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Fabrication and characterisation of a novel biomimetic anisotropic ceramic/polymer-infiltrated 

composite material 

Abstract   

Objective. To fabricate and characterise a novel biomimetic composite material consisting of 

aligned porous ceramic preforms infiltrated with polymer.  

Method. Freeze-casting was used to fabricate and control the microstructure and porosity of 

ceramic preforms which were subsequently infiltrated with 40-50% by volume UDMA-TEGDMA 

polymer. The composite materials were then subjected to characterisation, namely density, 

compression, three-point bend, hardness and fracture toughness testing. Samples were also 

subjected to scanning electron microscopy and computerized tomography (Micro-CT).  

Results. Three-dimensional aligned honeycomb-like ceramic structure were produced and full 

interpenetration of the polymer phase was observed using micro-CT. Depending on the volume 

fraction of the ceramic preform, the density of the final composite ranged from 2.92 to 3.36 

g/cm3, compressive strength ranged from 206.26 to 253.97 MPa, flexural strength from 97.73 

to 145.65 MPa, hardness ranged from 1.46 to 1.62 GPa, fracture toughness from 3.91 to 4.86 

MPa m½. SEM observations of the fractured samples showed that crack propagation followed a 

tortuous path deflected by the polymer phase.  

Significance. Freeze-casting provides a novel method to engineer composite materials with a 

unique aligned honeycomb-like interpenetrating structure, consisting of two continuous 

phases, inorganic and organic. There was a correlation between the ceramic fraction and the 
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subsequent, density, strength, hardness and fracture toughness of the composite material. 
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1 Introduction 

Within both restorative dentistry and orthodontics there is a need for biomimetic materials 

that more closely approach the properties on natural tooth tissue. In restorative dentistry such 

a material could be used to restore tooth tissue lost through trauma or caries and such a hybrid 

dental ceramic is commercially available [1, 2] and is used with CAD/ CAM technology to mill 

dental restorations. In orthodontics such a material might be more aesthetic and have 

improved mechanical properties when compared with current aesthetic bracket materials. 

Orthodontic brackets are used to transmit loads from the archwire to the tooth[3], are most 

commonly metallic and bonded to the labial surfaces of the teeth which make them highly 

visible.  

In the United States, from 1981 to 2013, the number of adults seeking orthodontic treatment 

grew from 15% to 23% [4] and as a result there have been increasing demands for more 

aesthetic, non-metallic bracket materials. Bracket material properties are influential in 

modulating the performance of the bracket during a course of orthodontic treatment and 

govern the bracket’s ability to retain its structural integrity throughout the average 2 year 

course of treatment [5]. Currently available aesthetic orthodontic brackets are either made 

from a polymer e.g. polycarbonate or polyurethane, or a ceramic, usually alumina, either mono 

or polycrystalline in structure [6, 7].  

Polymeric brackets, although aesthetically good at the start of treatment, are not popular due 

to: poor dimensional stability under applied load (creep), staining and low wear resistance [3, 

6]. Although ceramic brackets do not suffer from these same disadvantages, they have their 

unique disadvantages, namely: brittleness with a tendency to fracture in-service, a high surface 



 

 

hardness which can lead to abrasion of opposing teeth, and perhaps most importantly, an 

increased risk of enamel fracture during bracket removal [8, 9].  

An ideal aesthetic orthodontic bracket would combine some of the advantages and none of the 

disadvantages of currently available polymeric and ceramic brackets. These would include 

improved wear resistance whilst minimising damage to opposing teeth, good stain resistance, 

good dimensional stability with minimal creep and ease of removal from the tooth surface at 

completion of treatment. Although two material phase brackets have been produced in the 

past, they have comprised principally a ceramic bracket with a thin polymeric bonding base. 

However, not only did these brackets possess many of the unwanted properties of ceramic 

brackets, namely brittleness and wear of opposing teeth, but the polymeric base would 

infrequently delaminate during service with subsequent loss of tooth control and requiring a 

new bracket to be used [10, 11]. 

Consequently, the development of a composite material that exhibits the advantages of both 

polymeric and ceramic brackets in a single interconnected network is therefore desirable. 

Certain naturally occurring biomaterials, including enamel and dentine, exhibit an 

interconnected dual phase structure leading to enhanced mechanical properties, which enable 

them to meet the biological functional needs of the organism [12]. Dental enamel is the 

hardest, most mineralised structure in the human body. It is composed of 96% to 97% 

hydroxyapatite, 1% collagen and 2% to 3% water. Throughout a lifetime, enamel can endure 

the forces of mastication over millions of cycles [13, 14]. By contrast, dentine is a porous 

mineralised structure that is composed of 70% hydroxyapatite, 20% collagen and 10% water by 

weight [15]. The aim of the present study is to produce a novel biomimetic ceramic/polymer 



 

 

composite material for use as a possible orthodontic bracket material. The novelty of such a 

material would be defined by its unique microstructure, characterised by two continuous 

interconnected inorganic and organic phases as shown in Figure 1. With a polymer rich surface 

that can be attached to the tooth surface to aid bonding and debonding, and a ceramic rich 

surface directly exposed to the oral environment. In this way the final composite material will 

ideally combine the desirable properties of both ceramics and polymers, creating a durable, 

safe and aesthetically pleasing orthodontic bracket.  

 

Figure 1. Schematic of the structure of the central incisor with the anisotropic feature of the 

biomimetic composite orthodontic bracket.  

 Freeze-casting is a well-established technique that can be used to fabricate porous scaffolds 

with complex microstructures. The process utilises the directional solidification of a ceramic 

suspension in a double-sided cooling/freezing device. The suspension is placed in a mould 

between two cooled surfaces, one of which is colder than the other and from where ice crystals 



 

 

begin to form in a unidirectional fashion. As the suspension continues to freeze the ice crystals 

grow from the coldest to the less cold surface. In doing so they compress the ceramic particles 

to form an interconnected scaffold, which is then freeze dried and sintered. The technique is 

relatively simple, cost efficient, environmentally friendly and offers the ability to produce a 

porous material with a controlled-size and interconnection of the pores. A large number of 

processing parameters are used to tailor the final architecture of the porous scaffold, by 

controlling the crystal growth of ice [16, 17].  

The principal aim of this study was to produce ceramic/polymer-infiltrated composite material 

through the mechanism of freeze-casting, to produce a porous alumina scaffold, followed by 

infiltration with UDMA-TEGDMA polymer. The effect of ceramic suspension concentration used 

for the freeze casting phase on the mechanical properties of the final ceramic polymer 

composite were also investigated.  

2  Materials and methods 

In this study, two novel expermental biomemetic ceramic/polymer composites were 

investigated, EBCI= experimental biomemetic composite with 30 vol.% ceramic in the aqueous 

suspension and EBCII= experimental biomemetic composite with 35 vol.% ceramic in the 

aqueous suspension. 

2.1 suspension preparation  

Alumina powder (CT3000, Almatis AC, Inc. Germany ) with an average particle size of 0.6 µm 

was mixed with 0.6 wt% dispersant (Dolapix CE 64, Zschimmer & Schwarz GmbH, Germany) and 

dissolved in distilled water. Aqueous suspensions containing 30 and 35 vol.% ceramic 

concentrations were prepared in this study. Slurries were ball-milled in polyethylene bottles 



 

 

using zirconia media in a ball-milling machine (SRT6, Stuart, UK) overnight in order to break 

down the agglomeration and achieve a more homogenous dispersion.  

2.2 Gelatine concentration 

In this study, gelatine powder (Type A, G250, Sigma Aldrich, UK) was used as a binder to 

increase the strength of the green ceramic scaffold. In order to study the effect of the gelatine 

on the structure of the final porous ceramic scaffold, ceramic aqueous suspensions containing 

10 vol.% ceramic were prepared with gelatine added at a ratio of 2.5, 3.75, 5, 7.5 and 10 wt.% 

with respect to the ceramic powder dry weight. Gelatine powder was dissolved in distilled 

water, then the gelatine solution was added to the ceramic suspension in polyethylene bottle. 

The gelatine-alumina suspension was then ball-milled in a roller mixer machine (SRT6, Stuart, 

UK) in an oven (Thermo-Scientific, UK) heated to 55°C for 4 hrs. 

2.3 Freeze-casting  

The gelatine-alumina aqueous suspensions were poured into a custom-made non-porous 

cylindrical mould (diameter: 60 mm, height: 65 mm). Each suspension contained gelatine as a 

binder with 2.5% by weight in regard to the dry weight of the dry alumina powder in the 

suspension. The mould was made of a 20-mm thick acrylic ring, which acted to insulate the 

suspension, and a disc-shaped base made of copper, which was used as a freezing temperature 

carrier. The mould was then placed in a custom-built freeze-casting machine. The process for 

freeze-casting was carried out as previously described [18]. The temperatures were controlled 

through band heaters (MI, Watlow, USA) and thermocouples (Type J, Watlow, USA). The top 

rod was cooled using an immersion cooler (FT200, Julabo, Germany), while the bottom rod was 



 

 

cooled using cooling apparatus (Polyscience, Illinois, USA). The bottom rod was cooled at a 

controlled rate of 1°C/min to -10°C whilst the temperature of the top rod was kept at 20°C. The 

sublimation of the ice took place in a vacuum in a Modulo Freeze Dryer (Edwards, Modulyo, UK) 

at −55 °C and 10-1 mbar for 48 hours. The green body was then carefully removed and sintered 

in a high-temperature furnace (Model BRF17/4M, Elite Thermal Systems Ltd., UK). The sintering 

occurred at a rate of 2°C/min up to a temperature of 400°C and maintained for 2 hours, 

followed by 10°C/min up to 1600°C and maintained for a further 2 hours. The samples were 

removed from the furnace after 24 hours to allow natural cooling. 

2.4 Polymer infiltration  

The sintered porous scaffolds were chemically treated with pre-hydrolysed 3-(trimethoxysilyl) 

propyl methacrylate coupling agent (Sigma- Aldrich, USA) to allow better bonding between the 

inorganic and organic phases. The porous ceramic scaffolds were infiltrated with a monomer 

mixture in a vacuum. The monomers were prepared by adding equal volumes of UDMA and 

TEGDMA and 1 vol.% of Luperox Benzoyl peroxide (Sigma-Aldrich, UK) as a heat activator. A 

self-contained vacuum impregnation system (Cast N’Vac Castable Vacuum System, Buehler, 

USA) was used to backfill the porous ceramic samples at a vacuum pressure of 4x10-2 mbar. The 

monomer/ceramic samples were then carefully placed in an oven at 50°C for 2 hours then at 

60°C for 3 hours then 70°C for 6 hours and finally at 90°C for 12 hours to allow the heat 

polymerization of the monomers.  



 

 

2.5 Cutting procedures 

An Accutom-50 (Struers, UK) precise cutting machine was used to prepare the samples using a 

diamond saw (Beuhler, USA), cutting them into various sizes dependant on the test to be 

performed. The second stage of sample preparation involved polishing using a grinding 

machine (Tegra Pol 15, Struers, UK) with different sequential silicon carbide papers and water 

cooling. The final step of sample preparation was sonication in an ultrasonic water bath (Grant 

Scientific, UK) to remove any debris and unwanted particles. 

2.6 Ceramic fraction measurements 

The ceramic fraction in the ceramic/polymer composite structures was determined by heating 

the ceramic/polymer composite samples to 600°C to ensure complete removal of the organic 

phase; then the amount of the inorganic residues was calculated. The measurememnts of the 

initial composite specimen weights were performed then after the composite samples were 

heated in a furnace (Elite thermal systems Ltd., UK) in order to burn off the organic phase. The 

specimens were allowed to cool down in the furnace for 24 hrs, then they were removed and 

weighed. The weight fraction was then calculated from the initial weight of the 

ceramic/polymer composite structures. The volume fraction could then be calculated 

depending on the specific density of the composite constituents (Alumina=3.96, Polymer=1.21 

g/cm3).  

2.7 Densities  

The densities of the composite specimens were obtained by the Archimedes’ method according 

to ASTM standard, C373−16, USA  [19]. Rectangular blocks (4x4x8 mm) were prepared with all 



 

 

their sharp edges and corners removed before the start of any measurement. The densities 

were calculated according to the following formula:  

, 

Where ρwater and ρair are the density of deionized water and air respectively. 

2.8 Sample imaging 

The samples were imaged using SEM (FEI Quanata 400, FEI, USA) after being coated with a gold 

palladium mixture (Emitech K575X, Quorum Technology Ltd, UK). Images of the samples were 

also produced using a Micro-CT scanner (Nikon XTH320 CT scanner, Japan), with isotropic 

voxels and a spatial resolution of 13 µm. These Micro-CT images were used to reconstruct 

three-dimensional models of the scaffolds. The three-dimensional reconstruction of the model 

of each scaffold was performed from the stacking of the two-dimensional images using 

specialized software (Simpleware, UK).  

2.9 Compressive strength 

Five rectangular specimens (4 x 4 x8 mm) of each ceramic/polymer composite material were 

tested using a universal testing machine (Zwick Roell Z020, Ulm, Germany). The compressive 

force was directed along the long axis of the specimens and in the same direction as the freeze-

casting, with the polymer rich surface at the top and the ceramic rich surface at the bottom. 

The compressive strength σC was calculated according to the following formula, where F is the 

load at fracture and A is the cross-sectional area:  



 

 

 

2.10 Flexural strength and elastic modulus 

Three-point bending was used to determine the flexural strength of the composite samples in 

this study.  Samples (1.8x4x18 mm) were loaded into a computer-controlled universal machine 

according to British Standard, BS EN ISO 6872, 2008 [20]. For this test, the samples were divided 

into two different groups; one group was tested with the force directed parallel to the direction 

of freeze-casting and the other with the force applied perpendicular to the direction of freeze-

casting. After the force was loaded and the maximum load was reached, all the samples were 

removed and checked to make sure that the fracture point was at the centre. Flexural strength, 

σf, was calculated according to the formula: 

 

Where F is the load at fracture, L the span length, W the specimen width and H the specimen 

height. 

The elastic modulus was determined from the three-point bending results and calculated on 

formula: 

E  

where D is the deflection corresponding to load. 



 

 

2.11 Hardness  

Surface hardness was measured using a micro-based indentation system (Duramin Ver 0.08, 

Struers, UK) under a load of 9.807 Newton with a calibrated Vickers indenter according to the 

Standards of Advanced Technical Ceramics, EN843-4: 2005[21]. Six rectangular specimens 

(4x10x12 mm) were subjected to a maximum load for 20 seconds and 30 determinations were 

made for each material. Indentation diagonals were measured by light microscopy. Any 

indentations with an irregular shape were rejected. 

2.12 Fracture toughness 

Six rectangular specimens of each composite sample (32x8x4 mm) were polished and pre-

notched with a high-speed cutting machine according to the Standards for a single-edge-

notched beam, ASTM 1820.15.A,USA [22]. Then, a razor blade and diamond paste were 

employed to sharpen the notch and extend it an additional 200–350.89µm. The final length of 

the notch was measured with an optical microscope. All the samples were loaded in a universal 

testing machine (Zwick Roell Z020, Ulm, Germany). The fracture toughness K1C was calculated 

according to the formula: 

 

F is the load at fracture, L is the span length, B is the breadth of the beam, W is the width of the 

beam, and a is the length of the notch. Geometrical factor f (ἀ/w) can be calculated by the 

following equation: 



 

 

 

2.13 Statistical Analysis 

The data were analysed using Stata version 14 (Stata Corp, College Station, Texas, USA) with a 

predetermined significance level of alpha = 0.05. Summary statistics are illustrated in Table 1 

along with the means and 95% confidence intervals of the means and the results of the 

Shapiro-Wilks test. The data were found to be normally distributed in the majority of cases. 

Therefore t-tests were used for direct comparison between pairs of tests for the two materials 

EBCI and EBCII. 

3 Results 

The principle aim of this study was to fabricate a biomimetic composite material with fully 

interconnected networks of ceramic and polymer and with an intimate ceramic/polymer 

interface. Two different ceramic concentrations were prepared in the aqueous ceramic 

suspensions (30 and 35 vol.%) with gelatine concertation 2.5% by weight in regard to the dry 

weight of alumina powder. The slurries then were freeze-cast followed by sublimation and 

sintering. The use of gelatine as a binder in combination with freeze casting techniques allowed 

tuneable formation of three-dimensional structures with pores in the micrometre range and a 

honeycomb-like shape. Honeycomb ceramic scaffolds were produced as illustrated in Figure 2. 



 

 

 

Figure 2. SEM images showing honey-comb cross-section of the porous ceramic scaffold with 

different magnifications in cross section perpendicular to the freezing direction. (A x50, B x75, C 

x180 and D x300). 

Firstly, the effect of gelatine concentration on the microstructure of ceramic scaffold was 

investigated. As the initial gelatine concentrations increased the pores became more rounded 

and some hexagonal in shape. Not only did the ceramic wall thickness decrease with increasing 

gelatine concentration, but so did the size of the pores (Figure 3).  



 

 

 

Figure 3. SEM images showing the microstructure of six different ceramic samples with 

different gelatine concentrations: 2.5% (A x50, G x75), 3.75% (B x50, H x75), 5% (C x50, I x70), 

7.5% (D x50, J x70) and 10% (E x50, K x75). The plane of the cross-sectional images is 

perpendicular and parallel to the freezing direction respectively.  

3.1 Densities 

As the initial ceramic suspension concentration increased from 30 to 35 vol.% the ceramic 

volume of the final composite was observed to rise from 50.89% (EBCI) to 61.17% (EBCII). By 

increasing the ceramic volume fraction of the composite by 10%, the densities increased from a 

mean value of 2.9 to 3.4 g/cm3, although when considering the 95% confidence intervals there 

was little difference. Micro-CT confirmed this trend, with the % volumes being 51.27% and 

62.91% respectively.   

3.2 Sample imaging 

Micro-CT examination revealed the structure of the composite material as a fully 

interconnected network of a polymeric phase within a ceramic network phase.  Three-

dimensional reconstruction of the ceramic and polymer networks showed almost a complete 

infiltration of the polymer phase in the ceramic porous preform (Figure 4). 



 

 

 

 

Figure 4. Micro-CT images representing the final composite material. Different colours represent different substances; red 

represents the ceramic phase, green represents the polymer phase and black represents air (less than 2%). 



 

 

Table 1. Summary data tables for EBCI and EBCII including means, SD, 95% confidence intervals of the means and Shapiro-Wilk test 

(Prob>z) for normality. 

Variable EBCI EBCII 

N Mean SD [95% Conf. Interval] Prob>z N Mean SD [95% Conf. Interval] Prob>z 

Density (g/cm
3
) 5 2.92 0.33 2.52 to 3.33 0.47 5 3.36 0.32 2.96 to 3.76 0.58 

Compressive strength (MPa) 5 253.97 19.23 230.06 to 277.84 0.35 5 206.26 20.29 181.06 to 231.46 0.89 

Flexural strength parallel to 

freezing direction (MPa) 

30 97.73 21.12 89.84 to 105.61 0.08 21 145.65 32.50 128.62 to 162.68 0.10 

Flexural strength perpendicular 

to freezing direction (MPa) 

6 111.57 7.36 103.84 to 119.30 0.59 6 129.18 13.96 114.52 to 143.83 0.50 

Fracture toughness (MPa m½) 6 4.86 1.03 3.77 to 5.94 0.17 6 3.91 0.42 3.47 to 4.34 0.23 

Hardness (GPa) 6 1.46 0.11 1.35 to 1.58 0.06 6 1.62 0.09 1.51 to 1.71 0.54 

Modulus of elasticity (GPa) 15 15.53 4.37   12 16.56 3.92   



 

 

3.3 Compressive strength 

Unlike density, the compressive strength of the novel biomimetic composite fell as the fraction 

volume of ceramic in the composite increased with the mean compressive strength for EBCII 

being 206.26 and for EBCI, the mean value was to 253.97 MPa. However, once again when 

considering the 95% confidence intervals the difference is unlikely to be significant. 

3.4 Flexural strength  

With increasing the volume fraction of ceramic in the composite material the flexural strength 

of the hybrid composite increased from 97.73 to 145.65 MPa parallel to the direction of freeze 

casting and from 111.57 to 129.18 MPa perpendicular to the direction of freeze casting. 

3.5 Elastic modulus 

The elastic modulus of each of the composite materials, EBCI and EBCII were similar at mean 

value of 15.53 and 16.56 GPa respectively.  

3.6 Hardness 

As the ceramic suspension concentration increased there was again little change in the 

observed mean hardness values, which were 1.46 GPa and 1.62 GPa for the EBCI and EBCII. 

3.7 Fracture Toughness 

There was a trend for a small reduction in observed mean fracture toughness 4.86 and 3.91 GPa 

as the ceramic volume fraction increased for EBCI and EBCII. 

4 Discussion 

The main aim of this research was to develop a new composite material which is composed of 

ceramic and polymer networks using a novel fabrication method. Rather than one continuous 



 

 

organic polymer phase filled with inorganic particles in the conventional dental composite, the 

new composite material possesses co-continuous interpenetrating phases of ceramic and 

polymer with anisotropic microstructure, which potentially can overcome many withdraw backs 

oy pure ceramics or polymers for aesthetic orthodontic applicants.  

It is anticipated that such a new composite material could provide good bonding and debonding 

properties to the teeth via the organic phase and good wear resistance to brushing via the 

inorganic phase. 

Freeze casting is a technique that can form porous ceramic scaffold by means of solidification of 

a ceramic suspension by subjecting it to a temperature gradient followed by sublimation and 

sintering[23]. Alumina powder was used in the present study as it is the most popular ceramic 

material that has been used to fabricate orthodontic brackets due to its biocompatibility, high 

wear resistance, good aesthetic and high strength [24]. In this study, the porous ceramic 

scaffolds characterized by an anisotropic honeycomb-like porous micro-structure rather than 

lamellar pore structures typically seen for freeze cast scaffolds [25]. These results are in 

agreement with other studies on microporous ceramics with very high porosities and honey 

comb structure through the use of gelatine as a binder [20]. The characteristic honey-comb like 

structure is believed to be formed as the result of the gelatine gelation effect during the 

freezing process[26]. These structures mimic teeth as they resemble the honeycomb-like 

appearance in the dentin-enamel junction which characterise the distribution of the dental 

organic material in inorganic phase in teeth [27]. The SEM images reveals honey-comb-like 

cylindrical pores perpendicular to the freezing direction with various sizes are formed because 



 

 

of the ceramic particles expelled by water molecules and packed between the growing ice 

crystals in the gelatine-based ceramic suspension [16, 26]. 

Gelatine is a biopolymer that is widely used in composite materials due to its non-toxicity, 

biological origin and good mechanical properties. It is denatured collagen which undergoes 

physical gelation at temperatures below 15-20 °C forming a weakly crosslinked network. It can 

produce distinctively tailored porous scaffold when combined with freeze casting. High 

porosities and high strength are two of the main advantages that have been found in porous 

structures produced by combining gelation and freeze casting [28, 29].  

 An increase in gelatine concentration resulted in more rounded honeycomb-like pores and a 

decrease in the dimensions of the ceramic walls. One possible explanation is that, with the 

increased concentration of gelatine, and the viscosity of ceramic suspension increased, and a 

higher force was needed for weakly cross-linked gelatine and ceramic molecules to be expelled 

by water molecules. The gelled suspension increased the movement resistance of water and ice 

crystals can no longer grow in their typical plate-like morphology and form lamellar structure in 

the ceramic suspension.  

Composites with interpenetrating phase and honey-comb like microstructures can have good 

mechanical and tribological properties especially shear strength and wear when compared to 

those with lamellar structures [2, 29-32].  

A previous study by Petrini etal [33] showed a biomimetic composite with mechanical 

properties similar to those of the dentin through the use of an epoxy polymer in a lamellar 

structured porous ceramic scaffold.  



 

 

In the present study, UDMA polyacrylate polymer was used to explore the possibility of 

fabricating a biomimetic composite material that can be used in the oral cavity with desirable 

physical and mechanical properties due to its biocompatibility. Widely used as a dental polymer 

in composite formulations for restorative purposes and it has also been investigated for the use 

as an orthodontic bracket in the literature [34-36]. TEGDMA monomer was used as a low 

viscosity diluent agent for a better infiltration due to the high viscosity and multiple functional 

groups of UDMA [37].  

The density and mechanical properties of the novel composite materials increased with the 

increase of ceramic volume fraction. This is in agreement with previous studies on hybrid 

composite dental materials [2, 38]. The compressive strength in this study ranged from  206.26 

to 253.97 MPa which is higher than that of enamel 62-89 MPa and comparable to that of the 

dentine 194-224 MPa [39]. The flexural strength of the biomimetic ceramic/polymer composite 

was 97.73 and 145.65 MPa for EBCI and EBCII respectively. These data suggest that the greater 

the inorganic content in the novel composite material the higher its flexural strength, in 

agreement with previous studies on dental composite materials [40, 41]. Moreover, these 

values are higher than that found for feldspathic porcelain (65 MPa), enamel (60-90 MPa), 

slightly higher than the traditional dental composite (139 MPa) and lower when comparable to 

that of dentine (245-280) [42].  

The flexural strength also showed anisotropy depending on whether the force was applied 

parallel or perpendicular to the freezing direction. A higher strength was observed when load 

applied perpendicularly. These results can be attributed to the arrangement of the ceramic 



 

 

walls in the composite material and indicate the presence of anisotropic structure which 

resemble that of the enamel and dentine [43, 44].  

From the three-point bending test, the elastic modulus was calculated, and it was in the range 

of 15.53 and 16.56 GPa. These values are higher than those obtained from the compressive 

strength testing of the enamel and dentine (1.34 and 1.65 GPa respectively).  

Hardness is defined as the resistance to a permanent surface indentation and affects the 

material’s wear resistance [45]. In this study, the hardness values of the composite material 

ranged between 1.4 and 1.6 GPa which is lower than that of enamel and other dental materials 

such as Enamic, Zirconia and Lithium Disilicate glass ceramics are 3.43, 3.31, 13.94 and 10 GPa 

respectively, suggesting the suitability of the material in relation to enamel for future use in the 

oral cavity[42]. Materials with a high hardness value might not be desirable for dental use since 

they may result in abrasion of the opposing teeth[46-50]. On the other hand, the novel 

composite material present low hardness when compared to stainless steel and Nickel-titanium 

archwire alloys. During orthodontic treatment this may induce higher rates of wear and 

insufficient slot-wire engagement [51].  

Fracture toughness is the measure of the material’s ability to absorb strain energy prior to 

fracture [52]. The average fracture resistance of tooth enamel and dentin are approximately 

0.72 to 1.28 and 2.2 to 3.1 MPa m½ respectively [49, 53, 54]. The mean values of the fracture 

toughness in this study were 3.91 MPa m½ and 4.86 MPa m½ for EBCII and EBCI. 

Aesthetic orthodontic brackets are made either from ceramic or plastics which have the 

disadvantages of brittleness and low wear resistance respectively. The novel composite 



 

 

material has an interpenetrating structure thus it can have the advantages of both organic and 

inorganic phases in an anisotropic character which may be desirable for the design and 

fabrication of orthodontic bracket material.  

For the novel composite materials to be used as an orthodontic bracket, fabrication of a 

brackets is essential to determine their machinability and suitability. Further tests are required 

to clarify if the novel biomimetic composite material is applicable for potential orthodontic 

bracket use such as bonding and abrasive tests. Moreover, several implications related to wear 

resistance, water absorption, tie-wing strength, torque control future and simulation of clinical 

conditions are important. To date, there are no studies in literature on biomimetic composite 

material that mimic the architectural design of tooth structures and aimed for the use as 

orthodontic bracket material. 

5 Conclusion 

This study demonstrated that the freeze-casting technique can produce porous ceramic 

scaffolds with interconnected pores in a three-dimensional and honeycomb-like structure at 

various gelatine concentrations. The gelatine binder in the initial gelatine/alumina suspension 

had a significant effect on the microstructure of the porous ceramic scaffolds. It was possible to 

produce composite materials with two continuous ceramic and polymer phases and different 

ceramic volume fractions. Imaging characterization and analysis confirmed that the composite 

materials are different from the traditional composites and ceramics currently used in 

dentistry. It was shown that, by controlling the solid loading in the initial ceramic aqueous 

suspension, the physical and mechanical properties of the composite material can be tailored. 



 

 

There is a correlation between the mechanical properties of the ceramic/polymer composite 

materials, their composition and their microstructure.  
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