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Abstract. Various three-dimensional (3D) porous ceramic scaffolds have been introduced as a 

bone substitute for Tissue Engineering applications, but none is considered ideal for clinical 

applications. Therefore, this study investigated the effect of using different pore sizes of 

polyurethane (PU) foam in tailoring the physical and mechanical properties of the novel 

akermanite porous scaffolds. In this work, the porous scaffolds were prepared using PU foams 

with 20 and 60 ppi pores sizes, designated as AKr-20 and AKr-60, respectively. These scaffolds 

were fabricated using as-milled akermanite powders, binder, dispersant, foaming and gelling 

agents by the combination of gel casting and PU foam replication techniques followed by 

sintering at 1200°C in air atmosphere. X-ray diffraction (XRD) analysis confirmed that both 

sintered scaffolds formed pure akermanite phase. Despite different pore sizes used, both 

scaffolds showed good interconnected pore structure with average pore sizes of 327-722 μm 

and porosity of 75-82%. AKr-60 scaffolds showed higher compressive strength (2.66 ± 0.83 

MPa), which is about 3-fold higher than AKr-20 scaffolds (MPa). At this stage of the study, 

AKr-60 is selected as a potential substitute material for bone tissue regeneration and repair, 

particularly for non-load bearing applications. 
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Introduction  
 

In recent years, bone tissue engineering (BTE) using substitute or intervention material 

has become an alternative approach in repairing bone defects. Several types of biomaterials 

such as polymers, metals and ceramics have been explored as future synthetic bone substitute 

materials [1]. Among these biomaterials, bioceramics have the greatest impact on bone fracture 

repair due to the chemical and structural similarities relative to the mineral phase of the bone 

[2]. These bioceramics include calcium phosphate (CaP)-based, bioglass, and silicate-based 

ceramics. 

 

Akermanite (Ca2MgSi2O7) is relatively a new calcium silicate-based bioceramics that 

have attracted considerable attention due to its good biocompatibility, bioactivity and 

biodegradability [3-4]. It has been shown that the presence of Ca, Mg and Si in akermanite play 

important roles in bone formation. Several studies demonstrated that Ca2+, Mg2+ and Si4+ ions 

in akermanite structure had a positive influence on cell growth and activities when tested in-

vitro and in-vivo [5-6]. It was also reported that the ions released by the dissolution of 

akermanite through the biodegradation process encourage cell proliferation, osteogenesis (new 

bone formation) and angiogenesis (blood vessel formation) [7-8]. Additionally, akermanite 

possesses better mechanical characteristics as compared to CaP-based ceramic such as ß-

tricalcium phosphate (ß-TCP), hydroxyapatite (HA) and bioglass [9]. 

 

An ideal bone scaffold refers to a porous three-dimensional (3D) scaffold that is 

specifically designed to closely mimic the composition, architecture, and function of our native 

bones. Other than composition, architecture and morphological features are also important. 

These criteria will determine a scaffold’s performance to serve as a temporary structure for cell 

attachment and encourage the formation of bone tissues [10]. The scaffold should have a well-

interconnected pores structure with suitable pore sizes (200-500 μm) and an appropriate 

amount of porosity (40-90%) to enable cell migration, vascularization, and nutrient diffusion 

[11-12]. It should be mentioned that there is an inverse correlation between pore size and 

mechanical properties; in general, larger pore sizes reduce the mechanical properties of the 

scaffolds. To achieve desired characteristics of bone scaffolds, various methods have been 

employed for the scaffold fabrication, including powder foaming, particle leaching, freeze-

drying, gel casting and PU foam replication technique [10, 13]. Among these fabrication 

techniques, the PU foam replication technique is known to be a simple and economical 

technique in producing porous bioceramic scaffolds; but this scaffold typically has limited 

compressive strength as compared to the cortical bone (131-224 MPa) and cancellous bone (5-

10 MPa) [14]. On the other hand, gel casting appears to be a better way of fabricating ceramic 

scaffolds in order to enhance their mechanical strength compared to PU foam replication. 

However, limitations of this technique lead to non-uniform pore size distribution and less 

structure of interconnected pores [15]. Therefore, the combination of gel casting and PU 

replication techniques is proposed in this work as an alternative approach in making novel 3D 

akermanite porous scaffolds with controllable pore size, porosity, and well-defined 

interconnected structure. This approach is aimed to improve the mechanical strength of the 

highly porous brittle bioceramic scaffolds. 

 

Therefore, this study aimed to produce 3D akermanite porous scaffolds using the 

combination of gel casting and polymeric foam replication techniques and the effect of pore 

sizes of PU foams on physical properties including phase formation, composition, porosity and 

architecture (i.e., pores and struts) as well as the mechanical strength of the akermanite 

scaffolds were investigated. The akermanite porous scaffolds were characterized using X-ray 
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Diffraction (XRD) analysis, Fourier Transform Infrared (FTIR) spectroscopy, Scanning 

Electron Microscopy (SEM), porosity measurement and compression test.       
 
 

Materials and Methods 

 

Preparation of powders. Pure akermanite powders were produced by high-energy high-

speed wet planetary ball milling at ambient temperature (27 °C). Calcium oxide, CaO (Sigma-

Aldrich, 99.00% pure), magnesium oxide, MgO (Alfa Aesar, 99.00% pure) and silicon dioxide, 

SiO2 (Sigma-Aldrich, 99.00%) were selected as sources of Ca, Mg and Si, respectively. At 

first, the raw materials were mixed in deionised water (DI water) with a molar ratio of 2:1:2 

according to the basis stoichiometric of akermanite, Ca2MgSi2O7. The mixed powders were 

then milled for 4 hours in a zirconia jar containing zirconia balls using the planetary ball mill 

(Retsch PM 100) with the rotational speed of the jar set at 500 rpm. The ball to powder weight 

ratio was fixed to 10:1 with water to powder ratio of 4:1. The resulting slurry was subsequently 

dried in the oven at 100°C overnight. Manually ground the dried cake with an agate pestle and 

mortar and sieved through a 200 μm sieve [16-17]. 

 

Fabrication of scaffolds. Commercial polyurethane foam (PU) was used as a sacrificial 

template to fabricate the novel akermanite porous scaffolds using the combination of gel-

casting and polymeric foam replication techniques. Two sets of scaffolds were prepared using 

different sizes of foams: (1) 20 ppi (AKr-20) and (2) 60 ppi (AKr-60). Firstly, the as-milled 

akermanite powders were mixed in DI water with a mixture of polyethylene glycol, PEG (Mw= 

1500 g/mol, Fluka, Germany) and polyvinyl alcohol, PVA (Mw= 15 000 g/mol, Fluka, 

Germany) with a ratio fixed at 2:3, dispersant (Dispex A40), sodium dodecyl sulphate, SDS 

(Sigma-Aldrich) and sorbitol polyglycidyl ether, SPE as foaming and gelling agents, 

respectively in preparing the ceramic slurry. Then, PU foams were cut into cubes (10 x 10 x 10 

mm) and completely immersed in prepared ceramic slurry for 5 minutes. In order to remove 

the excess slurry and ensure the foams were well impregnated with the ceramic slurry, the 

coated foams were manually squeezed and released using a pair of glass slides. Afterwards, the 

coated foams were vacuumed and dried in the oven at 60 °C for 24 hours, before sintering at 

1200 °C in an air atmosphere [16-17]. 

 

Characterization techniques. The crystalline phase of sintered akermanite porous 

scaffolds was identified using X-ray diffraction, XRD (Bruker D8). The XRD patterns were 

recorded in a range of 2θ = 20˚ to 60˚ with a step size of 0.02 using Cu Kα radiation (λ = 1.541 

Å). The functional groups of sintered scaffolds were also confirmed using Fourier Transform 

Infrared (FTIR) spectroscopy. Using the KBr pellet technique, the FTIR spectra were scanned 

in transmittance mode (T%) at wavelength intervals ranging from 400 to 4000 cm-1 four times. 

Morphological observation of the prepared scaffolds was performed using Tabletop Scanning 

Electron Microscopy (SEM) (TM3000, Hitachi). The average scaffold pore size was 

determined using SEM micrograph, with 20 measurements were taken for each sample and the 

sizes of the pore were calculated using Image JTM software (v1.50i.). Archimedes method 

(ASTM C830-00) was used for the determination of the scaffold porosity, p as described by 

the Equation 1 below.  

 

 

 

                                            p = 1- (W-D) X 100                                                                     (1) 

                                                      (W-S)                                                              
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where, W = saturated weight (g), D = dry weight (g) and S = suspended weight (g). 

 

The compression strength of the sintered akermanite scaffolds was carried out using 

INSTRON 3369 universal tensile machine (ASTM C1424-04) at a crosshead speed of 1.0 

mm/min till fractured. The average compressive strength value was obtained from five 

scaffolds for each set of the prepared scaffold. 
 

 

Results and Discussion 

 

Physico-chemical analyses. The crystalline phase of the sintered AKr-20 and AKr-60 

scaffolds is shown in Figure 1. The XRD patterns confirmed that both prepared scaffolds 

mainly consist of pure akermanite phase, Ca2MgSi2O7 with standard reference pattern code 

ICDD: 035-0592. This indicated phase stability of akermanite at a high temperature (> 

1100 °C). However, the XRD patterns also indicated the existence of diopside, CaMgSi2O6 

(ICDD: 041-1370) as a minor phase. Quantitatively, it can be determined that 95% akermanite 

and 5% diopside coexist at 1200 °C for both scaffolds, as similarly reported in previous studies 

[9, 18]. Clearly, the sintered scaffolds have high degrees of crystallinity, as indicated by their 

sharp and narrow diffraction peaks. Six main peaks of akermanite were detected within the 

range 20˚ ≤ (2θ) ≤ 60˚, located at about at 2θ = 23˚, 28 ˚, 32˚, 36˚, 44˚, and 52˚ corresponding 

to (111), (021), (121), (130), (122) and (132), respectively. By using Rietveld refinement 

analysis, it can be determined that both sintered scaffolds exist in a tetragonal crystal system 

with a = 7.834 Ǻ and c = 5.008 Ǻ lattice parameters.   

 

Figure 1. XRD patterns of sintered AKr-60 and AKr-20 scaffolds at 1200 °C, 

symbols denote (♦) akermanite and (○) diopside. 

FTIR spectra (Figure 2) of sintered AKr-20 and AKr-60 scaffolds at 1200 °C were 

confirmed to present the basic characteristic bands of akermanite structure, which are shown 
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by O-Ca–O bending modes at 419 cm-1 and O–Mg–O bending modes at 487 cm-1. A band at 

586 cm-1 shows the presence of Ca=O groups and dual bands of O-Si-O were observed at 641 

and 683 cm-1. While the sharp bands located at 852, 934 and 973 cm-1 were assigned to Si-O 

stretching modes, as well as the band located at 1021 cm-1 presented symmetric stretching mode 

of Si-O-Si bonds are all consistent with the FTIR patterns of the pure akermanite [16-17]. 

Finally, the presence of broad moisture adsorption by the hydroxyl (OH-) groups been detected 

at 3445 cm-1.  

 

Figure 2. FTIR spectra of sintered AKr-20 and AKr-60 scaffolds at 1200 °C. 

Microstructure analysis. Figure 3 shows the internal architecture of sintered AKr-20 

and AKr-60 scaffolds prepared using different pore sizes of PU foams. From the morphological 

observations, these sintered scaffolds showed interconnected pore structures with good 

bonding formation between the struts. The struts of the sintered scaffolds seem to be fully 

densified with fewer micro-cracks, indicating the scaffolds were fully sintered at 1200 °C. 

Scaffolds with good interconnectivity of pores could provide a sufficient supply of nutrients, 

oxygen, and waste throughout the entire scaffolds via the surrounding vascular network, 

making it suitable for bone tissue engineering applications. [19]. The average pore sizes of 

AKr-60 scaffolds (327 ± 55.00 μm) obtained was also found to fall in a range of ideal pore size 

for bone scaffolds [20]. However, AKr-20 scaffolds possess a relatively larger pore size 

distribution (721.60 ± 87.80 μm) than AKr-60.  
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Figure 3. Comparison of the internal architecture sintered AKr-20 and AKr-

60 scaffolds prepared. Scale bar = 1 mm. 

 

Mechanical properties. A comparison of the compressive strength of sintered scaffolds 

with different pore sizes of PU foams is shown in Table 1. As expected, the decrease in the 

compressive strength is a result of the larger interconnected pore size of the scaffold. In fact, 

increasing the pore size tends to higher pore surface area, therefore this in turn could affect the 

mechanical strength of the scaffold. Clearly, AKr-60 scaffolds showed a significantly higher 

compressive strength of 2.66 ± 0.83 MPa, which was about 3-folds of that for AKr-20 scaffolds 

(0.65 ± 0.20 MPa). This trend is consistent with the SEM observation, showing that the internal 

architecture of sintered scaffolds may affect mechanical properties substantially. In addition, 

both sintered scaffolds prepared using this technique could be controlled to have a porosity 

ranging between 75-82%, which is favourable for the biological environment [21]. 

 

Table 1. Total porosity and compressive strength of sintered scaffolds 

subjected to different size pores of PU foams. 

Samples Total porosity  

(%) 

Compressive strength 

(MPa) 

AKr-20 75.90 0.65  0.20 

AKr-60 81.83 2.66  0.83 
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Conclusion 

 

3D akermanite porous scaffolds with different pore sizes of foams had been prepared 

via a combination of gel-casting and PU foam replication techniques. Both of the fabricated 

scaffolds (AKr-20 and AKr-60) consist of akermanite as the major phase at 1200 °C. 

Akermanite ceramics prepared by this new technique produced scaffolds with desired 

architecture features and possess interconnected pore structures with suitable pore size 

distribution. In terms of mechanical strength, smaller pore size showed significantly higher 

mechanical strength with AKr-60 scaffolds (60 ppi) having about 3-folds higher compressive 

strength than AKr-20 scaffolds (20 ppi). At this point, it can be concluded that AKr-60 shows 

the optimum properties as a potential material for the bone substitute, particularly in non-load 

bearing applications.  
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