicating that a small crystalline domain size. The average crystallite
size of nano ZnO was determined as 45 5 nm from the line width broadening of the XRD peak corresponding
to (002) reflection, using the Scherrer equation.

Figure 3: XRD pattern of ZnO lifted off its SS substrate

The TEM image of ZnO nanoparticles lifted off its SS substrate was illustrated in figure 4. ZnO
nanoparticles are almost hexagonal (spherical) in shape and the mean particle size of them are less than 50
nm.

Figure 4: TEM image of ZnO lifted off its SS substrate
The diffuse reflectance spectra (DRS) of ZnO films deposited on SS wires shows in Fig. 5. The plot in
the inset of Fig. 5 measures a bandgap of 3.38 eV for the film deposited on SS wires. This value is in excellent
agreement with the Aexciton bandgap of ZnO that is 3.40 eV at 395 K [22-26].
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Figure 5: DRS spectra of ZnO film lifted off its SS substrate. The film bandgap energy (inset plot)

Friction Force evaluation
The friction force calculations during the sliding procedure were performed after nanoparticle
coatings and preparation of wires. To simulate the type of movement that occurs during orthodontic
treatment, i.e. sliding of a tooth across an archwire, we used Upper right central incisors ( 0.018 and 0.022
orthodontic systems ) SS standard brackets(Dentarum ,Germany) were bonded with cyanoacrylate glue to
aluminum plates by a bracket-mounting device. This apparatus insured the accurate and similar positioning of
the brackets on the plates. Then the plate was fastened with screws to a notch in a special device, built for
this study; it was then attached to the base of an Instron testing machine (Universal Testing Machine 4502,
High Wycombe, United Kingdom) [27]. In order to create an identical condition for all the specimens, the
brackets were changed after each wire sliding. The aluminum plate was positioned in three different notches
angulated at 0°, 5° and 10° to the long axis of the device, using a special screw holding instrument for the
nd
simulation of the 2 -order bends. Segment of 15-cm archwire was ligated to the brackets with an elastomeric
module (orthotechnology, USA). The upper end of the wire was inserted into a tension load cell of the testing
machine, and a 150-g weight was attached to the lower end of the wire .Each wire was drawn through the
bracket at a constant speed of 0/5 mm/s for a distance of 12 mm while, the frictional forces were calculated
by means of the universal testing machine [Fig. 6]
All the friction forces measured during this study were of kinetic type as no calculations were carried
out at the baseline; however, after 0.1 s the friction values were calculated.]The mean and standard deviation
of friction forces in each system, angulation and nanoparticle coating status were computed. The results were
analyzed with Student t and “ANOVA (Analysis of Variance)” multiple comparison tests and significance was
set at p < 0.05.
Along with the hypothesis suggesting frictional force reduction between orthodontic wires and
brackets after coating with nanoparticles. The results showed a significant decrease in kinetic friction
resistance to sliding in the ZnO-coated wires at different angles and both orthodontic systems of 0.018 and
0.022.
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Figure 6: Friction measurements by means of a universal testing machine
Mean friction force was estimated to be 1.5668±0.107 N and 2.56±0.3401 N for the coated and
uncoated wires in all angles of the brackets and wires; suggesting significant reductions of the friction(39%)
following ZnO nanoparticles coating (Student t: p<0.0001).
The frictional force significantly decreased to 32.48%, 41.48% and 41.23% at 0°, 5° and 10° angles, respectively,
following ZnO nanoparticle coating on 0.016 inch wires compared to the same uncoated wires. In addition, the
mean friction resistance significantly decreased by 52.17%, 52.96%, and 48.99% at 0°, 5° and 10° angles,
respectively, after ZnO nanoparticle coating on 0.019 inch × 0.025 inch wires compared to the same uncoated
wires.
The mean frictional forces in 0.019 inch × 0.025 inch wires showed 51% of reduction after
nanoparticle coating (fig 7). Furthermore, the mean frictional forces in 0.016 inch wires showed 39% of
reduction after coating (fig 8).

Figure 7: Mean friction force of 0.019 inch × 0.025 inch coated and uncoated wires
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Figure 8: Mean friction force of 0.016 inch coated and uncoated wires
Appropriate benefits of the nanoparticles are related to the followings:
-

Rolling effects that cause two surfaces to slide on each other due to the particles sphere-like shape.
Nanoparticles serve as spacers, preventing the contact between the two mating surfaces.
Third body material transfer, which only occurs when the nanoparticles release from the coating
surfaces by electroless procedure and transfer to the opposing metal (bracket)

At the first phase, when there is no angle between the bracket slot and the wire, that is, the bracket
slot translates parallel to the wire, nanoparticles act as spacers decreasing the number of asperities which
come into contact with each other leading in a decreased friction coefficient. As the angle grows between the
slot and wire, the force increases at the edges of the slot and causes more friction resistance on the uncoated
wire, But in coated wire some nanoparticles seem to exfoliate and slowly disintegrate when subjected to load
application, releasing nanoparticles to the sheared interface causing solid lubrication effect.
Furthermore, when the materials are made of stainless steel like the uncoated wires, the friction
coefficient is more which increases through the time, possibly due to the tribochemical reactions leading to
oxidation and adhesion between the rubbed surfaces [27]. ZnO nanoparticles act as a protection against the
oxidation of the metal surfaces and decreases friction resistance consequently.
CONCLUSION
ZnO nanoparticles were successfully deposited on stainless steel orthodontic wires by chemical
solution method. ZnO nanoparticles are spherical in shape which is disirable for decreasing friction force.
These nanoparticles are act as a lubricant and might offer a novel opportunity to significantly reduce friction
during tooth movement and the consequent better anchorage control, reduced treatment time and risk of
root resorption.
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