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A B S T R A C T   

Bone healing is an impressive ability of the human body, but critical-sized bone defects require external inter-
vention. Bioceramic scaffolds with excellent biocompatibility and bioactivity have been developed to treat non- 
healing bone defects because of their unique features for bone repair. Meanwhile, the mechanical properties of 
the material continue to be disadvantageous. This review focuses on (i) essential factors in affecting and 
improving bioceramic-based scaffolds’ mechanical properties, including porosity, pore size, methods, and ma-
terial composition, and (ii) summarizing previous studies and highlighting strategies to fabricate scaffolds with 
improved mechanical properties such as using nano-particles, using a combination of bioceramics and polymers, 
and modifying scaffold surfaces. Further research is necessary to improve bioceramic scaffolds for bone repair 
applications.   

1. Introduction 

Bone contains both organic and inorganic components. Approxi-
mately 8–10 % of bone consists of water, 60% is dedicated to the inor-
ganic phase, and the remaining percentage is for organic components 
[1]. Bone’s organic part mainly comprises collagen type I, diverse 
non-collagenous proteins, and cells (approximately 2 %) [1]. This part is 
essential for bone performance and can profoundly affect some bone 
properties, including biochemical and mechanical properties. Collagen 
of type I is composed of a sequence of three polypeptide chains. The 
structure results in the creation of a rigid layer of molecules whose 
length is nearly 300 nm. Each molecule is placed adjacent to the next to 
create a collagen fibril. Afterward, these fibrils form bundles to create a 
group of collagen fibers [2,3]. Bone has a mineralized framework con-
sisting of calcium salts and collagen fibers. The mineral component 

includes calcium hydroxyapatite, calcium carbonate, and magnesium 
phosphate. Bone is divided into two types –cortical and trabecular-each- 
each with a distinct structure, as shown in Fig. 1. 

Bone has a high capacity for regeneration. Most fractures can be 
quickly healed with simple internal/external fixation [4]. Despite this 
superior property, the bone’s ability for self-healing can be limited 
depending on the damage’s extent. Therefore, it can heal minor damage, 
but a critical-sized defect, such as a segment bone defect (SBD) [5], is 
challenging to heal. As a porous structure, scaffolds provide a mechan-
ical and structural substrate to support cell growth [6] for tissue engi-
neering (TE). The interconnected structure of scaffolds allows oxygen 
and nutrition to migrate from the scaffolds’ surface to the inner part [7]. 
In addition, the porous architecture provides more surface area for the 
cells and scaffold’s interaction [8]. An ideal bone engineering scaffold 
should meet the following requirements [9,10]: 
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• Biocompatibility: The scaffold material should be non-toxic and not 
cause adverse host responses in the body.  

• Bioactivity: The scaffold should have the ability to encourage bone 
regeneration by stimulating the growth and differentiation of bone 
cells.  

• Porosity: The scaffold should have a high porosity to allow the 
vascularization and exchange of nutrients, oxygen, and waste prod-
ucts, which is essential for cell growth and metabolism. 

• Mechanical properties: The scaffold should have appropriate me-
chanical properties that can support the weight of the surrounding 
tissues and withstand mechanical loading during bone regeneration.  

• Biodegradability: The scaffold should be biodegradable and undergo 
gradual degradation over time, allowing for natural tissue 
replacement.  

• Structural stability: The scaffold should maintain its structural 
integrity during the initial stages of bone formation, guiding bone 
formation. 

The ideal scaffold for bone engineering should also be versatile and 
customizable, allowing it to be tailored to individual patients’ needs and 
readily accessible in the clinic or operating room [11]. Mechanical 
properties, architecture, and osteogenic ability are other essential 
characteristics of a desirable scaffold [12]. A recent review indicated 
that mechanical loadings significantly impact initial bone healing and 
bone remodeling after bone fracture/trauma [13]. Being exposed to 
various mechanical loadings after implantation, such as tension, 
shearing, compression, and torsion, The in-vivo performance of scaffolds 
is greatly affected by their mechanical properties, by which scaffolds can 
withstand skeletal weight and motion [14]. 

A non-smooth surface is beneficial for properly integrating the 
scaffold as it can enhance the proliferation, attachment, and differenti-
ation of adherent bone-forming cells. Also, they should endure the me-
chanical stimuli generated by the environment, especially in load- 
bearing conditions [15–17]. The mechanical strength of the scaffold is 
evaluated based on its ability to withstand impact and maintain its 
integrity during implantation [18]. When analyzing the mechanical 
properties of bone, it is important to consider factors such as toughness, 
shear modulus, Young`s modulus, fatigue strength, compressive 
strength, and tensile strength. Although various tests have been estab-
lished to evaluate these properties, the most frequently used methods for 
scaffold assessment are tensile and compressive tests. To ensure that 
scaffolds have mechanical properties similar to those of the native tissue 
or organ and to avoid adverse effects resulting from the stress-shielding 
mechanism, it is necessary to determine an appropriate range of me-
chanical properties for each application during tissue remodeling. 
Mimicking these mechanical properties for the scaffolds at both the 
fabrication and implantation stages is essential to making scaffolds a 
good candidate for bone regeneration [19]. 

Materials for fabricating scaffolds should be non-cytotoxic and 

facilitate cells’ functions such as differentiation and proliferation [8]. In 
this regard, several materials (synthetic or/natural, permanent or bio-
resorbable) have been engineered and investigated to fabricate scaf-
folds. ’Bioactive’ scaffolds can actively encourage bone in-growth by 
interacting with the surrounding tissue. Due to their composition 
resembling that of the inorganic portion of bone, "bioactive" ceramics 
(calcium sulfate, calcium phosphates, etc.) and bioglasses (45S5, 6P53B, 
13–93, etc.) have great osteoconductivity [20], biodegradability, and 
osteoinductivity [21]. Bioceramics are an appropriate candidate since 
they show better performance (tissue response) compared to metals and 
polymers [22]. The deformation of ceramics through plastic means is 
challenging due to the nature of their bonds and the restricted amount of 
slip, as opposed to metals and polymers. As a result of these features, 
ceramics exhibit non-conductivity and almost zero creep when main-
tained at room temperature. So, ceramics tend to develop micro cracks 
and grooves due to their inability to tolerate plastic deformation from 
the cracking area. Rather than accommodating plastic deformation, they 
exhibit elasticity and are therefore susceptible to this type of damage. 
When a crack appears in ceramic materials, the stress at the tip of the 
crack is significantly greater than the stress in the surrounding material. 
This stress concentration weakens the ceramic, making it difficult to 
determine its compressive strength [23]. Bioactive glasses (BGs) and 
crystalline ceramics such as hydroxyapatite (HAp) and tricalcium 
phosphate (TCP) are also materials that promote bone growth by sup-
porting the formation of new bone tissue [24–27]. BGs are implanted in 
defect sites, where ion exchange with the surrounding biological fluid 
causes a bone-like apatite layer deposition on implant surfaces. This 
process occurs due to interactions between the glass surface and the 
biological fluid, forming a favorable environment for apatite deposition. 
Given that apatite encourages the adhesion and proliferation of osteo-
genic cells, the bone partially replaces this biological apatite after 
long-term implantation [28–30]. However, despite their excellent 
bioactive characteristics, BGs and ceramics have poor mechanical 
strength and fracture toughness. Due to these properties, their use is 
often limited to non-load-bearing applications, but intelligent ap-
proaches partially resolve these issues. Various solutions are available to 
solve this drawback. Some polymers and materials, such as nano-
particles, nanodiamonds, etc., have been introduced for this aim. 
Therefore, because of the importance of mechanical properties, this 
study reviewed approaches associated with improving bioceramics 
scaffolds’ mechanical properties. This review first briefly introduced 
bioceramics and, secondly, focused on the factors involved in improving 
the mechanical properties of scaffolds. 

2. Bioceramics and bioglasses 

Bioceramics are bioactive and biocompatible [32] materials that are 
useful for bone repair. Synthetic bioceramics possess outstanding fea-
tures compared to polymers and metals, including bioactivity, 

Fig. 1. The structure and properties of bones. Created by BioRender according to previous publication [31], with Publication License CG25OKGI5V.  
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biocompatibility, and strength. Hence, they are considered to have su-
perior bone regeneration and repair [33,34]. Synthetic bioceramics 
decrease the danger of immune rejection and autograft morbidity. 
Moreover, there is a similarity between the porous bone structure and 
certain bioceramics, namely HAp and β tricalcium phosphate (β-TCP), 
used in this application [33]. This similarity causes osteoprogenitor 
cells’ differentiation and bone matrix deposition; thus, bioceramics are 
considered osteoconductive [35]. Bioceramics are mainly categorized 
into bioinert, bioresorbable, and bioactive ceramics [36]. Generally, 
bioceramics comprise a diverse collection of calcium phosphate, which 
can be categorized based on their Ca/P molar ratio and compositions. 
Bioceramic materials include BGs (e.g., borate-, silicate-, phosphate-, 
borosilicate, mesoporous and doped BGs), calcium silicate (CS, e.g., 
β-calcium silicates, and tricalcium silicates), zirconia, alumina, β-tri-
calcium-phosphate (Ca/P: 1.5), α-tricalcium-phosphate (Ca/P: 1.5), 
HAp (Ca/P: 1.67), and calcium phosphates (CaPs) [37,38]. Bioceramics 
have several positive attributes, including their similarity to the inor-
ganic part of bone tissue, excellent osteoconductivity, and ideal 
biocompatibility [39,40]. Nevertheless, their fragility may limit their 
use in critical bone defects [41]. Different categories have been 
described below: 

2.1. Aluminum oxide (Al2O3) 

Aluminum oxide (Al2O3), or alumina, is a highly utilized oxide 
ceramic in various engineering and biomedical fields. The majority of 
Al2O3 powder, a raw material, is generated by the Bayer process from 
bauxite. Its applications are vast and diverse. Al2O3 with a high level of 
purity labeled as 99.99% integrity is an increasingly favorable option in 
biomedical engineering, particularly for dental and orthopedic utiliza-
tion, such as femoral components in total hip replacements. Al2O3 is 
recognized for its exceptional material properties, such as high hardness, 
low friction, excellent wear resistance, and good corrosion protection. 
These features make it an optimal choice for articulating surfaces in 
orthopedic applications [42]. Al2O3-based bioceramics were initially 
available as alternative components for hip joint prostheses and dental 
implants [43]. Al2O3 prostheses can also be employed in various clinical 
applications such as bone screws, ossicular (middle ear) bone sub-
stitutes, alveolar ridge (jaw bone) and maxillofacial reconstruction 
materials, segmental bone replacements, and substitutes for corneal etc. 
[21] Nevertheless, Al2O3 is easily prone to fracturing due to its poor 
toughness, which has been recognized as a drawback [44]. 

2.2. Zirconia 

Zirconia is commonly employed for clinical purposes and implan-
tation as partially stabilized zirconia (PSZ). PSZ offers multiple advan-
tages over Al2O3, including higher flexural strength, fracture toughness, 
Weibull modulus for better reliability, lower Young’s modulus, and ease 
of achieving a superior surface finish through polishing [42]. Zirconia 
has been reported to be biocompatible with the oral cavity tissues and 
osteoconductive, facilitating bone formation after implantation [45]. 
Zirconia ceramics have some drawbacks, such as their opacity, which 
can compromise esthetic properties and aging. Moisture accelerates this 
process, leading to degradation and increased surface roughness. Addi-
tionally, the cracks’ presence may compromise long-term performance 
[37]. 

2.3. Calcium phosphates (CaPs) 

Calcium phosphate (CaP) are bone-like materials naturally present in 
the body and have mineral components similar to calcified tissues. As a 
result, they have been proposed for various dental and orthopedic ap-
plications [46–48]. These bioceramics have noteworthy osteo-
conductivity, bioresorbability, and biocompatibility properties [49], 
allowing them to seamlessly integrate into living tissues through the 

same processes involved in bone remodeling. This process occurs when a 
portion of CaPs is dissolved in the surrounding microenvironment. As 
the liberated ions are released, proteins are attracted to the surface, and 
the precipitation of biological apatite crystals occurs, forming a layer on 
the biomaterial. Moreover, CaPs are easily obtained at a low cost and 
can be certified as medical grade relatively easily. The dissolving 
behavior of CaPs varies depending on changes in chemical composition, 
microporosity, and pore size. These differences have been linked to the 
process of osteoinduction in-vivo. Research has highlighted the signifi-
cance of the sintering process in controlling the pore size and porosity of 
CaPs, ultimately producing an osteoinductive ceramic material [50]. 
Despite their limitations in terms of mechanical properties such as 
strength and fatigue resistance, CaPs are commonly utilized as coatings 
and fillers rather than load-bearing materials. They are often applied as 
thin coatings on metallic implants to enhance bone fixation or as dense 
or porous blocks for bone grafts. Additionally, CaPs can be used in 
injectable compositions. Various custom-designed forms of CaPs, such as 
wedges for tibial opening osteotomy, cones for spine and knee appli-
cations, and inserts for vertebral cage fusion, are also available. CaPs 
find application in alveolar ridge augmentation, tooth replacement, 
maxillofacial reconstruction, orbital implants, hearing ossicle enhance-
ment, spine fusion, and bone defect repair [51]. 

Among CaPs commonly reported for biomedical applications are 
HAp, α- and β-TCP, and biphasic CaPs (BCP), a mixture of HAp and TCP 
[46,52]. CaP and HAp have a chemical composition most similar to the 
inorganic section found in bone [53]. Despite its advantages, HAp has 
poor mechanical properties [54,55]. HAp can be synthesized using wet 
methods, including precipitation, hydrothermal synthesis, and 
solid-state reactions at temperatures above 1200 ◦C. These methods 
involve starting materials such as MCPM (monocalcium phosphate 
monohydrate), DCPA (dicalcium phosphate anhydrous), DCPD (dical-
cium phosphate dihydrate), and OCP (octacalcium phosphate) [50,56, 
57]. TCP has a higher fracture toughness than HAp [58,59]. However, 
TCP is not a suitable bioceramic for load-bearing utilization due to its 
inferior mechanical strength compared to cortical bone [60]. Precisely, 
β-TCP is a high-temperature phase of CaPs obtained through thermal 
decomposition at temperatures exceeding 800 ◦C. There are three 
recognized polymorphs of TCP: β-TCP-stable below 1120 ◦C, 
α-TCP-stable between 1120 ◦C and 1470 ◦C, and α’-TCP, which is stable 
above 1470 ◦C. However, achieving densification of β-TCP can be 
challenging due to the low temperature of the β to α phase trans-
formation, which limits the ability to sinter the material at high tem-
peratures. Indeed, doping β-TCP with substances like magnesia or 
calcium pyrophosphate can stabilize the β to α phase transition at high 
temperatures. This modification allows for better densification of β-TCP 
at higher temperatures. β-TCP is a biodegradable material and has been 
extensively studied as a bone substitute. It can be used in various forms, 
such as granules or blocks and can also be incorporated into calcium 
phosphate-based bone cements. These applications make β-TCP a valu-
able material in bone tissue engineering and regenerative medicine 
[61]. In addition to the above-mentioned crystalline CaP materials, 
amorphous calcium phosphate (ACP) has attracted significant attention 
due to its variable physicochemical properties, excellent bioactivity, and 
superior biodegradation [62] as ACP performs as the precursor of the 
mineral phase of CaP and the storage pool of calcium and phosphorus, 
which regulates the formation and mechanical properties of bone [63]. 
Even though CaPs bioceramics include ideal bioactivity, they are fragile, 
with low impact resistance and fracture toughness [64]. TCP consists of 
four polymorphs, namely α, super-α, β, and γ. Despite having a higher 
fracture toughness than HAp, [58,59]. 

Cement based on calcium phosphates (CPCs) combines one or mul-
tiple calcium phosphates and a water-based solution. This mixture 
subsequently forms a less soluble calcium phosphate and solidifies by 
intertwining the developing crystals, giving the cement its mechanical 
rigidity. When applied to a bone defect, the paste solidifies on-site, at the 
body’s temperature, and exhibits only limited solubility [65]. CPCs 
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possess several noteworthy characteristics, including exceptional 
biocompatibility and resorbability, bioactivity, non-cytotoxicity, the 
ability to promote the growth of osteoconductive pathways, and 
adequate compressive strength for various applications. CPCs demon-
strate greater mechanical strength in compression than tension or shear 
due to the limited bonding between entangled crystals. Compressive 
strength values are typically 5–10 times higher than tensile strength. 
The main advantages of CPCs include their rapid-setting properties, 
excellent moldability, and ease of manipulation. As a result, these bio-
ceramics are commonly used in filling bone defects and in trauma sur-
geries as moldable paste-like substitutes for bone materials. 
Additionally, like other bioceramics, CPCs offer the opportunity for bone 
grafting using alloplastic materials, which are readily available in un-
limited quantities and do not pose the risk of infectious diseases [50]. 

2.4. Bioactive glasses (BGs) 

BGs and glass-ceramics have been designed, in both porous and 
dense forms, for tissue engineering applications in dentistry and ortho-
pedics. Heat treatment endows BG with improved toughness, strength, 
wear resistance, and elastic modulus [66,67]. BGs have demonstrated a 
faster ability to establish a bond with living bone tissue compared to 
other bioceramics. After implantation, they transform an apatite mate-
rial. BGs release calcium (Ca), phosphorus (P), silicon (Si), and sodium 
(Na) ions upon dissolution, which can stimulate the osteogenic genes 
expression, angiogenesis, neovascularization, differentiation of mesen-
chymal stem cells (MSCs), and enzymatic activity [68–70]. BGs are 
non-cytotoxic and biocompatible materials [71], which are osteo-
conductive and can integrate with host bone tissue [67,72,73]. How-
ever, like many bioceramics, they suffer from poor mechanical 
characteristics [60,74]. CSs are also biocompatible and can be an 
appropriate candidate in tissue engineering applications due to their 
ideal bioactivity and biodegradability [75,76]. In addition to silicate 
glasses, the biomedical application of borate- and phosphate-based 
glasses was also reported [77,78]. Borate-based glasses have gained 
attention in biomedical applications due to their unique properties. 
These glasses typically comprise B2O3, Na2O, CaO, and P2O5, exhibiting 
fast degradation rates. When immersed in an aqueous phosphate solu-
tion, borate-based glasses can completely convert into apatite, a mineral 
similar to the mineral phase found in bone. This conversion process is 
similar to that of Bioglass®, a well-known bioactive glass, but 
borate-based glasses do not form a silica-rich layer on the surface [77, 
78]. Borate glasses have indeed been used as drug-release systems for 
treating bone infection [79]. However, one disadvantage of borate 
glasses is the potential toxicity of boron. When the glass degrades, borate 
ions are released into the solution. In high concentrations, boron can be 
toxic to cells. However, this disadvantage can be mitigated in in-vitro 
dynamic culture conditions [80]. Phosphate bioactive glasses, with 
compositions in the Na2O–CaO–P2O5 system, are known to have faster 
dissolution rates in aqueous fluids compared to silica glasses. This 
property can be advantageous in certain biomedical applications [81, 
82]. However, the fast degradation rate of phosphate glasses may not 
always be desirable, especially in applications where long-term stability 
is required. To address this issue, metal oxides such as TiO2, Al2O3, and 
B2O3 can be incorporated into the composition of phosphate glasses. 
These metal oxides help stabilize the glass network, resulting in a slower 
degradation rate [83]. 

3. What are the various factors and approaches that can be 
implemented to enhance the mechanical durability of scaffolds? 

3.1. Impact of scaffolds’ structure on their mechanical characteristics 

One of the factors involved in determining mechanical properties is 
porosity. For instance, HAp-scaffolds with 40–48 % porosity showed a 
compressive strength of about 25.30 MPa. With the increase in porosity 

from 70 % to 76.9 % and from 80.45 % to 91.4%, the compressive 
strength of the HAp-based scaffold decreases by 3.86 Mpa and 1.27 MPa 
(nonlinear), respectively. The correlation between porosity and 
compressive strength in the HAp with other bioceramics, HAp polymers, 
and TCP scaffolds can be observed [8]. The same relationship has also 
been reported previously. The compressive strength of HAp with other 
ceramic-based scaffolds nonlinearly decreased from 16.13 MPa to 
2.31 MPa, with an increase in porosity from 54.62 % to 72.09 %. Finally, 
the decline was observed to 0.92 MPa when porosity reached 89.92 % 
[8]. However, in the TCP scaffold, the compressive strength exhibited a 
linear decline from 9.09 MPa to 0.65 MPa, with an increase of porosity 
from 50 % to 90 % [8]. This inverse relationship has been reported in 
other investigations [84,85]. However, this has not always been the 
case; according to a previous study, scaffolds based on HAp- Poly(methyl 
methacrylate))PMMA(showed a compressive strength of 7.26 
± 0.45 MPa (70 wt% HAp) with a porosity value of 75 ± 0.8 %, and this 
value increased when the porosity reached 71 ± 1.9 % (80 wt% HAp, 
compressive strength: 4.15 ± 29 MPa) [86]. The agglomeration of HAp 
particles was recognized because they were considered the weak point 
for the formation of microcracks [87]. Various factors such as powder 
particle size, materials, the manufacturing process, and sintering tem-
perature can significantly affect bioceramic scaffolds’ chemical prop-
erties and porosity [88]. 

A previous study reported a compressive strength of 27.4 ± 4.2 MPa 
for HAp scaffolds with only macroporosity (250–350 µm). When mac-
roporosity of 2–8 µm was established in this HAp scaffold, the 
compressive strength increased to 34.4 ± 2.2 MPa [89]. Similarly, the 
crushing strength of Si-Ca-O ceramic scaffolds reduced from 23.7 
± 5.9–11.8 ± 4.1 MPa with increased pore size from 300 to 600 µm 
[90]. In another case study, compressive strength decreased from 
40 MPa to 1.37 MPa by changing the average pore size of 
20.5–458.78 µm (439–495 µm) [8]. On the contrary, Liu et al. reported a 
different relationship between compressive strength and pore size. 
Three HAp scaffolds with 400, 500, and 600 µm have been designed 
(stereolithographic 3D printing (SL-3DP)). Their compressive strength 
has been reported at 20.54 ± 4.53, 30.34 ± 4.07, and 38.48 
± 3.06 MPa, respectively. The compressive strength of the HAp scaffold 
increases proportionally with an increase in its pore size. Such results 
could be due to reduced manufacturing defects, as the number of pores 
decreases with larger pore sizes [91]. A previous study reported that 
change in the compressive strength of scaffold structures with pore sizes 
in the range of 200–400 µm is lower than other scaffolds with pore sizes 
lower than 200 µm or upper than 400 µm, which may be attributed to 
porosity as a reason. Therefore, regarding mechanical properties, 
particularly compressive strength, the overall porosity has a greater 
impact than the pore size. Different porosities were reported based on 
pore size. First: porosity of 48–68%, pore size lower than 200 µm; Sec-
ond: porosity of 67–85 %, pore size exceeding 400 µm; The third value: 
porosity of 64–67%, pore size between 200 and 400 µm [8]. As the 
compressive strength of trabecular and cortical bones is announced at 
about 2–45 MPa and 90–230 MPa, respectively [92,93], many fabri-
cated scaffolds with more than 40 % porosity can only be applied to 
substitutes for trabecular bone but are not ideal for the load-bearing 
utilizations. At the same time, scaffolds with higher compressive 
strength might be more appropriate for load-bearing applications and 
substitute for compact bones [94–96]. It has been reported that more 
than 90 % porosity is not preferable for bioceramics scaffolds, particu-
larly for TCP bioceramics with a higher degradation rate. Since higher 
degradation decreases the mechanical properties and scaffolds’ integrity 
before having adequate time for forming new bone [97]. 

In summary, the correlation between the compressive strength and 
porosity of BGs is shown in Fig. 2. Various compressive strengths can be 
achieved with 30–95% porosity. Overall, the compressive strength de-
creases with increases in the porosity percentage (Fig. 2b) [98]. 
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3.2. Influence of the production method on scaffolds’ mechanical 
properties 

Various techniques have been developed to manufacture scaffolds. 
Available techniques can create an opportunity to ensure perfect control 
of the scaffolds’ properties by using a computer for designing [98]. Some 
minimum requirements were considered necessary for good function 
and tissue ingrowth in the scaffolds, like structure and size of pores. 
Pores should be interconnected and larger than 100 µm [99]. Other 
factors necessary regarding the ingrowth of bone and mechanical fea-
tures are neck shapes between closed pores and microporosity and the 
architecture of the solid phase [98]. 

3.2.1. Traditional methods 

3.2.1.1. Foam replica. A previous study used the foam replica method to 
fabricate scaffolds from (13− 93) BG. The scaffolds produced through 
the foam replica method could have a porosity of 85%, and the size of 
their pores could vary from 100 µm to 500 µm [99]. The compressive 
strength and elastic modulus were reported as 11 ± 1 MPa and 3.0 
± 0.5 GPa, in the order given [99]. Polyurethane foam is used to pro-
duce scaffolds, making a porous structure [100]. While a porous scaffold 
can be obtained via this method, the mechanical properties are a major 
limitation. Because the struts, which play a critical role in bearing me-
chanical forces, may be hollow, the overall strength of scaffolds is 
reduced [101,102]. Mesoporous bioactive glasses (MBGs) were initially 
produced by dipping polyurethane in a sol. However, a brittle structure 
was obtained with compressive strength in 50–250 kPa [103]. The 
replication technique has developed various strategies to enhance the 
foam’s mechanical features. For instance, combining gel casting with the 
foam replication technique could enhance the mechanical features of 
HAp scaffolds [11,104–107]. 

3.2.1.2. Gel-casting foam. Another method has been suggested as an 
alternative to the foam replication method. The gel-casting foam method 
can also produce scaffolds [108]. Gel casting is generally applied to 
fabricate high mechanical-strength scaffolds with a low porous structure 
[109]. The primary advantage of this technique is that it enhances the 
mechanical characteristics of the scaffold compared to the foam repli-
cation method. In this method, the struts are not hollow. In a previous 
study, three different glasses– 13–93, ICIE16, and PSrBG – were used to 

produce scaffolds through the gel-casting foam method. Findings indi-
cated that the mechanical qualities achieved were more robust than 
those of the scaffolds created through the foam replication process 
[110]. Compressive strengths of 15.3 ± 1.8 MPa, 8.4 ± 0.8 MPa, and 
3.4 ± 0.3 MPa were observed for 13–93, PSrBG, and ICIE16, respec-
tively [110]. Therefore, the factor affecting the mechanical properties is 
the fabrication method of scaffolds, as shown in this review using ex-
amples from previous studies. 

3.2.1.3. Solvent casting. Solvent casting/particulate leaching is a con-
ventional approach for manufacturing scaffolds. It starts by dissolving a 
polymer in an organic solvent. This method involves introducing poro-
gens, substances that can be evenly distributed within a molded struc-
ture. Once the structure solidifies, these porogens are dissolved, leading 
to the formation of pores. Adding porogens to the polymer solution es-
tablishes a polymer-porogen network and contributes to the scaffold’s 
structure. As the solvent evaporates, the polymer undergoes a hardening 
process. Following this, water is utilized to dissolve the porogen, 
commonly a salt like sodium chloride. This results in a polymer scaffold 
with a solid structure and a network of pores. However, it can be chal-
lenging to precisely regulate the shape and interconnectivity of the pores 
in scaffolds produced using this technique [17,111]. 

3.2.1.4. Freeze-drying. The freeze-drying technique, initially developed 
by Fukasawa et al. [112], is used to create porous ceramics. This tech-
nique utilizes material freezing in a specific direction, taking advantage 
of ice crystals to form columnar porous structures without the need for 
organic additives. Once the long and oriented ice crystals are formed, 
they are sublimated, followed by exposing the scaffold to high temper-
atures for consolidation [113]. The resulting scaffold exhibits excellent 
mechanical properties due to the oriented crystal structure. However, it 
should be noted that this process is both time-consuming and 
energy-intensive [114]. 

3.2.1.5. Comparing five different methods (solvent casting and salt leach-
ing, gelate-freeze casting, freeze casting, a combination of sacrificial tem-
plate and direct foaming, and replication). Different methods can impact 
the bioceramic scaffolds’ mechanical characteristics. Jaafar et al. re-
ported the impact of five methods on the compressive strength of β-TCP 
scaffolds, including solvent casting and salt leaching, gelate-freeze 
casting, freeze casting, a combination of sacrificial template and direct 

Fig. 2. The relationship between compressive strength and porosity in scaffold-based bioactive glasses [98] Figure reused from Fu et al., 2013 after license 
agreement 5271251292699. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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foaming, and replication. The gelate-freeze casting method demon-
strated the highest compressive strength compared to the combination 
of sacrificial template and direct foaming, freeze casting, solvent casting 
and salt leaching, and replication methods, which showed lower 
compressive strengths in descending order. The compressive strength of 
the scaffold was improved by using a method that created a cellular 
microstructure with smaller pores [115]. According to previous reports, 
the freeze-casting method decreased the scaffold’s porosity due to the 
small size of the ice crystals. Using a pore agent in a gelate-freeze casting 
caused ice growth distortion, forming a cellular-like microstructure and 
increased porosity [116]. Scaffold fabricated by combining sacrificial 
template and direct foaming m Scaffold fabricated by combining sacri-
ficial template and direct foaming method demonstrated marginally 
increased compressive strength than salt leaching and solvent casting. It 
was demonstrated that the porosity of the fabricated scaffold by these 
five methods and compressive strength varied from 30 % to 95 % and 
0.4–5.0 MPa, respectively. It is interesting to note that increasing 
porosity resulted in a decrease in compressive strength. The 
gelate-freeze casting approach produces ceramic scaffolds that exhibit 
superior strength compared to alternative techniques. The compressive 
strength ranges from 1.81 MPa with a 40 % [117] porosity to 5.0 MPa 
with a 30 % porosity [107]. The porous scaffold’s compressive strength 
was restricted when created through a sacrificial template and direct 
foaming. Other techniques, such as solvent casting, salt leaching, freeze 
casting, and replication, resulted in a 50–70 % porosity and a 
compressive strength of approximately 1–4 MPa [115]. In summary, 
each method used various solid concentrations, pore agents, preparation 
methods, templates, and processing parameters, which can affect the 
scaffold’s porosity, morphology, and properties [118]. In this regard, 
Table 2 indicates an example for this section. The effects of three 
different methods (for the same material) on the mechanical properties 
have been shown. 

3.2.2. Additive manufacturing 
The bioglass scaffolds and active bioceramics made by traditional 

methods, such as gas foaming or foam replication, can hardly match the 
porosity parameters of cancellous bone [119,120]. Due to their inherent 
brittleness and poor strength, they can only be used in sites of the 
skeleton subjected to a minimal stress scale [121,122]. On the other 
hand, a porous scaffold can be created using additive manufacturing 
(AM) and has a unique external shape and porous internal microstruc-
ture [123]. The findings showed that the AM technology could perfectly 
match the scaffold to the problem areas and mimic the human tissue’s 
normal tissue architecture [124,125]. Many AM processes are available, 
each with its unique way of depositing layers to create a part with 
different materials. Some methods involve materials melting or soft-
ening, such as selective lase melting (SLM), selective laser sintering 
(SLS), and fused deposition modeling (FDM). Meanwhile, other methods 
cure liquid materials like stereolithography (SLA). Direct energy depo-
sition (DED) and laminated object manufacturing (LOM), in addition to 
those mentioned above, are introduced as the main AM methods [126]. 

There is growing consensus that 3D printing is a superior 
manufacturing technique to traditional methods due to its many ad-
vantages, including the ability to create complex geometry with high 
precision, significant material saving, design flexibility and custom-
ization [126]. With 3D printing, a wide range of ceramic, metallic, 
polymeric, and composite materials can be processed; nevertheless, 
choosing an ideal binder and optimizing process parameters is crucial 
for successful component creation. Various techniques and substances 
have been explored to enhance the mechanical characteristics of 3D 
printed ceramics structures compared to traditional techniques [127]. 
Similar to standard manufacturing technologies, the design of the pro-
cess and the parameters used during the process heavily influence the 
characteristics of the product produced via AM (cost, the accuracy of the 
component, quality of the surface, mechanical and physical traits, etc.) 
as well as overall efficiency of the AM process [128]. Monshi et al. 

designed a bone scaffold from an electroconductive poly-lactic acid 
(EC-PLA) filament. Solid-work software was used to construct a scaffold 
model. The planned model was then transferred to a laminated, 
simplified 3D printer using its G-Code file to produce a scaffold with 
65–75 % porosity. Cubic and cylindrical shapes were created and 
manufactured. HA nanoparticles were applied to increase the samples’ 
chemical stability. The compressive strength of the designed structure 
has been reported 39.14 MPa. The obtained findings illustrated the ad-
equacy of EC-PLA scaffolds’ toughness and demonstrated that the 
EC-PLA scaffold is acceptable mechanically [129]. 

3.2.2.1. FDM. PLA is the most used material in the FDM method and 
can be combined with different elements, such as silver (Ag) or mag-
nesium (Mg). During the preparation phase of a sample or model, FDM 
software enables modification of the density of the part or model by 
adjusting the infill percentage, which can have a major impact on me-
chanical properties, such as tensile strength. Some parameters are 
important to control as they can affect the mechanical properties such as 
layer thickness, printing head temperature, printing bed temperature, 
printing speed, infill percent, and infill shape [130]. For instance, it has 
been reported that the temperature of the nozzle affects the degree of the 
printed structure‘s crystallinity in the FDM technique. Elhattab et al. 
used a composite containing PLA and β-TCP to evaluate this effect. The 
results indicated that the nozzle temperature is directly proportional to 
the mechanical properties. When the nozzle temperature was set at 
190 ◦C, the PLA and (β-TCP)-PLA samples displayed the lowest tensile 
strength with 65.8 ( ± 0.971) MPa and 54.344 ( ± 3.796) MPa, 
respectively. Conversely, when the nozzle temperature was set at 
220 ◦C, both PLA and (β-TCP) -PLA samples showed better tensile 
strength with 75.77 ( ± 1.147) MPa and 69.711( ± 6.23) MPa, respec-
tively. These findings suggest that the mechanical properties of the 
printed samples improve as the nozzle temperature increases. In the 
same way, the results revealed that the lowest Young’s modulus values 
were observed when the nozzle temperature was set at 190 ◦C with 
1.725 ( ± 0.134) GPa and 1.685 ( ± 0.143) GPa for PLA and 
(β-TCP)-PLA, respectively. Conversely, the highest Young’s modulus 
values were obtained when the nozzle temperature was set at 220 ◦C, 
with values of 1.837 ( ± 0.156) GPa and 2.161 ( ± 0.332) GPa for PLA 
and (β-TCP)-PLA, respectively [131]. 

3.2.2.2. SLS/SLM. SLS relies on high laser density, which combines 
ceramics, metals, or even polymers or composites to form a 3D end- 
product structure with exceptional mechanical properties and surface 
quality [130,132]. Like FDM, some parameters can affect the mechan-
ical properties of products by the SLS method, including laser power, 
scan spacing, scan speed, etc. [133,134]. One can increase the laser 
power, scanning speed, hatch distance, and layer thickness to achieve a 
higher energy density. Such an increase in energy density can improve 
mechanical properties and higher part density, but only up to a certain 
point. It’s important to note that further increases in energy density 
beyond that point may result in material degradation and a subsequent 
drop in both mechanical properties and dimensional accuracy [133]. 
The scan path should also be considered when SLS is used, as this can 
affect material shrinkage and manufacturing time. The scan path can 
determine the part’s density and mechanical features consequently 
[135]. In addition, the print resolution, porosity, and mechanical 
properties can also be enhanced with powders with a consistent distri-
bution of particle size and high density [136]. Selective laser melting 
(SLM) is a type of additive layer manufacturing (ALM) process that falls 
under the broader category of rapid prototyping/manufacturing 
(RP/RM) techniques [137]. SLM and SLS are recognized as one of the 
most versatile RM processes for creating intricate three-dimensional 
parts. In SLM, successive layers of powdered material are solidified by 
a laser, building up the final object layer by layer [138]. It’s important to 
note that while SLS relies on a sintering mechanism to partially melt and 
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fuse the powder, SLM fully melts and fuses the powder material [139]. 
Hao et al. analyzed the performance and feasibility of SLM technique to 
directly manufacture a 316 L stainless steel /HAp composite. The 
objective was to create load-bearing and bioactive implants. Through 
the investigation, it was discovered that there is an optimal condition for 
fabricating high-quality 316 L stainless steel/HAp composite specimens 
using a duplicate scanning strategy during the SLM process. This finding 
suggests that the SLM technique can be effectively utilized for producing 
reliable and well-structured 316 L stainless steel /HAp composites. The 
316 L stainless steel/HAp composite demonstrated a sufficient tensile 
strength of 95 MPa for load-bearing purposes. Moreover, it is not 
excessively rigid, which helps to avoid stress shielding [140]. 

3.2.2.3. Robocasting method. A polymer binder is applied in the robo-
casting method, and bioglass particles are dispersed throughout the 
binder [110]. For robocasting applications, the ink must possess 
shear-thinning rheology, allowing it to flow easily through a narrow 
nozzle when subjected to force. Additionally, the ink should retain its 
mechanical stability after extrusion and not deform while drying 
without causing cracks in the extruded filaments. Various factors, 
including the physical and chemical properties of the ink, the particle 
size of the glass, and the distribution of pores, influence the mechanical 
stability of the green body. Pluronic F-127, ethyl cellulose/polyethylene 
glycol, and carboxymethyl cellulose are commonly used polymeric 
binders for producing bioactive glass scaffolds through robocasting 
[141]. This method produces a porous structure with interconnected 
pores [142]. The diameter or width of at least 100 µm for interconnected 
pores and porosity of more than 50 % have been reported as re-
quirements to allow tissue ingrowth in porous scaffolds. In addition, 
porosity can promote resorption, vascular ingrowth, osteoblast differ-
entiation, and other bioactivities [143]. The properties of the fabricated 
scaffolds manufactured via robocasting methods are porosity of 
approximately 60 %, interconnection in the range of 100–500 µm, and 
compressive strength of roughly 136 ± 22 MPa [144]. 

Deliormanli et al. chose bioactive borate glass (13–93B3) and 13–93 
BG [145]. Scaffolds were manufactured using the robocasting tech-
nique, and the final mechanical characteristics, other than pore sizes, of 
scaffolds based on different materials were evaluated. The overcomes of 
evaluations for compressive strength demonstrate 142 ± 20 MPa for 
13–93 G, while the strength of 65 ± 11 MPa was reported for 13–93B3. 
The scaffolds had thick glass filaments with a 300 ± 20 µm diameter. 
They also contained interconnected pores approximately 420 ± 30 µm 
in width and had a porosity of around 50 %. (13− 93)- and 45S5-BG 
scaffolds with mechanical characteristics close to the cortical bone 
have been produced using the 3D printing technique (direct link prin-
ting/robocasting) [145]. Liu et al. also fabricated the porous scaffold 
based on (13− 93)-silicate glass by the robocasting technique. The pre-
pared specimens were put at room temperature to dry, then heated (to 
600 ◦C) and sintered (for 1 h, at 700 ◦C, in the air). Fabricated scaffolds 
had a pore height and width of 150 ± 10 µm and 300 ± 10 µm, in the 
order given. The compressive strength and elastic modulus were 86 
± 9 MPa and 13 ± 2 GPa, respectively, and these values were similar to 
the properties of cortical bone (Elastic modulus: 10–20 GPa, compres-
sive strength: 100–150 MPa). The mentioned compressive strength falls 
towards the lower reported values for human cortical bone [146]. Liu 
et al. conducted a study where they utilized robocasting techniques to 
create grid-like porous scaffolds using a 13–93 silicate glass composition 
(53SiO2, 6Na2O, 12K2O, 5MgO, 20CaO, 4P2O5 wt%) as the material. 
Following the printing process, the samples were dried in air at room 
temperature for one day, then heated to 600 ◦C in an oxygen environ-
ment to remove processing additives. Subsequently, the scaffolds were 
sintered in air for 1 h at 700 ◦C. The resulting scaffolds exhibited a 
grid-like microstructure, with a pore width of 300 ± 10 µm in the 
deposition plane (xy plane) and a pore height of 150 ± 10 µm in the 
direction of deposition (Z-axis). The scaffolds’ flexural strength and 

flexural modulus were measured to be 11 ± 3 MPa and 13 ± 2 GPa, 
respectively, which falls within the lower range of values for trabecular 
bone. Furthermore, the compressive strength and compressive modulus 
were 86 ± 9 MPa and 13 ± 2 GPa, respectively, which closely resemble 
values typically found in cortical bone [146]. 

3.2.2.4. Introduction of AM processes for fabrication of high-performance 
ceramics (HPC). Several AM processes have been introduced to fabri-
cate high-performance ceramics (HPC), including (i) binder jetting (BJ), 
(ii) vat photopolymerization (VP), (iii) material extrusion (ME), (iv) 
material jetting (MJ), (v) sheet lamination (SL), (vi) powder bed fusion 
(PBF), and (vii) directed energy deposition (DED). As AM expands, it 
enables the production of functional parts without additional tools or 
processing, reducing lead time. However, it remains uncertain whether 
the mechanical properties of AM-produced parts meet the same stan-
dards as those produced through traditional methods like sand casting, 
roll-forming, and injection molding. Although most materials’ flexural 
strength and fracture toughness values are comparable to AM and 
traditional methods, conventional zirconia manufacturing can achieve 
higher flexural strength values. Nevertheless, the VP process can pro-
duce high-density and low-porosity oxide materials. In addition, the VP 
process enables the production of intricate structures with extreme 
overhangs and small shells without the risk of crack formation. How-
ever, the LOM process may compromise the flexural strength of 
aluminum nitride manufactured via the AM method, which generally 
results in high-resolution layers but poor inter-layer bonding. While not 
all HPC materials have been utilized to create functional materials, ni-
trides and carbides are often the focus of research [147]. Table 1 shows 
some benefits and drawbacks of AM techniques. 

In summary, traditional methods, such as gel-casting foam etc., have 

Table 1 
Some main advantages and disadvantages of main AM’s methods [127].  

Method Advantages Disadvantages 

Fused deposition 
modeling (FDM) 
[148,149]  

• Low cost  
• High-speed  
• Simple to execute  

• Weak mechanical 
properties  

• Poor surface quality  
• Limited used materials 

Powder bed fusion  • High-quality in printing  
• Fine resolution  
• Powder ben can act as 

support for the printed 
objects  

• The process can be slow  
• High cost  
• Risk of high porosity 

when the powder is 
fused with a binder 

Laminated object 
manufacturing  

• Using a broad range of 
materials, including 
ceramics  

• Low cost  
• Reduced manufacture 

time  

• Difficulty in 
manufacturing complex 
shape 

Direct energy 
deposition  

• Great mechanical 
properties  

• Polymer-ceramics can 
be used  

• Microstructure can be 
controlled  

• Difficulty in 
manufacturing complex 
shapes with details  

• Surface quality is low  
• Accuracy is low 

Stereolithography  • Good resolution  
• Good quality  

• Limited materials can be 
used  

• Expensive  
• The speed of printing is 

slow 
Inkjet printing and 

contour crafting  
• Ceramics can be used  
• Large structures can be 

printed  

• Inadequate adhesion 
between layers  

• Resolution can be coarse 
SLS[150]  • High mechanical 

features   

• Ceramics, polymers, 
and metals can be used  

• Low speed  
• High cost 

SLM[150]  • High mechanical 
features  

• High speed  

• Limited materials  
• High cost  
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been used to create scaffolds from bioactive ceramics and glasses. 
However, these techniques often lead to irregular pore geometries, 
resulting in regions with low pore interconnectivity, which compromises 
bioactivity, and high-stress concentration under load, which compro-
mises mechanical properties. 3D printing, on the other hand, addresses 
these issues by allowing for precise control of pore geometries. For 
bioactive glasses and ceramics, commonly used 3D printing methods 
include extrusion-based robocasting, SLA, selective laser sintering, etc. 
[151]. The novel Am methods can control multiple parameters during 
the process. The structure and materials should be considered to opti-
mize each method’s characteristics and parameters. The number of 
research on the production of bioceramic scaffolds by AM is expected to 
be more than the current one, which can overcome this method’s limi-
tations and make scaffolds with sufficient mechanical properties and 
promising bioactivities. 

3.3. Impact of parameters used in the manufacturing method on the 
mechanical characteristics of scaffolds 

3.3.1. Impacts of cooling rate 
The cooling rate was another parameter affecting compressive 

strength. Maximum compressive strength was achieved by enhancing 
the cooling rate [152]. Sarkar et al. designed scaffolds in which the 
freeze-casting method was used in its producing process from nano-HAp 
and gelatine and showed that the compressive strength improved when 
liquid nitrogen was applied for curing; however, increasing the curing 
time decreased the scaffolds’ strength. Thus, the curing time and the 
solutions used for additional treatment are the other factors that can 
influence mechanical properties [153]. In addition, Müller et al. re-
ported other conditions that may affect the mechanical properties of 
titanium oxide (TiO2) scaffolds, including grain boundary and the 
cooling rate. Finally, it was observed that increasing the cooling rate and 
fasting can prevent or decrease the creation of grain boundary impu-
rities, and consequently, the compressive strength increased [154]. 
Hafezi et al. investigated the impact of cooling rate on the mechanical 
properties of calcium zirconium silicate (Ca3ZrSi2O9 or 
Baghdadite)-based scaffolds fabricated by water-based freeze casting 
technique. As the cooling rate increased while keeping the solid loading 
constant, the linear shrinkage and porosity parameters decreased, and 
strength significantly increased. 

Based on the mechanical results, the scaffold exhibited the best 
mechanical properties when prepared with a cooling rate of 4 ℃/min. 
Scaffolds produced with a freezing rate of 1 ℃/min (solid loading: 20 % 
(v)) exhibited compressive strengths of 1.8 MPa, and elastic moduli of 
41.3 MPa, respectively. In contrast, scaffolds frozen at a rate of 4 ℃/min 
(solid loading: 20 % (v)) displayed a higher compressive strength of 

2.1 MPa and an elastic modulus of 59.8 MPa. This improvement in 
microstructure enhanced both the compressive strength and elastic 
modulus of the scaffolds [155]. Farhangdoust et al. also announced that 
as the cooling rate increased, the compressive strength of the ceramic 
bodies (macroporous hydroxyapatite scaffolds) consistently increased 
while the lamellar space decreased. Specifically, the compressive 
strengths were measured as 4.1 MPa, 6.4 MPa, and 9.5 MPa at cooling 
rates of 2 ◦C/min, 8 ◦C/min, and 14 ◦C/min, respectively. The increased 
cooling rate led to larger temperature gradients, resulting in smaller 
pore sizes. Consequently, the strength of the ceramic bodies increased 
[88]. 

In conclusion, as some studies have been reviewed in this section, it 
can be found that the cooling rate is one of the effective parameters in 
improving the mechanical properties of bioceramics scaffolds. Since the 
cooling rate increases, the compressive strength of ceramics can 
improve. 

3.3.2. Impact of sintering time and temperature 
Factors other than the method can also have effects on mechanical 

features. Deville et al. [152] investigated these factors in fabricating 
scaffolds based on HAp using freeze casting. It was shown that the 
process conditions are also influential. In particular, the results showed 
that sintering is one of the influential conditions. As a result, the 
compressive strength was enhanced, and porosity was reduced with 
increases in sintering temperature. The impact of the sintering time and 
the recoating process on the mechanical properties was also evaluated 
previously. Enhancing the sintering time (more than five hours) 
improved the mechanical properties. Furthermore, the recoating 
considerably improved the ceramics’ structure [156]. It has been re-
ported that using some glass in the main components can be a sintering 
aid or enhance the sintering temperature. For instance, the previous 
study fabricated scaffolds containing a mix of 45S5 BG and calcium 
borosilicate glass-derived sol-gel. Specimens were sintered at a range 
temperature from 800◦ to 1000 ◦C for 2 h. According to the findings, 
utilizing 10 % calcium borosilicate in BG material and sintering it within 
the 850–900 ◦C temperature resulted in significantly higher compres-
sive strength than those sintered at lower or higher temperatures. The 
strength observed was approximately 2.5–3 times more than that of the 
45S5 BG material without calcium borosilicate. The porosity levels were 
slightly lower at 850 ◦C and 900 ◦C (approximately 70.4 %− 72.8 %) 
compared to those sintered at 800 ◦C (which had a porosity of 76.4 %). 
However, at a sintering temperature of 1000 ◦C, there was a significant 
decrease in porosity from the samples treated at 900 ◦C. This decrease 
may be attributed to better densification of the BG struts at higher sin-
tering temperatures. In the meantime, the compressive strength 
improved with temperature, reaching over 7.3 MPa at 850 and 900 ◦C, 
considerably more excessive than that sintered at 800 ◦C (<4.1 MPa) 
[35]. Eom et al. also reported how the mechanical characteristics of 
porous silicon carbide are affected by variations in sintering tempera-
ture. The study revealed that as the sintering temperature increased 
from 1800 ◦C to 1950 ◦C, there was a significant improvement in both 
compressive strength (from 50 MPa to 100 MPa) and flexural strength 
(from 50 MPa to 290 MPa) [157]. A previous study designed biomimetic 
scaffolds containing HAp, TCP, and CS to investigate the effects of sin-
tering temperature on mechanical features. The result showed that with 
the increase of sintering temperature from 1050 ℃ to 1250 ℃, porosity 
reduced from 63.7 % to 47.1 %. The flexural strength increased from an 
initial value of 4.9 ± 0.06 MPa to a final value of 38.5 ± 0.44 MPa, 
while the flexural modulus increased from an initial value of 1.05 
± 0.02 Gpa to a final value of 3.08 ± 0.02 GPa [158]. Perera et al. also 
reported that increasing the sintering temperature (1100–1200 ℃) 
enhanced the strength. The initial value of 36.5 ± 0.4 MPa reached 
46.3 ± 0.4 MPa for the β-TCP specimens. The 1200 ℃ (for 3 h) was a 
temperature that obtained optimal performance [159]. Similar results 
were observed for the natural HAp that increasing sintering temperature 
increased mechanical properties [160]. Other investigations also 

Table 2 
The effect of different methods and materials on the mechanical properties.  

Materials Methods Porosity 
% 

Compressive strength 
(MPa) 

Reference 

Same material and different manufacturing methods 
13–93 Replica 85 ± 2 11 ± 1 [12] 
13–93 Gel casting 75.4 

± 2.1 
15.3 ± 1.8 [14] 

13–93 Robocasting 50 142 ± 20 [145] 
Same manufacturing methods with different materials and sintering procedure 
13–93 Gel 

casting 
75.4 ± 2.1 15.3 ± 1.8 [14] 

PSrBG# Gel 
casting 

76.7 ± 0.9 8.4 ± 0.8 

ICIE16 
* 

Gel 
casting 

74.9 ± 1.3 3.4 ± 0.3  

# PSrBG: (44.5-mol% SiO2, 4.5-mol% P2O5, 17.8-mol% CaO, 4-mol% Na2O, 4- 
mol% K2O, 7.5-mol% MgO, 17.8-mol% SrO) 

* ICIE16: (49.46-mol% SiO2, 1.07-mol% P2O5, 36.6-mol% CaO, 6.6-mol% 
Na2O, 6.6-mol% K2O) 
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characterized the impact of sintering temperature on the mechanical 
characteristics and reported that this could be a prominent factor in 
regulating the mechanical features of scaffolds [55,161,162]. For 
example, HE et al. An analysis was conducted on various elements 
involved in the manufacturing process of bioceramic scaffolds made 
from HAp, specifically through the implementation of digital light 
processing (DLP), which utilizes additive manufacturing techniques. 
When the solid loading was set at 50 vol%, the flexural strength initially 
increased and then decreased as the sintering temperature increased 
(sintered at 1200, 1250, and 1300 ℃ flexural strength were 12.9, 18.3, 
and 12.1 Mpa). On the other hand, the compression strength consis-
tently increased with the increase in sintering temperature (sintering 
temperature of 1200, 1250, and 1300 ℃: compression strengths of 12.5 
± 7.5, 16.9 ± 6.8, 18.1 ± 7.1 MPa were reported, in order). 

According to the results, increasing sintering temperature enhanced 
compression strength [163]. However, it is not always the case that 
increasing the sintering temperature enhances the strength. Liao et al. 
demonstrated this by creating bioceramic scaffolds with inter-porous 
structures using different fabrication temperatures ranging from 900◦

to 1500 ◦C. They utilized a customized 3D printer that employed a 
laser-assisted gelling (LAG) process to manufacture the scaffolds, which 
were constructed from raw materials such as CaCO3 and SiO2. CaCO3 
powder was introduced into the SiO2 mixture as separate additions to 
enhance mechanical properties, with 5 wt% and 9 wt% [164]. The 
different scaffolds fabricated were sintered at varying temperatures, 
ranging from 900◦ to 1500 ◦C, and their mechanical properties were 
subsequently analyzed. The scaffolds exhibited favorable properties 
when the composite ratio of CaCO3:SiO2 was 5: 95, and the sintering 
temperature was 1300 ◦C. At these conditions, the compressive strength 
of the scaffolds was measured to be 47 MPa, and the porosity was found 
to be 34 %, which indicates that the scaffolds had good mechanical 
properties and an appropriate porosity for potential biomedical appli-
cations [163]. When the heat treatment temperature was increased to 
1500 ◦C, the strengths of both scaffolds with CaCO3:SiO2 ratios of 5:95 
and 9:91, respectively, were significantly reduced. In summary, the 
sintering temperature significantly influences the mechanical properties 
and strength of porous ceramics. Moreover, in most studies, higher 
sintering temperatures tend to enhance the mechanical properties, but 
there have been some reversed results mentioned in this section. 

3.3.3. Impact of solid loading 
Previously, the effect of solid loading has been investigated on the 

calcium zirconium silicate (Ca3ZrSi2O9 or Baghdadite)-based scaffolds 
by Hafezi et al. By manipulating the solid loading and cooling rate 
(which was reviewed in Section 3.3.1), various structures with varying 
pore sizes and strength characteristics were achieved. The study focused 
on examining the impact of cooling rate and solid loading on the scaf-
folds’ pore sizes and mechanical properties. Increasing the solid loading 
from 12.5 % to 20 % (v) resulted in a reduction in porosity and an in-
crease in compressive strength for both cooling rates. Scaffolds produced 
with a freezing rate of 1 ℃/min and solid loading of 12.5 % (v) 
exhibited compressive strengths of 1.3 MPa and elastic moduli of 
26.2 MPa, respectively. With increasing the solid loading to 20% (v) at 
the same cooling rate, compressive strengths of 1.8 MPa and elastic 
moduli of 41.3 MPa were obtained, respectively. Scaffolds produced 
with a freezing rate of 4 ℃/min and solid loading of 12.5 % (v) 
exhibited compressive strengths of 1.5 MPa and elastic moduli of 
21.8 MPa in order. With increasing the solid loading to 20 % (v) at the 
same cooling rate, compressive strengths of 2.1 MPa and elastic moduli 
of 59.8 MPa were obtained, respectively [155]. Also, the effect of solid 
loading in another study has been investigated. It has been reported that 
a higher solid loading is necessary to achieve the highest relative density 
and mechanical properties in HA-resin slurries. The possible explanation 
is that low solid loading can lead to significant shrinkage deformation, 
cracks, and defects during the binder removal and sintering process. The 
obtained results were as follows:  

• solid loading 40 vol% and sintering temperature of 1200, 1250, and 
1300 ℃: Compression strengths of 9.3 ± 4.4, 13.0 ± 3.3, 14.5 
± 4.2 MPa were reported, respectively.  

• solid loading 45 vol% and sintering temperature of 1200, 1250, and 
1300 ℃: Compression strengths of 12.0 ± 4.6, 15.9 ± 3.7, and 21.4 
± 5.1 MPa were obtained, respectively  

• solid loading 50 vol% and sintering temperature of 1200, 1250, and 
1300 ℃: Compression strengths of 12.5 ± 7.5, 16.9 ± 6.8, 18.1 
± 7.1 MPa were reported, in order. 

The compression strength of HAp bioceramics was observed to in-
crease with an increase in solid loading because the density of the ce-
ramics also increases as more solid is added [163]. Lee et al. also 
reported the same results that the sintered body (porous mullite-
–alumina composite), which had a solid loading of 40 wt% and was 
sintered at 1500 ◦C, demonstrated the highest compressive strength of 
approximately 64.3 MPa. Additionally, it had the lowest porosity of 61.2 
%. This compressive strength value was approximately three times 
higher than that obtained after sintering at 1500 ◦C (solid loading of 
20 wt%) [165]. 

In conclusion, it is noteworthy that solid loading, sintering temper-
ature, and cooling rate are influential and can affect the mechanical 
properties. These parameters should be controlled carefully during the 
process to fabricate a targeted scaffold with desirable properties. 

3.4. The effects of bioceramics materials construction on the mechanical 
features of scaffold 

The selection and use of materials for preparing scaffolds also affect 
the mechanical properties (Table 1 indicates the impact of three 
different materials fabricated with the same manufacturing method, for 
example). For instance, surfactant concentration produced an inter-
connected structure and pores. For all composition-based glass types, 
the concentration of Triton X-100 surfactant ranged from 0.2 to 0.06 ml. 
It has been reported that increasing the surfactant amount led to 
improved pores’ sphericity and homogeneity. However, it also 
decreased compressive strength [110]. An essential factor in the selec-
tion of materials is their particle size. The effect of nanoparticles has 
been evaluated [166,167], and some examples are reviewed in the 
following section. 

3.4.1. Glass-ceramics 
With thermal treatment and high-temperature application, BGs can 

crystallize. This structure increases glass-ceramics’ strength and creates 
glass-ceramics with more outstanding toughness than glass [141].  
Table 3 shows that it is possible to compare different BGs and 
glass-ceramics. For instance, the glass-ceramic variety of Cerabone 
apatite wollastonite (AW) has more robust mechanical qualities than 
45S5BG and HAp. Thus, AW glass-ceramics can replace vertebrae, where 
considerable compressive strength is required [168]. However, the 
bioactivity of glasses decreases with crystallization, as the bioactivity 
and ion exchange between glasses and the host tissue depends entirely 
on the presence of the glass phase. Hench et al. announced that the 
bioactivity of 45S5BG was not affected if the crystalline phase was under 
approximately 40 % [169]. 

The mechanical features of glass-ceramics containing magnesium 
(Mg) have also been investigated previously. In the CaO-P2O5-MgO-SiO2 
system, the increase of P2O5 content led to reduced compressive strength 
[170]. In another system with MgO and MgF2, the thermal and me-
chanical analysis were evaluated with different contents of MgO (4, 25, 
and 46 wt%). Higher MgO content led to a higher endothermal peak 
(from 278, 697, and 950 ◦C at 4 % of MgO to 299, 736 and 990 ◦C at 46 
% of MgO), which was applied in the sintering process. After sintering, 
increased MgO content enhanced the microhardness (from 5192 ± 5.3 
% to 6467 ± 5.9 % MPa) and bending strength (211–280 MPa) of 
CaO-P2O5-MgO—MgF2-CaF2-SiO2 glass-ceramic [171]. Previously, 

Z. Miri et al.                                                                                                                                                                                                                                     



Journal of the European Ceramic Society 44 (2024) 23–42

32

research revealed the positive effects of adding 0.2 wt% Y2O3 to 
bioactive MgO-CaO-P2O5- SiO2-CaF2 glass. This addition resulted in 
glass-ceramic samples that exhibited enhanced hardness, fracture 
toughness, and compressive strength compared to the original glass. 
However, it was also observed that the addition of Y2O3 had a detri-
mental impact on the bioactivity of the parent glass [172]. 

Generally, BG implants should contain sufficient and appropriate 
mechanical properties to match soft and hard tissue [141]. Arepalli et al. 
also found that adding strontium (Sr) to the composition increased the 
bulk, Young’s, and shear moduli (Elastic moduli) of BGs [173]. The 
incorporation of 5 wt% of copper (Cu) or lanthanum (La) also has some 
effects on the mechanical features of sol-gel glass scaffolds (67 % SiO2–5 
% Na2O-24 % CaO – 4 % P2O5, mol%). La had a (7–18 %) improvement 
in compressive strength, but Cu caused an increase of about 221% more 
than pure glass [174]. Bachar et al. investigated the impact of fluorine 
and nitrogen on the mechanical properties of two bioactive glasses. In 
order to improve their mechanical characteristics, two groups of 
bioactive glasses were subjected to nitrogen doping. The first group, 
series (I), consisted of bioglass compositions without P2O5 within the 
SiO2-Na2O-CaO-Si3N4 quaternary system. The second group, series (II), 
involved substituting CaO with CaF2 in the glasses from series (I) while 
maintaining a constant Na:Ca ratio. The addition of nitrogen in the 
bioactive glasses resulted in a linear increase in density, glass transition 
temperature, hardness, and elastic modulus. Such evidence suggests 
nitrogen incorporation strengthens the glass network, as nitrogen pri-
marily forms 3-fold coordination with silicon atoms. 

On the other hand, introducing fluorine led to a significant decrease 
in thermal property values but did not impact the mechanical properties 
of the glasses. When nitrogen and fluorine were combined in oxy-
fluoronitride glasses, better mechanical properties were achieved at 
lower melting temperatures. This is because fluorine reduces the melting 
point, allowing for higher nitrogen solubility while maintaining the 
improved mechanical properties of nitrogen incorporation. The micro-
hardness of the glasses showed an increase in nitrogen content. For the 
glass series containing nitrogen, the microhardness increased from 5.37 
± 0.2 GPa for 0 at% nitrogen to 6.27 ± 0.3 GPa, representing a 15 % 
increase at 3.3 at% nitrogen. Similarly, in the glass series containing 
nitrogen and fluorine, the microhardness increased to 6.77 ± 0.1 GPa, a 
24 % increase, at 4.5 at% nitrogen [175]. Also, high-strength bioactive 
ceramics were developed by adding zirconia to a MgO-CaO-SiO2-P2O5 
glass-ceramic system, sintering, and hot isostatic pressing. The resulting 

bioceramic material displayed exceptional mechanical properties, 
including a bending strength ranging from 400 to 1000 MPa and a 
fracture toughness ranging from 3 to 5 MPa.m1/2. These impressive 
properties were achieved by incorporating 30–80 vol% of zirconia into 
the ceramic matrix [72,176]. According to Zue et al., adding zirconia to 
mesoporous bioactive glass scaffolds resulted in several beneficial ef-
fects. Firstly, it enhanced the compressive strength of the scaffolds, 
making them more robust. Secondly, it reduced the dissolution rate of 
the scaffolds, leading to improved stability. Additionally, the incorpo-
ration of zirconia helped maintain a more stable pH environment within 
the scaffolds. Lastly, the scaffolds retained their ability to form apatite, 
which is important for promoting bone regeneration. 

Generally, glass-ceramics containing zirconia exhibit a high fracture 
toughness due to the tetragonal-monoclinic transformation within the 
material. This transformation helps to absorb and dissipate energy, 
making the glass-ceramics more resistant to fracture [177]. Research has 
been conducted to examine the impact of incorporating CuO on the 
mechanical properties and in-vitro cytocompatibility of a glass-based 
scaffold derived from the 1393 bioactive glass composition. The gen-
eral formula of the scaffold is (54.6 − X)SiO2⋅6Na2O⋅7.9 K2O⋅7.7 
MgO⋅22 CaO⋅1.74 P2O5⋅XCuO, where X represents the mole percentage 
of CuO and can take values of 0, 1, 2, or 3. The compressive strength of 
the 1393 scaffold was determined to be 6.9 MPa. However, when CuO 
was incorporated into the scaffold at different mole percentages (1, 2, 
and 3 mol%), the compressive strengths increased to 7.1, 7.3, and 
7.6 MPa, respectively [178]. Several studies have explored the BG 
scaffolds’ mechanical properties; hence, the mechanical properties of 
different materials have been shown in Table 3. 

A previous study reported that using nano-size bioceramics signifi-
cantly affected the mechanical properties compared to the micro size. 
The bioceramic scaffolds made from the nano-size powder of b-trical-
cium phosphate [β-Ca3(PO4)2, β-TCP] have a 10.87 MPa compressive 
strength. It was about twice as many as the micro-size scaffolds pro-
duced. The porosity levels were approximately 65 %, with uniformly 
distributed 400–550 micrometers macropores. Additionally, the inter-
connected pore size was around 100 micrometers [182]. 

3.4.2. Silicate-based ceramics 
Si can be a prominent element in human bone and bone growth. 

Regarding the bone growth process, Si has a direct role in the mineral-
ization of bone. A mix of extracellular matrix and bone matrix contains 
approximately 100–250 ppm Si level [183]. As Si is important in the 
body, various Si bioceramics have been developed and researched 
[141]. The preparation method of these types of bioceramics also affects 
the mechanical properties. Different methods, such as sol-gel [184], 
solid reaction technique, hydrothermal technique, and the precipitation 
of chemicals, are applied in synthesizing Si-based bioceramics 
[185–188]. Compared to HAp, Si-based bioceramics, including mon-
ticellite, hardystonite, dicalcium silicate, and wollastonite, have more 
excellent fracture toughness and bending strength [186]. However, 
some Si-based bioceramics have better mechanical properties than 
wollastonite and dicalcium silicate [189]. Notably, CaSiO3 includes a 
quick rate of formation and a good level of apatite development in the 
simulated body fluid (SBF) solution [190]. However, its mechanical 
features are poor. It is challenging to shape and build porous structures 
with CaSiO3, making it difficult to create CaSiO3 scaffolds with uniform 
pore sizes and structures, controllable porosity, and appropriate me-
chanical strength [191]. It has been investigated that the problem of 
mechanical properties can be solved by combining CaSiO3 with for-
sterite Mg2SiO4. The higher the Mg2SiO4 ratio in composites, the greater 
the improvement in their bending strength. Specifically, the bending 
strength increased from 35.1 ± 2.0 MPa (observed in composites con-
taining 100 % CaSiO3) to 168.4 MPa when the composite ratio consisted 
of 70 % Mg2SiO4. Also, Young’s modulus of 17.3 ± 1.2 MPa and 22.3 
± 7.2 MPa have been reported for CaSiO3 and 70 % Mg2SiO4 composite 
ratio, respectively [190]. The forsterite Mg2SiO4 has insufficient 

Table 3 
The mechanical properties of bone and different materials (glass, ceramics, and 
glass-ceramics) [122,141,179–181].  

Materials Compressive 
strength 
(MPa) 

Bending 
strength 
(MPa) 

Compressive 
modulus 
(GPa) 

Vickers 
hardness 
(MPa) 

Glass 
45S5 bioglass — 40 60 — 
52S4.6 bioglass& — 40 60 — 
Ceramic 
Hydroxyapatite 100–150 60–120 35–120 90–140 
Glass-ceramic 
Cerabone apatite 

wollastonite 
1080 215 120 680 

Ceravital 500 100–150 100–160 — 
Bioverit I 

(Apatite and 
fluorphlogopite) 

500 140–180 70–90 — 

Bioverit II 
(Apatite and 
fluorphlogopite) 

450 90–140 – – 

Bone 
Cortical bone 100–135 50–150 7–30 60–75 
Trabecular bone 1.5–7.5 10–20 0.05–0.6 40–60 

&, 52S4.6 bioglass: (52.1-mol% SiO2, 23.8-mol% CaO, 21.5-mol% Na2O, 2.6- 
mol% P2O5). 
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mechanical features compared to the cortical bone, and it is impossible 
to use it for some applications [141]. Thus, researchers have tried to find 
a solution and develop materials, such as nanostructures, based on for-
sterite bioceramics. Webster et al. invented the first group of nano-sized 
ceramics [192]. Peng et al. applied graphene to develop the mechanical 
properties of CaSiO3. CaSiO3’s compressive strength reached 42.45 
± 4.30 MPa by adding 0.5 wt% graphenes, which was about 142 % 
more than pure CaSiO3. Nevertheless, it was reported that adding more 
than 0.5 wt% (1.0, 2.0 wt%) decreased compressive strength (34.89 
± 3.78 MPa and 25.34 ± 1.66 MPa, respectively) [143]. Adding 
Nano-Zirconia (nano-ZrO2) is an effective approach for enhancing the 
mechanical properties of CaSiO3. Compressive strength enhanced from 
17.9 MPa to 44.1 MPa, incorporating 40 % (wt%) of nano-ZrO2 [193]. 
As a new kind of bioceramics, Akermanite has been introduced as a 
reinforcement to CS and CaPs nanopowders to boost their biomechan-
ical properties. Joneidi Yekta et al. investigated the impact of adding 
non-toxic magnetite nanoparticles (0 %, 5 %, 10 %, and 15 % (wt%)) 
into a CaSiO3 scaffold containing akermanite powder fabricated by the 
space holder method, followed with one hour sintering at 1100 ◦C. The 
Young’s Modulus were reported 60 ± 5, 85 ± 5, 110 ± 5, and 145 
± 5 MPa in samples with magnetite nanoparticle of 0 %, 5 %, 10 %, and 
15 %, in order [194]. 

3.4.3. Hydroxyapatite (HAp) 
HAp can be considered the primary material and component for bone 

and jaw applications [195]. Specific characteristics of HAp, like me-
chanical properties and bioactivities, allow it to be used extensively for 
different purposes [19]. A similar strategy is to combine HAp with other 
polymers. Poly (lactic acid) (PLA)-HAp scaffolds had a better mechani-
cal strength than HAp scaffolds fabricated by electrospinning. The pre-
vious study reviewed the combination of PLA with ceramics [196]. 
Padmanabhan et al. used wollastonite in the HAp composition to rein-
force the mechanical properties. The specimens containing 50 %− 50 % 
HAp and wollastonite fabricated by foam replica showed the highest 
compressive strength (1.02 ± 0.16 MPa), higher than pure HAp scaf-
folds (0.51 ± 0.14 MPa) [197]. Wei et al. also designed a composition to 
enhance the mechanical features of a 3D-printed HAp bone scaffold. This 
research employed a method of incorporating carboxymethyl chitosan 
(CMCS) into HAp scaffolds through physical blending. Piezoelectric 
inkjet 3D printing was used to manufacture ceramic scaffolds composed 
of a composite material consisting of HAp and CMCS. The compressive 
strength and elastic modulus of specimens enhanced considerably with 
the enhancement of CMCS content. The compressive strength was 
announced to be 3.74 ± 0.2 MPa for pure HAp specimen. The strength 
of this material was slightly lower than that of cancellous bone in 
humans, ranging from 4 to 12 megapascals (MPa). Additionally, the 
elastic modulus of this material was 89.7 ± 11.3 MPa, which was 
significantly less than the elastic modulus of human cancellous bone, 
which typically ranges from 100 to 500 MPa. Regarding HAp/CMCS 
specimen containing 1 wt% CMCS, the elastic modulus and compressive 
strength were 148.4 ± 15.7 MPa and 4.71 ± 0.2 MPa, in order. 
Although these mechanical properties obtained were only within the 
mechanical range of cancellous bone, the overall level was still low. 
When the content of CMCS in the composite powder was increased to 
3 wt%, the resulting compressive strength and elastic modulus were 
measured at 7.75 ± 0.5 MPa and 249.3 ± 17.1 MPa, respectively. These 
values represent an increase of 2–3 times compared to a pure HAp 
specimen. Thus, by enhancement of CMCS’ content, the compressive 
strength and elastic modulus become higher [198]. Recently, Xiangfeng 
et al. reviewed the impact of the pore size of CaPs ceramics on their 
mechanical features. Investigations demonstrated that it is required to 
decrease their grain size to improve the mechanical properties of HAp 
and HAp/TCP bioceramics. For example, Vickers hardness of 9.5 and 
4.86 GPa have been reported for HAp composition with average grain 
sizes of 700 and 193 nm, respectively [199]. Also, combining bio-
ceramics with other materials has been introduced as another strategy to 

boost their mechanical properties [200,201]. According to Asa’ad et al., 
poly(lactic-co-glycolic) acid (PLGA) is a well-known polymer in tissue 
engineering due to its ability to maintain mechanical stability and low 
degradation rate. However, its major disadvantage (like a lack of 
inherent bioactivity) might be solved by adding HAp in composition to 
create bioactive interfaces. The combination of PLGA (about 10 %) and 
the 3D-printed HAp scaffold (90% in weight) illustrated good absorbent 
capacity and elastic characteristics [202–205]. Additionally, using nat-
ural and synthetic zeolites has been reported as another solution to 
overcome the mechanical weakness of HA. Zeolites refer to 
micro-permeable, hydrated tekto-alumina silicates made up of 3D 
structures of SiO4 and AlO4, which are tetrahedral and linked together 
via oxygen atoms. Clinoptilolite (Cpt, (Na, K)6(Al6Si3O)O72⋅nH2O)) is a 
significant type of natural zeolite. Alshemary et al. created 3D porous 
scaffolds consisting of Cpt-HA composites using polyethylene glycol 
(PEG) and polyvinyl alcohol (PVA) as porogen. According to mechanical 
evaluations, incorporating a large amount of Cpt (=2.0 g) caused a 
composition with high compressive strength (34.77 MPa) and 64 % 
porosity [206]. However, some studies showed that the combination of 
bioceramics has a negative impact on mechanical properties. Evis et al. 
proved this point by combining boron-doped HA-baghdadite (0, 5, 10, 
15, and 20 (wt%) to design a 3D porous bioceramics. With the increase 
of baghdadite amount (0–20%), the compressive strength decreased 
from 15.05 ± 1.29–6.78 ± 0.39 MPa. Intriguingly, the content of 
baghdadite did not have any impact on tensile strength [207]. 

3.5. Effect of nanoparticle on the mechanical properties 

3.5.1. Nano hydroxyapatite (nHAp) 
The nHAp in different concentrations (5, 10 wt%) were applied by 

Abdal-hay et al. in composition to fabricate scaffolds. The nanoplates 
increased the specimens’ Young’s modulus and tensile strength [208]. 
The one case study applied the nanocomposites of HAp and PCL as a coat 
for scaffolds based on BCP; the coated specimens’ compressive strength 
was more than that of the uncoated ones. The nHAp-coated scaffolds 
demonstrated the highest compressive strength (2.1 ± 0.17 MPa) 
compared to the uncoated specimen (0.1 ± 0.05 MPa) [209]. The effect 
of nHAp particles was evaluated previously. Scaffolds were prepared 
using compositions of nHAp and PCL. The findings showed that the 
compressive strength and tensile modulus of the prepared scaffolds 
containing nHA increased as the weight ratio of nHAp particles 
increased [210]. In a different investigation, nHAp was applied as a coat 
on the surface of magnesium-doped wollastonite (CSi-Mg) scaffolds. To 
examine how surface coating affects the mechanical strength of scaf-
folds, particularly the relationship between coating thickness and 
strength, all samples were submerged in an SBF solution for a maximum 
of three weeks [211]. Distilled water was used to prepare sodium algi-
nate (SA) solutions with varying concentrations of 1.0 %, 1.5 %, and 2.0 
% (w/v). To create a 4 % (w/w) solution of nHAp/SA, powders of nHAp 
were added to the SA solution, while nHAp/ethanol solutions with 
densities of 0.10 g/ml, 0.15 g/ml, and 0.20 g/ml were created by adding 
nHAp powders to ethanol. To prepare the CSi-Mg scaffolds, a technique 
involving immersion in a nHAp/ethanol solution under a vacuum for 
2 min was used. The scaffolds were then stirred in the air for a specified 
amount of time (5 min, 10 min, or 15 min) and dried for 15 min. Next, 
the scaffolds were submerged in a nHAp/SA solution under a vacuum 
until no bubbles were present. Over 3 weeks, there was a decrease in 
compressive strength of about 20% in CSi-Mg scaffolds, which dropped 
from approximately 91 MPa to 73 MPa. However, the scaffolds coated 
with nHAp showed a slower decline in compressive strength and 
maintained a relatively high range of 81–91 MPa even after being 
immersed for 3 weeks [211]. The composite scaffolds exhibited a 
consistent pattern: the compressive strength gradually decreased with 
time. The presence of the nHAp layer resulted in reduced porosity in the 
scaffolds, improving their mechanical properties. Additionally, the SA 
component of the nHAp layer dissolved in solution and formed 

Z. Miri et al.                                                                                                                                                                                                                                     



Journal of the European Ceramic Society 44 (2024) 23–42

34

hydrogels that could fill small gaps on the scaffold’s surface, further 
enhancing its mechanical strength. Such evidence suggests that the 
increased mechanical durability of the scaffolds was due to the surface 
adsorption of both nHAp and SA. In conclusion, the CSi-Mg-nHAp 
composite scaffolds exhibited favorable mechanical stability in a 
water-based environment and hold promise for use in treating large 
segmental bone defects [211]. 

3.5.2. Nano-bioactive glass-ceramics 
It was investigated whether applying the BGs (nBGs) nanoparticles 

created a proximate composition to the natural bone structure. It is 
supposed that nBGs considerably impact the mechanical characteristics 
of scaffolds [212]. Combining nBGs with polymers has created a new 
family of biocomposite materials for TE applications [184]. Esfahani 
et al. applied a nanocomposite layer of nBG and polycaprolactone (PCL) 
to the struts of a biphasic calcium-phosphates (BCP) scaffold to enhance 
its mechanical and biological characteristics. They evaluated the impact 
of varying concentrations of nBG (ranging from 1 to 90 wt%) on the 
mechanical properties of the scaffold with two other scaffolds: one 
coated with PCL and nano-hydroxyapatite (nHAp), and another coated 
solely with a PCL layer. Adding nBG ranging from 1 % to 90 % by weight 
produced scaffolds with compressive strengths ranging from 0.2 MPa to 
1.45 MPa, and moduli ranging from 19.3 MPa to 49.4 MPa. This 
pathway was also found for scaffolds containing PCL and nHAp. The 
maximum compressive strength enhanced approximately 14 times, with 
moduli approximately three times higher, in the presence of 30 wt% of 
nBGs compared to BCP scaffolds [213]. Ji et al. stated that the combi-
nation of nBGs with PCL affected the elastic modulus and reached 851 
± 43 MPa (the initial value for elastic modulus was 198 ± 13 MPa). It 
should be mentioned that the concentration of used nBGs was up to 40 
%, and their diameter was between 50 and 90 nm [214]. Also, incor-
porating some ions can increase the mechanical properties of MBG. 
Boron (B) is one of these. Eder et al. reported that incorporating B2O3 in 
MBG increased hardness and modulus. It was reported that adding 
0.5 mol% caused an increase of about 50 % compared to the MBG 
without B2O3 [215]. Boron (B) is one of these. Eder et al. reported that 
incorporating B2O3 in MBG increased hardness and modulus. It was 
reported that adding 0.5 mol% caused an increase of about 50 % 
compared to the MBG without B2O3 [215]. 

A similar effect of adding B was observed in Tezcaner et al.’s 
investigation. A dentin structure was successfully developed using B- 
modified nBGs and cellulose acetate/oxidized pullulan/gelatin poly-
mers through thermally induced phase separation and porogen leaching 
for regenerative endodontics. B (7 %, 14 %, and 21 %) and nBG (10 % 
and 20 %) were added in different amounts. Various scaffold groups’ 
compressive strength and elastic moduli values were determined at 25 % 
strain on the stress-strain curve. The findings showed the highest 
compressive strength for scaffold was reported 0.40 ± 0.03 MPa, which 
contains 14 % and 10 % of B and nBG in order. When nBGs content was 
increased to 20 %, there was a decrease in the compressive strength and 
elastic moduli in different groups [216]. Regarding the previous 
research, adding BG can promote the mechanical properties of nano-
composites [217,218]. Reducing the filler content and smaller nano-
particles (with a higher specific surface area) could improve the bonding 
between polymers and fillers, thereby increasing the materials’ strength 
and ability to resist deformation [219,220]. Moreover, the nano-58S-BG 
was used to enhance the mechanical characteristics of β-TCP scaffolds. 
The compressive strength improved from 3.7 ± 0.27 MPa to 18.2 
± 0.62 MPa after adding 15 wt% of nano-58S-BG. It was reported that 
more than this amount caused a decrease in the compressive strength 
[221]. A previous study reported that using nano-size bioceramics 
significantly affected the mechanical properties compared to the micro 
size. The bioceramic scaffolds made from the nano-size powder of 
b-tricalcium phosphate [β-Ca3(PO4)2, β-TCP] have a 10.87 MPa 
compressive strength. It was about twice as many as the micro-size 
scaffolds produced. The porosity levels were approximately 65 %, 

with uniformly distributed macropores of 400–550 micrometers. Addi-
tionally, the interconnected pore size was around 100 micrometers 
[144]. Scaffolds belonging to a new category were developed using 
nanocomposite powders of wollastonite/tricalcium phosphate (WT). 
These scaffolds, known as "nano-sintered scaffolds," had a grain size of 
200 nm and were manufactured through a two-step chemical precipi-
tation and porogen burnout technique. To compare, another type of WT 
scaffolds, called "submicron-sintered scaffolds," with a grain size of 
2 µm, were also fabricated using submicron composite powders under 
the same conditions. WT nano-sintered scaffolds’ mechanical properties 
were significantly higher than their submicron-sintered counterparts. 
The nano-sintered scaffolds, with a 50 ± 1.0 % porosity, exhibited a 
compressive strength of 16.2 ± 3.0 MPa and an elastic modulus of 350 
± 30 MPa. In contrast, the submicron-sintered scaffolds had a 
compressive strength of only 8.4 ± 2.0 MPa and an elastic modulus of 
180 ± 35 MPa. Increasing the porosity from 50 ± 1.0 % to 65 ± 1.0 % 
resulted in an almost twofold increase in mechanical properties for the 
nano-sintered scaffolds [222]. 

3.5.3. Nano MgO and SiO2 particles 
The nanoparticles of MgO and SiO2 have an essential role in cells’ 

function, which is needed for several applications in tissue repair [213]. 
Gao et al. employed these nanoparticles to boost and increase the me-
chanical properties of scaffolds. The incorporation of MgO and SiO2 
particles in the β-TCP scaffolds was carried out in different concentra-
tions. The scaffolds that included both nanoparticles demonstrated the 
highest compressive strength than those without nanoparticle embed-
ding. It was observed that the inclusion of nanoparticles had a signifi-
cant impact on the compressive strength of the scaffold. Specifically, 
compared to the scaffold made solely from β-TCP with a compressive 
strength of 3.12 ± 0.36 MPa, the incorporation of SiO2 resulted in a 
significantly increased compressive strength of 5.74 ± 0.62 MPa. Add-
ing MgO Further increased the compressive strength to 9.02 
± 0.55 MPa. The scaffold with the highest compressive strength of 
10.43 ± 0.28 MPa was obtained when both SiO2 and MgO were 
included. It was stated that this increase might be because of increasing 
the density after doping MgO and reducing the α-TCP formation [223]. 

3.5.4. Nanodiamonds 
Nanodiamonds (NDs) are a novel type of carbon-based nanoparticles 

with desirable chemical and physical properties. NDs are recognized as a 
valuable and applicable option for increasing the mechanical charac-
teristics of different scaffolds [224]. NDs’ incorporation with diverse cell 
cultures has been investigated. If dispersed adequately, NDs can pro-
mote toughness, strength, and nanocomposite thermal stability [19]. A 
previous study incorporated octadecylamines functionalized ND with 
scaffolds made of poly-L-lactic acid (PLLA) and observed that the me-
chanical properties increased even with only 10 wt% of these particles 
[224]. 

Collectively, different materials have various impacts on their me-
chanical properties. Therefore, appropriate material can be chosen 
based on expected targeted features. Fig. 3 shows a good data scheme for 
better understanding this impact that covers different materials, not 
only ceramics but also metals, foams, elastomers, and polymers. 

3.6. Combination of bioceramics and polymers 

In addition to the description above, combining bioceramics and 
polymers can be considered a strategy to improve bioceramics’ me-
chanical properties. In one of the case studies of Du et al., a porous 
multicomponent scaffold was made of PCL coated with chitosan con-
taining wollastonite-HA. Four samples were prepared with different HA 
weight percentage (the exact content of HA in samples have not been 
mentioned in this study). FDM prepared samples, and the coating pro-
cess used the freeze-drying technique. Findings showed that the natural 
property of HA caused an increase in materials’ hardness. As a result, the 
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0 % HA sample exhibited a hardness of approximately 25, while the 15 
% HA sample exhibited a hardness of around 39. An increase from 
117 MPa to 149 MPa and 3.5 ± 0.5–4.9 ± 0.6 MPa have been reported 
for elastic modulus and compressive strength, respectively. The addition 
of HA stabilized the chitosan solution, composed alongside wollastonite 
bioceramic [23]. Therefore, it can be concluded that if HA is used with 
polymers, their mechanical properties can be improved effectively. 
Another proof of using polymers/bioceramics is fabricated PCL scaffolds 
reinforced with zinc (Zn)-HA and boron nitride nanofiber designed by 
Evis et al. recently. One of the aims was to evaluate the effect of adding 
Zn/HA on the PCL scaffolds, and boron nitride nanofiber was applied to 
analyze whether it would aid in promoting osteogenesis and increasing 
cell viability. Four samples with various compositions, including PCL, 
PCL/Zn/HA, PCL/Zn/HA/ boron nitride nanofiber, and PCL/ boron 
nitride nanofiber, have been designed. Adding Zn/HA and boron nitride 
nanofiber affected Young’s modulus significantly in both tensile and 
compression tests compared to other samples. In the tensile test, Young’s 
modulus was 34.66 ± 9.61, 7.65 ± 1.13, 10.73 ± 0.91, and 5.14 
± 1.18 MPa for PCL, PCL/Zn/HA, PCL/Zn/HA/boron nitride nanofiber, 
and PCL/ boron nitride nanofiber, in order. In the compression test, 
Young’s modulus was 1.38 ± 0.59, 3.42 ± 0.10, 5.54 ± 2.20, and 3.30 
± 0.54 MPa, and the compressive strength was reported as 0.34 ± 0.26, 
0.87 ± 0.50, 2.53 ± 3.61, and 1.05 ± 1.02 MPa, in order. PCL/Zn/HA/ 
boron nitride nanofiber contributed to better mechanical properties 
[226]. Another study analyzed the effects of the concentration of the 
multi-doped HA (10 and 20 wt%) and porosity levels (50 % and 60 %) 
on the mechanical and biological properties of PCL-PEG-PCL/B-Sr-Mg 
multi-doped HA composite scaffolds. The scaffolds group with 50 % 
porosity showed higher compressive strength than their counterpart 
with 60 % porosity. Scaffolds including 2Sr0.5B10%HA (23.31 
± 0.37 MPa), 2Sr0.5B20%HA (24.27 ± 1.14 MPa), and 50 % porosity 
showed higher compressive strengths among all scaffolds. The 
compressive strength from the highest to the lowest were for 
2Sr0.5BHA, pure HA, 0.5BHA, and 0.5Sr0.75Mg0.5BHA scaffolds, 
respectively (p < 0.05). Notably, scaffolds containing lower porosity 
and higher HA had better compressive strength (p < 0.01) [207]. 

Zreiqat et al. reported improved mechanical properties of CaSiO3 
scaffolds by poly-(D, L-lactic acid) (PDLLA) polymer incorporation. 
Incorporating the polymer into the CaSiO3 scaffolds resulted in the 
formation of PDLLA-modified CaSiO3 scaffolds, which showed a sub-
stantial enhancement in compressive strength compared to the CaSiO3 
scaffolds. In the air, the compressive strength of scaffolds containing 
PDLLA reached 1450 kPa and decreased slightly to 1100 kPa when 
tested in phosphate-buffered saline (PBS) solution. In contrast, the 

compressive strength of the CaSiO3 scaffolds was only 300 kPa, 
regardless of the testing environment. The degradation of the scaffolds 
was evaluated by soaking them in PBS solution for different durations 
(0, 1, 3, 7, and 14 days). As the weight loss increased over time, both the 
CaSiO3 and CaSiO3- PDLLA scaffolds exhibited a decrease in compres-
sive strength, compressive modulus, and percent strain. However, even 
throughout the degradation process, the CaSiO3- PDLLA scaffolds 
consistently demonstrated a significant improvement in compressive 
strength, compressive modulus, and percent strain compared to the 
CaSiO3 scaffolds [227]. To enhance the mechanical properties of scaf-
folds produced through selective laser sintering (SLS), a small quantity 
(0.5–3 wt%) of PLLA is incorporated into the β-TCP powder. The in-
clusion of 1 wt% PLLA in the mixture powder results in an 18.18 % 
increase in fracture toughness and a 4.45 % increase in compressive 
strength compared to scaffolds made solely from β-TCP powder. This 
strengthening and toughening effect is attributed to the improved sin-
tering characteristics of β-TCP facilitated by introducing a transient 
liquid phase during SLS. Additionally, the presence of PLLA inhibits the 
formation of microcracks caused by volume expansion from the β–α 
phase transformation of TCP. However, using a PLLA additive exceeding 
1 wt% can result in PLLA residue, which diminishes the mechanical 
properties. Experimental findings demonstrate that PLLA is an effective 
sintering aid for enhancing the mechanical properties of a TCP scaffold 
[228]. 

In conclusion, bioceramics have interesting properties that can be 
used as scaffolds. But, according to their drawback mentioned in this 
review, their poor mechanical properties are a barrier. So, using simple 
bioceramics is not suggested. Section 3 in this work gives some strategies 
to improve the mechanical properties of bioceramics that are summa-
rized below:  

• Incorporating different ions, including zirconia, Cu, B, nitrogen, etc., 
can promote the bioceramics scaffolds’ properties. However, it 
should be mentioned that while other ions are used, the bioactivity of 
bioceramics should be controlled, not to disappear.  

• Another strategy is using nanoparticles. As mentioned, nBGs, nHAp, 
nanodiamonds, etc., have a better impact on the mechanical prop-
erties. The numbers reported for mechanical properties indicate that 
using nanoparticles instead of normal-sized particles can overcome 
the poor mechanical properties. Enhancing the tensile strength of a 
scaffold relies on achieving a strong affinity between nanoparticles 
and the scaffold material. A good dispersion of nanoparticles within a 
scaffold can lead to a larger interfacial area, significantly enhancing 
fracture energy and other mechanical properties.  

• The third solution to improve bioceramics’ mechanical properties is 
the combination of them with polymers, such as PCL and PDLLA. 
Investigations showed that using a combination of polymers and 
bioceramics can solve the disadvantages of both of them. Bio-
ceramics can help the bioactivity of composition, and polymers can 
improve mechanical properties. 

3.7. The impact of scaffold modification on mechanical features 

Surface modification is one suggested solution to improve scaffolds’ 
mechanical properties [166]. The coating is the most commonly used 
surface modification. In one case study, coatings with poly-(D, L-lactic 
acid) (PDLLA)-bioglass or PDLLA were applied on the TiO2 foam. After 
coating, the compressive strength increased approximately seven times 
(~0.3 MPa) compared to the uncoated foam (0.045 MPa) [229]. The 
main reason for increasing and promoting the mechanical properties of 
coating has been mentioned: coating plays a crucial role in filling cracks 
in the struts in foams so they can be thicker [166]. The naturally derived 
polymer melanin was used to coat glass-ceramics scaffolds and showed 
better mechanical properties than the uncoated scaffold. The compres-
sive strength reached 1.3 MPa due to the coating (the initial value was 
0.5 MPa). The mechanical properties can be improved by filling and 

Fig. 3. Comparing Young’s modulus (GPa) and the tensile strength (MPa) of 
different materials [225] Figure reused with permission from Ashby 
et al., 2008. 
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covering the micro-cracks on the surface of the scaffold strut with 
polymer [230]. Recoating is another method for improving mechanical 
properties, as it has been shown to fill the gaps, micropores, and 
remaining folds on the single and first coat. Finally, the slurry was 
deposited and recoated on the folds and gaps. 

Consequently, the struts’ thickness increased slightly. Tiainen et al. 
observed that the TiO2 foam’s strength increased considerably after 
recoating [156]. Recently, Zhang et al. characterized the effect of PCL 
impregnation on the properties of CS scaffolds fabricated by 3D printing. 
PCL has been added in different concentrations of 3 %, 5 %, 7 %, 9 %, 
and 11 %. Compressive strength was considerably improved by applying 
PCL coating on CS scaffolds [231]. Compressive strength has been 
changed from 16.38 MPa to 22.65 MPa by coating the CS scaffold with 3 
% PCL, and the mechanical characteristics of scaffolds coated with PCL 
continued to improve. The compressive strength of scaffolds coated with 
11 % PCL has reached 30.63 MPa, more than double that of scaffolds 
made of CS material without any coatings. Following the compression 
process, it was observed that scaffolds impregnated with low concen-
trations of PCL broke apart into multiple parts. 

On the other hand, the impregnated scaffolds with a PCL concen-
tration higher than 5 % could keep their original shape and did not 
fracture even when subjected to greater strains (surpassing 10 %). It has 
been reported that the porosity of the CS scaffold was 50.3 %. However, 
after coating the scaffold with PCL, there was a significant reduction in 
its porosity. Furthermore, an increase in PCL concentration resulted in a 
decrease in the porosity of the scaffold. For example, scaffolds’ porosity 
with 3 % PCL was 42.9 %, and that of scaffolds with 11 % PCL was 38.4 
%. Based on the overcomes obtained, it can be concluded that the PCL 
coating had a filling effect on the scaffolds’ microporous structure. 
Moreover, with an increase in PCL concentration, a gradual increase was 
observed in the scaffold filling degree [231]. Salahinejad et al. worked 
on differences between the impacts of PLGA- and PLA-coated porous 
bioceramic scaffolds, and their mechanical assessment has been illus-
trated in Table 4 [232]. 

Polymer infiltration is another method for promoting mechanical 
properties. PLA and PCL were applied and infiltrated on the scaffolds, 
which were fabricated using the robocasting method. Immersing 13–93 
scaffolds in polymer melt was found to improve mechanical properties, 
and the results of PCL and PLA infiltration were also evaluated accu-
rately; however, the effect of this method on the porosity was not re-
ported [243]. Li et al. fabricated the HAp ceramics and incorporated a 
biopolymer (Polyactive™) into struts using vacuum infiltration. It was 
reported that mechanical properties improved by combining organic 
and inorganic phases [244]. Another study also investigated how using 
PDLLA as a coat for the internal porous HAp’s surface affected the me-
chanical features [245,246]. However, this coat did have bioactivity. So, 
in one case study, the combination of BGs and PLGA was used for the 
internal surface of HAp scaffolds. A compressive strength of 
4.0—5.8 MPa has been obtained after applying PLGA (initial value: 
1.5—1.8 MPa), and BG provided good bioactivity for the fabricated 
scaffolds [247]. PDLLA and PLGA have been used as a coat for calcium 
phosphate- and BGs-based scaffolds to boost mechanical features and 
cover microcracks in the struts previously [227,248,249]. A study 
investigated the effect of PLA and PCL infiltration of TCP scaffolds on 
compressive strength. Compressive strength was reported at 130 
± 20 MPa, 60 ± 10 MPa, and 20 ± 2 MPa for PLA/TCP, PCL/TCP, and 
TCP. PCL infiltration increased compressive strength threefold, and PLA 
increased sixfold by approximately [160]. Notably, CS ceramics are 
ideal for reconstructing bone tissue due to their superior bioactivity 
properties. However, their low mechanical properties present a signifi-
cant limitation [250]. In the previous sections, a solution was mentioned 
to improve the mechanical features of these ceramics. However, in this 
section, another method Wu et al. investigated is the modification of 
scaffolds based on CS with the application of polymers such as PDLLA. In 
the previous sections, it has been mentioned that adding B2O3 to BGs 
composition improves the mechanical properties, similar to that 

reported by Rad et al. Porous scaffolds of pure and B2O3 doped BG are 
infiltrated with cellulose acetate-gelatin (CA-GE) polymer solution. The 
pure BG scaffolds had an overall porosity of 64.2 %, with compressive 
strength and Young’s modulus of 0.13 MPa and 2.65 MPa, respectively. 
The B2O3-BG (7%) scaffolds’ overall porosity, compressive strength, and 
Young’s modulus rose to 67.3 %, 0.20 MPa, and 4.10 MPa. Afer CA-GE 
infiltration, the porosity of pure BG and B2O3-BG (7 %) scaffolds reduced 
to 59.35 % and 58.9%. However, the compressive strength and Young’s 
modulus of scaffolds dramatically increased after CA-GE polymer infil-
tration (0.57 ± 0.05 MPa and 11.35 ± 0.98 MPa for BG; 0.82 
± 0.04 MPa and 16.4 ± 0.71 MPa for B2O3-BG (7 %)) [251]. 

It was seen that the network and structure of Ca-Si-based ceramics 
scaffolds became uniform in comparison with pure CS scaffolds; how-
ever, porosity and pore size were maintained. It was reported that the 
compressive strength enhanced from 330 KPa to 1400 KPa and that CS 
scaffolds’ brittleness decreased [250]. In a different study on HAp 
scaffolds, two steps were examined to promote and improve mechanical 
properties. These steps comprised coating scaffolds with polymer again 
and ceramics [252]. The first coating was hardystonite, while poly 
(ε-caprolactone fumarate) (PCLF) was chosen for the second coat. A 
study demonstrated that utilizing a two-step coating process had a 
remarkable impact on the mechanical characteristics of a material, 
resulting in a significant increase in its compressive strength from 0.46 
± 0.1–2.8 MPa and a substantial increase in the modulus of the scaffolds 
from 108.81 ± 11.12 MPa to 426.1 ± 15.14 MPa [252]. Concerning 
porosity, after applying the first coat, the porosity changed from 

Table 4 
Comparison between the PLA and PLGA’s effects on bioceramics scaffolds’ 
mechanical properties.  

Kind of bioceramics Effect on mechanical properties 

Kind of polymer coating: PLA 
HAp Young’s modulus and compressive strength improved the 

most, with 79 % and 184 %, respectively[233] 
β-TCP PLA created a thin and complete layer on the TCP 

microparticle surface. The porous scaffolds were prepared 
using three-dimensional (3D) printing technology. The 
compressive strength of the TCP scaffolds reached 
significantly from 1.70 ± 0.24 MPa to 17.30 ± 3.69 MPa by 
PLA infiltration[234] 

CaSiO3 Compared with CS scaffolds (the average compressive 
strength was 21.8 MPa), the compressive strength of PLA/CS 
(38.12 MPa) scaffolds considerably increased[235] 

Bioactive glass 
(45S5) 

PLA coatings provided a significant increase in the scaffolds’ 
compressive strength (it has not been mentioned the exact 
number of compressive strength changes)[236] 

Kind of polymer coating: PLGA 
HAp/TCP HAp/TCP scaffolds (prepared by a polyurethane foam replica 

method) could withstand maximum compressive stress 
between 0.05 and 0.07 MPa, whereas scaffolds coated with 
PLGA had a compressive strength in the range of 
0.62–0.79 MPa. The compressive strength of the scaffolds 
coated with PLGA was considerably higher (by about 10- 
fold) than those without the PLGA coating[237] 

β-TCP The PLGA infiltration markedly enhanced the compressive 
strength of β-TCP scaffolds from 2.90 to 4.19 MPa, toughness 
from 0.17 to 1.44 MPa, and bending strength from 1.46 to 
2.41 MPa while retaining an interconnected porous structure 
with a porosity of 80.65 %[238] 

BCP / ZrO2 The compressive strength of the scaffolds increased from 8.5 
0.52 MPa to 11 0.65 MPa when PLGA concentration was 
increased from 1 to 2 g in the coat’s composition[239] 

CaSiO3 The compressive strength of PLGA/CS scaffolds was 
markedly enhanced compared to pure CS scaffolds (it has not 
been mentioned the exact number of compressive strength 
changes)[240] 

Bredigite 
(Ca7MgSi4O16) 

The compressive strength of the bredigite scaffold was about 
0.15 MPa. The strength of the scaffold reached around 
0.75 MPa after PLGA coating[241] 

Bioactive glass 
(58 S) 

The compressive strength of 58 S scaffolds was 0.12 
± 0.03 MPa and reached 0.25 ± 0.05 MPa for PLGA-coated 
scaffolds[242]  
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approximately 93 % ± 1 to approximately 89 % ± 1. With the second 
step, it reached 82 % ± 0.8 [252]. 

It was investigated that calcium phosphate cement (CPC) scaffolds’ 
compressive strength improved when PEGylated poly (glycerol-seba-
cate) (PEGS) was applied as a coating. PEGS with different amounts of 
PEG (0–40 %) were synthesized and then coated on CPC scaffolds. The 
results were evaluated using the data obtained (Fig. 4). Compressive 
strength of CPC scaffolds was observed as 0.78 MPa, which increased to 
3.82 MPa after the coating. However, applying PEG in the composition 
had the opposite impact on the compressive strength (Fig. 4: specimens 
introduced as CPX/Y, X referred to the content of PEG in PEGS, and Y 
referred to the amount of PEGS in the final scaffold) [253]. Using 
different polymers as a coat for the BGs- and ceramics-based scaffolds 
can effectively overcome a low mechanical property. SmartBone®, a 
bone graft made from bovine sources, has been brought to market by a 
medical company based in Switzerland. The product is designed to 
mimic natural bone. It contains a biocompatible polymer coating (poly 
(L-lactide-co-ε-caprolactone, PLCL)) mixed with bioactive molecules 
(specifically, RGD-exposing collagen fragments sourced from 
animal-derived gelatin) [254–257]. Both mechanical (compressive 
strength > 10 MPa) and biological performance were improved by 
adding the materials mentioned above [254,257]. 

In summary, current experimental evidence demonstrates that 
polymer infiltration is a potential strategy for improving the mechanical 
properties of bioceramic materials. Infiltration with a ductile polymer 
such as PCL can effectively address ceramics’ inherent brittleness while 
improving the material’s strength. Although polymers’ strengthening 
and toughening effects are more pronounced in fully impregnated 
structures than in coated scaffolds, a simple polymeric coating still has a 
significant impact, especially under bending conditions. The presence of 
the polymer has been demonstrated to provide even greater toughening 
under flexural stresses [258]. 

Numerous studies have recently concentrated on enhancing the 
bioceramics scaffolds’ toughness by introducing a biodegradable poly-
meric phase through full impregnation or coating [109,145,160, 
259–264]. While these methods undoubtedly improve mechanical 
properties, they also have drawbacks in terms of the biological perfor-
mance of the scaffold. Fully impregnating the structure leads to the loss 
of the osteoconductive surface on bioceramics and can even result in 
blockage. Even though those characteristics may eventually be recov-
ered since the biodegradable polymer is resorbed after implantation, the 

scaffolds’ osteointegration, healing, and tissue regeneration can still be 
delayed. A potential solution to the limitation mentioned earlier is 
creating a porous structure consisting of composite struts with a bio-
ceramic outer shell and a polymeric core at the center. In this approach, 
the bioceramic’s stiffness and the material’s toughness should be com-
bined in this unique disposition to create the optimum mechanical 
properties of both materials without sacrificing the interconnected 
porosity necessary for bone ingrowth or the bioceramic’s osteo-
conductive surface [120]. 

4. Conclusion and future perspective 

Bone scaffolds are a vital tissue engineering field, and many mate-
rials to be applied for this need. Bioceramics have been introduced as the 
most appropriate materials due to their impressive properties and 
response to the human body. Many studies present their properties and 
applications. On the one hand, many attempts are made to fabricate a 
scaffold for bone repair. On the other hand, all attempts will be in vain if 
scaffolds cannot withhold the loads they are exposed to before new 
tissue formation. 

Despite their excellent bioactivity, bioceramics suffer from poor 
mechanical features. Mechanical properties have a critical impact on 
scaffolding and forming new tissue. Therefore, it is necessary to focus on 
strategies to improve mechanical properties such as porosity, pore size, 
methods, sintering temperature, materials, and modifications. Here, we 
have summarized the recent successes in improving mechanical strength 
in terms of mechanical stability. 

Bioceramics have a bright future in tissue engineering applications. 
Still, more investigations on all different kinds of bioceramics are 
required to improve their properties so that their weakness becomes a 
treatable problem and make them more effective in bone repair. 

Although new technologies such as AM have proven valuable for the 
production of ceramic scaffolds, it is crucial to acknowledge and address 
the challenges associated with this approach. These challenges include 
the inherent brittleness of bioceramics, the requirement of high sintering 
temperatures, and limitations related to printing methods, preoperative 
planning, and postoperative complications. Effective optimization of 
scaffold properties can be achieved by controlling various parameters 
during the manufacturing process. Nevertheless, determining the 
optimal printing scheme for large scaffolds with complex internal 
structures has become increasingly challenging, depending on the 

Fig. 4. The effect of coating modification on the mechanical strength of CPC scaffolds. Figure adapted from Ma et al., 2016 [253] and reused in agreement with 
Elsevier Ltd License number 5271250649269. Copyright © 2016 Acta Materialia Inc. Published by Elsevier Ltd, all rights reserved. 
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specific scaffold requirements and desired properties. AM technology for 
bioceramic scaffolds is still in its early stages, necessitating further 
research efforts to overcome these challenges. 

Additionally, the integration of bioceramics with other materials, 
particularly polymers, holds promise in addressing the inherent weak-
nesses of bioceramics. However, it is essential to fully consider the 
natural properties and potential biological risks associated with these 
polymers when fabricating bioceramic-polymer composite scaffolds on a 
larger scale. These considerations are pivotal for advancing the field and 
realizing the potential of bioceramic scaffolds in diverse biomedical 
applications. 
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