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Abstract: The demand for orthopedic implants is increasing, driven by a rising number of young
patients seeking an active lifestyle post-surgery. This has led to changes in manufacturing require-
ments. Joint arthroplasty operations are on the rise globally, and recovery times are being reduced by
customized endoprostheses that promote better integration. Implants are primarily made from metals
and ceramics such as titanium, hydroxyapatite, zirconium, and tantalum. Manufacturing processes,
including additive manufacturing and thermal plasma spraying, continue to evolve. These advance-
ments enable the production of tailored porous implants with uniform surface coatings. Coatings
made of biocompatible materials are crucial to prevent degradation and enhance biocompatibility,
and their composition, porosity, and roughness are actively explored through biocompatibility testing.
This review article focuses on the additive manufacturing of orthopedic implants and thermal plasma
spraying of biocompatible coatings, discussing their challenges and benefits based on the authors’
experience with selective laser melting and microplasma spraying of metal-ceramic coatings.

Keywords: orthopedic implants; biocompatibility; metal-ceramic coatings; additive manufacturing
(AM); selective laser melting (SLM); thermal plasma spraying (TPS); microplasma spraying (MPS);
porosity; elastic modulus

1. Introduction

Currently, all over the world, the priority direction for solving the problems of public
health is the development of high-tech competitive technologies to produce affordable
medical implants that meet international quality standards. These implants play a crucial
role in expediting patient recovery, minimizing the likelihood of post-surgery complica-
tions related to implant rejection, and guaranteeing the durability of the implant over an
extended period. In the last decade, new trends have emerged in the production of medical
implants and the introduction of new technologies into orthopedics and trauma medical
practice, including the trend towards increasing the environmental sustainability of medical
practice [1] or using robotic surgery [2], etc. However, even a comprehensive review of
current technological trends and related materials for the manufacture of coated medical
implants is too broad a task for this review paper; therefore, based on the authors’ research
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experience and analysis of data from research and review articles in this field, as well as
forecasts of some national and international medical associations, the authors narrowed the
scope of consideration to the most urgent problems of the production of metal orthopedic
implants with multilayer metal and ceramic coatings.

The fact is that the pathology of the human osteoarticular apparatus is one of the
most significant problems in society that affects the quality of life, working capacity, and
health of the population. As an illustration, hip osteoarthritis is a prominent contributor
to global disability. Recent data from the UK National Joint Registry report reveals that
within the past three years, England and Wales have witnessed over 280,000 primary hip
surgeries conducted solely to address this condition [2]. According to the forecast of the
European Federation of National Associations of Orthopaedics and Traumatology (EFORT)
up to 2050, the absolute number of hip implants in European countries will increase by
an average of 50%, increasing the number of revisions accordingly [3]. Explosive growth
in the number of implants and their consumers in developed countries, members of the
Organization for Economic Co-operation and Development (OECD), in the next decades
will be mainly driven by the United States, which accounts for 46% of hip implants in 2015
and 56% in 2050. Five countries (the UK, Germany, France, Italy, and the USA) account for
75% of all implant consumers at present and in the future.

Several national registry reports provide data on hip and knee endoprosthesis failures
(cumulative revision rate over time). For example, the SIRIS (Swiss National Hip and Knee
Joint Registry) report showed that over a follow-up period of six years, the cumulative
revision rate for this group approached 4.7%—6.0% for the hip joint and 6.9%-10.8% for the
knee joint [4]. For both joint types, there was a steady increase in the number of revisions
over time.

It is necessary to note that according to EFORT information, the growth rate of arthro-
plasty surgeries for younger patients will be higher than for older patients, and an increase
in hip implants of 35% is expected for patients aged 64 years and younger [3]. This contrasts
with an increase in surgeries for patients aged 65 years and older, which accounts for 16%.
Thus, the demand for reliable hip joints is relatively high for young and active patients to
maintain their work and lifestyle comfortably. Due to the more frequent use of hip arthro-
plasty in younger patients, the probability of revision for these patients in their aging phase
will also increase. Swedish arthroplasty data over the last four decades show that in the
long term, 20-30 years, the revision rate is around 20%—40% for hip arthroplasty, depending
on the patient’s age at the time of first implantation [4]. These values are expected to be
in the 23%—-26% range in 2050, which seems rather conservative and may underestimate
future needs for implant revision.

Data provided by EFORT shows that many European countries might face considerable
challenges in the future. Due to the aging of the population in most countries and the high
growth rate of primary hip replacement in the younger population, it is likely that the
number of revisions will rise above average. It is likely that the unmanaged increase in
hip arthroplasty cases could lead to several problems in the healthcare systems of these
countries, such as increased waiting times and cost pressures, and ultimately limited access
to appropriate medical interventions with increased financial costs for patients. Therefore,
it is necessary to take appropriate steps in a timely manner to improve the quality of both
the endoprosthesis itself and hip arthroplasty procedures in order to prolong the service life
of implants and reduce the number of postoperative complications. The choice of implant
should also be taken into account in order to achieve the best results for patients [5].

It should be noted that these statistics do not include the need for endoprostheses
in several countries in Eastern Europe, the Middle East, and Asia; however, the need for
prosthetics there is also high and increasing, and the trend of increasing need for revision
implants, as well as the trend of “rejuvenation” of arthroplasty operations, are similar to
those reflected in European reports [3,4]. For example, among the population of Ukraine
in 2019, the rate of primary disability from diseases of the musculoskeletal system and
connective tissue was about 9 per 10,000 of the population of working age, including
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pathology of the hip joint, which accounts for 3%-5%, and primary disability from this
pathology was 10.7% [6]. In this review, attention is mostly paid to the analysis of the needs
of the OECD countries to emphasize the relevance of the search for new approaches to the
production of orthopedic implants worldwide.

Thus, the issues of choosing the design of endoprostheses, the technology of their
manufacture, the materials and coatings used, and the requirements for their surface, which
ensure the biocompatibility and antibacterial properties of endoprostheses, are the focus of
world scientific research, representing significant scientific and practical interest. The main
challenges and costs for the production of implants are associated with the processing of
metals, alloys, and ceramics from which implants and their coatings are made.

Recent reviews in this area of research focus separately on new production trends [7,8]
or methods of processing and coating the surface of orthopedic and dental implants [9,10]
to increase their bacteriological resistance and bioactivity. This review considers in a com-
plex way the main challenges and trends in the production of patient-specific orthopedic
implants with improved antibacterial properties and surface biocompatibility. The cur-
rent review paper focuses on additive manufacturing (AM) and thermal plasma spray
techniques for coating implants, in particular microplasma spraying of powder and wire,
which are mentioned and discussed in detail. Through these studies, our research team
hopes to use and combine AM and thermal plasma spray technologies to develop more
biocompatible surfaces to improve the performance of metal orthopedic implants.

2. Additive Manufacturing of Orthopedic Implants: Advantages and Challenges

Nowadays, the existing advanced technologies that produce orthopedic implants are
constantly being improved. While the functionality and biocompatibility of prostheses are
still being improved with more traditional approaches such as surface modification [9-11],
new technologies are being developed. These primarily include the use of AM to print
patient-specific implants [7,12,13], the thermal plasma spray of multilayer biocompatible
coatings [14,15], and the automation (robotics) of related technological processes [15-18].

AM is a manufacturing technique where materials, including powder, plastic, or
metal, are incrementally deposited layer by layer based on a computer-aided design (CAD)
model. This process results in the creation of a tangible, three-dimensional model of the
desired object [13]. This method differs from traditional manufacturing techniques in
that instead of removing material, as in computer numerical control (CNC) machining
of an implant, for example, it adds materials layer by layer. Thus, AM is the process
of selectively combining materials to produce objects in a layer-by-layer manner using
digital information about the parts, i.e.,, 3D CAD models. This definition highlights the
fundamental difference between the AM process and traditional manufacturing methods
such as the above-mentioned machining processes (e.g., CNC turning), molding processes
(e.g., forging), and solidification processes (e.g., casting) [7]. AM is often also referred to as
3D printing, rapid prototyping, or stereolithography.

3D printing technologies, such as selective laser melting (SLM), can be a response
to the challenges of manufacturing complex-shaped implants. SLM is one of the most
precise metal part production methods among metal additive manufacturing technologies.
In the process of SLM, the implant is built layer by layer using a powerful laser to selec-
tively melt the titanium alloy powder according to the CAD model. Materials that can be
machined with SLM include Ti6Al4V (Grade 5), Ti6Al4V ELI type (Grade 23), Ti-Nb-Ta
alloys, etc. SLM technology allows for the direct production of implants using hydrox-
yapatite (HA) powder and different biocompatible ceramics. HA, which is the primary
inorganic component found in mammalian bones, possesses advantageous properties such
as biocompatibility and the ability to integrate with bone tissue. Cox et al. provide a com-
prehensive analysis of 3D-printed bone scaffolds made from composite powders consisting
of HA and polyvinyl alcohol (PVOH) [12]. This technique is considered promising as it
facilitates osteoconduction and osseointegration in vivo. SLM offers good surface quality
and high resolution for printed parts and can be used to obtain a custom-made design
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(adaptive implants). Adaptive implant is a term referring to the use of enveloped design
algorithms, such as scaling up the basic design of a medical device to adapt it to a patient’s
unique anatomy. Thus, AM allows the design and manufacture of customized implants
with controlled volumetric porosity, which is most valuable for orthopedics, and complex
geometries such as porous structures, honeycombs, and implants with a trabecular (lattice)
surface in one production step [19]. Figure 1 shows 3D-printed titanium alloy products of
complex geometry obtained in one SLM operating cycle, such as a detail of the endopros-
thesis of the intervertebral disk (Figure 1a) and a honeycomb structure (Figure 1b), and
also illustrates their excellent correspondence to stereolithographic models according to
computed tomography data (Figure 1c,d).
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Figure 1. Specimens of titanium trabecular substrates: (a) Detail of the endoprosthesis of the interver-

tebral disk; (b) honeycomb structure; (c) results of automated computed tomography analysis with a
color map of deviations of a real part of the endoprosthesis; (d) a honeycomb structure from their
stereolithographic (stl) models [19].

According to the results of computed tomography analysis, the ratio of the volume
of defects to the volume of material for the honeycomb structure was 0.41% and for the
endoprosthesis part was 2.28% [19].

Compared to conventional manufacturing processes, AM has high productivity and
minimal waste for both mass and individual medical production [20]. However, the cost
of AM implants is high, as it requires the use of expensive equipment, software, printing
materials, and skilled human resources. Thus, AM produces implants at a high cost and
requires high design costs. Another limitation of this technology is the 3D printing of
the physical model of the implant on a time scale. This is a variable that depends on the
complexity and size of the model [7,13,21].

However, since AM does not require design and/or material-dependent instruments,
AM is an ideal candidate for the development and production of next-generation orthopedic
implants [7,12,13]. AM offers a flexible solution in the fields of orthopedics and dental
surgery, where individual implants can be made according to the required shape and size.
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The 3D model created with this technology gives an accurate representation of the patient’s
anatomy. Finally, the freedom of design that can be easily achieved with AM technology
allows the use of porous structures for bone ingrowth and biological fixation of the implant.
For the implant to be fixed securely and not be rejected by the human body, new approaches
are required in both the choice of production technologies and the choice of materials for
the manufacture of the implant.

In addition, the development and use of 3D CAD models of implants for 3D printing
provide a good opportunity to combine AM processes with subsequent robotic processing
of the implant surface [19]. Surface treatment of the implant, as noted in the reviews [9,10],
is necessary to improve the antibacterial properties as well as the properties of biocompati-
bility and bioactivity of the implant surface.

One of the main advantages of AM is the possibility of rapid prototyping of porous
scaffolds in a wide range of porosity, pore sizes, and structure regularity (an irregular
structure is characterized by the presence of pores of various sizes and shapes). It is
recommended that the porous scaffold in titanium endoprosthesis implants have a porosity
of more than 60% and a pore size of at least 300 um for better bone osseointegration [22].
Zhang Y. et al. experimentally found that for SLM-produced titanium scaffolds, pore sizes
in the range of 600-700 um at a porosity of 70% synergistically promote in vitro osteogenic
activity and in vivo new bone formation [22]. Wang C. et al. (2021) investigated the effect
of regular and irregular structures of porous Ti6Al4V scaffolds fabricated by Electron Beam
Melting (EBM) on biocompatibility [23]. The results of the study [23] showed that the ability
of cells to vascularize and the proportion of bone area on scaffolds with pores of irregular
size were stronger and larger, respectively, than on regular ones, while the mechanical
properties of irregular scaffolds were better than those of regular ones.

Gao B. et al. (2023) in a review article [24] note the advantage of SLM over other 3D
printing technologies, such as the aforementioned EBM, DED (Directed Energy Deposi-
tion), or DMLS (Direct Metal Laser Sintering), as the ability to produce a product with
high mechanical load capacity, no worse than traditional processes, and even better than
forging. However, high porosity reduces the mechanical strength of the implant, which is a
challenge. Another disadvantage of using AM for the manufacture of porous materials is
the impossibility of completely melting the powders and removing all fine powders from
the scaffold pores [25]. To answer these challenges, it is necessary to complicate the design
of the porous implant scaffold in order to strike a balance between mechanical strength
and effective bone formation ability, as well as optimize the AM parameters in order to
improve the melting of powder particles [26,27]. In addition, it is important to optimize the
characteristics of the pore size, porosity, and structure of the implant scaffold, taking into
account the complexity of the bone structure and the numerous in vitro and in vivo tests
that will be required.

It should also be noted that in a review article [24], poor surface roughness is noted
as a disadvantage of SLM technology; however, there are currently no systematic studies
on how SLM or SLS (Selective Laser Sintering) parameters affect the surface roughness
of scaffolds or the relationship between roughness and biocompatibility of scaffolds [26].
Thus, it can be assumed that the high roughness values achieved in the SLM process (for
example, the average roughness Ra = 26.6 + 3.4 um of 3D printed tensile specimens of
the titanium alloy Ti6Al4V mentioned in [19]) may increase the biocompatibility of 3D
printed titanium implants. However, more research is needed to establish the nature of
the dependence of biocompatibility on roughness, and researchers should focus on certain
materials.

The advantage of AM is a wide range of materials for 3D printing in general, including
polymers, ceramics, composites, metals, alloys, functionally graded smart and hybrid
materials, etc. [27,28], and for SLM in particular, including metals, alloys, and ceramics
with high melting points [24]. At the same time, as noted by Srivastava et al. (2022), the
main limitation for most of the innovative AM applications is the need for compatibility of
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raw materials with specific AM machines; that is, the challenge lies in the rigidity of the
choice of raw materials [28].

Last but not least, AM demonstrates the ability to integrate with other advanced tech-
nologies such as ultrafast lasers [29] or coating technologies such as robotic microplasma
spraying (MPS) [18], microarc oxidation (MAO) [25], and wire and arc plasma spraying [30],
which opens up opportunities for a new generation of micro-manufacturing techniques for
difficult-to-machine materials.

Summaries of the main challenges and advantages of AM orthopedic implants are
presented in Table 1. It should be noted that the review [31] by Zhai X et al. (2022) is a
good help for navigating the large number of modern publications on the topic of AM. This
comprehensive review provides readers with a survey on AM review papers and guidance
for choosing the reviews of interest to them on some specific topics.

Table 1. The main challenges and advantages of AM orthopedic implants.

Advantages Challenges

High productivity and minimal waste.

The complexity of the parts is not limited. Possibility of
prototyping 3D custom-designed implants with complex

shapes.

The cost of equipment as well as alloy and ceramic powders is
expensive.

High design costs.

High time scale, depending on the complexity and size of the
3D model.

Highly skilled staff are required.

The complexity of porous implant design requires striking a
balance between mechanical properties and effective bone

Freedom of design.
Rapid prototyping of porous scaffolds in a wide range of
porosity, pore size, and structure regularity.

The ability to use a wide range of hard-to-process materials,

including metals, alloys, and ceramics with high melting points.

Ability to combine with other advanced technologies such as
ultrafast lasers, robotic microplasma spraying (MPS), microarc
oxidation (MAO), and wire and arc coating deposition.

formation capacity.

The need to optimize the AM parameters in order to improve
the melting of powder particles, provide the desired mechanical
properties, surface roughness, etc.

Rigidity in the choice of raw materials to be compatible with
particular AM machines.

In a new line of research, manufacturing reliability is not
guaranteed.

Interdisciplinary research is required in physics, materials

science, robotics, artificial intelligence (AI), etc.

3. Requirements and Materials for Metal and Ceramic Coatings of
Orthopedic Implants

3.1. Implant Surface Requirements

Bone tissue necrosis is a significant factor contributing to the rejection of endopros-
theses by the patient’s body. This condition arises when the implant surface undergoes
destruction or deformation, leading to the infiltration of metal particles into the surround-
ing tissues. Additionally, the occurrence of periprosthetic bacterial infections poses a further
constraint on the utilization of contemporary implants [8,32]. Therefore, the focus is also
on the development of new technologies for the surface treatment of medical implants to
increase their biocompatibility, i.e., the property of the implant material that provides a
favorable response to a specific function of the implant in a given biological environment.
On the other hand, various approaches are being developed to impart antibacterial prop-
erties to implant surfaces [32]. The main ones are based on the development of bioactive
coatings, usually involving surface modification with antibiotics, antimicrobial peptides,
polymers, or inorganic elements providing antibacterial activity [33]. The latter includes
magnetron sputtering of thin metal films such as Ag, Cu, Cu-Ti (or Nb-Ti), etc. The current
trend in obtaining antibacterial coatings is the magnetron sputtering of thin Cu-Ti films
varying from 20 wt.% to 80 wt.% Cu contents, demonstrating pronounced antimicrobial
activity against S. aureus and E. coli bacteria [34-36]. It is noted that further research is
needed to select both the optimal composition of thin films and their deposition parameters.
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Aissani et al. (2022) showed that Ti(Al, Cu)N coated with 9.2 wt.% Cu exhibited significant
antibacterial activity against E. coli, S. aureus, and P. aeruginosa [37].

When an endoprosthesis is implanted in the human body, the surface of the implant
is the first point of contact with living tissue. Consequently, the initial response of the
tissue to the implant material is influenced by the characteristics of its surface. To promote
a favorable reaction, the surface treatment of the implant must ensure non-toxicity and
antibacterial properties. Furthermore, the implant should exhibit osteoconductivity and
osseointegration to expedite the patient’s recovery process and extend the lifespan of the
implant [9,38,39]. The main challenge here is to develop a coating with controlled com-
position, microstructure, and surface morphology that will provide the desired surface
biocompatibility properties. At the same time, the concept of biocompatibility is ambigu-
ous [38]. There are no recognized quality standards for new types of coatings, such as
multi-layer coatings, so tests are required to confirm the success of new developments. For
example, such important requirements as porosity and surface roughness have not yet been
included in International Organization for Standardization (ISO) standards for medical
implants and coatings because this is a matter of intensive new research and discussions.

In general, when choosing a material and manufacturing technology for an orthopedic
implant, one should take into account compatibility with the human body, that is, not cause
a negative reaction in the body and not be destroyed under the influence of body fluids, be
non-toxic, non-carcinogenic, non-allergenic, non-thrombogenic, etc. (these requirements
exclude many available engineering materials), and have adequate physical and mechanical
properties to replace the physiological function of bone tissue. For practical use in healthcare
practice, the material must be processable, relatively low-cost, and readily available. Thus,
the ideal combination of materials should have the following properties: biocompatibility to
prevent adverse tissue reactions and excellent resistance to degradation (e.g., high corrosion
resistance of metals or biodegradation of polymers). The implant base material must have
an acceptable strength to withstand cyclic loading, and the coating material must have a low
modulus of elasticity to minimize bone resorption. At the same time, although the coating
materials mainly affect the biocompatibility of the implant, the success and completeness
of the engraftment of the implant can also be affected by the functional characteristics of
the recipient’s body, cells, and tissues, that is, the conditions in which the implant is placed
in the body. In this regard, preliminary testing of the cytotoxicity of the materials used, as
well as an assessment of their effect on the functional activity of various cell types, is of
great importance.

3.2. Requirements for In Vitro Testing

In vitro testing is a primary evaluation criterion for a medical device’s biocompatibility.
Bio-coated medical implants are classified as Medical Device Class-III with respect to the
Medical Device Regulations. In this context, the materials of bio-coated implants should be
evaluated considering the biocompatibility and toxicity criteria specified in the ISO 10993
standards [40]. According to ISO 10993-5:2009, medical implants could be tested on extracts
by direct and indirect contact for various cytotoxicity assays and different cell lines [41].

When cells are cultured directly on the surface of the materials under investigation,
the experimental outcomes may differ significantly compared to the indirect approach [42].
Overall, the evaluation of medical implant biocompatibility is heavily influenced by a num-
ber of variables, such as the type of material, its structural characteristics, manufacturing
processes, sterilization techniques, the nature of contact with cells or tissues, and potential
interferences between the cell and the host [43]. Additionally, the crucial component of a
biological evaluation is the cell’s reaction to biomaterials. The reaction of cells to the mate-
rial is usually mediated through integrin-mediated signaling [44]. When a cell comes into
contact with a material surface, integrins on the cell membrane can bind to specific ligands
present on the material or its coating. This interaction initiates a series of signaling events
within the cell that can influence cell behavior, including adhesion, migration, prolifera-
tion, differentiation, and gene expression. Integrin-mediated signaling can trigger various
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intracellular signaling pathways, such as focal adhesion kinase (FAK), mitogen-activated
protein kinase (MAPK), and phosphatidylinositol 3-kinase (PI3K)/Akt pathways. These
pathways regulate processes such as cytoskeletal rearrangement, cell survival, proliferation,
and the secretion of growth factors and cytokines [44]. Understanding and manipulat-
ing integrin-mediated signaling is important in the design of biomaterials for implants
and tissue engineering constructs. By engineering the surface properties of materials or
incorporating specific ligands, it is possible to enhance integrin binding and signaling,
promote desirable cell-material interactions, and improve the overall performance and
integration of the implant in the body. In the review by Sansone et al., adverse effects from
chromium (Cr) and cobalt (Co) were discussed [45], including their deleterious effects on
osteoblast proliferation, viability, type-I collagen gene expression, and cytokine release [46],
and the promotion of the release of proinflammatory cytokines—TGF-31, TNF-«, IL-3 1,
and IL-6 [47,48]. Coating materials with Mg and Sr has an even more beneficial effect on
the process of osteogenesis [49]. The presence of Zirconia on the titanium surface has a
higher beneficial effect on osteoblast morphological changes, cell cluster formation, and
the production of bone sialoprotein (BSP) and osteocalcin (OC) [50]. Titanium alloys are
widely used in orthopedic and dental implants and are considered less toxic compared to
Co [50,51]. The presence of titanium ions on the implant surface can promote osseointegra-
tion, the direct bonding of the implant with the surrounding bone tissue. Titanium ions
have been shown to enhance the adhesion, proliferation, and differentiation of osteoblasts,
promoting bone formation and integration of the implant [52]. Thus, in assessing implant
biocompatibility, it is important not only to evaluate the cytotoxic effect but also the cell
function, such as proliferative, differentiative, and migrating potential [52].

3.3. Porosity

The porosity of the surface layers of orthopedic and dental implants is a significant
property that can be altered. Several studies have examined the impact of different parame-
ters, such as average pore size, bulk porosity, and thickness, of biocompatible coatings made
from various materials on implant osseointegration. These studies have demonstrated that
the application of thick porous coatings (ranging from 50 um to 700 um) facilitates secure
implant fixation in tissues by enhancing the contact area with bone tissue [53-55]. These
coatings possess a structure similar to that of bone, enabling the infiltration of bone tissue
cells and blood vessels into the implant’s pores.

Currently, researchers disagree about the optimal pore size for the implant and the
actual value of porosity (%). Matassi F. et al. indicated that a pore size of 100-200 um
in titanium samples is better for promoting cell adhesion and enhancing antibacterial
properties compared to larger pores of 355-500 um or with completely dense samples [56].
Tumilovich et al. [57] provided some data from studies on laboratory animals to determine
the adhesion strength of cylindrical implants with a porous titanium powder coating to
adjacent bone tissues. It has been shown that after 2-3 months, the shear strength reaches a
maximum of 26-27 MPa in the pore size range from 100 um to 300 pm, while at larger pore
sizes, the adhesion strength of the bone to the implant decreases [57]. Liu et al. recommend
providing pores of different sizes (in the range from less than 20 pm to more than 100 um)
in endoprosthesis implant materials, while the pores must be interconnected [58]. Kalita V.L
et al. [55] provided experimental data on osseointegration in animals (dogs) of intraosseous
implants coated with titanium and hydroxyapatite. According to the data, the size of open
pores from 300 um to 500 um is optimal for efficient integration of bone tissue [55]. The
ranges of the desired porosity of the surface layers of the implant (coating) are indicated
by the authors of research papers [55,57] in the range of 15% to 35%. According to the
research conducted by Wang et al., the results demonstrated that as the pore size of the
scaffold increased, there was a gradual decrease in both the surface area and volume of the
scaffold. Simultaneously, there was a gradual increase in the ability of cells to proliferate
and survive. However, it is important to note that successful implantation is influenced not
only by pore size but also by pore shape. Furthermore, the study found that cells exhibited
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a greater capacity to develop blood vessels on scaffolds with irregular pore sizes compared
to scaffolds with uniform pore sizes [23]. The results of the analysis of the literature data
on the effect of pore size on endoprosthesis implantation are summarized in Table 2.

Table 2. Effect of pore size on implant engraftment.

Porosity Range Effect Reference
1000 um Promote adhesion, proliferation, and osteogenic differentiation of Bone [22]
K Marrow-derived mesenchymal stem cells (BMMMSCs)
300-500 1im ¥nduce o1ste9gepes1s (improve the formation of new bone and capillaries, [25,55]
i.e., vascularization)
200-400 um Promote adhesion, migration, and proliferation of osteoblasts [25]
100-200 pm Promote cell adhesion and enhance antibacterial properties [56]

3.4. Modulus of Elasticity

The porosity of the implant coating also affects the value of its modulus of elasticity.
The fact is that one of the main causes of implant failure is its aseptic loosening due
to a decrease in bone density, which is caused by insufficient load acting on the bone
surrounding the endoprosthesis since the bone tissue is formed and strengthened in the
direction of the lines of action of mechanical stresses [59]. In the literature, the phenomenon
known as “stress shielding” occurs when the elastic modulus of the metal and alloy implant
significantly exceeds the corresponding characteristic of bone tissue, which leads to the
occurrence of contact stresses in the contact zone between the bone and its substitute.
Currently, to solve this problem, there has been active development of alloys with a
low modulus of elasticity and 3D printing technologies for porous scaffolds to produce
endoprostheses [60]. In the case of modification of the surface of such endoprostheses, to
increase biocompatibility, it is necessary that the modified surface layer (for example, a
coating) also have a low modulus of elasticity, close to the modulus of the implant base
material and bone, i.e., less than 3 GPa [51]. The value of the elasticity modulus of the
coating decreases with an increase in porosity. At the same time, an increase in porosity
leads to a decrease in other mechanical characteristics of the coating, including cohesive
strength, so excessive porosity can lead to premature destruction of the coating, which will
cause a need for repeated surgical intervention. Thus, the approximation of the elasticity
modulus of the coating to the elasticity modulus of the bone, due to an increase in the
porosity of the coating, is possible only up to a certain limit value, above which the cohesive
strength of the coating will be insufficient in relation to the strength of the bone, which will
lead to instability of the endoprosthesis.

3.5. Surface Roughness

The response of cells and tissues is influenced by the surface roughness of the implant,
whereby greater roughness enhances the implant’s surface area in contact with the bone and
consequently increases the presence of osteoblasts. This, in turn, improves the implant’s
attachment to the bone [53,57,61], which is required for joint endoprostheses and bone-
fused dental implants. However, to reduce the complications associated with the removal
of pins, screws, or plates after successful fracture healing, osteoblast attachment, in contrast,
must be suppressed to reduce further bone growth on the implant.

During osseointegration after implantation, the implant forms a protein layer that
makes the implant surface susceptible to bacterial colonization and the growth of bacterial
biofilms [11,54]. Bacterial infections caused by gram-positive Staphylococcus aureus and
epidermal staphylococci tend to form resistant biofilms on implants, which are difficult to
eliminate with antibiotics. Therefore, while increasing the biocompatibility of the implant
surface, it is necessary to simultaneously find out how to prevent the formation of bacterial
biofilms that cause periprosthetic bacterial infections, which are one of the most common
complications after arthroplasty. For orthopedic titanium implants in particular, the recom-
mended average surface roughness (Ra) is in a wide range from 0.07 um to 100 um [62].
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However, no systematic study on the effect of surface roughness on biocompatibility and
resistance to bacteria has been conducted. Different approaches to choosing the optimal
range of implant surface roughness lead, respectively, to different recommended Ra values.

Jahani B. and Wang X. (2021) indicated the optimal range of surface roughness of
orthopedic implants from 20 um to 25 um, since in their experiment, although an increase
in roughness increased cell adhesion and proliferation on the surface of samples from the
Ti13Nb13Z alloy, it also increased the stress concentration sites, worsening the bending
strength and leading to the formation of cracks [62]. The authors of the research paper [62]
also note a very important, in our opinion, non-linear dependence of cell proliferation
on surface roughness: with an increase in surface roughness to about 28 um, the number
of proliferating cells on Til13Nb13Zr samples increases to a maximum value and then
decreases; that is, an increase in roughness at a certain point becomes an obstacle to cell
growth and cell connections. The dual effect of surface roughness on cell proliferation in
the paper [62] has been cleverly explained by the “shelter vs. jail” hypothesis: “shelter”
provides places for cells to grow and connect, while “jail” provides barriers to proliferation.
However, it is also possible that the chemical composition of the Ti13Nb13Z alloy with a
significantly lower Young’s modulus (E = 75 GPa) than that of the Ti6Al4V alloy (E = 114
GPa) [62] affected the biocompatibility characteristics of the material, so in the future, a
comparative analysis of the effect of surface roughness on the biocompatibility of various
titanium alloys would be of interest.

Lewallen E. et al. (2021) investigated in vitro the effect of the surface roughness of
titanium (Ti6Al4V) orthopedic implants on human mesenchymal stromal cells (MSCs),
suggesting that the main biological defect leading to implant loosening even in the absence
of infection (i.e., aseptic loosening) is cellular dysfunction at the “host-implant” interface
and that the behavior of cells at the “bone-implant” interface can be modulated by changing
the surface roughness of the implant [63]. As shown in the paper [63], 3D computer laser-
sintered porous-structured specimens had the highest average roughness values (Ra 118.19
=+ 9.06 um), while grit-blasted specimens had lower values (Ra 5.74 £ 0.19 um) and bead-
blasted substrates had the lowest (Ra 1.10 £ 0.18 pm). As in the article [62], in the paper [63],
it is noted that the increased surface roughness of orthopedic implants can impede cell
proliferation and also delay the differentiation of MSCs; thus, the surface roughness of
metal orthopedic implants can change the phenotype of MSCs. However, the authors of [63]
suggest that the decrease in cell proliferation rate on substrates with increased roughness
may be the result of an adverse biological response to increased exposure to titanium. Thus,
poor osseointegration of titanium implants may be due to the effect of titanium on the
tissues around the endoprosthesis implant, and new studies with additional cell types
and the involvement of new donor patients (for example, diabetic patients) are needed to
understand patient-specific differences in response cells on different types of materials.

All of the above leads us to the need to discuss different types of materials for ortho-
pedic implants and their coatings.

3.6. Materials

Currently, discussions are ongoing regarding the choice of a material for a biocom-
patible implant with good bulk properties and characteristics suitable for clinical appli-
cations [8,38,61,64]. Suffice it to recall the recent statement by EFORT [65] on cobalt in
orthopedic implants, which states that the EU Commission, after receiving instructions
from the European Chemicals Agency ECHA on 1 October 2021, will raise the level of
concern about cobalt contained in medical devices. The choice of materials is also a key
parameter for a successful biocompatible coating. Many different materials can be used to
form biocompatible coating layers, including metals, ceramics, and polymers [9]. However,
the diversity of coating processes and material properties can make it difficult to select
the best coating composition. Although each of the starting materials has biocompatibility
properties, they have different melting points and mechanical and chemical properties.
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To date, titanium alloys are still the main material for the manufacture of implants
because the failure rate of implants from them is extremely low (more than 89% of implants
are more than 10 years old), and this situation is likely to continue in the foreseeable fu-
ture [8,38,51,64]. Clinical experience has shown that metal implants are subject to localized
corrosion in the human body, releasing metal ions into surrounding tissues. It is believed
that the properties of the oxide films covering the surfaces of titanium implants are critical
for resisting corrosion and successful osseointegration, in particular in areas of compro-
mised bone [64,66]. At the same time, the biocompatibility of pure titanium (Ti) is better
than that of alloys based on it, as pure titanium is more resistant to corrosion processes and
is traditionally one of the main materials for coating orthopedic and dental implants. In
addition, the right choice of manufacturing makes it possible to obtain multilayer titanium
coatings with predictable properties, for example, a sufficiently thick (up to 300 um) two-
layer titanium coating with a dense sublayer providing good adhesion to the substrate and
a porous top layer, which can accelerate implant growth with bone [15].

Currently, interest in the use of zirconium (Zr) and tantalum (Ta) metals as materials
for medical implants has increased [66—-69]. Zirconium exhibits the highest biocompatibility
of any metal, followed by pure titanium, niobium, and tantalum [66]. Compared to
titanium alloys, zirconium alloys also have better biocompatibility, are less susceptible
to biocorrosion, and are less likely to cause rejection reactions in patients [67]. Kulkarni
and Kakandikar [68] also note such unique properties of zirconium alloys for biomedical
applications as the formation of an internal bone-like apatite layer as well as interaction with
magnetic resonance imaging (MRI) diagnostics with better compatibility and low magnetic
susceptibility. Zhang Y. et al. (2023) investigated the biocompatibility and osteogenic
activity of sintered Zr-30Ta and Zr-25Ta-5Ti alloys for dental and orthopedic implants
using cell culture experiments [69] and found that due to the chemical composition of these
newly developed alloys, they have better biocompatibility compared to commercially pure
titanium. Due to their high strength and chemical stability, Zr and Ta are very promising as
orthopedic biomaterials. The increased corrosion resistance of these materials is achieved
by a relatively thick (approximately 5 pm) surface oxide layer, but they are expensive
to manufacture and are currently sought after mainly in special circumstances where
problems such as metal allergy (or more specifically, hypersensitivity to metal) exist. The
main challenges and costs of producing implants are related to the shaping and processing
of these metals.

There is still steady interest in advances in the field of increasing the biocompatible
properties of the surface of metal implants by coating them with materials based on
calcium phosphate, such as hydroxyapatite [10,70,71]. HA, or hydroxyapatite, is a mineral
belonging to the apatite group composed of calcium phosphate (Cajo(PO4)s(OH);). It
shares a chemical similarity with the apatite found in the host bone and serves as a source
of calcium and phosphorus for the bone-HA interface. Coating implants with HA enhances
osseointegration and can significantly reduce the duration of endoprosthesis implantation.
HA-coated implants exhibit a promising combination of the mechanical properties of the
underlying metal substrate and the beneficial biofunctions of various calcium phosphate-
based bioceramics [72,73].

Thus, the biocompatibility of endoprostheses can be improved by coating their surface
with the above-mentioned pure metals: Ti, Ta, Zr, ceramic HA, or multilayer coatings of
these materials. The concept of obtaining a two-layer Ti coating was mentioned above, but
it is also possible to obtain a sufficiently thick (up to 300 um) multilayer Ti/HA coating.
The dense Ti underlayer provides good adhesion to the substrate, while the porous Ti
middle layer and HA top layer are designed to accelerate bone ingrowth (Figure 2) [15].



Coatings 2023, 13, 1175

12 0f 23

Figure 2. SEM images of the multilayer microplasma-sprayed coating with the Ti lower and middle
layers and the HA upper layer: (a) surface; (b) cross-section indicating the thickness of the layers [15]
(p. 187).

A schematic explanation of the main requirements, not currently regulated by ISO,
and materials for metal and ceramic coatings of orthopedic implants to obtain a coating
with enhanced biocompatibility is presented in Figure 3.
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Figure 3. Requirements and materials for metal and ceramic coatings of orthopedic implants to
obtain a coating with enhanced biocompatibility.

Research generally supports the concept that Ti-Cu thin film coatings on titanium
alloy implants can provide a local antibacterial environment while remaining relatively
non-toxic to the human osteoblast cell line [34-36]. Considering this and the above, it
suggests wide prospects for the manufacture of multilayer coatings for implants of medical
endoprostheses with enhanced biocompatibility properties provided by the lower layers of
coatings from Ti, Zr, Ta, and Ha and resistance to the formation of bacterial films due to
the upper layer of a thin Cu-Ti film. However, to control the characteristics of coatings, in
particular key properties such as chemical composition, porosity, adhesion to the substrate,
and surface roughness, a good understanding of the manufacturing process is required.
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Among the various methods for obtaining coatings, thermal plasma spraying is very
promising; its more detailed description is given below.

4. Thermal Plasma Spraying of Metal-Ceramic Coatings

The term thermal plasma spraying (TPS) encompasses all methods in which a coating
on the surface of a substrate is formed from heated micrometer-size particles hitting the
substrate at high speed. In this case, the three most important parameters—particle size,
particle temperature, and particle speed—can vary greatly depending on the method
of deposition. Under the general name of thermal spraying, the following methods are
combined: plasma spraying, flame spraying, wire arc spraying, detonation spraying, high
velocity air fuel (HVAF), high velocity oxy-fuel coating spraying (HVOF), cold spraying,
warm spraying, and spray and fuse. Coating materials in powder or wire form include
alloys, ceramics, metals, composites, and plastics.

The process of creating a thermal plasma coating involves the deposition of numerous
particles onto the substrate, which are heated to a molten or semi-molten state within the
plasma jet. These particles, known as splats, form on the substrate, leaving gaps between
them that result in the formation of pores. The porosity and surface roughness of the
coating are influenced by the size and extent of melting of the particles that make up the
coating [74,75]. The pore size is affected by both the actual size of the coating particles and
their shape [57,75]. The review [75] made an excellent visual description of the processes
of thermal spraying (TS) and coating build-up for powder coatings. Understanding the
mechanisms of coating formation makes it possible to select specific parameters of TPS to
obtain the required coating microstructure. Currently, TPS techniques are widely used in
applications related to the metalworking industry [74], but for the biomedical field, this
is an innovative issue with potential that is currently being explored [76-79]. Therefore,
the thermal plasma spraying (TPS) technique is suitable for producing coatings of high-
melting-point metals or ceramics by melting material particles in a plasma jet. However,
it is important to consider that treating the surface of an implant with a plasma jet can
lead to volumetric heating, which may cause deformation of the implant upon cooling.
Hence, when selecting parameters for TPS of coatings made from biocompatible materials
on medical implants, it is crucial to have scientific justification to achieve the desired
properties of the implant surface (enhanced biocompatibility), prevent overheating, and
efficiently utilize expensive coating materials. Heating and deformation can be particularly
problematic for small-sized porous implants, such as 3D-printed titanium intervertebral
discs with a trabecular structure. Titanium has relatively low thermal conductivity, and
the thin septa of the trabecular structure can deform significantly during thermal plasma
spraying, distorting the original 3D model. To address the issue of bulk overheating of the
implant, alternative approaches can be employed, such as conventional thermal plasma
spraying of a suspension of hydroxyapatite (HA) powders [80] or the use of micro-plasma
spraying (MPS) of HA powders, as previously described [19,72,73,79]. It is noted that the
mechanical and antibacterial properties of HA coatings and their ability for bone repair
depend both on the parameters of plasma spraying [72,79,80] and on the composition of
the coating [73,81,82].

At present, micro-plasma spraying (MPS) is considered a promising technique for
thermal plasma spraying (TPS) of biocompatible coatings on small-sized implants, in-
cluding components such as elbow joint parts, dental implants, and intervertebral discs.
MPS offers the capability to deposit coatings using both powder and wire materials onto
substrates made from diverse materials. The possibility of spraying wire gives it a certain
advantage. Indeed, although, as noted in the review [75], powders are the most commonly
used feedstock in the TS process, certain requirements for the chemical composition of
powders, the size and morphology of their particles, and especially the requirements for
powder flowability make the production of powders for HTS quite expensive. Therefore,
the use of wire feedstock seems to be a more affordable option. The utilization of sprayed
material during MPS is considerably reduced compared to conventional thermal plasma
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spraying due to the smaller diameter of the spray spot, typically ranging from 3 mm to 5
mm. The main design features of microplasmatrons and their differences from plasmatrons
for conventional atmospheric plasma spraying (APS) can be found in the review article by
Lugscheider et al. [83], which notes that “The term "Micro” mainly refers to the comparably
very low power level on which the MPS process is operated. Associated with the low
power input are certain specific characteristics of the MPS process” [83] (p. 635). MPS
offers the advantage of minimal thermal impact on the substrate due to the low power
of the microplasmatron. This allows for the production of coatings on thin-walled and
small-sized parts without deformation or overheating. Additionally, MPS enables the
creation of porous coatings on metal endoprostheses using refractory and biocompatible
metals (such as Ti, Ta, and Zr) [14-17,78,84], and their alloys, as well as ceramics such as
HA [15,16,19,78,79]. These porous coatings contribute to improved biocompatibility and
promote the secondary fixation of the implant by facilitating bone tissue ingrowth into
the pores.

It should be noted here that the term microplasma spraying can also be referred to as
MIPS, as in the very complete descriptions of this technology in relation to the production of
coatings from hydroxyapatite by A. Dey et al. in the book [85] and research papers [86-88].

The possibility of MPS of HA coatings 200 pm thick with nanohardness (1.5-5 GPa)
and Young’s modulus (60-100 GPa) on SS316L substrates was shown [86]. It was observed
that the MPS-HA coating showed a high degree of crystallinity of ~92%, a high porosity
level of 20 vol.%, and a moderate bonding strength of about 13 MPa [87]. The results
of a systematic in vitro study of this coating after immersion in a synthetically created
body fluid medium for 1-14 days showed that with a long immersion time (i.e., 14 days),
a minimal decrease in the values of crystallinity, nanohardness, and Young’s modulus
occurred in the coating, but no large-scale delamination or peeling of the coating was
observed, which indicates the stability of the coating [88].

As can be concluded from the analysis of books and papers on microplasma-sprayed
coatings, the interest in the application of this technology to obtain coatings for biomedical
purposes is quite stable and successful, which is confirmed by both in vitro and in vivo
vitro tests [88,89]. According to Junker R et al. [89], MPS—-CaP coatings on titanium screw-
type titanium implants inserted into the femoral condyle of goats showed statistically
significant higher torque values compared with the noncoated implants after 6 weeks and
at 12 weeks of healing.

In addition, various researchers note that the MPS method can be used to obtain
HA coatings with high crystallinity values above 90% [79,87]. The HA coatings obtained
with high crystallinity values (92%-95%) meet the requirement for crystallinity (not less
than 50%) specified in the ISO 13779-2 standard for surgical implants [90]. Numerous
studies, as reviewed by Dorozhkin [72,73], have indicated that crystalline HA coatings
exhibit a low dissolution rate in vitro, demonstrating reduced resorption and increased
direct bone contact in vivo. Conversely, amorphous HA coatings tend to dissolve rapidly
in a physiological environment. Hence, a high degree of crystallinity is desirable for HA
coatings. It is worth noting that Ohki et al. [91] observed the absence of harmful CaO
compounds in HA coatings produced through thermal spraying. Additionally, Rakhadilov
and Baizhan [77] observed distinct HA peaks in the diffraction patterns of HA coatings,
indicating good crystallinity and the absence of CaO when HA powder was gas detonation-
sprayed onto the surface of a Ti-6Al-4V alloy. The results of our previous research [14]
align with the findings of this study concerning the purity and crystallinity of microplasma-
sprayed HA coatings on a pure titanium sublayer. Consequently, it can be inferred that TPS
is suitable for manufacturing HA coatings for implants. Furthermore, the properties of HA
coatings are more dependent on the spraying parameters than on the substrate structure.

However, the main challenge hindering the introduction of TPS technologies in general
and MPS in particular into the practice of manufacturing coatings for medical implants is
the control of the deposition process, namely the possibility of predicting the properties of
coatings depending on the choice of MPS parameters and the choice of parameters that
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ensure the most efficient use of materials (powders and wires) and precise maintenance of
these parameters during the deposition process.

The efforts of our research group have been devoted to filling this gap, with the
following objectives:

— To establish the correlation between the coating porosity and MPS parameters and
to select specific MPS parameters to form porous coatings from Ti, Zr, Ta, and Ha
on Ti substrates (with the desired porosity suitable for biomedical applications) with
satisfactory adhesion of coatings to the substrate.

— To improve and apply the technology of robotic MPS coatings on implants of complex
shape in order to accurately maintain such critical process parameters as the speed
of movement of the microplasmatron along the implant surface and the spraying
distance.

— To investigate the possibility of combining the technologies of robotic MPS and AM
for the possible production of custom-designed implants with increased surface bio-
compatibility.

First, the coating experiments for MPS of wire materials such as unalloyed zirco-
nium [17,84,92] and pure titanium [14,15], as well as synthesized HA powder [15,79], were
accomplished in a two-level fractional factorial design (2 41y The following parameters
were chosen as variable parameters: current (I, A), plasma gas flow rate (Q, slpm), spraying
distance (H, m), and wire or powder flow rate (Vw, m/s or Vpow, g/min). The speed of
linear movement of the microplasmatron along the substrate made of ELI-Grade 5 titanium
medical alloy was chosen as 2.3 m/min. For each combination of parameters in eight runs,
the porosity of the coating, as well as the sizes and morphology of individual particles and
splats forming the coating, were studied by scanning electron microscopy and analysis
of the corresponding digital images. For example, Figure 4 shows the dependence of the
particle size of the microplasma-sprayed Zr wire and the porosity of the coatings on the
combination of MPS parameters in runs 1-8 with SEM images of Zr particles [84].

As can be seen from Figure 4, large particles form porous coatings. However, it seems
that the influence of particle size on coating porosity is not so clear-cut since even large
particles can be completely melted inside the plasma jet during their movement towards
the substrate. It would be interesting to establish a relationship between porosity and
the velocity of particles in a plasma jet, which may be the subject of further research.
Undoubtedly, particle sizes and their velocity, determined by the parameters of plasma
spraying, also affect the surface roughness, and establishing this effect also seems to be
an important scientific problem. The value of these studies is mainly in obtaining and
analyzing data on the characteristics of coatings from biocompatible materials and in
applying one research methodology for all materials, which makes it possible to obtain
and compare experimental data. MPS parameters and SEM images of zirconium coatings
and splats are given in papers [17,84,92]; porosity measurement results for titanium and
hydroxyapatite coatings, including SEM images of coatings and particles, are given in
papers [14,15]. The regression analysis (the linear model) of the dependency of porosity
(%) versus process parameters can be obtained as the regression Equation (1):

POVOSit]/ (ZI’) = k1 + kzI + ng + k4H + k5Vw/por (1)

where the numerical values of the coefficients are calculated from empirical data [15,84].

Thus, for all the studied materials, it is possible to distinguish three groups of coatings
formed in eight different runs, depending on the spraying parameters, i.e., on the degree of
heating and velocity of particles when they collide with the substrate.

Group 1. If the particles are completely melted when approaching the substrate, then
dense coatings with an average porosity of less than 4% are formed.

Group 2. If, when approaching the substrate, together with the molten particles, there
are particles that have begun to solidify, then the coating’s structure is characterized by the
presence of pores (the average porosity is about 8%).
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Group 3. If coatings are formed from particles that have begun to solidify at a low
speed, then such particles form a porous coating with the highest average porosity of 20%
and with large pores ranging in size from 20 pm to 200 um. The presence of pores of this
size in the coatings of endoprostheses can contribute to the invasion of blood vessels into
the pores of the coating, positively affecting the formation and nutrition of bone tissue and
therefore the fixation and osseointegration of an endoprosthesis in the human body.
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Figure 4. The dependence of the particle size of the sprayed Zr wire and the porosity of the coatings
on the combination of MPS parameters in runs 1-8 with SEM images of Zr particles in run 1, 4 and 8
(bottom row, left to right) [84] (p. 98).

Testing the adhesion strength (a static tensile experiment) of the coatings, carried out
in accordance with the ASTM F1147 standard [93], showed the highest average values for
dense coatings (Group 1): 38.7 MPa for titanium coatings [15] and 31.9 MPa for zirconium
coatings [94].

It has also been found that those MPS parameters that lead to the formation of the third
group of coatings ensure the maximum use of sprayed materials, namely, the maximum
coating transfer efficiency (CTE), that is, the ratio of the mass of the sprayed coating to the
mass of the sprayed material [16,92].

It should be noted that the selection of plasma spraying parameters for obtaining
coatings with the required properties is a multi-criteria decision problem. Szala et al. (2020)
applied a new approach, namely, the fusion of an artificial neural network and genetic
algorithm for the selection of atmospheric plasma spray parameters in the design of ceramic
coatings with specified hardness, porosity, and superior cavitation erosion resistance [95].
Thus, the selection of MPS parameters applied in papers [14-17,84] can contribute to further
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large-scale research on obtaining coatings with controlled porosity by modeling thermal
spray process parameters.

Thus, the porosity of microplasma-sprayed coatings can be varied in a wide range from
4 to 20%. This makes it possible to obtain coatings with a lower elastic modulus compared
to the implant material, which is closer to the characteristics of the bone. Moltasov et al.
(2022) analyzed the existing techniques for determining the modulus of elasticity of coatings
and established their applicability and reliability [96]. The authors of the paper [96] have
developed a new experimental-theoretical technique that allows determining the elasticity
modulus of the coating in bending without separating it from the substrate: mathematical
formulas have been obtained to determine the elasticity modulus of the coating in explicit form
through the geometric dimensions of the coating and substrate and the modulus of elasticity
of the substrate, and it has also been experimentally established that the flexural rigidity of
the entire composition has a correlation not exceeding 5% between the calculated value of
the elastic modulus and the experimental value. In particular, a functional relationship has
been established between the modulus of elasticity (Ec) of the microplasma-sprayed coating
from zirconium alloy grade KTC-110 and substrate made of titanium grade VT1-00 and the
porosity of coatings for cases when they are in the tensile zone (Ti — Ec = 22,460 — 397 P; Zr
— Ec=14,390 — 396 P) and in the compression zone (Ti — Ec = 57,680 — 1530 P; Zr — Ec =
37,730 — 1284 P), where P is the porosity of the coating, %.

Thus, it can be concluded that varying the MPS parameters makes it possible to obtain
coatings with predictable porosity from titanium, zirconium, and hydroxyapatite, but the
process of choosing the deposition parameters is still semi-empirical. This state of affairs,
on the one hand, shows the prospect of developing a mathematical model of the process
and establishing the relationship between the parameters of the MPS and the porosity of the
coating, while on the other hand, it increases the value of the practical recommendations
presented in the papers [14,16,17,84,96]. It must be said that at present there has not been
a systematic study for MPS of tantalum wire; so far only preliminary results have been
obtained on MPS of tantalum on an elbow joint endoprosthesis made of a titanium alloy on
a CNC machine, as well as the finding that the microhardness of a microplasma tantalum
coating (702.3 £ 80 HV) is on average two times higher than that of a titanium alloy
substrate (337.6 + 14 HV) [15].

The next step in obtaining microplasma coatings with predictable porosity and uniform
thickness is the precise maintenance of the selected MPS parameters, namely the spraying
distance, speed, and trajectory of microplasmatron movement along the implant surface.
A promising solution here is the use of a robotic arm for these purposes. In addition to
the obvious advantages in productivity and accuracy of the robotic MPS in comparison
with the manual one, the relief of the work of the human operator of the process is also
obvious. The use of robotic MPS could be considered promising for producing coatings for
patient-specific implants. The transition to robotic MPS gives scope for a combination of
AM technologies and the manufacture of implants on CNC machines with MPS technology
since the first two technologies use 3D implant models that can be converted into a robot
programming language to generate its movement along a given 3D trajectory at a given
distance from the surface. The important thing here is that the coatings are sprayed onto
custom-designed implants, so the robot must be re-programmed for each new implant.
As practice has shown, solving the problem of trajectory planning and generation for a
robotic arm to move along a given 3D trajectory when performing MPS of coatings is a
non-trivial task, the solution of which is devoted to several studies in the field of robotic
arm control that go beyond the issues considered in this review article. Therefore, only
one paper reference is given here [18], where robotic 3D scanning is used to obtain a 3D
model of the substrate. 3D scanning and AM technologies facilitate the fabrication of
custom-designed implants with complex geometries, and robotic plasma spraying is used
for coating. The authors of this review article have experience with successful robotic
MPS of biocompatible titanium and HA coatings onto CNC-machined titanium alloy
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orthopedic implants [33-35,97] and on trabecular surfaces of additively manufactured
titanium implants (particularly by the SLM method) [19].

The use of a robotic MPS to obtain a HA coating with an average thickness of
150 & 50 um on trabecular substrates made by SLM technology (see Figure 1) has been
shown in a research paper [19]. Figure 5 shows, adopted from a paper [18], SEM images of
the initial particles of the synthesized HA powder and the final microplasma-sprayed HA
coating on a honeycomb trabecular substrate (see Figure 1b,d) obtained by selective laser
melting of Ti6Al4V titanium alloy (powder).

Figure 5. SEM images of: (a) HA particles indicating particle size; (b) HA coating on a titanium
trabecular 3D-printed substrate; adopted from paper [19].

The optimal parameters for MPS of HA coatings on titanium implants with a trabecular
surface have been determined. It has been verified that by using suitable MPS parameters,
a HA coating with a content of HA phases at 95%, crystallinity at 93%, and an adhesion
strength of 24.7 £ 5.7 MPa to the trabecular substrate can be achieved. These values
comply with the requirements set by the ISO 13779-2 standard for surgical implants [90].
Furthermore, the combination of additive manufacturing (AM) and MPS has demonstrated
the ability to eliminate the need for pre-treatment involving gas-abrasive surface treatment.
Instead, it enables the production of 3D-printed products with a high average surface
roughness of Ra = 26.6 & 3.4 um.

Thus, the issue of choosing materials for implants and technology for their production,
together with the choice of materials and composition of coatings on the surface of im-
plants, porosity, and surface roughness, which determine biocompatibility and antibacterial
properties, is the focus of world scientific research, representing a significant scientific
and practical interest in relation to specific technological processes. The most promising
metals for the production of orthopedic implants and their coatings are titanium, tantalum,
zirconium (and alloys based on them), as well as CaP ceramics (HA included). A promising
technology for producing coatings from these materials is robotic MPS, which makes it
possible to combine TPS and AM technologies.

5. Future Perspectives

One unresolved issue in the field is the lack of a comprehensive scientific justification
for selecting MPS parameters to achieve coatings with controlled porosity, surface rough-
ness, and strong adhesion to the substrate. Additionally, the impact of porosity and surface
roughness on the biocompatibility of coatings remains a question to be addressed.

Consequently, the next phase of research aims to establish the relationship between
surface roughness and MPS parameters through in vitro and in vivo testing of microplasma
coatings. It is essential to determine the optimal composition and architecture of multilayer
coatings composed of metals and ceramics. Furthermore, intensive studies on their biocom-
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patibility and resistance to bacterial growth are crucial to setting new quality standards for
future medical implant coatings created with multilayer MPS technology.

An experimental investigation is planned to examine the effect of MPS parameters on
the movement speed of particles that form the coating. The accumulated experimental data
on the influence of MPS parameters on coating particle size, velocity, porosity, and surface
roughness can be utilized to develop a model for predicting the microstructure of coatings.
Additionally, the development of a practical guide for selecting MPS parameters to achieve
desired porosity in coatings from various materials appears to be a promising avenue.

Future research will involve the development of novel designs for individual implants
using porous titanium scaffolds and the optimization of SLM parameters for their fabrication.
Moreover, exploring the impact of SLM parameters on implant surface roughness is crucial.

Combining studies on planning the trajectory of a robotic arm with investigations into
the influence of MPS parameters such as spraying distance and microplasmatron movement
speed on porosity, surface roughness, and coating thickness uniformity also shows promise.
Enabling the movement of a robotic arm with a microplasmatron along a predetermined
3D trajectory could contribute to the successful integration of MPS technology with SLM or
CNC technologies.

6. Conclusions

Orthopedic implants have led to advancements in implant production that effectively
integrate with the human body. There are three key trends in this field.

Firstly, AM of implants using metal powders allows for custom-designed implants
with porous surfaces, providing optimal solutions for patients. However, this approach
entails high costs for equipment, materials, software, and skilled staff.

Secondly, TPS, specifically MPS, involves applying multilayer biocompatible coatings
onto implant surfaces. These coatings have controlled structure and properties, including
composition, thickness, porosity, and surface roughness. It requires scientific substantiation
and careful selection of technological parameters for spraying.

The third trend involves combining AM and MPS technologies with the robotization
of the spraying process. This combination enables efficient production of implants with
coatings made from metals and ceramics known for their exceptional biocompatibility
properties, such as titanium, tantalum, zirconium, and hydroxyapatite. Developing compo-
sitions and architectures for coatings from these materials is essential for establishing new
quality standards for medical implants. Although promising in vitro and in vivo results
have been obtained for MPS coatings, extensive biocompatibility testing is still necessary.

These approaches aim to achieve patient-specific metal implants that improve surface
biocompatibility, enhance comfort, and reduce recovery time. The research findings are
valuable for researchers in TPS technology development for biocompatible coatings. This
review also highlights the interdisciplinary potential of physics, robotics, and AM in
developing robotic technologies for thermal spraying on medical endoprosthesis implants.
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