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Abstract: Critical-sized bone defects or CSDs results from bone loss due to trauma, tumour removal, 

congenital defects or degenerative diseases. Though autologous bone transplantation is the current 

gold standard in treating CSDs, its limitations include donor-site morbidity, unavailability of donor 

bone tissues, risk of infection, and mismatch between the bone geometry and the defect site. 

Customized scaffolds fabricated using 3D printing and biocompatible materials can provide 

mechanical integrity and facilitates osseointegration. Ti-6Al-4V aka Ti64 is one of the most widely 

used commercial alloys in orthopedics. To avoid elastic modulus mismatch between bones and Ti64, 

it is imperative to use porous lattice structures. Porous lattices using diamond, cubic and TPMS (triply 

periodic minimal surface) gyroid unit cells were designed for 300, 600 and 900 µm pore sizes and 3D 

printed using selective laser melting (SLM). Compression and in-vitro tests were conducted to study 

the impact of pore size and unit cell variation on mechanical and biological behaviour. Results 

showed that the compressive properties decreased with increase in pore sizes. The biological 

evaluation reported maximum cell adherence in lower pore sizes with gyroid samples exhibiting 

statistically significant (p < 0.01) increase in cell proliferation. 

Keywords: 3D printing; Ti64; bone replacement; pore size; lattice; SLM 

 

1. Introduction 

Additive Manufacturing (AM) aka 3D printing (3DP) technology is a revolutionary and 

efficacious alternative to conventional manufacturing techniques. 3DP covers a wide range of 

applications such as aerospace, biomedical, electronics and digital control, food, biotechnology etc. 

The core advantages of 3DP includes minimization of material wastage, freeform fabrication, 

fabrication of complex shapes such as lattices and enhanced productivity due to reduction in various 

production steps [1,2]. 3DP has been currently used in the manufacture of medical devices, especially 

bone scaffolds, implants and assistive/rehabilitation devices. The process of 3DP customized bone 

scaffolds has been illustrated in Figure 1. Although human bones could regenerate and self-repair, 

this is limited and dependent on the extent of the injury, site of bone defect, age, gender, and other 

factors [3–7]. Bone damage exceeding its acceptable limit may lead to loss of self- regeneration, 

thereby calling for artificial repair by means of bone replacement [8–11]. Bone scaffolds are capable 

of functional and structural repair and regeneration of bone defects. There have been extensive 

research advancements in the field of orthopaedic scaffolds, however, repair/treatment of bone 

defects is one of the key challenges in the realm of orthopaedics and regenerative medicine [11]. Bone 

defects could be caused due to tumour, trauma or malunion during fracture healing should be treated 

using surgical intervention and therapeutic treatment; surgical intervention involves the use of 

permanent or temporary bone scaffolds [11,12]. Tissue lesions resulting from accidents, trauma, 

tumours, infection, congenital defects, ageing etc. will need artificial scaffolds or transplantation for 

recovery. The potential of customized scaffold manufacture using 3DP has opened new horizons in 

the biomimetic metallic scaffold realm and reconstruction of complex bony defects [13]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 April 2025 doi:10.20944/preprints202504.1850.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202504.1850.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 22 

 

 

Figure 1. Flowchart of 3DP Customized Bone Scaffold. 

Critical-sized bone defects (CSD) (typically > 5 cm in diameter) or those defects that do not heal 

spontaneously during the lifetime of the patient require support in the form of biomaterial scaffolds 

[5,14–17]. Despite adequate stabilization, bone loss greater than twice the diameter of the long bone 

diaphysis may potentially result in non-union [15]. The current gold standard in the treatment of 

bone defects is autografts or autologous bone transplantation which contain a scaffold with 

osteogenic properties [15–18]. The limitations of autologous transplantation or autografts include 

limited harvesting, donor-site morbidity, unavailability of donor bone tissues, risk of infection, and 

mismatch between the bone geometry and the defect site [16–18]. Porous metallic scaffolds mimic the 

structure of natural bone in addition to providing ample mechanical integrity- this makes it suitable 

for treatment of CSDs [19]. One of the most widely used commercial alloys in bone tissue engineering 

(BTE) is Ti6Al4V aka Ti64. Ti64 has demonstrated its biocompatibility and bio-inert nature, making 

it apposite for long-term application [20–23]. Ti64 has been widely used in dentistry and orthopaedic 

applications such as dentures, hip, knee and other hard tissue scaffolds, maxillofacial and oral repair, 

cranioplasty, plates, screws etc. [24,25]. 

Ti64 was used in the current study due to its industrial, clinical, and regulatory acceptance. The 

current study incorporated lattices into the 3DP scaffold to optimize its performance by reducing 

stress shielding/elastic modulus mismatch and facilitating osseointegration. The Young’s modulus of 

an ideal bone replacement should be as close to that of the human bone as possible for effective load 

distribution. The type of lattice structure, pore size, porosity, pore interconnectivity was designed 

and evaluated for mechanical and biological optimization for bone replacement. The objective is to 

create a scaffold/bone block with adequate osseointegration ability, mechanical strength, and porous 

structure to facilitate bone ingrowth. 

2. Materials and Methods 

2.1. Feedstock Powder 

The samples used for the current study were fabricated using gas atomised Ti-6Al-4V extra low 

interstitial (ELI) powder supplied by SLM Solutions, Germany. The chemical composition of the 
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powders as provided by the supplier is detailed in Table 1. The powder morphology was observed 

to be predominantly spherical (Figure 2). 

Table 1. Chemical composition of SLM Grade 23 Ti64 ELI. 

Element Composition (%) 

Al 6.46 

V 4.24 

Fe 0.17 

N 0.01 

C 0.007 

H 0.002 

Ti  90 

 

 

Figure 2. Morphology of Ti64 particles (SEM). 

2.2. Sample Design and Fabrication 

Cylindrical (⌀10 mm x h 20 mm) and disc (⌀10 mm x h 4 mm) samples were designed for the 

mechanical and biological tests respectively. The cylindrical samples were designed as per the ASTM 

E9 standard (Compression Testing of Metallic Materials at Room Temperature) which also satisfies 

the ISO 13314: 2011 standard for compression testing of porous metal samples. The porous scaffolds 

were designed using nTopology version 3.29.3. Three different unit cells (diamond, cube and TPMS 

gyroid) with three different pore sizes (300, 600, 900 μm) were designed (Figure 3). 

 
(a) (b) (c) 

Figure 3. Unit Cells used in this study and the 2x2x2 lattices: (a) Diamond, (b) Cubic, (c) Gyroid. 
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Diamond and cube lattices are strut-based lattices and TPMS gyroid is a sheet-based lattice. The 

samples aka scaffolds were fabricated using SLM 280 (Nikon SLM Solutions, Germany) located at 

Nikon SLM Solutions Pte Ltd, Singapore. The laser source is YLR-100-SM single-mode CW ytterbium 

fiber laser (1064 – 1100 nm). Following the fabrication, the Ti64 samples were subjected to wire-

cutting and washed with distilled water. This was followed by sterilization using ethanol. 

2.3. Sample Characterization 

The morphological characterisation of the 3DP Ti64 scaffolds was conducted using dry-

weighing, SEM imaging and micro-CT scanning. The surface morphology was characterised using 

the JEOL (JSM-5600LV). The pore and strut size were analysed using SEM and µ - CT. The porosity 

(by measuring relative density) was also measured using µ - CT and dry weighing. 

2.3.1. Dry Weighing, MicroCT (µCT) Scanning and SEM 

Dry weighing was conducted using the Mettler Toledo XS204. The mass of the samples (n = 5) 

was thrice at room temperature and normal atmospheric conditions. The bulk density of Ti64 is 4430 

kg/m3. The results obtained from the dry weighing was used for calculating the porosity. The pore 

size, strut size and porosity were measured using the Skyscan 1173 MicroCT equipment with a 

voltage of 130 kV and current of 60 μA. The morphological characterisation is reported in Tables 2–

4. 

Table 2. Sample Characterisation of Diamond Samples. 

 P300 P600 P900 

Designe

d Top 

View 

(CAD) 

   

SEM 

Images 

   

Designe

d Strut 

Size 

(μm) 

200 200 200 

Measure

d Strut 

165 ± 3.7 185 ± 6.6 140 ± 7.5 
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Size 

(SEM) 

(μm) (n = 

5) 

Measure

d Strut 

Size  

(μCT)  

(n = 2) 

158 ± 11 172 ± 9.5               150 ± 6 

Measure

d Pore 

Size 

(SEM) 

(μm) (n = 

5) 

 258 ± 5.9 563 ± 7.5 846 ± 10 

Measure

d Pore 

Size 

(μCT) 

(μm) (n = 

2) 

 230 ± 1.9 524 ± 4.8  810 ± 2.6 

Porosity 

(CAD) 

(%) 

53.34 80.88 90.13 

Measure

d 

Porosity 

(%) 

(μCT) 

45.78 72.65 81.34 
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Table 3. Sample Characterisation of Cubic Samples. 

 P300 P600 P900 

Designe

d Top 

View 

(CAD) 

   

SEM 

Images 

   

Designe

d Strut 

Size 

(μm) 

200 200 200 

Measure

d Strut 

Size 

(SEM) 

(μm) (n 

= 5) 

181 ± 9.7 191 ± 5.4 186 ± 5.3 

Measure

d Strut 

Size (μ- 

CT)  (n 

= 2) 

164 ± 5.5 177 ± 2.9 180 ± 4.6 

Measure

d Pore 

Size 

(SEM) 

(μm) (n 

= 5) 

268 ± 6.9 533 ± 2.7 855 ± 3.6 

Measure

d Pore 

Size 

(μCT) 

228 ± 6.2  557 ±11.6 830 ± 6.8 
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(μm) (n 

= 2) 

Porosity 

(CAD) 

(%) 

75.17 89.94 94.38 

Measure

d 

Porosity 

(%) 

(μCT) 

62.45 85.78 90.54 

Table 4. Sample Characterisation of Gyroid Sample. 

 P300 P600 P900 

Designed 

Top View 

(CAD) 

   

SEM Images 

   

Measured 

Pore Size 

(μCT)  

(μm) (n = 2) 

NA* 358 ± 12.5 630 ± 6.8 

Theoretical 

Porosity 

(CAD) (%) 

34.06 67.66 78.45 

Measured 

Porosity (%) 

(μ CT) 

24.54 45.67 67.87 

* Could not be measured due to fully fused powder (nil pore visibility). 

2.3.2. Mechanical Testing 

The specimens were tested in compression until failure to determine the mechanical properties. 

Compression tests were carried out using the Shimadzu Autograph AG-X Plus mechanical testing 
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machine with a maximum loading cell of 100kN.The ISO 13314:2011 (Ductility testing — 

Compression test for porous and cellular metals) was used. The ultimate compressive strength (UCS/ 

σmax), yield strength (σy) and Young’s modulus (E) were obtained from the stress strain curves. As 

per ISO 13314: 2011, UCS is the first maximum compressive strength. The concept closest to Young’s 

modulus is the elastic gradient, which is the gradient of the elastic straight line between σ70 and σ20. 

It was noted that the plateau stress is equivalent to the yield stress, which was determined using the 

arithmetical mean of the stresses between 20% and 40% of the compressive strain. 

2.3.3. In Vitro Biological Evaluation 

HOBs (human osteoblasts, 500,000, cryopreserved) were purchased from PromoCell (C-12720, 

Germany). These cells are fully differentiated osteoblasts from femoral trabecular bone tissue of a 

healthy donor (37 years, Caucasian female).Cells were cultured using Osteoblast culture medium 

(PromoCell, Germany) supplemented with 10% supplement mix (PromoCell, Germany) and 

antibiotics (1% PenStrep, Gibco, USA). The cells were cultured under standard conditions (5% CO2, 

37°C). Cell medium was refreshed every 3 days without disturbing the cell monolayer. Cell passage 

was carried out when cell confluency reached 80%. At each passage, cells were washed with 

phosphate buffered saline (PBS, Gibco), detached with Trypsin EDTA (Gibco, USA) and plated in 

T25 cell culture flasks (Thermo Fisher Scientific, USA) at a density of 15,000 cells/cm2. Final cell 

densities of 2.5 × 105 (low) and 1 × 106 cells/ml (high). Osteoblasts were seeded onto scaffolds using 

drop method in a 24 –well plate using 0.1 ml of cell solution. To permit cell attachment, the scaffolds 

were placed in an incubator for 2 hours. This was followed by adding 2ml of supplemented growth 

media. 

Cell adherence using fluorescence microscopy was performed to understand the extent of 

osteoblast adherence on 3DP Ti64 scaffolds using 4', 6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI, 0.01 mg/ml in PBS) (Invitrogen, United States). Live cells were fixed using 4% 

paraformaldehyde (PFA); 2 ml of 4% PFA was added to the scaffolds at room temperature. The cell 

nuclei (stained in blue) would be observed. Leachate analysis in the current study involved Ti64 

scaffolds immersion in the cell culture medium followed by seeding of HOBs to check for cytotoxicity. 

The cytotoxicity of the cells exposed to Ti64 for 14 days was assessed using DAPI+ fluorescence 

microscopy. 

Cell proliferation was conducted using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide) Cell Proliferation and Cytotoxicity Assay Kit (MyBioSource, USA). The assay 

was conducted as per the manufacturer’s instructions. The optical density (OD) value was measured 

with a microplate reader at 570 nm. The colour intensity is directly proportional to the number of 

viable cells and the rate of cell proliferation, with darker colour indicating greater cell proliferation 

and lighter colour indicating cytotoxicity [26]. 

2.4. Statistical Analysis 

The data from the mechanical and biological tests were analysed using Microsoft excel and SPSS 

Statistics 29. 

3. Results and Discussion 

3.1. Sample Characterization 

Figure 4 has depicted the CAD and measured porosity of the 3DP scaffolds. 
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Figure 4. CAD Porosity and Measured Porosity of Samples. 

The difference in the porosity of the designed and as-built samples could be due to fusion of the 

powders and subsequent adhesion. The porosity of the as-built samples is lower than the designed 

samples in all the samples. The pore size of the CAD and as-built samples is depicted in Figure 4. The 

deviation of the measured porosity from the CAD porosity is predominant for the TPMS gyroid 

samples compared to the strut-based diamond and cubic samples. For the strut-based lattices, lower 

porosity samples deviated more from the CAD porosity. 

3.2. Compressive Properties 

Table 5 has the relevant data from the sample compression tests. 

Table 5. Mechanical Characterisation of the 3DP Ti64 samples from Compression tests (n = 5). 

Scaffold Type 

Pore Size ( μm) 

Peak Force (kN) 

Ultimate 

Compressive 

Strength (MPa) 

Young’s 

Modulus (GPa) 
Yield Stress (MPa) 

(Porosity (%)) 

Diamond 

300 (45.78) 57.33 ± 2.56 729.98 ± 32.61 10.72 ± 0.40 450.96 ± 31.17 

600 (72.65) 5.33 ± 0.17 68.27 ± 2.56 2.76 ± 0.14 45.43 ± 3.38 

900 (81.34) 2.22 ± 0.04 27.41 ± 0.55 1.01 ± 0.03 17.5 ± 0.56 

Cube 

300 (62.45) 21.21 ± 0.5 270.10 ± 6.33 10.03 ± 1.43 260.41 ± 22.44 

600 (85.78) 5.97 ± 0.3 89.33 ± 4.97 4.88 ± 0.32 51.87 ± 5.41 

900 (90.54) 3.12 ± 0.11 38.25 ± 1.39 2.26 ± 0.41 14.86 ± 1.24 

Gyroid 

300 (24.35) **NA 

600 (45.67)  73.78 ± 5.64 925.4 ± 72.00 13.18 ±  0.85 478.16 ± 8.29 

900 (67.87) 22.55 ± 0.41 282.78 ± 6.05 7.83 ± 0.76 238.18 ± 10.96 

**Specimens not porous, hence considered unsuitable for bone replacement. 

During compression testing of D300 samples, shear occurred in all 5 samples. The D300 (porosity 

< 50%) and D600 (porosity > 50%) suitable for cortical bone applications. Unlike the former, the latter 

is not suitable for high load-bearing applications such as in the diaphysis region or distal region of 

the femur. The D900 (with porosity > 50%) sample is closer to the range of the trabecular bone’s 

modulus and can be considered for non-load bearing scaffolds. This asserts the importance of pore 

size in reducing the elastic modulus mismatch and stress-shielding for bone scaffolds. Similar trends 

were also noted for the UCS and σy. A bone scaffold biomaterial should have high yield strength and 
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fatigue strength to prevent failure under cyclic loading; hence apposite yield strength is necessary. 

As per the findings of Taniguchi et al. (2015) [27], pore size had significant impact on the biological 

and compressive properties of 3DP commercially pure Ti diamond lattices. Similar to the current 

study, the samples of 300, 600 and 900 μm pore size was subjected to mechanical testing and E in the 

range of cancellous bone was reported. Contradictory to the results of the current study, an increase 

in pore size reported minor increase in the modulus and yield strength of the scaffold; this could be 

because the scaffolds were designed for a fixed porosity and an increase in pore size could have been 

compensated by increase in strut size. The results reported by Huang et al. (2022) [28] was similar to 

our current study. Table 6 has compared the findings of our study and similar studies [27,29–34]. It 

has to be noted that as the strut size in our study was constant, an increase in pore size would mean 

an increase of porosity. 

Table 6. Comparison of the findings the current study & similar studies (diamond unit cell). 

Author (year) Technology, Material & 

Unit Cell 

Scaffold Architecture Comments 

Current Study 

(2025) 

SLM, Ti64, Diamond, 

Cubic, TPMS Gyroid 

Pore size : 300, 600, 900 μm 

(fixed strut size) 

ED300 > ED600 >ED900 

Similar trend for σy and UCS 

Taniguchi et al. 

(2016) [27] 
SLM, cp- Ti, Diamond 

Pore size : 300, 600, 900 μm 

(constant porosity 65%) 

E900 > E600 > E300  

Pei et al. (2017) 

[29] 
SLM, Ti64, Diamond 

Strut diameter : 200, 250,300,350, 400 

μm with constant pore size (~ 630 μm) 

Increase in strut diameter  

increased E, UCS  linear 

trend 

Zhang et al. 

(2018) [30] 

SLM, Ti64, Diamond Strut diameter : 200, 250,300,350, 400 

μm strut diameter with constant pore 

size (~ 650 μm) 

Increase in strut diameter 

increased E, UCS  linear 

trend 

Yavari et al. 

(2014) [31] 

SLM, Ti64, Diamond, 

Cubic, Truncated 

cuboctahedron  

Pore size : 600 – 1452 μm  

63 – 90% porosity 

Increase in strut thickness 

increased E, UCS  linear 

trend 

Liu et al. (2018) 

[32] 

SLM, Ti64, Diamond Relative density of 1.28 to 18.6% 

Varying strut size ,optimised radius 

Increase in strut diameter, 

optimised radius increased E 

Wally et al. 

(2019) [33] 

SLM, Ti64, Diamond, 

functionally graded 

structures (FGS), 

hexagonal prism 

Non-graded pore size : 400 – 650 μm 

Strut diameter : 300 - 400 μm 

Varying pore and strut size for FGS 

Overall linear relationship in 

the elastic region and then 

plastic yield plateau 

Graded and non-graded  

structures exhibited similar E, 

σy  
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Increase in strut diameter  

increased E, UCS 

Increase in porosity, pore size 

 increased E, UCS 

Deng et 

al.(2021) [34] 

SLM, Ti64, Diamond, 

Cubic, Truncated 

cuboctahedron, open 

circular pores 

Pore size : 650 μm  

65 % porosity 

ETC > EC > ED > ECIR 

Similar trend for σy 

Similar to the diamond samples, the lower pore sizes exhibited maximum modulus, yield 

strength and UCS in cubic samples. The C300 sample experienced failure by means of bending with 

potentially vertical strut failure being the reason for deformation. The C600 and C900 samples failed 

due to crushing. When a strut fails, the neighbouring struts in the same plane are also subjected to 

failure, which is a cascading phenomenon. The E for samples decreases with increasing pore size and 

porosity. It has to be noted that similar to the diamond samples, the cubic samples also experienced 

sharp decline in E on increasing the pore size from 300 to 600 μm. However, the C300 and 600 samples 

(> 50% porosity) had a modulus within the cortical bone range making it suitable for load-bearing 

applications. The C900 sample modulus is very slightly above the trabecular range, however, can be 

used in regions where there the proportion of trabecular bone is higher than cortical bone. Similar to 

the diamond samples, the C300 samples exhibited a yield stress greater than cortical bone whereas 

the 600 (cortical) and 900 (trabecular) μm samples were within the bone range. Results similar to the 

current study was reported by Choy et al. (2017) [35]. Choy et al. (2017) [35] reported that 3DP cubic 

samples of different strut sizes failed in a layer by layer manner. The method of collapse was same 

irrespective of the strut sizes. A number of research studies [36–54] have demonstrated how the 

change in pore size and porosity affects the mechanical properties. Benedetti et al. (2019) [54] also 

reported similar results. All the aforementioned research studies have detailed how increase in 

porosity and pore compromises the mechanical integrity. Table 7 lists the summary data of current 

study and other related studies [31,34,54–56] using cubic unit cell samples. 

Table 7. Summary data of current study vs other similar studies (cubic unit cell). 

Author (year) Technology, Material 

& Unit Cell 

CAD Scaffold Architecture Comments 

Current Study 

(2022) 

SLM, Ti64, Diamond, 

Cubic, TPMS Gyroid 

Pore size : 300, 600, 900 μm 

(fixed strut size) 

EC300 > EC600 >EC900 

Similar trend for σy and UCS 

 

Ahmadi et al. (2015)  

[55] 

SLM, Ti64, cubic (C), 

diamond (D), 

truncated cube (TC), 

truncated 

cuboctahedron (TCO), 

rhombic dodecahedron 

(RD), and rhombi 

cuboctahedron (RCO) 

Pore size : 600 – 1452 μm 

Strut size : 277 – 720 μm 

Compressive properties increased 

with increase in structure relative 

density 

Rhombic cuboctahedron and 

rhombic dodecahedron highest 

and lowest compressive properties at 

relative density < 0.2 

Cubic samples relatively stable  
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Yavari et al. (2015)  

[31] 

 

SLM, Ti64, Diamond, 

Cubic, Truncated 

cuboctahedron 

Pore size : 600 – 1452 μm 

Strut size :   277 – 720 μm 

Fatigue life 

decreased as the porosity of the 

structure increased 

Cubic unit cell samples did not fail at 

endurance limit  maximum fatigue 

strength 

mechanical 

properties of the  

truncated cuboctahedron   similar 

for similar 

porosities 

Benedetti et al. 

(2019) [54] 

 

SLM, Ti64, cubic (C), 

star (S) and cross (X) 

structures 

Pore size: 700 – 1500 μm 

Strut size – 200 - 500 μm 

Maximum stiffness reported by cubic 

samples 

Collapse of vertical struts 

Sharp decrease of stress during 

plastic deformation 

Deng et al. (2021) 

[34] 

SLM, Ti64, cubic (C), 

diamond (D), 

truncated cube (TC), 

circular pores 

Pore size : 650 μm 

Porosity : 65% 

ETC > ECU> EDIA> ECIR 

 

Wang et al.(2022) 

[56]  

SLM, Ti64 cubic, octet, 

and TPMS gyroid 

Pore size : 200 – 500 μm 

Porosity – 40%, 50%, 60% 

Mechanical stability: TPMS > octet > 

cubic 

As far as the TPMS gyroid samples are concerned, only data pertaining to G600 and G900 were 

considered; G300 samples were not porous and hence its mechanical data has not been discussed. 

The gyroid samples in the current study are not suitable for trabecular bone applications. Similar to 

D300, G600 sample fractured by means of shear. The G900 sample also experienced failure due to 

shear; in addition, it is the only sample that exhibited failure before 20% compressive strain. The 

study by Bobbert et al. (2017) [57] on the compressive performance of 4 types of TPMS structures 

(primitive (P), I-WP (I), gyroid (G), and diamond (D) found that an increase in the pore size resulted 

in reduction of E. Similar deformation behaviours were reported previously by Weiβmann et al., 

(2016) [58], Van Hooreweder et al. (2017) [59], and Zhang et al. (2018) [30]. Similar to the current 

study, a failure in the oblique direction was observed by Sun et al. (2022) [60]. Sun et al. (2022) [60] 

further reported quasi-cleavage to be the cause of fracture of the gyroid samples. Similar to our 

current study and other studies reviewed, a decrease in pore size was associated with greater 

mechanical integrity with respect to E, yield and UCS. 

A similar research study by Yanez et al. (2018) [61] recommended gyroid Ti64 as a scaffold in 

bone defect construction. Wang et al. (2022) [56] evaluated the biomechanical properties of cubic, 

octet and TPMS gyroid Ti64 structures. Wang et al. (2022) found that cubic lattices were less stable 

compared to octet and TPMS gyroid. Similar to our study, the TPMS gyroid structures reported 

higher mechanical integrity for similar porosities. Unlike the porosity range of 38 – 59% used by 

Wang et al. (2022) [56], our G600 and G900 samples in the current study had a porosity of < 50%. 

Wang et al. (2022) [56] has reported TPMS gyroid samples to have exhibited maximum stability 

due to the homogenous distribution of stress within the structure. Similar to our study, the TPMS 

gyroid samples were least affected by the variation in porosity. As expected, our TPMS gyroid 

samples had higher mechanical performance despite larger pore sizes. Wang et al. (2022) [56] has also 

reported that gyroid structures had higher E (1.85 times) compared to the cubic samples at similar 
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porosity (~ 50%). With a higher porosity, the E of TPMS was 4.5 times higher. A similar study 

conducted by Naghavi et al. (2022) [62] compared the mechanical characteristics of TPMS diamond 

and gyroid Ti64 structures for bone implants. Similar to our samples design, the pore size was varied 

with fixed sheet thickness. However, the intra-group variation of pore sizes not uniform. Similar to 

our study, the increase in pore size reduced the E and σy of the gyroid structures. The trend was 

similar for TPMS diamond samples as well. Naghavi et al. (2022) reported that the stiffness of the 

gyroid structures varied from 4.4 – 9.54 GPa and σy had a range of 106 – 170 MPa. As far as the 

diamond samples are concerned, the scaffolds were stiffer at similar pore sizes and porosities. Barber 

et al. (2021) [63] aimed at comparing the TPMS gyroid and diamond with a constant porosity of 75%. 

They demonstrated that gyroid had a stiffness of 2.3 GPa and σy of 94 MPa. The TPMS diamond 

samples had a stiffness and σy of 3.1 GPa and 129 MPa, respectively. 

Bobbert et al. (2017) [57] reported similar results for compression testing of TPMS structures. 

The compressive performance of 4 types of TPMS structures (primitive (P), I-WP (I), gyroid (G), and 

diamond (D) with different porosities and pore sizes and reported similar trends in mechanical 

properties. Sun et al. (2022) [60] compared the compression and energy absorption properties of SLM 

Ti64 TPMS structures and reported elastic – brittle failure mechanism. Yanez et al. (2018) [61] studied 

gyroid scaffolds in the range of 75 – 90% porosity in the trabecular bone range with spherical 

structures (normal) and ellipsoidal structures (deformed) respectively. It was reported that deformed 

gyroid structures reported higher compressive properties compared to normal gyroid structures of 

similar porosity. A similar study by Zaharin et al. (2018) [52] compared the cube and gyroid lattices 

of varying strut sizes/sheet thickness reported a linear decrease in the compressive modulus with an 

increase in the porosity and pore size. A strut diameter of 0.3 mm was recommended for bone scaffold 

applications. The study conducted by Li et al. (2019) [64] investigated the early osseointegration in 

porous Ti64 samples with TPMS unit cell and reported satisfactory results. On compressive testing, 

the samples reported a satisfactory compressive modulus and porosity well within the range of the 

cortical bone. Table 8 list summary data of current study and other related studies [52,56,57,60–62] 

using gyroid unit cell samples. Current results shows similar trend in the mechanical properties. 

Table 8. Summary of data of current study vs other similar studies. 

Author (year) Technology, 

Material & Unit 

Cell 

CAD Scaffold Architecture Comments 

Current Study (2022) SLM, Ti64, 

Diamond, Cubic, 

TPMS Gyroid 

Pore size : 300, 600, 900 μm 

(fixed strut size) 

EC300 > EC600 >EC900 

Similar trend for σy and UCS 

Gyroid exhibited max E and 

UCS despite lesser porosity 

Bobbert et al. (2017) 

[57] 

SLM, Ti64, TPMS Porosity range : 43 – 77% 

Pore size : 361 – 896 μm 

Increase in pore size, 

porosity reduced E 

Ductile failure in gyroid 

Yanez et al. (2018) [61] SLM, Ti64, TPMS Porosity: 75 – 90% 

Circular and ellipsoidal pores 

Deformed gyroids had better 

mechanical characteristics 
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Zaharin et al. (2018) 

[52] 

SLM, Ti64, TPMS, 

cubic 

Pore size : 300 µm, 400 µm, 500 µm 

and 600 µm 

Fixed strut size 

Increase in the pore size 

reduced E  

E at 300 µm pore size close to 

cortical bone range for TPMS 

and cubic samples 

Naghavi et al. (2022) 

[62] 

SLM , Ti64, TPMS 

diamond and 

gyroid 

TPMS Gyroid pore size: 600 – 1200 

μm 

Porosity range: 54 – 72%. 

TPMS diamond pore size : 900 – 1500 

μm 

Porosity range : 56 – 70% 

Stiffness of the gyroid 

structures varied from 4.4 – 

9.54 GPa 

σy - 106 – 170 MPa. 

TPMS diamond samples  

stiffer at similar pore sizes 

and porosities 

Wang et al.(2022) [56]  SLM, Ti64 cubic, 

octet, and TPMS 

gyroid 

Pore size : 200 – 500 μm 

Porosity – 40%, 50%, 60% 

Mechanical stability: TPMS > 

octet > cubic 

Sun et al. (2022) [60] SLM Ti64 TPMS 

gyroid, diamond 

and primitive 

Sheet thickness : 200 – 400 μm Elastic-brittle failure 

mechanism for all samples 

3.2. Biological Performance of 3DP Ti64 scaffolds 

The biological performance of the 3DP Ti64 scaffolds was explored using the static cell culture 

and biochemical assays. The cytocomptaibility, cell adherence and proliferation has been assessed by 

means of fluorescence microscopy and MTT assay. 

3.2.1. Cytocompatibility Assessment 

HOBs were exposed to cell medium with Ti64 and to cell medium without Ti64 (control) for a 

period of 14 days. On comparing the morphology and number of cells in the control with the cells 

exposed to Ti64, it was found that the HOBs in the Ti64 leachate exhibited similar nuclei morphology 

compared to the control as depicted in Figure 5. In addition, the cells proliferated in the leachate 

medium. This further reiterates the cytocompatibility of Ti64, which is FDA approved for biomedical 

applications. A number of research studies have substantiated the cytocomptaibility of Ti64 using 

osteoblasts. The study conducted by Huang et al. (2021) [28] studied the cytocompatibility of Ti64 by 

evaluating the scaffold degradation using indirect cytotoxicity and ion release test. It was noted that 

there was increase in cell proliferation on day 14 compared to day 7. 

3.2.2. Impact of Pore Size on Cell Adherence and Cell Proliferation 

Initial cell attachment on the scaffold surface is essential for scaffold – bone bonding. The 

scaffold surface must be conducive to facilitate the osseointegration. As depicted in Figure 5a–i, D300, 

C300 and G300 had more cells compared to their higher pore size counterparts. 
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Figure 5. (a–i) Cell adherence using fluorescent imaging (magnification: 4×). 

The number of cells on the surface decreased with an increase in pore size. It can be observed 

that initial cell adherence exhibited the following trend: 

D300 > C300 > G300 

Similar trend was followed by the 600 μm pore size group. However for the 900 μm pore size 

group, C900 had the maximum adherence followed by D900 and G900. It was observed that pore size 

was inversely proportional to cell adherence. The study by Nune et al. (2016) [65] studied the 

behaviour of osteoblasts on functionally graded 3DP Ti64 mesh structures. Similar to the results of 

the current study, Ti64 meshes had well-distributed and well-spread nuclei. Nune et al. (2016) [65] 

reported that non-porous Ti64 exhibited uniform distribution of cell nuclei whereas porous samples 

exhibited cell attachment on the struts and curved regions of the struts. This is similar to our findings. 

A smaller pore size provides larger surface area for cells to interact, thereby producing more 

interfacial force prior to falling through the pores. Hence, smaller pore sizes are expected to have 

more surface attachment of cells. This could be reason for more cells to be found on the surface of 

D300, C300 and G300.The diamond group had maximum cells adherence in the 300 and 600 group 

whereas the C900 reported superior adherence in the 900μm group. It has to be noted that cell 

adhesion is the first cellular event when an osteoblasts contact a scaffold surface. According to Xu et 

al. (2016) [66], cell adhesion impacts the proliferation, tissue formation and differentiation. As 

reported by Van Bael et al. (2012) [67], cell seeding efficiency indicative of cell adherence (on day 1) 

was significantly higher in the smallest pore size. 

Though cell proliferation can be qualitatively assessed by means of fluorescent imaging using 

DAPI, quantitative assessment of cell proliferation mandates using MTT or similar assays. The MTT 

assay was performed in the current study to investigate the impact of varying the pore sizes and 

geometry. Figure 6 has depicted the results of the cell proliferation using the MTT assay. 
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Figure 6. Results of Cell Proliferation at 7 days (p < 0.01). 

It can be observed that both pore size and unit cell variation had an impact on the cell 

proliferation. The cell proliferation over 7 days was reported maximum for gyroid with the following 

trend: 

G600 > G300 > G900 

A statistically significant difference in the cell proliferation was reported between the 

diamond/gyroid and cubic/gyroid groups. Cell proliferation in both the strut-based lattices did not 

show any statistical significant difference, however, the sheet-based TPMS gyroid had substantially 

higher cell proliferation. The higher cell proliferation on G600 could be due to a balance between the 

pore size and surface adherence. It has to be noted that the actual pore size of the G600 and G900 

samples are is 423 ± 12.5 μm and 710 ± 6.8 μm, respectively. The TPMS gyroid structures are 

characterized by high permeability in addition to slick and uniform surface. It is known for its 

absence of sharp corners, high surface area, and highly interconnected network and zero mean 

curvatures. It has to be noted that the mean surface curvature of the cancellous bone is close to zero; 

this promotes cell proliferation and tissue regeneration on such scaffolds. This could be one of the 

key reasons for the increased cell proliferation on the gyroid scaffolds. It has to be noted that the 

variation in the surface curvature may potentially lead to substantial changes in terms of the cell 

attachment rate, cell migration speed, and cell morphology including the cell spread area. Results 

similar to our study was reported by Wang et al. (2022) [56] who observed that cell viability of TPMS 

gyroid Ti64 was greater than the octet and cubic lattice structures. Wang et al. explored the 

relationship between ion release and type of lattice structure. Though we have not explored ion 

release, the aspect of cell viability is considered. It has to be noted that the scaffold surface area of the 

TPMS gyroid samples in the current study was higher than the cubic and diamond samples; this 

could also be one of the reasons for superior cell proliferation. The sharp struts and edges, acute 

corners of diamond and cubic structures may have limited the cell proliferation. Amongst the 

diamond and cubic samples, the following trend was observed for cell proliferation: 

C300 > D900 > C900 > C600 > D600 > D300 (Figure 17) 

The overall trend is as follows (Figure 17): 

G600 > G300 > G900 > C300 > D900 > C900 > C600 > D600 > D300 

As far as the diamond samples are concerned, D900 resulted in max cell proliferation. This 

contradicts the findings of Taniguchi et al. (2016) [27]. This could be because the cell proliferation was 

taken over 7 days; an extended period of MTT assessment with data points at 14, 21 and 28 days 

could substantiate the long-term cell proliferation. The study conducted by Taniguchi et al. (2016) 

[27] investigated the impact of pore size on bone ingrowth into porous Ti64 samples. Amongst the 

diamond lattice samples designed for pore sizes of 300, 600 and 900 μm with a constant porosity of 
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65%, it was noted that the 600 μm sample (P600) exhibited maximum bone ingrowth at 2 weeks; this 

was followed by P900 and P300. The current study is based on results of in-vitro testing and may not 

substantiate in-vivo performance. The study conducted by Ran et al. (2018) [68] reported that cell 

seeding efficiency was highest for samples of 500 μm pore size (p500) followed by p700 and p900; 

there was statistically significant difference between the cell seeding efficiency amongst different 

pore sizes. As expected, the cell seeding efficiency decreased with increasing pore size. Ran et al. 

(2018) [68] also reported that cell proliferation increased with increasing in duration of seeding (7 

days vs 14 days). At the end of 7 days, the cells on p700 exhibited higher viability whereas p900 

exhibited had higher proliferation compared to p500 over 14 days of culture. Markhoff et al. (2015) 

[48] has recommended a pore size of 400 - 620 µm and a porosity of 76% for maximum metabolic 

activity. According to Markhoff et al. (2015) [48] Initial cell adhesion and cell bridging can be 

facilitated with lower pore sizes as they have higher surface area, thereby leading to increased cell 

proliferation. Mechanical stiffness may also have an impact on the metabolic activity as osteoblasts 

are mechano-sensitive [48]. However, lower pore sizes may limit the cell migration or lead to cell 

occlusion. As cells were reported to have been adhering to struts due to the surface area for initial 

adhesion, it is important to cater to apt strut and pore sizes. 

The C300 samples facilitated initial cell adherence and proliferation and reported high cell 

numbers for the 7-day culture. The cells may not have had ample time for permeating into the pores 

and spreading on the internal regions of the scaffolds. It is imperative to conduct the cell proliferation 

over different time points to understand the impact of the pore size and the unit cell variation. 

However, the TPMS gyroid is superior to the strut-based lattices used in this study. In addition, the 

impact of pore size variation did not have statistical significance unlike the variation in unit cell. 

Larger pore sizes can enhance vascularization and lead to enhanced osseointegration. However, 

smaller pores in the range of 400 – 600 μm facilitate early cell adherence due to focal adhesion [48]. 

The minimal pore size to stimulate bone ingrowth is 100 – 150 μm [69–72]. Pore sizes larger than 300 

μm is capable of augmenting the capillary and new bone formation [70–72]. Pore sizes larger than 

900 μm may limit the cell-bridging ability. Smaller pore sizes have more surface area for more tissue 

to form; this could be the reason the 300 μm pore sizes have initial cell adherence [71,72].The 150 μm 

- 900 μm pores permit the diffusion of waste and nutrients. As far as porosity is concerned, a porosity 

in the range of 40% - 70% is ideal for regulation of cell motility, nutrient and oxygen delivery [29]. In 

our study certain samples exhibited a porosity of > 50% which is in the range of the cancellous bone. 

This is ideal for cell proliferation and adherence. However, this could be the reason of compromised 

mechanical performance. An apposite balance between the biological and mechanical properties of a 

bone scaffold is necessary for facilitating osseointegration. 

4. Conclusions 

On analysis of the Ti64 samples, it was observed that an increase in the pore size increased the 

porosity considerably (as strut sizes were maintained constant). Owing to this, the E, σy and UCS 

reduced considerably with increased pore size. The study was able to understand the mode of failure 

with variation in pore sizes. As far as the suitability of the diamond unit cell for bone scaffolds are 

concerned, the D300 and 600 samples were suitable for cortical bone whereas D900 was slightly 

higher than E of trabecular bone. It has to be noted that D600 may not be suitable for high load bearing 

applications such as femur or tibia. Similar to the diamond samples, the cubic 300 and 600 samples 

(>50% porosity) had a modulus within the cortical bone range making it suitable for load-bearing 

applications. Since the porosity is high, the osteoblast adherence and growth could be enhanced. 

Although the C900 sample modulus is very slightly above the trabecular range, it can be used in 

regions where there the proportion of trabecular bone is higher than cortical bone. As far as the mode 

of failure is concerned, the C600 and C900 samples experienced failure by means of crushing 

potentially due to vertical strut failure. The C900 elastic modulus was higher than the trabecular bone 

(~ 2 times ED900). As far as G600 and G900 samples are concerned, E was well within the range of 

the cortical bone. The σy of G600 and G900 samples were much in the cortical bone range. It was 
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concluded that the gyroid samples in the current study are not suitable for trabecular bone 

applications. 

Leachate analysis on the 3DP Ti64 samples proved its cytocompatibility. The nuclei stained 

using DAPI and imaged using fluorescence microscopy indicated no difference in the nuclei 

morphology of osteoblasts cultured in cell medium with and without Ti64. The Ti64 D300, C300 and 

G300 had more cells compared to their higher pore size counterparts. The cell number on the Ti64 

surface decreased with an increase in pore size. However for the cell proliferation, a different trend 

was noted. The TPMS gyroid had the highest cell numbers. Similar to the optimal pore size 

recommendations from research studies, a pore size range of 300 – 900 μm was found to be apt for 

apposite cell proliferation. However, more studies should be conducted to substantiate the impact of 

pore size and scaffold geometry on mechanical and biological performance of scaffolds. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
AM Additive Manufacturing  

BTE 

3DP 

Bone Tissue Engineering 

3D printing 

CSD  Critical-sized bone defects 

ELI Extra low interstitial 

µCT MicroCT   

UCS  Ultimate compressive strength 

HOB  Human osteoblast 

PBS Phosphate buffered saline 

DAPI 4', 6-Diamidino-2-Phenylindole, Dihydrochloride  

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

OD  optical density  

C Cubic 

TC Truncated cube    

TCO  Truncated cuboctahedron 

RD Rhombic dodecahedron 

D Diamond    

RCO  rhombi cuboctahedron  

S  Star 

X  Cross 

P Primitive     

I  I-WP   

G  Gyroid  
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