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Piezoelectric scaffolds have been recently developed to explore their potential to enhance the bone regeneration process using the concept of piezoelectricity, which also inherently occurs in bone. In addition to providing mechanical support during bone healing, with a suitable design, they are supposed to produce electrical signals that ought to favor the cell responses. In this study, using finite element analysis (FEA), a piezoelectric scaffold was designed with the aim of providing favorable ranges of mechanical and electrical signals when implanted in a large bone defect in a large animal model, so that it could inform future pre-clinical studies. A parametric analysis was then performed to evaluate the effect of the scaffold design parameters with regard to the piezoelectric behavior of the scaffold. The designed scaffold consisted of a porous strut-like structure with piezoelectric patches covering its free surfaces within the scaffold pores. The results showed that titanium or PCL for the scaffold and barium titanate (BT) for the piezoelectric patches are a promising material combination to generate favorable ranges of voltage, as reported in experimental studies. Furthermore, the analysis of variance showed the thickness of the piezoelectric patches to be the most influential geometrical parameter on the generation of electrical signals in the scaffold. This study shows the potential of computer tools for the optimization of scaffold designs and suggests that patches of piezoelectric material, attached to the scaffold surfaces, can deliver favorable ranges of electrical stimuli to the cells that might promote bone regeneration.
Keywords: large bone defect, piezoelectric scaffold, bone regeneration, finite element analysis (FEA), scaffold design
1 INTRODUCTION
Bone defects over a specific size do not heal on their own and result in non-unions (Geris et al., 2010; Nicholson et al., 2021; Wildemann et al., 2021). Large bone defects still remain a clinical challenge, and the currently used treatment procedures, including autologous bone grafting, exhibit several drawbacks such as the lack of sufficient material or donor side morbidity (Zimmermann and Moghaddam, 2011; García-Gareta et al., 2015; Sanz-Sánchez et al., 2022). To enhance bone regeneration and overcome the drawbacks of other treatment strategies, various bone tissue scaffolds, which differ in design and employed materials, have been developed over the last decades as appealing alternatives due to their versatility in the design process and potential to customize to the patient-specific defect situation (Akkouch et al., 2011; Liu et al., 2013; Zadpoor, 2015; Huang et al., 2019; Shick et al., 2019; Chen et al., 2020; Milovanović et al., 2020; Deng et al., 2021). Several studies have investigated the influence of scaffold mechanical properties on the biology of the regeneration process and have shown their potential to support bone defect healing (e.g., Pobloth et al., 2018; Reznikov et al., 2019; Tan et al., 2023). Among them, piezoelectric scaffolds have shown a great potential to support bone regeneration (Damaraju et al., 2017; Tandon et al., 2018).
In piezoelectric materials, a mechanical deformation causes the formation of a net dipole moment and subsequently polarization of the material, which is known as direct piezoelectric effect. Piezoelectric materials have extensively been investigated for various industrial applications such as microphones, hydrophones, sensors and actuators (Topolov et al., 2015; Noll et al., 2019) as well as health monitoring, drug delivery, and biomedical devices (Liu et al., 2018; Qing et al., 2019; Bußmann et al., 2021). Biological tissues such as bone, muscle and tendon also present piezoelectric properties (Stapleton et al., 2016; Lay et al., 2021). The first attempt to use piezoelectric materials for bone implants was made in the 1980s (Park et al., 1981). Piezoelectric materials have experimentally shown to be capable of altering cellular behavior through surface charges generated in response to deformation (physiological movements) (Ribeiro et al., 2017). Electromechanical effects in bone and their role in modulating cellular behavior and tissue remodeling processes have been also widely investigated (Qu et al., 2006; Fernández et al., 2012; Garzón-Alvarado et al., 2012; Cerrolaza et al., 2017). In addition, the effects of electrical stimulation on bone healing have broadly been evaluated both in vitro and in vivo, which have shown that electrical stimuli can promote and stimulate osteogenic activity (Ciombor and Aaron, 2005; Khalifeh et al., 2018; Leppik et al., 2018; Hu et al., 2019; Li et al., 2020). Several experimental studies have clearly shown the benefits of piezoelectric scaffolds for tissue regeneration (Rajabi et al., 2015; Azimi et al., 2020; More et al., 2020; Zaszczynska et al., 2020; Goonoo and Bhaw-Luximon, 2022), particularly for bone healing (Damaraju et al., 2017; Qi et al., 2021; Zhao et al., 2020; Tariverdian et al., 2019; Liu et al., 2020b; D’Alessandro et al., 2021), however the mechanisms behind this enhanced bone healing response remains poorly understood.
Scaffold design is a challenging task since a large number of parameters play a role on the healing outcome; such as scaffold stiffness (Breuls et al., 2008), porosity and pore shape (Razi et al., 2012; Zhang et al., 2014; Zhang et al., 2016). Different piezoelectric scaffold designs have been tested in pre-clinical studies for their potential to enhance bone regeneration mainly using experimental trial and error approaches (Liu et al., 2020b; Marques-Almeida et al., 2020; Polley et al., 2020), which are expensive, time-consuming and ethically questionable. Analysis of the scaffold performance using computer models has on the other hand the potential to support the design of these structures and reduce the number of in vivo experiments. In addition, it will be a prerequisite for the design of personalized scaffolds enabling bone defect healing.
Several computer models have been developed to support the design of scaffolds for bone regeneration (Podshivalov et al., 2014; Carlier et al., 2015; Arjunan et al., 2020; Metz et al., 2020; Jaber et al., 2022; Perier-Metz et al., 2022), however only one investigation has been performed to computationally model piezoelectric scaffold behavior (Jiang et al., 2022). Jiang et al., computationally modelled a scaffold completely made of piezoelectric material which resulted in voltages in the scale of thousands volts, which has been reported not to be suitable for bone regeneration (Bounds et al., 2018). Therefore, the aim of this study was 1) to design a piezoelectric scaffold that would provide favorable mechanical and electrical signals for the regeneration of bone, and 2) to identify key design features of piezoelectric scaffolds to provide optimal voltage ranges suitable for the bone regeneration process.
2 MATERIALS AND METHODS
A scaffold was designed to fit into a large bone defect in a sheep tibia model used in a previously published experimental investigation (Pobloth et al., 2018). To fit into the defect area, the scaffold was designed with a cylindrical shape of 4 cm height and 2 cm diameter. A finite element strut-like scaffold model was developed using Abaqus/CAE 2020 (Dassault Systems Simulia Corp., RI, United States), which consisted of a non-piezoelectric material and piezoelectric patches bonded to the scaffold surfaces facing the inner pores (Figure 1). A range of scaffold designs were then tested to identify potential scaffold configurations that could lead to favorable mechanical and electrical signals.
[image: Figure 1]FIGURE 1 | (A) Full model of the scaffold with bonded piezoelectric patches (green) and the defined geometrical parameters used in the present sensitivity study. (B) A portion (1/2N) of the model of the piezoelectric scaffold simulated due to symmetric conditions. (C) A closer view of piezoelectric patches (green) that were bonded to the scaffold surfaces facing the inner pores.
2.1 Model geometry
Only the scaffold, without any material within the pores, was modelled using the finite element analysis. The designed scaffolds had a strut-like configuration with pore dimensions defined by the vertical (V) and radial sizes of the pores (R) (Figure 1A). In addition, the pore size was defined by the number of pores in the circumferential direction (N) (Figure 1A). Due to symmetry, only 1/N of the cross-section and 1/2 of the height was simulated (Figure 1B). Piezoelectric patches were simulated to be bonded to the scaffold surfaces facing the inner pores (Figure 1C).
2.2 Material properties
Material properties of titanium and polycaprolactone (PCL) used to model the scaffold, and barium titanate (BT) and Polyvinylidene fluoride (PVDF) used for the piezoelectric patches, are shown in Table 1. The piezoelectric charge constant dij expresses the amount of induced charge in the material in response to the stress applied (Table 1). The subscript i denotes the three directions of the polarization, while the subscript j refers to the applied stress (1, 2 and 3 denote normal stresses, while 4, 5 and 6 denote the corresponding shear stresses).
TABLE 1 | Mechanical and piezoelectric properties of the materials used for the scaffold and the patches (Nix and Ward, 1986; Eshraghi and Das, 2010; Narita and Shindo, 2015; Perier-Metz et al., 2020).
[image: Table 1]The poling direction of the piezoelectric patches was considered to be through the thickness of each patch. The electric potential of the surface of the patches which are in contact with the scaffold was set to be zero.
2.3 Loading and boundary conditions
Loading and boundary conditions were derived from a previously developed finite element model of the experimental large bone defect stabilized with a plate (Perier-Metz et al., 2020). This model included the tibia (represented as a hollow cylinder), the gap and the external fixator. The designed scaffolds investigated in this study were virtually inserted in the gap area of the already existing finite element model to calculate the load share between the fixator and the scaffold (Supplementary Figure S1).
Physiological loading conditions (Perier-Metz et al., 2020) were applied to both bone ends (z direction), and load shares ranging from 110 N to 1100 N were determined for the PCL and titanium scaffolds (Supplementary Table S1). These loads were then applied on the top surface of the scaffold as a pressure load in the finite element model of the designed scaffolds. Symmetric boundary conditions were applied to the surfaces of (1/2N) of the model which were separated from the full model due to symmetry (Figure 1B). The scaffold apparent young modulus is determined by obtaining scaffold deflection in response to the applied pressure.
2.4 Meshing
The scaffold and the patches were meshed using quadratic hexahedral 3D stress (C3D20) and piezoelectric elements (C3D20E), respectively, with a uniform element size of 0.1 mm. In addition, the patches were meshed with two elements over the thickness for any value selected for the patch thickness. The mesh convergence analysis was performed with respect to the developed electric potentials in the patches to identify the appropriate mesh size. The mesh was refined repeatedly until the difference between the highest electric potentials in two consecutive refinement steps was below 1%.
2.5 Parametric analysis
A parametric analysis was performed to investigate the effect of geometrical and material parameters on the generated voltage. These parameters included the pore’s radial size (R1 = 1 mm, R2 = 1.5 mm, and R3 = 2.5 mm), the pore’s vertical size (V1 = 1.7 mm, V2 = 3.1 mm), the number of pores in circumferential direction (N1 = 12, N2 = 8) and the piezoelectric patch thickness (t1 = 0.03 mm, t2 = 0.1 mm) (Figure 1A). In the parametric study, each of the investigated parameters is referred to as a factor, the values associated with each of them are called their levels, and each combination of a factor and levels is called an experiment. There are 24 in silico experiments in this study using different combinations of factors and levels as shown in Table 2. The highest voltage generated by the piezoelectric patches was determined for each experiment as an output variable and the effect of geometrical parameters for four different material groups (see Table 3) were investigated.
TABLE 2 | Experiments generated with different combinations of geometrical factors and their levels.
[image: Table 2]TABLE 3 | Material groups.
[image: Table 3]2.6 Data analysis
Analysis of variance (ANOVA) was used to investigate the significance and contribution of each factor for different material groups on the generated voltage. The total sum of squares of the deviation about the mean (SST) was calculated as
[image: image]
Where N was the number of experiments, [image: image] is the output (highest voltage value) for ith experiment, and [image: image] was the overall mean of highest voltage values. The sum of the squares of deviation about the mean for each factor (SSF) was
[image: image]
where [image: image] is the number of levels for each factor, NF,i is the number of experiments conducted for the [image: image] level of each factor, i.e., 8 and 12 for the levels of factor R and factor V, respectively. [image: image] was calculated as the mean of output voltage for each level of each factor.
The percentage of the total sum of squares (%TSS) for each factor represented the contribution of each factor to the variance. It was considered as a measure of the importance of each factor calculated as (Borgiani et al., 2019)
[image: image]
3 RESULTS
3.1 Mechanical behavior of different scaffolds designs
In Table 4, the apparent Young’s modulus of the scaffold for different material groups are shown for all experiments. The results show that in the material groups 1 and 2, the scaffolds had the highest apparent Young’s modulus, ranging from 18 to 31 GPa. In contrast, in material groups 3 and 4, the scaffolds resulted in a lower apparent Young modulus (0.06–0.17 GPa). Higher mechanical stresses were predicted in the vertical struts of the Ti scaffold (Figure 2A), while in the PCL scaffold, the patches were subjected to higher stresses as shown in Figure 2B. The horizontal struts of the scaffold experienced tensile strains while maximum compressive strains were predicted in the vertical struts.
TABLE 4 | Apparent Young modulus of the piezoelectric scaffolds in all 24 experiments for different material groups.
[image: Table 4][image: Figure 2]FIGURE 2 | Distribution of von Mises stress (Pa), Absolute maximum principal strains, and generated voltage (V) by piezoelectric scaffold in case E9 where R = 1.5 mm, V = 1.7 mm, N = 12 and t = 0.03 mm with the (A) material group 1 (Titanium, BT), and (B) material group 3 (PCL, BT).
3.2 Electrical behavior of different scaffolds designs
In the patches attached to the vertical struts positive voltage was produced while negative values were predicted in the patches located on the horizontal struts (Figure 2). The voltage generated by the piezoelectric patches was predicted for each of the experiments using the different material groups (Table 5). Higher values of voltage were predicted for scaffolds assigned with the material group 4 (PCL, PVDF) while the range of voltages generated by the first material group (Titanium, BT) were the lowest (Table 5).
TABLE 5 | The voltage generated in the piezoelectric scaffold in different experiments using the defined material groups.
[image: Table 5]As shown in Figure 3, for material groups 1, 2 and 4, the thickness of the piezoelectric patches (t) was predicted to highly influence the amount of voltage produced in the scaffold (%TSS ≥ 54). However, for the material group 3, the number of pores in the circumferential direction (N) showed the highest influence on the predicted voltage; followed by the radial size of the pores (R) for maximum positive voltage (Figure 3A) and the thickness of the patches (t) for the maximum negative voltage (Figure 3B). A small effect (%TSS ≤ 2.1) was determined by changing R (pore size in radial direction) and V (pore size in the vertical direction) in the material groups 1 and 2. In material group 3, V showed the lowest effect (%TSS ≤ 3.1). In material group 4, N and V showed the lowest effect for the maximum positive and negative voltages, respectively.
[image: Figure 3]FIGURE 3 | The percentage of the total sum of squares (%TSS) obtained from the ANOVA showing the effects of geometrical parameters on the (A) maximum positive voltage, and (B) maximum negative voltage produced in the scaffold. R and V are the pore’s radial size and the pore’s vertical size, respectively. N is the number of circumferential pores and t is the piezoelectric patch thickness. The material group 1 indicates combination of Ti and BT, the material group 2 contains Ti and PVDF, the material group 3 comprises PCL and BT, and the material group 4 is made of PCL and PVDF.
4 DISCUSSION
The treatment of large bone defects still remains a clinical challenge. Considering the nature of piezoelectricity in biological tissues such as bone as well as its positive effect on bone regeneration, piezoelectric scaffolds appear as a promising alternative to current treatment strategies. In this study, we presented a novel scaffold design made of non-piezoelectric material, combined with piezoelectric patches attached to the surfaces facing the inner pores, which could produce voltages suitable for biological purposes. The influence of scaffold design parameters on the levels of electrical signals generated under physiological loading conditions was also investigated using computer models.
4.1 Mechanical behavior of the piezoelectric scaffold
To enhance large bone defect healing, scaffold structures must be primarily capable of providing mechanical stability and excellent mechanical stimulation without risking material failure. In this study, the mechanical analysis of the strut-like scaffolds revealed that the von Mises stress values of the scaffold, while subjected to the applied load, remained below the material’s yield strength (Figure 2). As shown in Table 4, the calculation of scaffolds apparent Young modulus showed that the scaffolds made of titanium are stiffer compared to the study of Pobloth et al. (2018) were the stiffness values of 0.82 and 2.88 GPa were reported for the two honeycomb titanium scaffolds implanted in the large bone defect in sheep simulated in that study. This can be attributed to the vertically oriented struts of the scaffold design in the current study which makes it structurally stiffer than honeycomb titanium scaffolds in vertical direction. However, as shown in Figure 2A, FE analyses predicted mechanical strains within the titanium scaffold pores of the present study (≤0.08%) comparable to those reported in their honeycomb titanium scaffold (≤0.15%) which was found to induce bone tissue regeneration (Pobloth et al., 2018). Computer model predictions of the mechanical strains in the PCL scaffold designed in this study were considerably higher (≤5%) for all configurations tested. In addition, PCL scaffolds apparent Young modulus falls within a similar range to the polyamide scaffolds reported in (Reznikov et al., 2019) which showed the highest bone ingrowth among the scaffolds with different stiffness levels. They reported an inverse correlation between stiffness and regenerative osteogenic response.
4.2 Electrical behavior of the piezoelectric scaffold
In our preliminary work (results not shown here), a strut-like scaffold design made of solely piezoelectric material was investigated to study its mechanical and electrical behavior. Finite element analyses showed that the mechanical behavior of the scaffold could be considered adequate for bone regeneration. However, predicted electrical signals (several kilovolts) were much higher than those reported in the literature to promote cellular activity. These results are in agreement with the findings of the work by Jiang et al. (2022).
In this study, computer model predictions showed that a strut-like scaffold made of non-piezoelectric material and piezoelectric patches attached to the surfaces facing the scaffold inner pores can result in voltages that range up to 729 V when titanium or PCL are used as scaffold material and BT or PVDF as piezoelectric material (Table 5). In the literature, surface electric potentials below 100 mV, which are in the range of natural endogenous potentials, have been reported to be suitable for osteogenic differentiation in composite piezoelectric membranes and films (Zhang et al., 2016; Genchi et al., 2018). Furthermore, direct electrical stimulation with higher voltages of up to 30 V have been used in in vitro studies leading to cell proliferation and viability (Dubey et al., 2011; Asri et al., 2022).
Depending on the poling direction, negative and positive charges are induced in the surface of piezoelectric materials under mechanical stress. Negatively charged surfaces have been demonstrated to favor cell proliferation in most experiments as reviewed in Baxter et al. (2010). However, the study of Vaněk et al. (2016) revealed that although both positive and negative charges are beneficial for cell attachment and subsequent growth, positive charges are slightly preferable since proteins mediating the cell adhesion are more easily adsorbed on positively charged surfaces due to the negative charge of these proteins. In this study, the patches attached to the vertical scaffold surfaces were subjected to compressive strains in the vertical direction and tensile strains in the perpendicular direction (in the direction of the thickness), inducing positive voltages. On the other hand, the patches attached to the horizontal struts experienced a reduction in thickness due to the in-plane tensile strains that caused negative voltages in these patches (Figure 2). However, the sign of generated voltages is interchangeable by reversing the poling direction in the patches.
4.3 Effect of material selection on the piezoelectric scaffold performance
In this study, we showed that the scaffold design made of the material group 1 (Titanium, BT) resulted in electrical signals ranges −15–17.5 V, which are within the range of those reported in the literature to stimulate cellular function (Dubey et al., 2011; Asri et al., 2022). Dubey et al. (2011) reported that cell proliferation was enhanced using electrical stimulations with a voltage range of 1–25 V. In addition, the adhesion and viability of human stem cells were further enhanced by applying a DC voltage of 30 V (Asri et al., 2022). The experimental values suitable for bone regeneration are summarized in Table 6. When using the material group 2 (Titanium, PVDF), we observed 2-to-3-fold increase in voltages compared with the material group 1. Although BT possesses higher piezoelectric constant (d33), its higher stiffness compared to PVDF results in lower strains and consequently lower voltages. In some in vivo studies, piezoelectric materials have been employed in the form of thin films (Zhang et al., 2016; Ribeiro et al., 2017) or as a coating on non-piezoelectric scaffolds (Liu et al., 2020a; Fan et al., 2020) in which a titanium alloy scaffold coated with BT have been shown to exhibit favorable osteogenic properties to enhance long-term bone formation.
TABLE 6 | Electrical stimuli reported in the literature to be favorable for bone regeneration.
[image: Table 6]In this study, computer models of a scaffold made of the material group 3 (PCL, BT) predicted electrical signals in the range of those reported in the literature (Table 6), confirming suitability of BT as the piezoelectric material for patches in the current scaffold design. However, the scaffold made of the material group 4 (PCL, PVDF) provided voltages which did not fall within the range of those reported to be suitable for cellular activity. The predicted values considerably exceeded the desired range which can be attributed to the fact that Group 4, comprising the softest material combination in this study and therefore a high range of mechanical strain levels.
4.4 Sensitivity analysis
The parametric study performed in the current work has shown the thickness of the piezoelectric patches to be the most influential parameter on the amount of predicted voltage. On average, changing the patches thickness from 0.03 mm to 0.1 mm increased the voltage approximately 3 times, confirming that the amount of induced voltage under a constant mechanical stress is linearly proportional to the piezoelectric material thickness (Bernard et al., 2017). Regarding the other geometrical parameters, the number of pores in the circumferential direction (N) had a higher effect than the pore size. Reduction in N decreases the scaffold cross sectional area, which resist the compressive load, thus leading to less stiffness and higher strains, which in turn increased the voltages. This impact is higher in the scaffold made of PCL due to its low stiffness than Ti. Different combinations of scaffold design parameters in this study resulted in porosities ranging from 68% to 80%, which are in line with scaffolds that have shown a suitable regeneration potential (Liu et al., 2020b).
4.5 Limitations
In spite of the novel design of the piezoelectric scaffold reported in this work, this study holds some limitations as well. This study computationally demonstrated the potential of a piezoelectric scaffold design in generation of electrical signal for bone generation, but it has not been experimentally validated. Since the use of finite element modelling techniques for the quantification of electrical and mechanical signals in different structures has been widely validated, we can therefore assume that the values predicted by the computer model are close to reality. The manufacturing of the scaffold was also not evaluated in this study. Although manufacturing scaffolds with patches attached to their surfaces might appear challenging, there are already several approaches that have been successfully implemented in the literature. As one possible solution, the scaffold structure could be assembled with 3D printed LEGO-like smaller pieces of the scaffold containing the patches (Hipfinger et al., 2020). Alternatively, fabrication of these scaffolds can be performed using the technique presented in Liu et al. (2020b) where they additively manufactured a Ti6Al4V-based scaffold which was then coated with barium titanate using hydrothermal synthesis. They then applied a corona poling to change the polarization of the piezoelectric coating. Another limitation is that the scaffold was designed to fill a large bone defect in a large animal model. The translation of these results to patients remains open. However, the use of a pre-clinical animal study allows a better comparison to the experimental literature.
The potential of the piezoelectric scaffolds have been experimentally investigated for tissue regeneration including bone, nerves, etc. (Tandon et al., 2018). However, the induced electromechanical signals within these scaffolds remain largely unknown due to the difficulties in the measurement of these signals. Therefore, the computational modelling of piezoelectric scaffolds can certainly provide valuable insights, while reducing the time-consuming and ethically-problematic experimental efforts. This model has a high potential to be used to simulate small and large bone defects in small or large animal models.
5 CONCLUDING REMARKS
Piezoelectric materials, as a class of smart materials, have attracted significant interest in the field of tissue engineering owing to their capability to support regeneration processes. Although it has been shown that electrical signals influence cellular behavior, the effect of scaffold design on the generated electrical and mechanical signals remains poorly understood.
In the current preclinical study, we investigated the mechanical and electrical signals induced within a novel piezoelectric scaffold design, using computer modelling approaches. Our findings showed:
• A strut-like scaffold made of titanium or PCL with BT piezoelectric patches results in electromechanical signals within the range of those reported to promote cellular activity.
• The thickness of the piezoelectric patches in a novel strut-like scaffold plays a key role on the generated electrical signals.
This study provides insights into the design of piezoelectric scaffolds and the influence of design parameters on the generated electrical and mechanical signals. Future studies should focus on understanding the ranges of electrical signals promoting bone regeneration and the optimization of the scaffold designs to achieve enhanced bone regeneration.
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