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The Effect of Pore Size in 3D-Printed Porous Titanium Implant on Osseo-Integration: 
(An in Vivo Study) 
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The skeletal structure of the human body is supported by bone, which acts as a 
frame. Bones protect the body's vital organs, store minerals and fat, assist with 
movement, and produce blood cells. As a dynamic organ, bone tissue undergoes 
constant remodelling and self-healing. Trauma, cancer, and tumours may affect 
bone tissue's ability to perform its usual functions, and the bone may be unable to 
repair the lost tissue. Therefore, the need for bone implants has increased widely 
in recent decades (1). The biocompatibility and biomechanical properties of bone 
implants are important factors for medical applications. Biological compatibility 
refers to the relationship between the implant material and the biological host 
tissue, which interacts the activity of living cells, increases their activity to form 
new tissue, and expresses the non-toxicity of implants (2). Titanium is widely used 
in load-bearing implants, in addition to its biocompatibility, due to its excellent 
mechanical characteristics, including high strength, suitable elastic modulus, 
fracture toughness, and fatigue strength (3). Titanium has a high elastic modulus, 
which removes stresses from the bone that cause self-resorption of the bone and 
stress shielding as per Wolff's law (4). Implant loosening and revision surgeries are 
mainly caused by this phenomenon (5). Porosity design in metal implants has 
recently been proposed as a solution to this problem. 

Abstract  
Background: Porous titanium structures have recently gained considerable popularity among researchers in 
studies examining bone ingrowth and osseointegration. Porous implants fabricated using triply periodic 
minimal surface design (TPMS) and designed through 3D prinƟng techniques exhibited remarkable 
mechanical strength and cell viability compared to conventional implants. This study aimed to evaluate the 
effect of pore size of titanium implants with gyroid structure. 
Methods: This study was conducted on Adult male Wistar rats weighing 350 and 450 g for the animal study 
by the calvarial defect model to investigate bone regeneration. Three disk-shaped implants were designed 
using a gyroid structure with pore sizes of 400, 500, and 600 micrometers. All implants were made by 
addiƟve manufacturing (SelecƟve Laser MelƟng) using Ti6Al4V medical-grade powder. Animals were 
sacrificed aŌer 12 weeks, the skin was removed from the calvaria, and the implants were removed for 
histological examination. 
Results: Gyroid structures had a high surface-to-volume ratio and pore connectivity, facilitating cell adhesion 
and ossificaƟon. A significant amount of bone ingrowth was observed in the 400 mm group, so that bone 
penetrated into pores significantly more than in the other groups. However, the vascularization was more 
pronounced in the 600 μm group than in the other groups. 
Conclusion: According to the results, there was a positive effect of porosity in titanium implants in 
encouraging bone ingrowth. The porosity size of 400 μm was more suitable for the differenƟaƟon and 
proliferation of bone cells and thus the osseointegration in porous titanium implants with gyroid structure. 
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Solid materials have a higher elastic modulus 
than porous materials (6, 7). Interconnecting 
porous structures promotes osseointegration 
and biological fixation by allowing large 
amounts of bodily fluid to flow through the 
implant pores, which increases the contact 
area between the implant and the host tissue (8). 
The microstructure and architecture of porous 
implants, including the size and shape of the 
pores, their interconnectivity, and the void 
volume fraction, are important factors in 
mechanical strength, cell differentiation and 
proliferation, cell migration, and bone 
regeneration (9). The structure porosity is a 
significant parameter in enhancing cellular 
interaction. The porosity should support cell 
mobility and ossification and provide 
mechanical stability (10). Triply periodic 
minimal surface structures (TPMS) are proper 
for bone implant applications due to their 
unique properties. The mean curvature of 
these structures is zero at any point, and the 
concave and convex curvatures are 
symmetrical (11, 12). Triply periodic minimal 
surface structures have a high surface-to-
volume ratio (13) and pore connectivity, 
facilitating the ossification and bone ingrowth 
(14). Structures with smooth convergence and 
no sharp corners minimize stress 
concentration and shielding (15). Different 
ranges of pore sizes have different effects on 
the bone regeneration process. Cell 
differentiation occurs when the pore size is 
smaller than 188 micrometers, whereas bone 
enlargement occurs when the pore size is 
greater than 390 micrometers (16). The results 
of previous studies have not been able to 
determine the optimal pore size. There are 
several reasons for inconclusive results, 
including the neglect of other structural 
parameters, such as porosity, pore geometry, 
and specific surface area, which also play an 
important role in osteogenesis (17-20).  
Orthopaedic implants that use porous 
structures to increase osseointegration have 
recently gained much attention. For example, 
porosity in Acetabular cups was used to help 
bone penetration and increase fixation (21). 
Another study used porous structures in 
orthopaedic implants, including spinal cages 
(22), tibial components in total knee 

replacement surgery (23), and metal cones and 
augments in revision total knee surgeries (24). 
This study aimed to preclinical investigates 
the effect of porosity size on bone cohesion in 
3D printed porous Ɵtanium implants. 
 
 
 
Sample preparation  

The gyroid sheet-based structure was utilized 
to design the porous implant. Three porous 
gyroid disks with pore sizes of 400, 500, and 
600 micrometers were designed. The wall 
thickness in all samples was kept at 0.17 mm, 
the diameter of the designed implant was 5 
mm, and its height was 1.5 mm. 
All implants were made by additive 
manufacturing (Selective Laser Melting) and 
Ti6Al4V medical-grade powder (Figure 1). 
 

 
Figure 1: Printed Titanium samples with three 
pore sizes of 400, 500, and 600 micrometers from 
left to the right, respectively 
 
Since the porosity of the porous structure 
affects the osseointegration, the porosity of 
each sample was calculated after fabrication 
using EquaƟon 1: 
 

                                                     
(1) 

 

Where  and  are the weight of porous 
and solid sample, respectively, calculated 
through the Ti6Al4V density. Each printed 

Methods 
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sample was weighed separately and sterilized 
by autoclave prior to implantation. 

Animal and surgical procedure 
In the animal study, seven adult male Wistar 
rats weighing 350 to 450 grams were used. 
Anesthesia was induced by intramuscular 
injection of a combination of Ketamine and 
Xylazine. The animals were positioned in a 
stereotaxic frame, and the hair over the skull 
was shaved and disinfected with Betadine. A 
circular drill bit was used to create defects in 
the dorsal part of the skull. The animals were 
divided into three groups of two with a 
porous implant with a pore size of 400, 500, 
and 600 µm. The control group also included 
one rat, and the defect was left empty. The 
periosteum was repositioned after 
implantaƟon and sutured with a 4-0 Vicryl 
suture, and the skin was sutured with 3-0 silk. 
The rats were housed in a temperature-
controlled room with a 12h/12h light/dark 
cycle with free access to food and water. All 
animals survived by the end of the study 
except for one specimen in the 500 μm group. 
Animals were sacrificed aŌer 12 weeks, the 
skin was removed from the calvaria, and the 
implants were removed for histological 
examination. 

Statistical analysis 
The one-way analysis of Variance (ANOVA) 
with Fisher’s multiple comparison test was 
used to evaluate differences between groups, 
and P<0.05 was considered staƟsƟcally 
significant. 

Histology at 12 week 
The degree of mineralization of osteoblastic 
cells was assessed using Alizarin Red S staining 
to identify calcium-containing osteocytes in 
the differentiated culture of both human and 
rodent mesenchymal stem cells (MSCs). In 
other words, the bone tissue penetrated 
inside the porous structure in contact with 
alizarin red turns red, and the color spectrum 
varies depending on the amount of calcium 
present. Finally, the absorbed color was 
measured using a spectrophotometer (405 nm). 

 
 
Macroscopic observation 
There were over 60% porosiƟes calculated for  

all implants. No macroscopic wound infection 
was observed during the recovery phase, and 
the wounds were completely healed after 
four weeks. The implants were firmly 
attached to the bone. The bone ingrowth was 
significantly higher in the 400 μm group so 
that the penetration of bone into the pores 
was detectable (Figure 2). Nevertheless, the 
600 μm group shows the greatest degree of 
vascularisation. 

 
Figure 2: The outcome of bone repair and Osseo 
integration aŌer 12 weeks in the groups of 400 
μm, 500 μm and 600 μm, respecƟvely 
 
Histology 
Figure 3 shows the different condiƟons for 
inducing ossification in different groups.  
 

 
Figure 3: Different osteogenesis induction 
conditions 

Results 
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According to Table 1, the difference between the 400 and 600 μm groups and the control group is 
significant. 

 
Table 1: Fisher individual tests for differences of means 

 
 

 
 
A minimum porosity of 60% is common in 
most studies with better bone ingrowth (25). 
Titanium and titanium alloys are adequate 
substitutes for lost bone tissue, which are 
widely used in orthopaedics (26). A minimum 
pore size of 300 μm is recommended for 
orthopaedics applications to enhance new 
bone formation and vascularisation. Porosity 
size is effective in bone ingrowth, and small 
pore sizes make it difficult to supply the 
oxygen needed for bone tissue formation and 
cause osteochondral formation before bone 
formation. However, larger pore sizes 
encourage bone formation before cartilage 
tissue formation due to angiogenesis (27). 
Recent years have seen a great deal of 
attention given to additive manufacturing due 
to its ability to control three-dimensional 
properties such as pores, void volume 
fractions, and internal structure cohesion (28).    
The inconclusive results of previous research 
were caused by the lack of consideration of 
other structural parameters such as porosity, 
pore geometry, and specific surface area, 
which played a significant role in osteogenesis 
(17-20). However, the results of this research 
similarly showed that the pore size of 400 to 
600 micrometers is suitable for bone ingrowth (29). 
According to observational evaluation results, 
bone cells could penetrate, differentiate, 

grow, and proliferate when the gyroid 
structure has the appropriate porosity and 
pore size. 
Structures should be optimized for their 
biological characteristics, such as cell growth, 
and their mechanical properties, such as 
structural strength.   
Experimental data (particularly histological 
results) indicated that pore size of 400 μm 
was better suited for bone ingrowth and 
osseointegration. 
There was no significant difference in bone 
formation between structures with pore sizes 
of 400 and 600 m according to a statistical 
analysis. 
The porosity size of 400 μm in the Gyroid 
structure is better suited for use in porous 
titanium implants due to its higher 
mechanical strength compared to the pore 
size of 600 μm (30). 
Porous structures, especially the gyroid 
structure, are widely used in all types of 
orthopedic implants for osseointegration, 
implant, and biological fixation due to the 
mentioned features. 
One of the limitations of this research is the 
impossibility of evaluation using conventional 
histological methods due to metal implants 
and impossibility of cutting the thin layer in 
this type of implant. 
This research could be applied to all titanium 
orthopedic implants requiring 
osseointegration. In addition to biological 

Discussion 
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fixation, these implants use porous structures 
to prevent loosening. 

 
 
 

The porous titanium implants were fabricated 
using Selective Laser Melting (SLM) 
technology. Gyroid structures were evaluated 
for biocompatibility, osseointegration, and 
osteogenesis in three different pore sizes: 
400, 500, and 600 μm. The histological 
analysis revealed that the amount of new 
bone mass and osseointegraƟon in the 400 
μm group was higher than in the other 
groups. In addition, the porous titanium 
implants with gyroid has a high potential for 
orthopaedic clinical applications. 
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