
Review Article
Deposition Methods for Microstructured and Nanostructured
Coatings on Metallic Bone Implants: A Review

Bailey Moore, Ebrahim Asadi, and Gladius Lewis

Department of Mechanical Engineering, The University of Memphis, Memphis, TN 38152, USA

Correspondence should be addressed to Ebrahim Asadi; easadi8@yahoo.com

Received 10 October 2016; Revised 11 December 2016; Accepted 21 December 2016; Published 9 January 2017

Academic Editor: Hongchao Kou

Copyright © 2017 Bailey Moore et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A review of current deposition processes is presented as they relate to osseointegration of metallic bone implants. The objective
is to present a comprehensive review of different deposition processes used to apply microstructured and nanostructured
osteoconductive coatings onmetallic bone implants. Implant surface topography required for optimal osseointegration is presented.
Five of the most widely used osteoconductive coating deposition processes are reviewed in terms of their microstructure
and nanostructure, usable thickness, and cost, all of which are summarized in tables and charts. Plasma spray techniques
offer cost-effective coatings but exhibit deficiencies with regard to osseointegration such as high-density, amorphous coatings.
Electrodeposition and aerosol deposition techniques facilitate the development of a controlled-microstructure coating at a similar
cost. Nanoscale physical vapor deposition and chemical vapor deposition offer an alternative approach by allowing the coating of a
highly structured surface without significantly affecting the microstructure. Various biomedical studies on each deposition process
are reviewed along with applicable results. Suggested directions for future research include further optimization of the process-
microstructure relation, crystalline plasma spray coatings, and the deposition of discrete coatings by additive manufacturing.

1. Introduction

Complications, such as necrosis, resulting from the exother-
mic reaction of the cement, have led to much research
in uncemented bone implants, especially in young, active
patients [1–4]. Abdulkarim et al. [5] published a meta-
analysis of cemented versus uncemented joint implants
that showed that patients favor uncemented implants. An
uncemented bone implant relies on osseointegration, the
condition where the implant and the surrounding bone are
in direct contact, allowing load bearing with no progressive
relative motion [6]. Poor osseointegration is currently the
cause of extended patient recovery time andpremature failure
in uncemented bone implants [7, 8]. Furthermore, longevity
of an uncemented bone implant relies on osteoconduction,
which is the ability of bone growth into the implant surface.
Metal alloys such as titanium and its alloys are widely used
for the manufacture of bone implants as they are biocom-
patible, and they exhibit good corrosion resistance, excellent
fatigue strength, low density, and excellent formability and
machinability [9, 10]. Titanium and most other metals,

however, exhibit low wear resistance and low osteoconduc-
tion in as-machined form. Applying an appropriate organic
or inorganic coating to such bone implants can enhance
the substrates osteoconduction, corrosion resistance, bio-
compatibility, surface hardness/wear resistance, and fatigue
properties.

There are many reviews that cover optimal implant sur-
face characteristics for osseointegration and biocompatibility
[7, 8, 11–16]. Also, various methods of coating deposition
such as thermal spray [17–19], electrodeposition [19–21],
and ion-beam processing [22–24] on the implant surface
have been reviewed. The deposition of specifically biocom-
patible coatings has also been extensively researched and
reviewed [25–30]. In spite of this, there is no source in
literature that cross-analyzes many deposition methods used
on bone implants in view of the capability of producing
the necessary microstructure and nanostructure of bone
implant surfaces.Thus, the objective of this paper is to review
the most widely used microstructured and nanostructured
deposition methods and coatings on metallic bone-implant
applications.
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First, desired implant surface properties that enhance
osseointegration are presented. Various deposition methods
are reviewed with the goal being to summarize advantages
and disadvantages of each process in relation to microstruc-
tured and nanostructured biomedical coating. Finally, a brief
list of suggestions for future research is given.

2. Desirable Coating Properties to
Promote Osseointegration

Osteoconductive coatings such as hydroxyapatite (HA) and
other calciumphosphates are widely used as they exhibit both
high mechanical properties and biocompatibility. However,
studies indicate that the surface topography is as important,
if not more so, as the implant surface material for optimal
osseointegration [31–35]. Taniguchi et al. [14] studied the
effect of pore size on titanium implants and concluded that
when all other characteristics were controlled and simply
pore size was varied, specimens with pore size of 600 𝜇m
performed significantly better than specimens with pore size
of 300 𝜇m and 900𝜇m. In addition to the microstructure,
the nanostructure of the surface should be considered. In a
study by Khang et al. [36], when coating grain size decreased
from 167 to 24 nm osteoblast adhesion increased by 51% and
fibroblast adhesion by 235%.

Thus, it is concluded that in order for a surface to exhibit
bone-bonding properties it should have microtopography
with submicron or nanometer undercuts and pores. The
coating process to be selected should exhibit the ability to
control and vary pore size from several hundred nanometers
to several hundred micrometers, pore structure, and nanos-
tructure of the coating.

3. Coating Deposition Processes

The following section focuses on five processes as these
techniques are widely used to produce bone-implant coat-
ings: electrodeposition, physical vapor deposition/chemical
vapor deposition, thermal spray, and aerosol deposition. The
advantages and disadvantages are summarized in view of the
aforementioned surface requirements.

3.1. Thermal Spray. This deposition method is advantageous
in that the temperature range achieved (the plasma core
temperatures are between 8000 and 14000K, while the plume
can be down to about 2000K at conventional spray distances)
allows the coating of an extremely wide variety of materials
with rapid deposition rate [37–40]. Thermal spray processes
to be reviewed are categorized as cold spray, combustion
spray, electric arc spray, and plasma spray. Combustion
spraymethods discussed are high-velocity oxy-fuel spray and
detonation gun spraying. Likewise, pertinent plasma spray
processes are direct current blown arc spray, radio frequency
inductively coupled spray, and plasma transferred wire arc
spray.

3.1.1. Cold Spray. Cold spray involves the release of a high
pressure gas through a convergent-divergent Laval nozzle,

creating a supersonic stream which is used to accelerate
coating powder at the workpiece [41]. As the particles are not
molten or semimolten, cold spray adhesion can be relatively
high. High kinetic energy results in cleaning (removal of
oxidation) and activation of the substrate. Each subsequent
layer of coating sprayed further bonds the previous layer
allowing excellent metallurgical bonding of the coating and
substrate. Cold spray is mainly used for metals or alloys,
with HA being an exception. HA was deposited using cold
spray in a study by Hasniyati et al. [42]. Pure magnesium
substrates were heated to 350–550K and ground to varying
surface roughness between 240 grit and 2000 grit. Nozzle
standoff distance and number of sprays were varied from 20
to 60mm and from 5 to 10, respectively. The responses to be
maximized were thickness, nanohardness, and elastic modu-
lus. A response optimizer indicated HA of thickness 46.3𝜇m,
436.5MPa nanohardness, and 43.9GPa elastic modulus was
produced with 22.7mm standoff distance, 649.2-grit surface
roughness, and 769K substrate temperature. Further research
is necessary to relate these factors to osseointegration.

3.1.2. High-Velocity Oxy-Fuel Spray. High-velocity oxy-fuel
spraying (HVOF) and detonation gun (D-Gun) are two com-
bustion spray techniques that have been used to coat bone
implants. HVOF [43] is a spray process in which combustion
is achieved in a pressurized chamber once oxygen and a fuel
gas (i.e., methane) are injected, resulting in temperatures of
up to 3,700K that then exit at speeds up to 2,000m/s through
a de Laval-type nozzle. This coupling of highly plasticized
particles impacting at supersonic velocities results in a high-
density coating. Gas temperature and velocity are the key
parameters to control the efficiency of HVOF coating process
[44]. A study by Khor et al. [45] investigated the precipitation
of an apatite layer on anHVOFdepositedHA coating in vitro.
The results demonstrated increased precipitation in areas of
Ca2+ concentration as a result of dissolution of secondary
phases such as tricalciumphosphate, tetracalciumphosphate,
or amorphous calcium. Thus, an increased composition
of dissolvable secondary phases on the surface of calcium
phosphate coatings could lead to expeditious precipitation of
an apatite layer.

3.1.3. Detonation Gun Spray. Detonation gun spraying [46]
has also been used to deposit coating on bone implants.
This method involves the detonation, at a frequency of 3–
100Hz, of a fuel gas and oxygen introduced into a chamber
with powder coatingmaterial.Most coating aspects including
density, corrosion barrier, hardness, wear resistance, and
bond strength are improved, resulting in a smooth coating
with minimal oxidation. Al
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was deposited on

biomedical grade Ti-13Nb-13Zr by detonation gun spray to
increase corrosion and wear resistance [47]. The presence
of TiO

2
and similar oxides is reported to contribute to the

formation of apatite and bone-like tissue on the surface
of implant [48]. The coating also exhibited 43% and 33%
increase, respectively, in corrosion and wear resistance as a
result of the presence of larger volume fraction of nanosized
particles and lower porosity, when compared to uncoated
titanium alloy.
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Table 1: A summary of a selection of characteristics of thermal spray processes∗.

Characteristic Cold spray Combustion Plasma
HVOF D-Gun Nontransferred arc RF inductive Transferred arc

Gas temperature (K) >300 3000–3300 ≥4000 12,000–14,000 8,000–10,000 12,000–14,000
Substrate temperature (K) >300 350–450 350–450 350–400∗∗∗ 350–400∗∗∗ Fuses base metal
Particle velocity (m/s) ≤900∗∗ ≤700 ≤3000 ≤560 15–20 490
Bond strength (MPa) ≤50 >80 >70 14–69 ≤35 >200
Coating thickness (mm) 0.01–0.05 0.05–5.0 0.05–5.0 0.05–5.0 0.05–5.0 0.5–6.0
Porosity (%) 1–5 <2 <2 1–5 1–5 <2
∗Data on characteristics taken from references [39–41].
∗∗Particle velocity must be above the critical velocity for specified coating material.
∗∗∗Without the use of additional cooling system.

3.1.4. Direct Current Blown Arc Spray. Direct current blown
arc spraying [49] consists of a nontransferred arc (contained
in the nozzle) as the heat source to generate plasma which
melts the coating material and accelerates it toward the
workpiece. The high degree of particle melting and the high
velocity obtained result in higher coating density and bond
strength than the aforementioned thermal spray processes.

3.1.5. Radio Frequency Inductively Coupled Spray. Radio
frequency inductively coupled plasma spraying utilizes an
inductively coupled radio frequency plasma torch for the
generation of the hot energetic gas stream. This method
allows for the elongation of the plasma plume, making it
advantageous for materials requiring a longer dwell time to
develop a fully liquid state [18, 39].

3.1.6. Plasma Transferred Wire Arc Spray. Plasma transferred
wire arc spray process [50, 51] is similar to direct current
blown arc spraying with the exception that the coating
material feedstock is fed outside the nozzle and made the
anode, transferring the arc further outside the nozzle. The
metal is sprayed at supersonic velocities, increasing the
density and bond. Similarly, plasma spray welding [52] is a
process whereby the arc is transferred to the substrate (the
anode). Once on the substrate, the coating and the surface of
the substrate are melted by the plasma, thereby fusing them
together. Variation in torch power levels allows for either a
coating that is only fused to the substrate or a coating that
is mixed within the substrate. Key process parameters for
plasma spray are plasma temperature, particle velocity, con-
sistency of the powder/wire feeder, and spray environment.
The powder/wire feeder construction must ensure uniform,
reproductive inputs in order to precisely control the coating
characteristics [53]. While plasma spray can be applied in a
large variety of environments, the environment can affect the
coating properties and must be considered.

3.1.7. Plasma Spray of Hydroxyapatite. Plasma spray is one
of the most widely used deposition methods for calcium
phosphate on metallic bone implants due to its rapid depo-
sition rate and low cost [54]. Improving the mechanical
stability of plasma-sprayed calcium phosphate coatings has
been a subject of research. Yang et al. [55] studied the
correlation between residual stress and mechanical stability

in plasma-sprayed HA. Coating thicknesses of 50𝜇m and
200𝜇m were deposited and all other parameters were fixed.
The thinner coating exhibited lower residual stress as a result
of reduced melting of the HA and superior mechanical
stability in vivo. Yang et al. [27] presented the addition
of carbon nanotubes in order to improve the crystallinity,
strength, and toughness of HA. For this study, HA powder,
particle size 10–50𝜇m, was mixed with carbon nanotubes,
outer diameter 40–70 nm, length 0.5–2𝜇m, for 18 hours to
produce powder feedstock that was injected with argon in
the plasma spray gun. The spray parameters were optimized
to result in a uniformly thick (∼110 𝜇m), homogeneous HA
coating with 4wt% carbon nanotubes. A higher degree of
crystallinity, which increases osteoconduction and reduces
biodegradation [56], was observed in the HA coating with
carbon nanotubes when compared to those without carbon
nanotubes.The carbon nanotubes provide enhanced strength
thereby increasing the fracture toughness of the HA by up to
56%.

While thermal spray offers a rapid deposition rate at
low cost, application of controlled-nanostructured coatings
is still a difficulty as high-density coatings with less than 10%
porosity are a typical result of thermal spray. Additionally,
some sources suggest that the uses of plasma-sprayed calcium
phosphate coatings as the main bone-implant interface are at
a risk of loosening as the high concentration of secondary
phases increases dissolution of the coating [57]. Likewise,
deposition of calcium phosphate coatings can result in low
adhesion to the substrate further reducing the life of the
implant. For this reason, further research into the use of
alternative methods for depositing osteoconductive coatings
is necessary. A summary of key process characteristics of
thermal spray can be read in Table 1.

3.2. Electrodeposition. An alternative to depositing osteo-
conductive coatings is electrodeposition. Electrodeposition
[58] is an electrolytic coating process whereby metal ions,
suspended in a solution, are deposited onto a cathodic work-
piece when a direct current is passed through the solution.
This process is, by and large, one of the most inexpensive
engineering coatings. Gurrappa and Binder [21] successfully
coated titanium with Type 1 mineralized collagen sponge
using an electrodeposition process known as electrochemical
deposition [21]. Voltage potential was varied demonstrating
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the ability to control the morphology of the coating. At lower
potential of 1.7 V, a dense coating with low degree of miner-
alization resulted. Increasing the voltage to 2.5 V produced a
coating of high porosity and high degree of mineralization.
Potential greater than 2.5 V resulted in the mineralization
of collagen in the bath, while not coating the substrate. The
microstructure of this coating was characterized by distinct
scaffolding of mineralized collagen underneath which was
nanoporous calcium phosphate layer. HA-chitosan coatings
produced by electrophoretic deposition demonstrated that
the coating porosity is also dependent on the bath concentra-
tion [59]. Suspensions with HA concentration above 0.7 g/l
resulted in a porous microstructure. Coating thickness was
100 𝜇m with a lattice of loosely packed, needle-shaped HA
particles with mean size of 200 nm resulting in nanometer
pores and undercuts. Recent research displayed the ability
to produce nanocrystalline (grain size <10 nm) coatings and
materials. Nanocrystalline coatings have been observed to
be five times harder, with a 50% reduction in coefficient of
friction, and three to ten times stronger than conventional
coatings (grain size >10 𝜇m) [22].

The ability to control the coating microstructure and
nanostructure, as well as morphology and mineralization
by varying parameters such as deposition potential/current,
bath composition, temperature, and deposition time, made
electrodeposition a novel method for producing osteocon-
ductive coatings. There are some notable disadvantages
related to electrodeposition. Process parameters must be
optimized for each workpiece to obtain uniform thickness
[60]. Environmental concerns also arise from the process
such as the acidic, alkaline, and cyanide discharge.

3.3. Physical Vapor Deposition/Chemical Vapor Deposition.
Physical vapor deposition is the process of forming on a
substrate a thin, hard film consisting of submicron particles
resulting from evaporation by plasma, arc discharge or the
like [61, 62], or mechanical removal from a target. In order to
facilitate the process of evaporation, PVD typically takes place
in a vacuum chamber. Thermal evaporation and sputtering
are two types of PVD used for biomedical coatings.

3.3.1. Thermal Evaporation PVD. Thermal evaporation PVD
involves heating the coatingmetal to the point of evaporation
by means of a resistance heat source, high-energy arc or
electron beam. In the case of a coating metal with relatively
low melting point, a resistance source can be used to heat
a crucible containing a powdered form of the coating. This
method does not allow the evaporation of metals with high
melting temperatures, such as molybdenum and tungsten.
Evaporation of refractory metals can be achieved by heating
with an intense beam of electrons. One or multiple 10-
kilovolt, 1 Amp beams are directed into the crucible, which
is water-cooled, evaporating the material [63]. Cathodic arc
evaporation (CAE) PVD [64] utilizes a high-energy arc that
heats the target and generates 50–100% ionized metal vapor.
This ionized vapor accelerates toward the substrate kept at
a negative bias of 500–2000V at speeds up to 1-2 × 104m/s
[64].This creates a highly dense coating with better adhesion.
Target composition, substrate temperature, bias voltage, gas

flow, and ion-bombardment rates are the key parameters
in the CAE process [65]. Onder et al. [66] used CAE to
apply magnesium doped TiN onto the surface of titanium
substrates. The result was the formation of magnesium sub-
stituted HA nodules on the scale of 2–5 nm when placed into
simulated body fluids. This offers the potential to produce
implants that induce on-site nanostructured HA production,
thereby facilitating osseointegration.

3.3.2. Sputter PVD. As opposed to heating the coating metal,
magnetron sputter PVD is a process by which ions are
mechanically ejected by ion-bombardment from the coat-
ing metal and propelled into the substrate [67]. Important
parameters in magnetron sputtering are magnetron power,
ion current density, substrate bias, gas pressure, target com-
position, and substrate temperature [68]. Cheang and Khor
[28] present a sputtering process used for coating HA. As-
sputtered coatings were observed to be dense, comprised
of 100–200 nm particles. Post heat treatment increased the
crystallinity up to 68% and reduced residual stress. Scanning
electron micrograph showed an apatite-like microstructure.
In vitro, the HA coating dissolved creating localized calcium
and phosphate concentrated environments followed by the
formation of a bone-like mineral layer. Significantly higher
mineralized extracellular matrix was formed on coated sur-
faces in comparison to as-machined titanium surfaces. In
vivo, it was found that the ultimate interfacial strength was
not significantly lower than that of other common deposition
processes.

3.3.3. Ion-BeamAssistedDeposition. Ion-beamassisted depo-
sition (IBAD) is a process that combines physical vapor
deposition and ion-beam bombardment in a vacuum. The
main advantage of IBAD is the ability to produce biocoatings
with significantly higher adhesive strength compared to
traditional coating processes. This is due to a zone between
the coating and substrate in which the atoms of the coating
and substrate are intermixed. Cui et al. [69] used IBAD to coat
titanium substrate with HA. The result was crystalline HA
with increased adhesion and reduced interfacial deficiencies
exhibited by plasma-sprayed HA.

3.3.4. Chemical Vapor Deposition. As opposed to most PVD
techniques, chemical vapor deposition (CVD) is desirable for
the deposition of a coating on complex geometric workpieces
uniformity. At a rudimentary level, CVD utilizes chemical
reactions of a precursor gas in a heated chamber containing
the workpiece [70]. The products of this chemical reaction
are deposited in thin layers on the surface of the substrate
and the byproducts are exhausted from the system. CVD has
been used to deposit TiO

2
on Ti machined implants [71].

Osseointegration of these coated implants was compared to
uncoated Ti machined implants in vivo. The affinity index
of implants coated with TiO

2
proved to be significantly

higher than that of uncoated Ti implants in both cortical and
cancellous bone at only 12 weeks. While this process does
offer significant advantages, the near-volatility of precursor
gases at room temperature and the temperature at which the
process takes place, up to 1600∘C, are notable disadvantages.
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PVD/CVD processes require highly controlled equip-
ment and vacuum chambers, greatly increasing cost. Not only
does initial capital investment increase, facilities required for
the high temperature CVD process, as well as the expenses
to handle the volatile gases, also increase the cost. The
production of dense nanoscale PVD coatings offers the
ability to deposit osteoconductive, biocompatible coatings
on nanopore surfaces without altering the microstructure.
That is, the surface of an implant can be modified by
techniques such as acid etching or the addition of nan-
otubes of the native material thereby creating a strong
microstructural interface for bone ingrowth. Coating of
osteoconductive materials can then be deposited without
significant topographical change to the surface. Nanotubes
of Ti-30Nb-xZr and Ti-35Ta-xHf alloys have been vac-
uum arc welded to the surface of titanium alloy implants,
creating a nanopore surface [72, 73]. While these alloys
are biocompatible, it is recognized that the addition of a
bioactive coating is advantageous for chemical bonding with
bone tissue; thus HA is then deposited using electron beam
physical vapor deposition.The dissolution of HA encourages
bone ingrowth into the titanium alloy nanoscale scaffolding
resulting in expedited osseointegration and strong bond
strength.

3.4. Aerosol Deposition. Aerosol deposition, also known as
vacuum cold spray [74] or vacuum kinetic spraying [75],
is analogous to cold spraying. As opposed to high pres-
sure gas accelerating the coating particles, toward a sub-
strate at atmospheric pressure, aerosol deposition consists
of placing substrate in a vacuum chamber which draws the
gas/atomized particle solution through a de Laval nozzle
directed at the substrate at velocities of 100–600m/s [76].
Aerosol deposition uses smaller particle sizes than cold
spray, allowing for lower speeds and temperatures. Bonding
occurs as a result of reduction of crystallite sizes by fracture
and/or plastic deformation.There are threemajor approaches
to manufacturing porous, nanostructured coatings using
aerosol deposition.The first approach is the use of a colloidal
dispersion of organic and/or inorganic submicronic particles
or nanoparticles. The porosity is a result of the interstitial
volume between the close packed particles. Also, secondary
heat treated processes can be used to remove the organic
particles, a sacrificial template, in which a porous coating is
obtained. Therefore, the interstitial space between particles
and the voids left by the organic material. A second pro-
cedure consists of a reactive sol-gel system combined with
molecular surfactants or amphiphilic block copolymers.With
this procedure, evaporation-induced self-assembly (EISM)
or evaporation-induced micelle packing (EIMP) generates
mesoporous microspheres. This process can be tuned to
produce aerosol particles of 100 nm–20𝜇m. Yet another
process utilizes the combination of the first two. With this
process, the microstructure and nanostructure can be finely
tuned by both the size of the sacrificial organic particles used
and the EISM/EIMP generatedmicrospheres [77]. Important
parameters that influence the finalmorphology of the coating
are the sol-gel chemistry, the ageing time of the solution, and
the particle sizes used.

Hahn et al. [78, 79] developed an aerosol process using
soluble 𝛽-tricalcium phosphate mixed with HA to form a
coating on titanium bone implants. A ratio of 30% HA
and 70% 𝛽-tricalcium phosphate was reported to exhibit
the highest cellular response. This coating was comprised
of a complex nanostructured architecture with most voids
on the order of 100 nm. Other mixtures tested were silicon-
doped and fluorine-doped HA. A matrix of irregular shaped
particles sized 0.5–2𝜇m was observed in both regardless
of composition. Kubo et al. [80] produced highly uniform
porous thin films using an aerosol deposition method. Pore
sizes of 60, 100, and 150 nm were produced by deposition
nonagglomerated nanoparticles of 7.9, 17.6, and 36.2 nm
geometric mean diameter, respectively. Coating composition
was indicated to have little to no effect on the controlla-
bility of porosity. Thus, it is concluded that aerosol deposi-
tion is a viable means to create controlled nanostructured
and microstructured coatings of various composition. One
notable disadvantage is a very low deposition efficiency,
often less than 1% [76]. In order to improve this process,
further investigation into increasing the process efficiency is
necessary.

4. Comparison of Coating
Deposition Processes

A summary of the typical coating thickness of the reviewed
processes is shown at Figure 1. Electrodeposition techniques
allow for the widest range of coating thickness, from 5–
10 nm to over 1mm. Both thermal and sputter PVD allow for
the deposition of dense nanoscale coatings. Also, electrode-
position, PVD, and aerosol deposition are each capable of
producing submicron thickness coatings.

Typical pore sizes for each deposition process are sum-
marized in Figure 2. To optimize osseointegration, a complex
microstructure with porosity of submicron size should be
selected. Electrodeposition and aerosol deposition present
these submicron pores. Coatings exhibiting little to no poros-
ity, such as plasma spray, PVD, and CVD produce dense
coatingswith only intergrain voids, inhibiting the penetration
of osteogenic cells.

Figure 3 compares the relative cost of each deposition
process. The cost for each process is comprised of a few
factors, initial investment, processing costs, and consumable
cost. Techniques such as PVD, CVD, and aerosol deposition
require high initial cost as each utilizes a vacuum cham-
ber. Additionally, CVD requires the use and handling of
volatile gases increasing the processing cost. Plasma spray,
electrodeposition, and aerosol deposition involve the use of
nanoparticles thereby increasing consumable cost. Generally,
electrodeposition, plasma spray, and aerosol deposition are
the most cost efficient processes for deposition of nanostruc-
tured and microstructured coatings.

Finally, a summary of critical assessment of thermal spray,
electrodeposition, PVD, CVD, and aerosol deposition as each
relates to osseointegration is shown in Table 2. This does not
represent an exhaustive list of advantages and disadvantages
of each process but offers a brief overview in light of the
characteristics discussed in this review. Consideration of
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Figure 1: Graphical summary of coating thickness of presented processes.
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Figure 3: Graphical summary of relative cost for presented processes.

other properties and characteristics is necessary in selection
of a deposition method for applications unrelated to the
osseointegration of bone implants.

5. Future Research Opportunities

As plasma spray is the leading deposition method for the
application of calcium phosphates, further optimization of
parameters is essential for increased adherence and crys-
tallinity and a reduction of amorphous material and residual
stress. Improvement of the control of the nanostructure and
microstructure of plasma-sprayed coatings and as such, the
biocompatible properties, is suggested. Further research in
aerosol deposition should focus on increasing deposition
efficiency. One suggestion would be the use of a recirculation
system to reduce material waste and cost. It is also worthy
to mention a recent manufacturing technology, additive
manufacturing (AM), here which has a great potential to
manufacture metallic implants with proper osseointegration.

AM, both laser and electron beam techniques, is a promis-
ing technique used to manufacture highly microstructured
components directly from computer-aided design (CAD)
data. However, there is little research on the use of AM to
deposit discrete coatings on metallic bone implants. This
offers another potential area of research to develop computer-
controlled microstructured coatings.

6. Conclusion

The critical review of microstructured and nanostructured
deposition process with regard to osseointegration has led to
the following conclusions:

In order for a coating to exhibit bone-bonding properties,
it should have microtopography with submicron or nanome-
ter undercuts and have the ability to control and vary pore
size from several hundred nanometers to several hundred
micrometers. All coating processes reviewed were limited
by tradeoffs in biocompatibility, physical and mechanical
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Table 2: A critical assessment of microstructured and nanostructured deposition techniques reviewed in this paper.

Process Advantages Disadvantages

Plasma spray
(i) High deposition rate (i) High concentration of amorphous coating and residual stress
(ii) Low cost (ii) Difficulty producing nanoporous coating
(iii) Wide range of coating materials (iii) Difficulty coating complex components

Electrodeposition
(i) High deposition rate

Caustic waste(ii) Ability to coat complex substrates
(iii) Controlled nanoporous coatings

PVD (thermal) Dense coatings of nanoscale thickness (i) Difficulty coating complex components
(ii) Difficulty producing nanoporous coatings

PVD (sputter) Ability to coat complex components (i) High cost
(ii) Low deposition rate

CVD Ability to coat complex components
(i) High temperature process
(ii) Use of volatile gases
(iii) Limited coating composition

Aerosol deposition (i) Low cost Very low deposition efficiency
(ii) Controlled nanoporous coatings

properties, making the optimal selection of coating process
a challenge. Plasma spray offers a low-cost expeditious
deposition method while not facilitating the production of
nanostructured and microstructured coatings. Electrodepo-
sition is an excellent solution to produce nanostructured and
microstructured coatings, but the use of caustic materials
must be taken into account to create viable manufacturing
processes. Thermal PVD exhibits capabilities of depositing
biocompatible coatings but it faces major challenges for
coating complex geometric components. Conversely, sputter
PVD offers uniform coating on complex components but at a
higher cost. CVD also exhibits uniform coatings but the sub-
strate is subjected to high temperatures and variation in coat-
ing materials is difficult as they are a result of chemical reac-
tions within the coating chamber. Additive manufacturing,
a promising frontier for biocompatible materials research,
could allow the deposition of highly complex computer-
controlledmicrostructure coatings permitting the fabrication
of patient-specific implants. Future research needs have been
identified to address critical shortcomings in such coating
processes, and, when addressed, they will provide solutions
that currently limit bone implants.
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