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Abstract: Architected materials are increasingly applied in form of lattice structures to biomedical
implant design for the purpose of optimizing the implant’s biomechanical properties. Since the porous
design of the lattice structures affects the resulting properties of the implant, its parameters are being
investigated by numerous research articles. The design-related parameters of the unit cells for a strut-
architected material are mainly the pore size and the strut thickness. Until today, researchers have not
been able to decide on the perfect values of the unit cell parameters for the osseointegration process
and tissue regeneration. Based on in vivo and in vitro experiments conducted in the field, researchers
have suggested a range of values for the parameters of the lattice structures where osseointegration
is in acceptable status. The present study presents a comprehensive review of the research carried
out until today, experimenting and proposing the optimum unit cell parameters to generate the most
suitable lattice structure for the osseointegration procedure presented in orthopedic applications.
Additional recommendations, research gaps, and instructions to improve the selection process of the
unit cell parameters are also discussed.
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1. Introduction

Bone replacement operations have increased the demand for the development of
metallic biomaterials for implants [1]. Biomaterials gained recognition in the biomedical
field after the meeting on biomaterials at Clemson University, South Carolina in 1969,
due to their ability to improve the quality and longevity of the artificial parts inside the
human body, especially of the implants used in human bone replacement surgeries [2].
The mechanical properties of the biomaterials should match those of the bone under
loading during the activities of daily living (ADL). Bone’s elastic modulus, for example,
varies in range from 4 to 30 GPa according to the type of bone [3], hence, the material
replacing the bone is expected to have a close value in that range. In case of stiffer implant
material, the implant will absorb the whole stress, causing bone resorption around the
implant area which leads to the loosening of the implant [4], commonly known as the
stress-shielding effect.

The reaction of the human body to the implant decides the success or the failure of the
biomaterial and tells how biocompatible it is [5]. Bioactive materials are preferable due to
their integration with the surrounding bone [4]. Hallab et al. [6] emphasized that in order
for the implants to have a long life span, their composing biomaterials should have high
corrosion and wear resistance to avoid releasing non-compatible metal ions causing allergic
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and toxic reactions in the implant area. Cobalt-based alloys, stainless steel, and titanium
materials are widely used as biomaterials for implants [7] due to their superior mechanical
properties and their high corrosion resistance [8]. Existing articles [9,10] have shown that
exotic alloys, especially titanium alloys, revealed intense bioactivity properties along with
enhanced bone fixation and durability. For these reasons and their great biocompatibility,
as well as their lighter weight than other materials, titanium alloys have become the
most widely used material in the manufacturing of implants [11]. Bich Vu et al. [12]
evaluated the in vivo and the in vitro compatibility of the Ti6Al4V alloy and confirmed
that it is suitable for use in medical implants. Furthermore, recent studies [13,14] have
proposed the employment of ceramics and synthetic polymers as construction materials
for orthopedic implants.

Hip implant surgeries and revision surgeries are increasing over the years, especially
for people over 60 years old, for whom it was expected to double over the 2020-2050
range [15]. Worldwide, the annual number of hip injuries is expected to be over 6.26 million
by 2050 [16]. A total of 15% of all the fractures in the United States were reported to be
hip fractures, which means an extra 19 billion dollars to the national economy [17]. Slif
et al. [18] performed a review on 225 patients who had 237 hip revision surgeries over a
6-year time period. The study reports 51.9% of the cause of failure to be aseptic loosening;
16.9%, instability; and 5.5%, infection. Therefore, many techniques have been experimented
on to be added to the surface in order to improve the fixation ability of the implant when
inside the human body [19].

Natural bones are porous materials in nature with interconnected pores, and they are
classified based on their density as cancellous/trabecular bone and cortical bone. Cortical
bone is strong and dense with a porosity of 5-10%, while the trabecular bone is more porous
and weak with a porosity of 50-90% [20]. The hip implant usually causes some damage
to the medullary space during the operation and results in a change in the endosteal
circumference [21]. The blood supply in the endostea causes resorption in the cortical bone,
which might lead to a reduction in bone density. More medullary space for the hip implant
proved better for medullary revascularization and improved blood circulation [21,22].
Yang et al. [23] proposed lightening the hip implant to get more surface space to provide
proper medullary revascularization. If added to the implant surface, holes are proven to
connect the inner and outer regions of the implant, thus providing better integration with
the bone [24,25].

The most adopted method for getting the implant lightened and changing its surface
into a porous area is the lattice structure configuration. Architected materials are three-
dimensional structures composed of repeating unit cells that result in a completely porous
body, known as lattice structures [26]. The edges and faces of the cells are usually formed
by the struts and plates/surfaces [27]. The mechanical properties of lattice structures can
be significantly affected by adjusting their defining parameters, such as unit cell topology
or geometry (cell size/length and strut dimension) [28]. Mubasher Ali et al. [29] classified
lattice structures into two main categories: beam-based and surface-based lattice structures.

Although beam-based lattice structures have simpler designs [30], they are chosen to
help increase the efficiency of the material distribution inside the lattice pores [31]. When
the concern is about manufacturability and bone fixation, surface-based lattice structures,
especially triply periodic minimal surfaces (TPMS), offer extra advantages over beam-based
ones. Yan et al. [32] stated that since the inclination of TPMS structures keeps changing
along the 3D-printing process, this makes each layer support the next one in line, thus
improving manufacturability. Designers suggest that the curvature in the surfaces of the
implant directly affects the quality of bone ingrowth [33]. TPMS resembles the natural
human trabecular bone, concerning geometrical topology and dimensional curvature. This
resemblance improves the osseointegration more in comparison with the beam-based
lattices [28].

The deformation of latticed structures is seen as an advantage for energy absorption-
related applications [34], such as implant load bearing. Maskery et al. [35] investigated the
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deformation behavior of Gyroids, a surface-based lattice type, and found that their specific
energy absorption is three times better in comparison with the body-centered cubic lattices,
a beam-based lattice type. Burton et al. [36] indicated that lattice structures have a void
within their structure that can be filled with therapeutic agents without affecting the fatigue
life of the load-bearing of the hip implant.

Additive manufacturing (AM) makes the manufacturing of complex lattice structures
possible due to the layer-by-layer building mechanism [37]. Yan et al. [38] studied the
microstructure and mechanical properties of the lattice structures manufactured via direct
metal laser sintering (DMLS), an AM technology, and stated that the latter outperforms
lattice structures made by alternative manufacturing techniques with the same porosity.
Each AM technique has certain abilities and constraints in the manufacturing of lattice
structures. Cansizoglu et al. [39] investigated the properties of Ti6Al4V lattice structures
manufactured via electron beam machining (EBM), another AM method, using compres-
sion, bending tests, and finite element analysis. The study reported that build angle and
build orientation strongly affected the properties of the lattice structures.

The current study aims to deeply review the latest literature and discuss the research
gaps on the effect of the pore design of the lattice structure on the bone ingrowth pro-
cess. In detail, Section 2 focuses on the narrative review of the bone structures, up-to-date
use of implants, and the biofunctionality mechanisms that activate during implant place-
ment. Furthermore, Section 3 presents the existing architected materials (definition and
classification) coupled with the impact of porosity/relative density on the mechanical
properties of a lattice structure, according to the published literature. In addition, Section 4
summarizes, in a comprehensive review, the results of numerous studies regarding the
effect of pore/porosity of structure in osseointegration processes. Finally, in Section 5, the
main research gaps and current challenges are highlighted along with proposals for future
investigation in the field.

2. Implants, Bone Structure, and Biofunctionality Mechanisms
2.1. Implant Structures and Materials

Since the ancient era, orthopedic implants have been utilized in order to assist and
facilitate bone tissue recovery from injuries [40]. Through the years, the implementation
of implants has evolved in terms of materials, biofunctionality, and structure. In the last
century, the evolution of surgery methods coupled with the development of sophisticated
imaging techniques, such as the computed tomography scan (CT scan), magnetic reso-
nance imaging (MRI), etc., led to great improvements in medical implants generally [41].
Despite the evolution of implants, some basic principles should be followed in implant
development, such as high biocompatibility and the facilitation of tissue regeneration.
In this context, the human implants are classified into three generations based on their
chronological evolution according to the existing literature [42—44], as is shown in Figure 1.
The first generation, the oldest one, includes implants developed only for the purposes of
the fixation and support of the damaged tissue, and they were bioinert without any interac-
tion with the surrounding biological system [45]. In the second generation, the implants’
materials and structure not only offer the proper structural integrity but also facilitate the
diffusion of blood and nutrients, achieving higher biocompatibility [46]. In this category,
the orthopedic hip implants of Trilock type are included with their unique characteristic
of lattice regions inside their structure. The third and more recent generation of implants
consists of implants with the above-mentioned characteristics along with biomimetic and
bioactive structures [43,47]. Furthermore, the implants of the third generation could be
enhanced with the existence of growth factors on their external surface, in the form of
coatings, to accelerate the tissue regeneration process. In addition, it could be constructed
with biodegradable and bioabsorbable materials in order to be absorbed by the human
body and avoid surgery for implant removal [8,13]. These comprehensive reviews [8,13]
analyzed the advantages of the third generation implants to be the biodegradable and
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bioabsorbable construction materials, the hydroxyapatite (HA) coatings of implants, as a
growth factor, and the implementation of biomimetic geometry.

Before the investigation of the effect of structure (porosity) on an implant’s perfor-
mance, it is essential to present the available biomaterials for this application, the bone
structure, and the major phenomena that have been developed on an orthopedic implant
in order to better understand the operating condition. First of all, the term “biomaterials”
refers to materials that interact with biological systems (organs, tissue, etc.), facilitating
the tissue regeneration procedure without any unfavorable consequences, i.e., carcino-
genesis, thrombogenesis, toxicity, irritation, and immunogenesis [14,48]. For orthopedic
applications, metals and metal alloys (titanium, titanium alloys, stainless steel, Co-Cr
alloys) are mainly utilized considering their superior mechanical properties and their
high corrosion resistance [49]; however, some recent studies [48,50] have proposed the
employment of ceramics and synthetic polymers as construction materials. On the other
hand, the structure of a human bone has high geometric complexity, and it is crucial to
analyze it thoroughly in order to improve the implant’s functionality. A typical human
bone consists of three regions: the cortical, the osteon, and the cancellous bones [51,52].
The cortical region is bulk bone tissue located in the external layers of the bone with
high stiffness, more specifically with an elastic modulus ranging from 14 to 20 GPa [53],
offering structural integrity to the bone’s structure. Moreover, cortical bones reach up to
80% of the overall bone mass. The osteon is located in the region between the cortical
and cancellous bone and provides the necessary diffusion canals, such as the Haversian
and Volkmann's canals, for the circulation of blood and nutrients. Finally, the cancellous
bone has the highest volume in a bone structure; however, it roughly reaches 20% of
overall bone mass due to its extensive porosity that ranges from 50% to 90%. The porosity
consists of stochastic strut lattices with highly variable porosity, lower near the osteon
and cortical bone and higher in the center of the bone [53]. Furthermore, the cancellous
bones provide elasticity, with its elastic modulus ranges between 3.2 and 12.7 GPa [54]
depending on the regional porosity, and energy absorption capabilities on the bone with
sufficient volume from bio-reactions, such as blood cell production, etc. Figure 2 portrays
a detailed illustration of an indicative bone structure [52]. Hence, in the last decade, the
integration of pore structures, such as lattice structures, with architected materials in
implant design has gained increased scientific interest in an attempt to bio-imitate the
bone structure and enhance its biocompatibility.
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Figure 1. Description of implant evolution divided into three generations coupled with their main

characteristics [52].
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Figure 2. Indicative image of a human bone structure [52].

2.2. Biocompatibility and Failure Mechanisms for an Implant

In the previous subsection, the classification of medical implants based on their evolu-
tion was discussed coupled with the methods, i.e., biomaterials and advanced structures,
to produce a bone implant with high biocompatibility. Moreover, in order to develop the
optimum pore structure for an implant, it is necessary to understand the major phenomena
occurring in the biological systems with foreign objects such as implants, namely wear,
stress-shielding, and osseointegration [55-57]. In detail, osseointegration is responsible for
the tissue regeneration process and efficiency of the implant, and the other two phenomena
are mainly responsible for the failure of an implant. It is worth mentioning that these
phenomena have a different magnitude in each case depending on several reasons besides
the implant (type of injury, surgical procedure, etc.) [48]. However, the porous structure of
an implant has a severe impact on the regulation of these mechanisms.

Wear is a mechanism of failure for an implant and occurs on the interface between
the bone and the implant [56]. More specifically, during the activity of daily living (ADL),
relative movements between the implant and the bone are observed to lead to the de-
velopment of friction forces on the interface surfaces, resulting in material removal and
bone deformation. Existing studies [56,58] have shown that wear is responsible for the
osteolytic reaction, loosening, and reduction of the implant’s life. All these eventually result
in the implant’s failure. In order to address this issue, the increase of the friction coeffi-
cient between the bone and the implant has been proposed by minimizing their relative
movement. There are two sufficient methods to increase the friction coefficient between
the bone and the implant. The first is the increase of the roughness of implant surfaces
during the manufacturing process, and the second is the employment of superficial pore
structures around the implant, as the lattice structures have revealed an increased friction
coefficient [58]. A commercial example of this method is the Trilock hip implant, which has
demonstrated remarkable durability.

The stress-shielding effect occurs mainly in metal implant applications due to the
superior mechanical properties of metal alloys [59,60]. Human bones are highly adaptive
at loading conditions, increasing their mass in regions with high-stress concentration and
vice versa. Hence, the bone starts to lose its mass and its structural integrity due to the
difference in stiffness between the metal implant and the bone. More specifically, when a
metal implant is employed in the human body, the majority of loads are absorbed by the
metal structure, leading to a low-stress concentration on the bone regions. Combing the
aforementioned observations, the bone can reveal osteopenia or osteoporosis and, in some
cases, even bone fracture. Thus, it is essential to minimize this phenomenon by reducing the



Crystals 2023, 13,113

6 of 16

difference in stiffness between the bone and the metal implant. The reduction of implants’
stiffness can be achieved in two ways. The first is the replacement of the construction metal
with a material with a lower elastic modulus (i.e., stiffness); however, for bone applications,
it is difficult to find a material with enhanced strength and low stiffness. Therefore, in order
to address this phenomenon, the majority of the literature examined the employment of
pore structures/lattice structures within the body of the implant. Lattice structures consist
of architected materials enabling topology-controlled properties [59]. In detail, according
to existing research [61], lattices reveal a lower stiffness than bulk structures for the same
construction material due to the porosity of the structure. Moreover, the reduction in
stiffness could be accurately calculated via the scaling law on the mechanical properties of
the structure, as analyzed in the next section.

Osseointegration is the desired phenomenon for an implant and describes the structural
and functional connection between the bone and the implant [62-64]. In order to facili-
tate the osseointegration effect, the implant should provide the necessary space to diffuse
blood /nutrients and a sufficient surface area for the cell to adhere to and enable cell produc-
tion and regeneration via osteoconductivity. Especially in bone implants, the bone healing
process requires several weeks and enough space, first, for the diffusion of soft callus cartilage
and fibrous tissues which form the premature bone, and then, for the regeneration of hard
bone, also known as hard callus tissue [65]. It is obvious that in order to be able to achieve a
proper bone regeneration procedure, it is essential to employ the porous structures and surface
porosity in the implants. In addition, porous structures offer a high surface area-to-volume
ratio providing extensive surface area for cell adhesion and bioreactions.

By revising the major phenomena that occur on the bone implant inside the human
body, it is logical to derive the conclusion that the architected materials in the form of
lattice structures provide the necessary properties in order to address them. However, each
architected material has its own unique physical (i.e., pore shape, surface area to volume
ratio, etc.) and mechanical properties (i.e., effective mechanical properties), thus, in the
context of this review, it is essential to analyze the influence of the geometry/pores of
architected materials on the biofunctionality and biocompatibility of an implant.

3. Architected Materials on Biomechanical Applications
3.1. Definition and Classification of Architected Materials

As it was mentioned in the previous section, the implementation of architected ma-
terials, in form of lattice structures, on bone implants offers a series of advantages for
the biofunctionality of the implant. Therefore, there is a need to analyze and classify
the existing architected materials. Architected materials are multiphase and/or cellular
materials in which the topological distribution of the phases is carefully controlled and
optimized for specific functions or properties [66]. Their basic physical properties are the
relative density (p) or porosity (p) of the structure, which are derived from the volume of
solid material (Vg,)iq) to the overall external volume of the structure (Vpg), i.e., bounding
box. Equations (1) and (2) show how to calculate the relative density and the porosity of
an architected material, respectively.

_ Vgoi
= M
p=1-p=1- V\’j;? @)

Depending on the applied relative density of an architected material, three categories
are derived. The foam-like structures with an ultra-low relative density below 5%, the
lattice structures with a relative density from 20% to 50%, which are the most commonly
used architected materials, and the structures with a relative density above 60%, which
have a mechanical response very close to the bulk material [67]. According to the existing
literature [68,69], the relative density of every architected material depends on the ratio of
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two design-related parameters, namely the strut/wall thickness (t) to the length of the unit
cell (I). In detail, based on the nature of the employed architected material, approximate
mathematical formulations have been developed connecting the relative density with the
t/l ratio. Equations (3) and (4) present the abovementioned formulation for two of the most
widespread lattice structures, the struts and the triply periodic minimal surfaces (TPMS). It
is worth noting that C;, C,, and Cj are constants, different for each architected material,
and are derived from the topology of each structure.

2 3
Strut-lattice structures : p = Cj - (;) -Gy (;) 3)
TPMS lattice structures : p = C3 - (I) 4)

After the definition and the analysis of the most crucial parameters for architected
materials, the next step is to classify them based on their geometry, as there is a vast number
of different geometries [70,71]. It is worth mentioning that in the context of this review, the
architected materials with open cells were taken into account due to the creation of diffusion
canals inside the structure, which are essential for biomechanical applications. The first
level of classification concerns the periodicity of the architected material and divides them
into three categories: stochastic, periodic, and pseudo-periodic [70,71]. Open-cell stochastic
architected materials are usually observed in natural structures, such as cancellous bone,
corals, etc. However, they can be artificially developed by employing stochastic algorithms
and geometric loci, such as Voronoi. The examination and regulation of the properties of
these structures are quite difficult processes due to the stochastic nature of the structures.
On the other hand, there are periodic architected materials, also known as cellular materials,
with open cells that consist of a single 3D unit cell that is repeated in the three dimensions.
It is necessary to mention that the 2.5D architected materials (i.e., honeycombs, prismatic,
etc.) were not taken into account in this classification due to the lack of interconnected
canals/pores. Three-dimensional architected materials of strut and TPMS are the most
commonly used lattice structures with interconnected pores, i.e., open cells. Finally, there
are the pseudo-periodic structures that are consisted of the above-mentioned architected
materials with the major characteristic of interaction of the structure’s boundaries with the
lattice structure. Figure 3 presents a detailed diagram with geometry-based classification
for open-cell architected materials [71,72].

Architected materials
A

Homogenous Pseudoperiodic

v v v

[ Non- (,onf()rma] Heterogeneous Conformal

: 3D cellular materials
Voronoi

[ 3D strut-based ]—P[ Skeletal- TPMS 3D sheet-| bds«,d

Sheet-TPMS

Octet Skeletal-Gyroid

Sheet-Gyroid

Figure 3. Classification diagram of architected materials with open cells based on the geometry [71,72].
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3.2. Influence of Pores on Architected Materials Properties

Having discussed the basic characteristics and classification of architected materials, it
is essential to analyze the influence of pore size/porosity on the physical and mechanical
behavior of a lattice structure. It is obvious that as the porosity increases in a lattice
structure, more void space inside the structure is created, facilitating the potential diffusion
of material. Thus, it is usually proposed that the porosity percentage of a lattice structure
embedded in a metal implant should have a similar value to the porosity of the cancellous
bone, leading to a mean relative density of around 20%. However, this can raise some issues
concerning the implant’s biofunctionality and biocompatibility. The first issue is related to
the degradation of the mechanical properties of the structure due to the increased porosity.
According to existing studies [67,73,74], the degradation of the mechanical properties
(®) of a lattice structure follows a scaling/power law strongly influenced by the applied
relative density /porosity. Equation (5) lists the aforementioned scaling law applicable to
the majority of the mechanical properties (elastic modulus, yield strength, etc.).

@ =C-(p)" Q)

where C and n are constants that are dependent on the applied construction material and
the applied architected material. Therefore, the applied architected material defines the rate
of degradation of the properties as the relative density decreases. If the employed cellular
material has low connectivity (n > 2), the rate of degradation is exponential and is observed
in the bending deformation of the structure’s elements, hence this mechanical response is
named bending-dominated behavior [75,76]. Lattice structures with bending-dominated
behavior have relatively low strength and stiffness with enhanced energy absorption
rates. On the other hand, the architected materials with linear degradation (n ~ 1) of
properties in changes of relative density show high connectivity and reveal high stiffness
and strength [75,76]. This mechanical response is the stretching-dominated behavior, and
this kind of architected material is usually utilized for bone implant applications due to the
high strength requirements. In addition, published research [77] has proved the connection
between the relative density and the available surface area in a lattice structure for certain
architected materials. The available surface area seems to decrease in very low and very
high relative densities. Moreover, TPMS lattice structures, especially sheet-TPMS, reveal a
higher surface area-to-volume ratio compared with the strut lattices, making them suitable
for biomechanical applications [77].

Throughout the process of adjusting the porosity of the lattice structure to fit the
biointegration process, Jayanthi [78] pointed out that the effective compressive strength
of the titanium structure drops with the increasing porosity. Figure 4, along with Table 1,
shows the relationship between porosity and compressive strength for porous titanium
which helps with trading off between the porosity and the required strength.

Porosity Vs Compressive stiffness

30 50.75(%),
o 7.76(GPa)
o
25
9 - & = Strut
2 0 60.41(%), 941um
E 17.96(GPa) 5 T
B g 466pm
® 70.32(%),
P 0.04(GPa) —+Ashby &
g 10 Gibson
E 50.75(%), 70.32(3)
. 75(%), i 2
8 Sl|49.75(%),  2.92(GPa) g%:lé;s), 2.13(GPa)
057(GPa)* ="~ === - o 288(GR3) _ 7,
0 A
45 55 65 75

Porosity (%)

Figure 4. Porosity vs. compressive stiffness. Reused with permission from ref. [78]. 2009, Elsevier Ltd.
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Table 1. Compressive stiffness and compressive strength of porous titanium parts. Reprinted with
permission from ref. [78]. 2009, Elsevier Ltd.

Set Porosity Comp. Stiffness  Ultimate Comp. Strength Maximum
(GPa) (MPa) o max Load (N)
1 50.75 (10.69) 2.92 (+0.17) 163.02 (111.98) 36,759
2 60.41 (£0.81) 2.68 (+0.12) 117.05 (1554) 25,224
3 70.32 (£0.63) 2.13 (£021) 83.13 (£10.25) 18,985
4 49.75 (£1.00) 0.57 (£0.05) 7.28 (10.93) 1506

To summarize, the properties of an implant with lattice structures are influenced by the
relative density /porosity of the applied architected material. Porosity has a severe impact
on the mechanical performance of the implant. Thus, it is essential for each architected
material embedded in an implant to find the optimum value of porosity/pores in order to
withstand the applied loads while simultaneously minimizing the stress-shielding effect.
Moreover, the porosity of the applied structure should be defined at the proper value in
order to be capable of diffusing the blood and nutrients, but also provide sufficient surface
area to adhere cells for osseointegration and tissue regeneration. For these reasons, the next
section presents a comprehensive review of up-to-date research on the effect of pores on
the biofunctionality and biocompatibility of a bone implant.

4. Effect of Pore Size Parameters on the Osseointegration Process

The process of bone ingrowth into an implanted structure is extremely complicated
and involves a wide range of factors, including cellular and extracellular biological activ-
ities [79]. The fixation stability of the implant is also an important factor in the success
of the osseointegration process [80]. The architecture of the implanted biomaterial with
lattice structures has a significant role in the osseointegration process, which leads to the
conclusion that the unit cell topology, porosity, pore size and shape have a strong effect
on bone ingrowth [81-83]. Arabnejad et al. [84] investigated four samples of two unit-cell
types, Tetrahedron and Octet truss, with parameters from a limited area of selection suitable
for bone ingrowth and set according to previous experiments [85-87]. The selection area
for the Tetrahedron topology was defined by the following parameters: the pore size was
between 50-800 um, the porosity was at least 50%, and the strut thickness lowest limit
was set to 200 um, due to manufacturing constraints where most of the commonly used
AM techniques can build lattice materials with a nominal strut thickness of 200 um [88].
The design limit values for the Tetrahedron type are shown as red lines in Figure 5. It
is worth mentioning that there are AM techniques which are able to fabricate structures
at the nanometer level, such as the two-photon polymerization (2PP) technology; how-
ever, these technologies have specific miniaturized applications and are not applicable for
biomechanical applications on centimeter levels.

For the Octet truss type, the design limits were a 400-800 pm pore size, 50% porosity
and strut thickness of 200400 um. The design area of the Octet truss type is shown in
Figure 6.

The samples were then implanted in two mongrel dogs for bone ingrowth monitoring
purposes. The study confirmed the immediate relationship between the parameters of the
unit cells and their strong effect on the osseointegration process [84]. Bragdon et al. [85]
performed eight total hip replacements on eight animals and monitored the improvement
over a three-month period. The study found that pore size and porosity had an obvious
effect on the osseointegration process and stated that latticed implants with a mean pore
size >200 um and a porosity >40% were optimal for bone ingrowth, yet the study did
not set an upper limit for the pore size or for the porosity. Through an in vivo study,
Whang et al. [89] set the minimum pore size to allow bone ingrowth to be 100-350 pum, but
did not study the ranges of porosity or thickness of the structures.
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In vitro studies showed that pore size had no direct effect on the formation of bones,
but that a lower porosity enhanced bone regeneration. On the contrary, in vivo studies
stated that in an atmosphere where osteogenesis dependent on many processes, such as
vascularization, a higher porosity supported bone ingrowth the best. Pore sizes over 30 um
are better for the enhanced formation of bone and capillaries [87]. Taniguchi et al. [90]
performed an in vivo study on rabbits where porous titanium implants with pore sizes of
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300, 600, and 900 pm were manufactured by the selective laser melting (SLM) AM technique.
The 600 pm pore-sized implants showed higher fixation and better osseointegration than
the rest of the implants. Bone ingrowth within the 300 pm pore-sized implants was inferior
in cancellous bone in comparison to the other-sized implants. Bone ingrowth into implants
with a porosity of 50% and a pore size of 100-300 pm was able to reduce the stress-shielding
effect dramatically [91]. For orthopedic applications, most implants have an average range
of 400-600 pm for the pore size and 75-85% for the porosity [92]. A group of lattice
structures averaging 430 um and another group averaging 650 pm were investigated. The
new bone was occupying 42% of the pores in the 4th week, 63% in the 16th week, and 80%
at the end of the year. The bone ingrowth in the large-averaging group was 13% in the 2nd
week, 53% in the 4th week, and 70% by the 52nd week.

Wang et al. [93] tested a trabecular-like lattice structure with 3 different pore sizes of
800, 900, and 1000 pm. In this study, the Ti6Al4V alloy was employed as a construction
material. Elastic modulus was reduced with this type of structure, which helped avoid stress
concentration and enhance proliferation, which, in turn, supports the osseointegration
process. The irregular structure suggested in the study proved to have good mechanical
properties. Research exhibited that the optimum porosity should be over 50% for good
osseointegration, and pore size should be between 100-700 pm to avoid pore occlusion and
to provide enough surface area for cell adhesion [84,94]. Haizum et al. [95] investigated
Gyroid (surface-based lattice) and cube lattice structures (beam-based lattice) manufactured
using SLM of Ti6Al4V alloy with 300-600 um pore sizes. The study confirmed that a pore
size of 300 pm generated structures similar to the natural bone and they can be used for
orthopedic applications.

Triply periodic minimal surfaces (TPMS), a surface-based unit cell type, with a poros-
ity range of 80-90% and a pore size range of 560-1600 um were investigated for bone
implants. They exhibited a very close structure compared to the trabecular bone in terms
of all biomechanical properties [96]. During a general study, in vivo and in vitro, porous
Ti6Al4V samples of cylinder porous structures with pore sizes 500, 700, and 900 pm were
manufactured using the SLM system. Compression tests, CT scans, and scanning electron
microscope (SEM) scans were performed to analyze and compare with the mechanical
properties of the natural bone. The in vivo study showed that implants with a pore size
of 600 um helped enhance bone ingrowth maturation and fixation in the host body [97].
When the pore size of the lattice structure is below 200 um, it becomes hard for the blood
vessels to grow into the pores, which causes a lack of oxygen and nutrients. This, in turn,
reduces the formation of new bone [98]. Table 2 shows a brief summary of all the values of
the unit-cell parameters suggested by the above-mentioned studies.

Table 2. A summary of the unit-cell parameters.

Suggested Pore Size Suggested Strut Thickness

Study [mm] [mm] Porosity %
Arabnejad et al. [84] 0.2-0.8 >0.2 >50
Bragdon et al. [85] >0.2 - >40
Whang et al. [89] 0.1-0.35 - -
Wang et al. [93] 0.1-0.7 - >50
Haizum et al. [95] 0.3-0.6
Yan et al. [96] 0.56-1.6 - 80-90
Qichun et al. [97] 0.6 - -
Zheng et al. [98] >0.2

5. Research Gaps and Current Challenges

Although lattice structure is widely accepted as a solution to support the osseointe-
gration process, its pore size is still under investigation. As seen in the above-mentioned
literature, the ranges for an optimum pore size differ among researchers. A wide range of
50-1200 pm pore size was suggested by many reports; however, the optimum pore size for
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implants still has not been defined [99]. Most AM techniques have manufacturing limits
that affect the pore size’s lowest value. SLM and EBM, for example, are able to produce a
nominal strut thickness of 200 um [84]. This limit is dependent on the process [86,88], and
can be lower in different cases [100,101].

Although a high porosity percentage of 50-80% is preferable for better osseointe-
gration, it affects the mechanical properties such as the strength and the stiffness of the
structure [78,102]. As it was mentioned in Section 3, the type of the employed architected
material plays a significant role in the mechanical performance. Besides the fact that many
recent studies have examined the mechanical behavior of various architected materials,
there is a lot of ground that should be covered due to the vast number of existing structures
and the development of new ones with superior properties, such as the hybrid cellular
materials [103,104].

Furthermore, one more aspect that has not been investigated thoroughly yet is the
extracted structure’s porosity in AM of the lattice structure. In detail, as it is commonly
known, all AM techniques fabricate objects with a certain porosity. For example, in the
SLM technique with proper optimization on process-related parameters, this porosity
could be reduced to below 0.5% for bulk specimens [105]. However, studies [106,107] have
shown that during the fabrication of lattice structures, this process-related porosity could be
increased. Thus, it is essential to calculate the extracted porosity based on the implemented
structure (strut-based or surface-based) and evaluate its impact on the osseointegration
processes. Finally, further examinations should be performed on pore structures coated by
growth factors in clinical trials to quantify the influence of both pore structure and growth
factors on the biocompatibility and osseointegration of an implant.

Another less-examined area on the implementation of pore structures on implants is
the role of the post-processing procedure on the outcome. Post-processing could reduce
the roughness and enhance the dimensional accuracy of the implant; therefore, their
influence on the biocompatibility of an implant is an area that should be examined further
in the future.

6. Conclusions

This study reviews the effect of the pore size of the titanium lattice structures
manufactured using AM on the osseointegration process. AM techniques help build
all complex types of unit cells with the option of adjusting the building parameters as
required. Changing the parameters of the unit cells, i.e., strut thickness and pore size,
can significantly affect the mechanical properties of the whole structure. By manipu-
lating these parameters, designers can generate lattice structures that suit the bone to
be replaced.

Most researchers try to investigate the best combination between pore size and strut
thickness to generate an implant with the lattice structure’s porosity, that allows for bone
ingrowth to an acceptable level, hence boosting osseointegration. Based on the literature
discussed above, it is possible to say that, for optimum osseointegration in orthopedic
applications, the best ranges for pore size, strut thickness, and porosity are 500-750 um,
200-500 pm, and 50-90%, respectively. It is worth mentioning that the strut thickness
lowest value was affected by the manufacturing limit in most of the AM techniques where
the accuracy of manufacturing is at that level.

Yet, no definitive answer for the exact pore size is set. Since each type of bone in the
human body has different mechanical properties, each type of unit cell is being investigated
to have a pore size that results in a structure that matches a specific bone. Gaining some
desired properties seems difficult to achieve without trading some others. Increasing
porosity is hard without decreasing the mechanical strength, a fact that makes investigating
the best pore size more and more necessary.
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