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Microplasma Deposition of Biocompatible Coatings
Using an Intelligent Robotic System for Plasma Processing
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This paper presents the method of microplasma deposition of biocompatible coatings using an intelligent
robotic system for plasma processing. The two-layer coatings from biocompatible materials, namely from titanium
wire and hydroxyapatite powders are sprayed on the surface of titanium substrates. The synthesis of hydroxyapatite
powder suitable for applying biocompatible coatings onto medical implants is provided by chemical precipitation.
Optimization of the synthesis parameters is carried out by the mathematical modelling method. The porosity of
coatings is controlled by changing the spraying regime. The use of the intelligent robotic system for plasma pro-
cessing allows movement of a robot arm along a given 3D-trajectory and accurate maintenance of plasma spraying
parameters: the trajectory and travel speed of the plasma source, an angle between the sprayed surface and
the plasma jet, and the distance from the plasma source to the surface of substrates. The composition and regimes
of microplasma spraying of biocompatible coatings using an intelligent robotic system for plasma processing have
been developed.
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1. Introduction

Nowadays a variety of porous metallic and ceramic
materials are used to support biological fixation of im-
plants [1–4]. Among them, plasma spray combined ti-
tanium/hydroxyapatite coatings are still very popular
for manufacturing of orthopaedics implants mainly be-
cause of unique properties of titanium, including low
weight, high specific strength, and good corrosion resis-
tance [4], as well as high biocompatibility of hydroxya-
patite [5]. Hydroxyapatite (HA) is the calcium phos-
phate mineral of the apatite group. In medical implan-
tology, synthetic hydroxyapatite is used as implants coat-
ing, promoting a new bone formation [5–8]. Therefore
research and development of new methods for the syn-
thesis of fine crystalline HA, inexpensive and technologi-
cal methods for formation of bioactive coatings is an ur-
gent task. One of the main commercially viable meth-
ods of combined titanium/HA coatings manufacturing
is plasma spraying [2, 4, 8]. The porous structure of
the coating, developed by the plasma spraying method,
promotes effective intergrowth of the bone tissue into
the implant pores significantly, which in turn, contributes
to its reliable fixation in the bone. The plasma coating
of surfaces of complex configurations, such as the med-
ical implants of endoprostheses, presents a challenge for
the implementation of the plasma spraying technology.
This requires automated manipulations of the plasma jet
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and/or the substrate along with the robotic control for
appropriate treatment of a surface [9, 10]. Deviation from
the desirable spraying angle to the surface and required
spraying distance, as well as a predetermined constant
speed of the plasma source movement along the surface
can compromise coating properties.

The aim of this paper was to develop a robotic mi-
croplasma spraying technology for biocompatible coat-
ings with a focus on the synthesis of HA powders, choice
of spray modes to ensure the desired porosity of coatings
and development of algorithms for controlling a robot
manipulator.

2. Materials and methods

Grade 5 ELI titanium alloy samples were used as sub-
strates for microplasma spraying. The reference standard
composition of such grade in wt% of Ti basis is as fol-
lows: Fe — 0.25–0.40, N — 0.05%, O — 0.13–0.20,
Al — 5.50–6.75, C — 0.08, V — 3.50–4.50, and
H — 0.015.

For the application of titanium coating, a wire of
0.3 mm in diameter was used from titanium of BT-1-00
(GOST 19807-91) Grade 4. The composition of such
grade in wt% (Max) of Ti-base is as follows: N — 0.05,
C — 0.1, Fe — 0.5, H — 0.0015, O — 0.5. As the top
layer coating material, HA powder with the frac-
tion sizes of 40–90 µm and with a large size differ-
ence across the particle axes was used. The phase
composition of the HA powder was an all-crystalline
combination of Ca10(PO4)6(OH)2 with a molar ratio
Ca/P — 1.67. The HA powder was synthesized by chem-
ical precipitation [11].
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Before microplasma spraying a gas-abrasive treatment
of substrates was carried out using the electrocorundum
of 25A Grade (GOST 2MT 793-80) followed by ultrasonic
cleaning in medical alcohol for 15 min.

The research was carried out at a pilot production
site established in D. Serikbayev East Kazakhstan State
Technical University with an industrial complex for
plasma processing of materials on the basis of Kawasaki
RS-010LA (Kawasaki Robotics, Japan), an industrial
robot. The robot consists of movable parts with
six degrees of mobility for moving the equipment in-
stalled therein according to a predetermined trajectory.
The robot arm is equipped with the MPN-004 microplas-
matron produced by E.O. Paton Institute of Electric
Welding (Ukraine) for microplasma deposition of wire
or powder coatings (Fig. 1a). The Kawasaki RS-010LA
robot manipulator characteristics are as follows: posi-
tioning accuracy — 0.06 mm; maximal linear speed —
13100 mm/s; engagement zone — 1925 mm; working load
capacity — 10 kg. Kawasaki robots are controlled by
AS software system.

Fig. 1. General view of Kawasaki RS-010LA robot
manipulator with MPN-004 microplasmatron (a) and
a set of hip joint endoprosthesis with a two-layer mi-
croplasma sprayed coating (b).

The methods of control theory, linear algebra, and
mathematical modelling were applied to develop control
algorithms for the robot manipulator.

The experimental methods of analysis include Scan-
ning Electron Microscopy (SEM) by JSM-6390LV
(“JEOL”, Japan), X-ray diffraction (XRD) by X’Pert
PRO (“PANalytical”, the Netherlands), and Infrared

Spectroscopy by FT-801 spectrometer (SIMEX, Russia).
The SEM-images of cross sections of coatings were pro-
cessed using ZAF/PB, Micro Capture, and Atlas soft-
ware for evaluating coating porosity. No clinical tests on
humans or animals have been carried out.

3. Results and discussion

Optimization of HA synthesis parameters was per-
formed for the hydroxyapatite samples with a given Ca/P
ratio by the mathematical modelling method based on
the generalized Protodyakonov equation [12] As variable
factors, the following six were chosen: time of precipi-
tate synthesis, the precipitate aging time, pH, tempera-
ture, concentration of calcium nitrate, and concentration
of ammonium hydrophosphate. The optimal parame-
ters of HA powders synthesis were determined as follows:
the time of synthesis — 60 min; the aging time of the pre-
cipitate — 16 h; the pH — 9; the temperature — 50 ◦C,
the concentration of calcium nitrate — 1 mole/l; the con-
centration of ammonium hydrophosphate — 0.6 mole/l.
To get the desirable HA particle size and crystallinity
the synthesized HA was subjected to heat (800 ◦C) and
ultrasonic (60% of the power generator) treatments. At
these conditions, the synthesized HA has the maximum
crystallinity 95.67% and minimum average particle size of
40–90 µm. The derived mathematical models of process
optimization made it possible to calculate the conditions
for the synthesis by changing at least one of the variable
factors in the studied ranges in order to obtain HA with
a given stoichiometric composition 1.67, particle size, and
solubility.

It was shown by the previous researchers [2, 13, 14] that
the biocompatible coatings should have macro- (the pore
size not smaller than 100 µm) and micro-porosity
(the pore size not larger than 20 µm) because the multi-
scale porous coating can perform better than that with
only one dimensional porosity and an overall porosity
range should be no less than 25 vol.%. A layer of hy-
droxyapatite should be applied over the porous titanium
coating. The ingrowth of bone into the titanium sub-
layer will ensure the essential strength of the implant’s
integration to the bone, and the hydroxyapatite coating
will provide necessary biocompatibility. When selecting
the thickness of applied layers, it was taken into account
that in the case of microplasma application of biocom-
patible coatings with a thickness of smaller than 200 µm,
a large pore size of about 150 µm can result in forma-
tion of porosity throughout its thickness. This can cause
an adverse contact and interaction of the implant metal
with the internal environment. In addition, a titanium
sublayer with the well-designed surface morphology im-
proves the adhesion strength of the hydroxyapatite layer
to the implant surface.

The statistically designed experiments based on a fac-
torial technique described in paper [15] were used to es-
tablish correlations between coatings porosity and mi-
croplasma spraying parameters. As variable parameters,
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the following were chosen: current, carrier plasma gas
consumption, traverse velocity, spray distance, and wire
or powder feed. Studies of the effects of these parame-
ters on porosity and coating thickness were carried out.
Plasma spraying was made using nine different regimes
and the coatings porosity was analysed. The optimum
combination of input variables for achieving the required
qualities of coatings was selected.

The microplasma deposition of two-layer tita-
nium/hydroxyapatite coating to the surface of implants
was carried out (Fig. 1b). The parameters for applying
two-layer coatings from Ti-wire and HA-powders with
an average particle diameter of 50–80 µm to titanium
alloy substrates are presented in Table I. These regimes
provide the desired coating thickness (up to 300 µm) and
the average pore size from 20 µm to 150 µm with a pore
volume ratio of about 30%. The images of the structure
of titanium coatings obtained by microplasma deposition
with the indicated modes are shown in Fig. 2a, b.

Fig. 2. SEM-images of porous microplasma nitanium
coating: the surface (a), the cross section (b).

To provide the microplasma deposition with the pa-
rameters specified in Table I, an innovative control al-
gorithm for the robot manipulator described by a lin-
ear second order ordinary differential equation as well as

TABLE IMicroplasma spraying parameters

Spray parameters
The coating materials
and setting parameters
Ti-wire HA-powders

primary gas argon
powder carrier gas argon
traverse velocity [mm/s] 50
substrate pre-heat temperature [ ◦C] –
post-spray heat temperature [ ◦C] –
current [A] 16 45
carrier gas flow rate [l/h] 140 60
spray distance [mm] 40 160
feed rate of wire [m/min]

or powder [g/min] 3 0.4

a tracking system for 3D scanning of the part process-
ing area based on an algorithm for compensating object
dynamics and perturbations were developed. The de-
scription of these automation solutions requires separate
consideration in a specialized journal. Here it is noted
that the use of these algorithms allows us to control
the spray distance and traverse velocity presented in Ta-
ble I as well as the required trajectory of microplasmatron
(the plasma jet is directed perpendicularly to the sub-
strate surface).

4. Conclusion

The synthesis of HA powders by chemical precipita-
tion is conducted. The synthesis parameters were opti-
mized by means of the mathematical modeling method.
The composition and regimes of microplasma deposition
of two-layer coatings for titanium implants, including
a sub-layer of a porous titanium coating with a thick-
ness of 200–300 µm with a pore size of 20–150 µm
and a pore volume ratio of about 30% controlled by
changing the spraying regime, and an upper layer of hy-
droxyapatite with a thickness of up to 200 µm was de-
posited. The intelligent robotic system for plasma pro-
cessing was used to allow movement of a microplasmatron
along a given 3D trajectory and accurate maintainance
of plasma spraying parameters: the trajectory and travel
speed of the plasma source, an angle between the sprayed
surface and the plasma jet, as well as the distance from
the plasma source to the substrates surface. The research
results are of significance for a wide range of researchers
developing the technologies of plasma deposition of bio-
compatible coatings.
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