
This version is available at https://doi.org/10.14279/depositonce-10675

This work is licensed under a CC BY-NC-ND 4.0 License (Creative 
Commons Attribution-NonCommercial-NoDerivatives 4.0 International). For 
more information see https://creativecommons.org/licenses/by-nc-nd/4.0/.

Terms of Use

Mohammadkhah, M., Marinkovic, D., Zehn, M., & Checa, S. (2019). A review on computer modeling of 
bone piezoelectricity and its application to bone adaptation and regeneration. Bone, 127, 544–555. 
https://doi.org/10.1016/j.bone.2019.07.024

Melika Mohammadkhah, Dragan Marinković, Manfred Zehn, Sara Checa

A review on computer modeling of bone 
piezoelectricity and its application to bone 
adaptation and regeneration

Accepted manuscript (Postprint)Journal article     |

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by DepositOnce

https://core.ac.uk/display/343691988?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1 
 

A review on computer modeling of bone piezoelectricity and its application to 
bone adaptation and regeneration  

Melika Mohammadkhah 1, Dragan Marinkovic 1,2, Manfred Zehn 1, Sara Checa 1,3 

1 Department of Structural Mechanics, Berlin Institute of Technology, Berlin, Germany 

2 Faculty of Mechanical Engineering, University of Nis, Serbia 

3 Julius Wolff Institute, Charité – Universitätsmedizin Berlin, Berlin, Germany 

 

 

Melika Mohammadkhah 1 
melika.mohammadkhah@tu-berlin.de 
 

Dragan Marinkovic 1,2 

dragan.marinkovic@tu-berlin.de 
 

Manfred Zehn 1 
manfred.zehn@tu-berlin.de 
 

Sara Checa 1,3 

sara.checa@charite.de 
 

1 Department of Structural Mechanics, Berlin Institute of Technology,  

Fakultät V - Institut für Mechanik, FG Strukturmechanik und Strukturberechnung, Sekr. C 8-3, Geb. M 
Str. des 17. Juni 135, D-10623 Berlin, Germany 
 
2 Faculty of Mechanical Engineering, University of Nis, Serbia 

Aleksandra Medvedeva 14, 18000 Nis, Serbia 
 
3 Julius Wolff Institute, Charité – Universitätsmedizin Berlin, Berlin, Germany 

Julius Wolff Institute, Föhrer Str. 15, 13353 Berlin, Germany 
 
 

 
Corresponding author: 

Dr.-Ing. Melika Mohammadkhah 
Technische Universität Berlin 
Fakultät V - Institut für Mechanik 
FG Strukturmechanik und Strukturberechnung 
Sekr. C 8-3, Geb. M 
Str. des 17. Juni 135 
D-10623 Berlin 
Tel.: +49 (0) 30/314-21490 
E-Mail: melika.mohammadkhah@tu-berlin.de 
 

 



2 
 

Table of Contents 

1. Introduction ..................................................................................................................................... 3 

2. Piezoelectricity in bone ................................................................................................................... 4 

2.1. Piezoelectricity in dry bone..................................................................................................... 4 

2.2. Piezoelectricity in wet bone .................................................................................................... 6 

2.3. The importance of piezoelectricity in bone ............................................................................. 9 

3. In silico studies of the role of piezoelectricity on bone behavior.................................................... 9 

3.1. Computer models of bone electromechanical behavior (strain generated potentials).................. 9 

3.2. Macroscale piezoelectric models of bone adaptation ................................................................. 12 

3.2.1. Multiscale/multiphysics piezoelectric models of bone adaptation ...................................... 15 

4. The clinical relevance of computational studies of bone piezoelectricity .................................... 17 

5. Limitations and future work in bone piezoelectric modeling ....................................................... 19 

6. Concluding remarks ...................................................................................................................... 20 

Acknowledgements ............................................................................................................................... 21 

References ............................................................................................................................................ 21 

 

Nomenclature

𝑉 Stress-generated voltage  

∆𝑝 Pressure gradient  

L Sample thickness 

F Load applied to the sample 

𝑷 Electric polarization 

𝝈 Stress  

𝜺 Strain  

𝑫 Electric displacement  

𝜷 Dielectric permittivity tensor 

𝑬 Electric field  

𝛜 Piezoelectric stress tensor  

𝒅 Piezoelectric strain tensor  

𝒖 Displacement field 

𝑢̇ Rate of displacement normal to the bone surface 

𝑈̇ Velocity of the bone resorption process 

 Flexoelectric tensor relating polarization and strain gradient 

𝜌 Apparent density 

𝝌 Dielectric susceptibility 

𝜇 and 𝜆 Lame’s coefficients of the material 

𝜂 Solution viscosity 

𝜎௦ Solution conductivity 
t Time 
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Abstract 

Bone is a hierarchical, multiphasic and anisotropic structure which in addition posses piezoelectric 

properties. The generation of piezoelectricity in bone is a complex process which has been shown to 

play a key role both in bone adaptation and regeneration. In order to understand the complex biological, 

mechanical and electrical interactions that take place during these processes, several computer models 

have been developed and used to test hypothesis on potential mechanisms behind experimental 

observations. This paper aims to review the available literature on computer modeling of bone 

piezoelectricity and its application to bone adaptation and healing. We first provide a brief overview of 

the fundamentals of piezoelectricity and bone piezoelectric effects. We then review how these 

properties have been used in computational models of bone adaptation and electromechanical behaviour 

of bone.  In addition, in the last section, we summarize current limitations and potential directions for 

future work. 

Keywords 

Bone piezoelectricity, Computer model, Bone adaptation and regeneration, Matrix piezoelectricity, 

Streaming potential, Strain Generated Potentials (SGP) 

1. Introduction 

In piezoelectric materials, deformation results in asymmetric shift of ions inducing a change in electric 

polarization and electricity is then generated. The conversion of physical deformation to electrical 

signals and vice versa is the key concept (see Figure 1). Microphones, speakers, fuel injection, 

hydrophones and actuator and sensor devices for active structures are some examples of industrial 

application of piezoelectricity [1⁠–3].  

Piezoelectricity also occurs naturally within the human body; bone, muscles and tendons present 

piezoelectric properties [4⁠–7]. In bone, this behaviour has been attributed to semi-conductor 

characteristics [8⁠, 9], and to classic piezoelectric effects [5]. In addition, stress-generated electrical 

phenomena have been shown to direct the activity of bone cells and also to be responsible for the 

orientation or aggregation pattern of macromolecules in the extracellular matrix [8]. Moreover, 

piezoelectricity has been shown to play a role on bone adaptation and repair [10⁠, 11], and piezoelectric 

materials have been shown to enhance bone regeneration [12⁠, 13]. 
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Figure 1. Schematic of direct and converse piezoelectric effect. 

Although there has been a rapid increase in the number of publications on bone piezoelectric properties 

and the use of piezoelectric materials for bone regeneration and bone tissue engineering over the last 

few years [12⁠, 14], the complexity behind piezoelectric effects in bone makes the design of piezoelectric 

materials very challenging. This complexity has promoted the developement of computer models to 

investigate the mechanisms behind experimental observations. Earlier computer models were mostly 

focused on modeling the piezoelectric properties of bone itself [15⁠–17]. In the last decades, several 

multiscale/multiphysics models have also been developed to investigate coupled mechanisms; such as 

the influence of mechanically generated electrical signals on bone formation and resorption [10⁠, 11⁠, 

18⁠–21]. This review aims to provide an overview of existing in silico studies focused on modeling 

piezoelectric effecs in bone and the knowledge they have provided. Lastly, an overview of current 

limitations and potential directions for future work are presented. We start the review with a brief 

overview on bone piezoelectric behaviour. 

2. Piezoelectricity in bone 

The exact mechanisms for the piezoelectric properties of bone are still not fully understood.  Different 

piezoelectric responses have been measured for dry [5⁠, 16⁠, 22] and wet [23⁠–25] bone which have been 

attributed to different processes taking place within the bone matrix.  

2.1. Piezoelectricity in dry bone 

The direct and converse piezoelectric properties of bone were first reported in 1954 by Yasuda for dry 

bone [22]. They attributed the piezoelectric behavior of bone to the application of shear to collagen 
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fibers (matrix piezoelectricity). Quite recently, Minary-Jolandan and Yu [26] found that isolated type 

I collagen fibrils have unipolar axial polarizations and behave mainly as shear piezoelectric materials 

with a shear piezoelectric constant of d15
1≈1 pC N−1. This relatively dominant shear piezoelectric effect 

was the result of the quasihexagonal symmetry of the collagen fibril structure at the nanoscale [26]. 

Piezo-response force microscopy has also shown unidirectional polarization along the collagen fibril 

axis (direction 3), and negligible radial (direction 2) or vertical (direction 1) piezo-response [27].   

Collagen (organic component of bone) is the major contributor to piezoelectric properties, but the 

calcium hydroxyapatite should not simply be observed as a passive component [28]. There are at least 

two reasons for the conductive role of calcium hydroxyapatite in matrix piezoelectricity: 1) 

Hydroxyapatite crystals show high elastic moduli, which ensures that loads applied on bone are 

transmitted across large scales while allowing the collagen fibers to mechanically respond locally. In 

case of smaller elastic moduli, collagen fibers probably bear the greatest strain of all the molecules 

within the solid matrix to generate the deformation needed for a piezoelectric effect. 2) Access of water 

to collagen is restricted by the hydroxyapatite, allowing the piezoelectric mechanisms to occur in dry 

bone even in the wet state: collagen in decalcified bone was shown to shrink upon heating, and 

permittivity of decalcified bone is higher than that of calcified bone due to higher adsorption of water 

[29].  

Fukada and Yasuda [5] found that the amount of electric potential generated in bone depends on the 

direction of pressure applied with respect to the bone axis. They showed that when the pressure was 

applied at an angle of 45-50° to the bone axis, a higher piezoelectric constant was observed. Fukada 

and Yasuda [7] demonstrated the existence of unique electrical axis in dry bone, however, further 

investigation showed that the direction of piezoelectric axis is both age-dependent and position-

dependent, and the electromechanial moduli vary with position in bone [30⁠, 31].  

Matrix piezoelectricity is likely generated due to the molecular asymmetry of collagen, and it was 

defined as the primary mechanism for Strain-Generated Potentials (SGP) in dry bone. Time-dependent 

stress-generated voltage (calculated in the 𝑖 direction) originating from classic piezoelectricity theory 

for matrix piezoelectricity was proposed by Petrov [32] with the following equation:  

𝑉 = ቀ
ௗ೔೔.௅

ఉ೔೔
ቁ 𝐹. exp (−

ସగఙೞ௧

ఉ೔೔
)                                                                                                                                  (1) 

, where 𝑑௜௜ is the component of piezoelectric stress tensor (𝒅); L, sample thickness; F, load applied to 

the sample (in the 𝑖 direction); 𝜎௦, solution conductivity; 𝛽௜௜, the component of dielectric permittivity 

tensor, and t is the time. The charges generated by matrix piezoelectricity undergo quick relaxation. 

                                                           
1 d15 is the induced polarization in direction 1 (perpendicular to direction 3 in which the material is polarized) per unit shear 
stress applied about direction 2 (direction 2 perpendicular to direction 3) or induced shear strain about direction 2 per unit 
electric field applied in direction 1. 
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Relaxation time constants of 0.5-50 s were reported by classic dielectric measurements [23]. If matrix 

piezoelectricity was to dominate in bone, changes in conductivity and viscosity should not have changed 

the SGP amplitude. However, Pienkowski and Pollack [23] showed that viscosity and conductivity 

certainly influence the SGP amplitude. These observations led to diminish the importance of matrix 

piezoelectricity as a compelling mechanism for SGP, and drawn the researchers’ attention to an 

alternative mechanism observed in wet bone.  

2.2. Piezoelectricity in wet bone 

Wet bone either exhibits lower piezoelectric effect compared to dry bone or the piezoelectric signal 

becomes more difficult to measure. It has been speculated that the incorporation of bound water 

molecules in a wet bone increases the conductivity of the moisture-filled matrix and the asymmetry of 

the collagen molecules and consequently reduces piezoelectric properties [23⁠, 33]. Further research 

showed that streaming potentials, fluid and ions driven by mechanical loading, may also have a role in 

determining bone piezoelectric properties [34], and according to experimental findings, “streaming 

potential” was proposed as an alternative mechanism to matrix piezoelectricity and the primary drive 

for SGP in wet bone [23⁠, 35]. Streaming potential arises from the flow of a liquid across charged 

surfaces i.e. from the micropores filled with charged fluid. The fluids would be forced by a mechanical 

deformation through the canaliculi and accordingly a flow of ions is generated against the oppositely 

charged walls, resulting in a potential difference between two points along the stream [35]. To 

understand the streaming potential as an electro-kinetic phenomenon, the interface between a solid 

having a net surface charge density and a flowing ionic fluid must be understood. This interface presents 

different types of interactions (adsorption of ions, electrical and thermal effects) between an ionic liquid 

and a charged solid surface, which causes a spatially non-uniform distribution of charges near the 

interface known as double layer. Ions of opposite polarity are bound to the solid, which form a thin 

stationary layer resulting in an electrical potential varying from the solid surface to the bulk of the 

liquid. When a change in pressure causes the fluid to move relative to the solid fluid, there is a boundary 

called the slip plane that separates the thin stationary layer of fluid from the moving fluid. The zeta 

potential is defined as the electrical potential at the slip plane relative to the potential in the bulk of the 

fluid, which characterizes the electro-kinetic phenomenon in bone [15⁠, 23].  

To investigate the effects of fluid properties and structural variations of bone on the electromechanical 

properties of wet bone, Pollack et al. [36] suggested two important factors affecting fluid-related 

electromechanical properties. The authors reported that one factor is the geometry of the interconnecting 

porous matrix through which the fluid moves, which controls the direction, amplitude, and the time 

dependence of the fluid velocity. The second factor is the detailed structure of the double layer, which 

controls the electro-kinetic properties through the value of the zeta potential. At present, the typical 

method of studying the double layer structure is performed by changing the fluid ions type, 

concentration, and viscosity and observing alterations in the SGP. Pienkowski and Pollack [23] used a 
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four point bending test on fluid-saturated bovine tibia to measure SGP and relaxation time as a function 

of NaCl concentration and viscosity, and found that the increase of the NaCl concentration of the 

soaking solution (the conductivity ranged from 0.01-10 S/m) caused decrease in the SGP amplitude, 

and SGP polarity above a certain concentration reversed. Over three orders of magnitude variation in 

solution conductivity, the relaxation time of the SGP was unaffected. They also showed that the SGP 

decreased with increasing solution viscosity while the relaxation time increased linearly. These findings 

are consistent with those of Gross and Williams [37]. SGP polarity reversed when the viscosity exceeds 

20 folds that of water. However, the sign inversion of the SGP (at high NaCl concentrations) did not 

change with solution viscosities over the range of 1- 80 times of water viscosity. The amplitude of SGP 

measured in this study agreed to the SGP amplitudes measured by others [38⁠–40]. The relaxation time 

for SGP in wet bone were reported in the range of 0.1-3 s [37⁠, 41⁠, 42], which is significantly larger than 

those expected for matrix piezoelectricity. The longer relaxation time is due to the viscosity of fluid. 

These findings of  Pienkowski and Pollack [23] for SGP as a function of NaCl concentration and 

viscosity are, in part, explained by the following relationship: 

𝑉 =
కఉ೔೔∆௣

ఙೞఎ
                                                                                                                                                                 (2) 

, where 𝑉 is the stress-generated voltage (in the 𝑖 direction); 𝜉 is the zeta potential; 𝛽௜௜ is the component 

of dielectric permittivity tensor (𝜷); ∆𝑝 is the pressure gradient across a sample; 𝜎௦is solution 

conductivity, and 𝜂 is the solution viscosity. This scalar equation shows that the increase in solution 

viscosity and conductivity caused decrease in streaming potential. The polarity change of SGP is 

determined by the polarity change in zeta potential, and the higher concentrations of NaCl described by 

surface adsorption of positive ions (likely Na+) caused a shift towards a positive zeta potential. Equation 

(1) could not explain the amplitude or polarity of SGP observed in fluid-saturated bone, therefore Petrov  

[32] attributed the SGP in wet bone to a mechanism which generates a potential being dependent on 

both stress and stress gradient as also suggested by Williams and Breger [17]. However, these 

modifications could also not explain the viscosity effects and the relationship between the amplitude of 

SGP and properties of fluid in bone observed in Pienkowski and Pollack [23]. Perhaps one reason is 

that the NaCl concentration of the soaking solution may affect piezoelectric tensors.  

Over the past decades, a large number of in vitro evidence demonstrates that fluid flow induces a variety 

of responses including piezoelectricity supporting bone adaptation [43⁠–45]. However, in vivo studies 

emphasizing the role of interstitial fluid flow (IFF) to facilitate skeletal adaptation to mechanical loading 

is limited. In vivo, bone strain gradients produce measurable electro-kinetic potentials across the tissue 

[46]. Evidence showed that during mechanical loading stress-generated potentials recorded from the 

surface of bone are produced by streaming potentials generated by fluid flow through spaces in the bone 

matrix [37⁠, 47], and transcortical streaming potential magnitudes are locally correlated to strain and 

strain gradient magnitudes [8 ⁠, 37⁠, 47]. In vivo at the peak load of 88 N, transcortical streaming potential 
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under axial loading was observed to be averagely 41.6 and 37.6 mV/N, and under bending loading to 

be -120 and 156 mV/N in bone concave and convex sites respectively [46]. It has also been shown in 

vivo that intramedullary pressure (IMP) causes transcortical streaming potential, and significantly 

enhanced fluid movement in bone [42⁠, 48⁠–50]. Qin et al. [42] found out that at the peak IMP of 8.6±3.4 

kPa, the peak amplitude of the measured streaming potential was 0.39±0.14 and 0.36±0.12 mV at the 

convex and concave sites respectively. 

In fluid-saturated bone, the piezoelectric component of the SGP may be visible when (1) the streaming 

potential component (zeta potential) is small or zero, (2) the applied stress does not produce a net flow 

of fluid between the potential measuring electrodes, (3) the fluid viscosity is very high [25]. According 

to streaming potential theory, assuming that a nonzero zeta potential exists at the bone-fluid interface, 

an SGP will be observed only if there exists a net flow of fluid between the SGP measuring electrodes. 

Iannacone et al. [25] observed no macroscopic SGPs from fluid-saturated human bone samples 

subjected to uniform compression because the uniform compression produced no net macroscopic flow 

of fluid. However, they reported that fluid flow did occur on a microscopic scale because the 

microelectrode recorded the potentials resulted from localized fluid flows in individual osteons.  

Although none of the findings contradicts the suggestion that matrix piezoelectricity is the origin of 

SGPs in dry bone, these findings highly support the streaming potential mechanism and made it 

generally accepted for physiological conditions of bone. However, removing the collagen in a bone 

sample showed a decrease in the 𝜉-potential measurement [24]. In addition, the inversion of the 

streaming potential sign only happened where the collagen content is present [37]. As schematically 

illustrated in Figure 2, collagen’s ability to affect bone’s 𝜉-potential is a necessary prerequisite for 

streaming potential mechanism to play a role [28]. Furthermore, there must be an intrinsic system for 

osteocytes to differentiate the different types of bone stresses: axial compression vs. bending vs. shear 

within the fluid shear framework [28]. Microscopic assessment of bone shows that the architecture of 

collagen are uniquely suited to resist these stresses, and collagen due to its structured orientation and 

anisotropic piezoelectric property is an appealing candidate to provide the bone with the means for 

selective response of varying stresses [28⁠, 51]. Nevertheless, as reviewed by Riddle and Donahue [52], 

in spite of the relevance of matrix piezoelectricity, investigations have mostly been conducted to 

understand the role of streaming potentials rather than matrix piezoelectricity for bone modelling and 

remodeling purposes [53]. However, now it is believed that both matrix piezoelectricity and streaming 

potential contribute to the electromechanical properties of bone. 
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Figure 2. Theoretical effects of collagen piezoelectricity on bone stiffness in open-circuit conditions. Displacement of 
bone generates surface charges which increases zeta potential and streaming potential and indirectly contribute to 

greater stress and consequently greater bone stiffness (adapted from Ahn and Grodzinsky [28]). 
 

2.3. The importance of piezoelectricity in bone 

Bone adaptation: According to Wolff's law, developed by the German anatomist and surgeon Julius 

Wolff (1836–1902), bone adapts its internal shape and external conformation in response to the 

mechanical loads under which it is exposed to. This law is supported by the relation between bone 

density and physical activity [28]. Electrical measurements in bone [5] raised the idea that bone 

adaptation could be explained by “matrix piezoelectricity”. In the 1960s, matrix piezoelectricity was 

introduced as a potential mechanism by which osteocytes could detect areas of higher stress. Therefore, 

traditionally, Wolff’s Law was explained by piezoelectric properties of bone  [28]. This theory states 

that applied stress generates local potential gradients along the collagen fibers and then provides a local 

stimulus for bone-generating cells [8⁠, 9⁠, 54]. 

Bone cell activity: Discovery of piezoelectricity and transmembrane potentials has led to the 

development of technologies using electrical stimulation for cell and tissue growth. External electrical 

stimulation has been applied on transmembrane potentials to improve cellular growth and 

differentiation [12]. Methods used for osteogenic electrical stimulation range from applying 

electromagnetic waves using Helmholtz [55] and solenoid coils [56] [56] to capacitively coupled 

stimulation  [57]. Capacitively coupled electrical stimulation has shown to significantly increase the 

proliferation [58] and matrix mineralization of osteoblast-like cells [57]. However, the mechanisms 

through which electrical stimulation changes proliferation and differentiation and causes cellular 

migration are not fully understood. It is hypothesized that the electric field affects proliferation and 

differentiation either directly by intracellular components such as ions, growth factors and receptors, or 

indirectly by conformational change of extracellular ions and proteins [59⁠, 60].  
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Bone regeneration: Electrical properties of bone are also relevant as an external electrical stimulation 

of bone to assist its healing and repair [8⁠, 61 ⁠, 62]. Axial electric signals have been used to regenerate 

limbs of salamander [63], and to stimulate the regrowth of portions of amputated limbs in rats [64], 

which do not usually regenerate [65]. Piezoelectric scaffolds used for bone regeneration have also 

shown promoted osteogenesis [66⁠, 67], and improved cellular activity and desirable ontogenetic 

differentiation [68]. 

 

3. In silico studies of the role of piezoelectricity on bone behavior 

3.1. Computer models of bone electromechanical behavior (strain generated potentials) 

In the 1960s, the mechanical strains in compact bone were observed to generate electrical potential 

differences along the bone lateral and longitudinal axes [69]. However, different pattern and sign of 

generated voltage was observed in dry and wet bone [40⁠, 53], suggesting that different 

electromechanical mechanism (matrix piezoelectricity and streaming potential) are involved in 

piezoelectric effects of dry and wet bone.   

The first computer models of bone piezoelectricity mostly considered the characterization of SGP using 

linear piezoelectric theory. From a classic point of view of piezoelectric theory, end to end rotation of 

mineral samples in cantilever bending mode reverses the sign of the voltage, but does not change the 

sign of the generated potential for bone [17]. Williams and Breger [17] showed that the classic theory 

correctly describes both bone and piezoelectric crystals behavior to hydrostatic pressure. This theory 

also well predicts the crystals piezoelectric response in bending loading, but fails for bone in bending. 

Therefore, they suggested two modifications to the classic theory of piezoelectricity for bending loading 

of bone; 1) addition of a nonlinear relation between stress and polarization, and 2) addition of a term to 

relate the stress gradient and stress to polarization. They showed that the former (addition of 𝜎ଶ to the 

classic theory of piezoelectricity instead of 𝜎) did not agree well with the experimental results. 

However, the addition of the stress gradient term, previously suggested by Fukada [70], yielded to better 

agree with their experiments. They concluded that the standard theory of piezoelectricity is sufficient 

to predict bone behavior in uniaxial compression, whereas the extended theory is required for bending 

[17]. The addition of a term relating strain gradient to polarization (𝑃௜) as stated above was also 

suggested by Kogan [71] as follows: 

 𝑃௜ = ϵ௜௝௞𝜀௝௞ + 𝛾௞௟௜௝
డఌೖ೗

డ௫ೕ
+ 𝜒௜௝𝐸௝                                                                                                                                            (3) 
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where ϵ௜௝௞ is the piezoelectric strain tensor, 𝜀௝௞ is the strain tensor, 𝛾௞௟௜  is the flexoelectric tensor 

relating polarization and strain gradient, 
డఌೖ೗

డ௫ೕ
 is the spatial strain gradient, 𝜒௜௝ is the dielectric 

susceptibility and 𝐸௝ is electric field. 

In general, computational description of piezoelectric matrix is not compatible with values obtained 

from experiments for two main reasons; first as bone is polycrystalline in collagen, its directionality 

cannot be represented by a tensor for a single orientation of collagen; second the signs of any tensor is 

dependent only on its coordinates, however, the polarity of bone has been shown to be determined not 

by its spatial coordinates but by the sign of the stress [72]. Therefore, the best case is that the SGP tensor 

may be capable of characterizing magnitudes, but not the sign of those magnitudes. However, reports 

of only magnitudes for matrix of piezoelectric constants also differed significantly between theory and 

experiments [70⁠, 73]. Korostoff [72] developed a model that satisfactorily accounts for all major 

experimental observations. They proposed that the reason for the change in the sign of SGP matrix 

resides in the microstructure of lamellar bone. Their model consists of single crystal collagen interacting 

with the structure of lamellar bone, which results in an unstable antiparallel piezoelectric polarization 

configuration in bone, and decouples the sign of the piezoelectric tensor from the bone coordinates. The 

SGP polarity in bending or tension/compression is determined by the stress gradient, and the polarity 

sign is determined by the sign reversion of zeta potential. The macroscopic SGP magnitude of bone in 

bending comes from the SGP third rank tensor, while this magnitude in tension or compression is in the 

range of zero up to the magnitude predicted by SGP tensor depending on the non-uniformity of the 

applied stress or the degree of structural irregularity in the specimen. Their model showed the large 

scatter in magnitude of polarity in samples in compression as well as the smaller magnitude of SGP in 

tension compared to compression [72]. The zero components of piezoelectric strain tensor presented by  

Fukada [70] were basically non-zero values proposed by others [73]. Following this observation and 

spatial-dependence of piezoelectric moduli in bone proposed by others [30⁠, 31], Johnson et al. [16] 

proposed that perhaps there is a y-dependence in piezoelectric moduli of bone. They attempted to 

predict the voltage developed between opposed points on the compression and tension surfaces of a 

rectangular beam of dry bone subjected to cantilever bending where the z and y directions were the 

axial and vertical directions respectively. Therefore, they further modified the classic equation 

considering the spatial variation of the piezoelectric description of dry bone by calculating the electric 

field component (E) in the y-direction that can be integrated to yield the desired potential difference 

between the upper and lower surfaces of the specimen. The qualitative predictions of their model was 

confirmed by their experiments. However, the quantitative comparison showed agreement for ceramic 

material but not a straightforward agreement for dry bone. Their model could also not explain the effect 

of soaking solution properties on SGP They suggested that the apparently inconsistent piezoelectric 
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behavior of bone in bending is a consequence of spatial variations in the local values of the piezoelectric 

moduli [16]. 

Bone has been shown to be a ferroelectric material (spontaneously polarized), and possesses a domain 

structure that their dipoles are prone to reorientation resulting from the applied strain [74⁠–78]. Fukada 

and Takashita [79] in an experimental-theoretical study proposed that deformation of bone causes 

reorientation (in particular rotation) of dipoles in collagen associated with fibril bonds, and this 

reorientation then produces a net dipole moment resulting in an external potential. Following the 

observation of the stress-induced reorientation of dipoles in bone, Mahmud et al. [15] developed a 

model to characterize the strain-generated potential (SGP) of bone and its relationship to the 

reorientation of spontaneous dipoles of bone where mechanical deformation is applied. Their model 

relates the SGP signals to the reorientation of bone which has spontaneous dipoles whose arrangement 

can be changed by application of an electric field or mechanical stress. In their model, a sample is 

subjected to fixed amplitude step loading, which caused dipole rotation. Due to high loading rate, the 

dipoles reached maximum displacement, leading to a net bound charge of opposite polarity on the 

parallel sides of the specimen. Viscoelastic properties of bone then caused the charges to decay and 

return to their unstressed position. When the load was released the dipoles rotated in the opposite 

direction causing the reverse charge on the sides of the sample. This charge also decayed to zero due to 

stress relaxation. They stated that if the load rate is low, dipole rotation will not reach maximum 

displacement and therefore the generated potential will have a lower magnitude. They also reported that 

bone structure was responsible for the shape and magnitude of the generated potential [15].  

3.2. Macroscale piezoelectric models of bone adaptation 

For several decades, a number of theories have been proposed for bone adaptation to mechanical 

stresses. These theories are mostly focused on the effect of mechanical stimuli on bone formation and 

resorption. These theories explain the bone formation and resorption response  based on strain energy 

[11⁠, 80], deformation [81], stress [82], mechanical damage [83⁠, 84], or a combination of them. In these 

studies, the nature of the received signals is assumed to be purely mechanical, and the mechanical 

stimuli acting on cells (pressure, shear stress, etc.) is mainly calculated from the poroelasticity theory 

[85]. However, the effect of combined mechanical and electrical loads has also been studied in the 

context of bone remodeling [21⁠, 86⁠–88].   

To the best of the authors’ knowledge, one of the primary efforts to incorporate piezoelectricity in bone 

modelling was a physical description of bone remodeling using simple piezoelectric linear theory 

presented by Gjelsvik [10]. In their model, the bone was assumed to be mechanically and electrically 

homogeneous and anisotropic. Bone adaptation was only considered at the macroscopic level. They 

applied the classic piezoelectric formulation to determine the electrical polarization (𝑃௫ is the 𝑥 
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component of polarization vector 𝑷; 𝑥 is the direction normal to bone surface) on the bone tissue due 

to stress caused by external loads. Since bone is fully enveloped in the periosteum, they assumed that a 

surface generated potential while loads are applied close to periosteum governs bone adaptation. They 

described the mechanism of bone remodeling as follows: 

 𝑢̇  = 𝑎 𝑃௫  − 𝑈̇           𝑖𝑓 𝑃௫  ≥ 0                                                                                                                                   (4) 

𝑢̇  = 𝑏 𝑃௫  − 𝑈̇         𝑖𝑓 𝑃௫ < 0                                                                                                                                 (5) 

where 𝑢̇ is the rate of displacement normal to the surface: where it is greater than zero bone deposition 

occurs. 𝑈̇ is the velocity of the resorption process, while 𝑎 and 𝑏 are constants. If the normal polarization 

vector (positive) is associated to deposition then a is positive and −𝑎 < 𝑏 < 𝑎.  𝑢̇ greater than zero 

corresponds to bone deposition and 𝑢̇ less than zero to resorption. Gjelsvik [10]’s model is based on 

several principles: (1) the piezoelectric polarization vector associated with bone surface is the stimulus 

for the surface remodeling, (2) the material direction of the new bone tends to align itself with the 

principal stress direction [54] or the new bone direction may simply follow the old bone direction 

independently of the stress system, (3) the new bone surface is deposited to remain stress free if it is 

unloaded.  

Guzelsu and Demiray [89] presented a piezoelectric model to analyze a cantilever beam exposed to 

vertical load to identify the locations of maximum stress in compression and tension. Bassett et al. [9] 

proposed that on the convex surface tensile stress causes bone resorption, whereas on the concave 

surface bone formation is generated by compressive stress. However,  Frost [90] explained that this is 

only suitable for periosteal surface not the endosteal. He then proposed the flexural neutralization 

theory, which states that bone response in the surface depends on the relative surface curvature. 

Decreased surface convexity cause bone formation and increased surface convexity causes bone 

resorption. However, this theory does not tell how the cells detect the surface curvature. Judex et al. 

[91] proposed an alternative theory which correlates the circumferential gradients of longitudinal strain 

and the sites of periosteal bone formation. Another theory based on the fluid flow along a pressure 

gradient from more compressed regions to more tensile was also proposed [92⁠, 93]. Carpenter and 

Carter [94] assumed that pressure on periosteal surface obstruct bone formation and induce bone 

resorption, but tensile strains perpendicular to this surface cause bone deposition. All these models fail 

to predict endosteal remodeling. One possible theory that could explain why osteoclasts/osteoblasts 

have a tendency to work in some bone surfaces, could be the different electric change on each surface 

[11]. 

Garzón-Alvarado et al. [95]  proposed a model of bone remodeling using mechanical and electrical 

stimuli, where the mechanical stimulus was descried by Nackenhorst [96] which depends on tissue 

density and the work performed by mechanical stress. The electrical stimulus depends on density, 
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frequency and the work performed by the electric field. They showed that electrical stimulation 

generally result in a greater deposition of mass. Furthermore, the frequency of applied electric field 

affect the mass distribution; lower frequency causes more mass.  

There are many theories mostly focusing on either bone modelling or remodeling. Currently there are 

few models representing both bone remodeling and modelling using piezoelectricity in bone [97]. 

Fernandez et al. [11] began to use a unified theory to justify both phenomena at both endosteal and 

periosteal surfaces. Their work also shows the relevant role of matrix piezoelectricity in bone modelling 

and remodeling under physiological loading conditions, and it holds importance particularly because 

the idea of incorporation of matrix piezoelectricity on bone adaptation slightly dimmed when other 

mechanisms, such as fluid-generated shear stress [86⁠, 98] and streaming potential [36] were 

hypothesized. In their model bone was assumed to be isotropic elastic solid where the Elastic modulus 

is a function of the apparent density (𝐸(𝜌) = 𝑀. 𝜌௖), where 𝑀 = 3790, 𝑐 = 3, and 𝜐 = 0.3 given by 

Weinans et al.  [99] characterizing the bone behavior. They introduced piezoelectricity in the model by 

extension of classical piezo-mechanical function, which guarantees that the electric field increases with 

the density of the bone. 

They defined the stress tensor (𝝈) and the electric displacement (𝑫) as follows: 

𝝈 = 2 𝜇(𝜌)𝜺(𝒖) + 𝜆(𝜌)𝐷𝑖𝑣(𝒖)𝛪 − ቀ
ఘ

ఘ∗ቁ
௖

𝝐∗𝑬(𝜓)                                                                                       (6) 

𝑫 = 𝑫𝜺 + 𝑫𝑬 = ቀ
ఘ

ఘ∗ቁ
௖

𝛜 𝜺(𝒖) + ቀ
ఘ

ఘ∗ቁ
௖

𝜷𝑬(𝜓)                                                                                              (7) 

Where 𝒖 is the displacement field, 𝜺 is the strain tensor, 𝝐∗  is the transpose of the piezoelectric stress 

tensor (𝛜), 𝑬(𝜓) denotes the electric field, 𝜷 is the dielectric permittivity tensor,  

𝜌∗ is the reference value of 1.0 g/cm3, 𝛪 and 𝐷𝑖𝑣 denote the identity and divergence operators 

respectively. 𝜇(𝜌) and 𝜆(𝜌) are Lame’s coefficients of the material depending on the apparent density, 

which were calculated using the values of Poisson’s ratio and Young’s modulus2. They also

assumed as others [21] that bone behaves like a crystal with hexagonal symmetry meaning that 

permittivity tensor (𝜷) is a diagonal matrix with two constants and piezoelectric stress tensor (𝝐) is 

defined by four values as shown in Table 1.  

𝝐 = ൭
0 0 0
0 0 0

𝑒ଷଵ 𝑒ଷଵ 𝑒ଷଷ

   
𝑒ଵସ 𝑒ଵହ 0
𝑒ଵହ −𝑒ଵସ 0
0 0 0

൱  and   𝜷 = ൭

𝛽ଵଵ 0 0
0 𝛽ଵଵ 0
0 0 𝛽ଷଷ

൱                                                        (8) 

                                                           
2 For isotropic linear elastic material: 𝜇 =

ா

ଶ(ଵାఔ)
 and 𝜆 =

ாజ

(ଵାజ)(ଵିଶజ)
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Table 1 – Experimentally measured values of electromechanical properties used in the constitutive law of the bone 

piezoelectric behavior  

Parameter Value References 

𝛽(Cଶ/N. mmଶ) 
൭

88.54 0 0
0 88.54 0
0 0 106.25

൱ × 10ିଵଶ  

 

Fotiadis et al. [100]  

ϵ(C/mmଶ) ൭
0 0 0
0 0 0

1.51 1.51 1.87
   

17.88 3.58 0
3.58 −17.88 0

0 0 0
൱ × 10ିଽ   Fotiadis et al. [100]⁠[100] 

𝜌 (
g

cmଷ
) 0.8-1,6  

Báča et al. [101], Cerrolaza 
et al.  [102]  

𝑑 (
𝑝𝐶

𝑁
) 

 
 

൭
0 0 0
0 0 0

0.003 0.003 0.003
   

0.216 0.043 0
0.043 0.216 0

0 0 0
൱ 

Fukada [70] for dry horse 
femur 

൭
0 0.016 −0.017

0.009 0.002 −0.006
0.017 −0.019 0.005

   
0.130 0.011 −
0.011 −0.203 −

− − 0.036
൱ 

Liboff and Furst  [73] for 
dry bovine femur 

 

𝑑 (𝑐. 𝑔. 𝑠. 𝑢𝑛𝑖𝑡𝑠) 
 

൭
0.55 0.11 −0.25

−1.60 ≤ 0.04 0.7
0.20 0.32 0.45

൱ × 10ି଼ 
Anderson and Eriksson 

[33] for dry bovine bone 

൭
0.54 6.7 1.33
8.9 1.12 0.96

28.0 11.5 2.5
൱ × 10ି଼ 

Anderson and Eriksson 
[33]⁠[33] for wet bovine 

bone 

൭
0.06 0.27 −0.18

−0.48 0.00 0.54
−0.57 0.51 0.15

   
6.09 0.33 −
0.33 −3.90 −

− − −1.08
൱ × 10ିଽ 

Johnson et al. [16] for bovine 
femur 

They concluded that negative charges cause bone resorption and positive charges leads to bone 

formation, which has also been proposed by other authors [21]; despite strong discrepancies in the 

piezoelectric strain tensor [33 ⁠, 70⁠, 73], Fernandez et al. [11] showed that bone matrix piezoelectricity 

can explain how bone is selectively deposited or removed at different endosteal and periosteal surfaces 

by analysis of a diaphysis of a long bone with a malaligned fracture. They showed that bone in this case 

tends to be straighter, so on concave surfaces bone formation occurs.  

More recently, Cerrolaza et al.  [102] developed a model to study the piezoelectricity and its effects in 

bone remodeling using the Boundary Element Method (BEM) and a density function [11] to ensure the 

field increases. They assumed that the strain tensor and polarization vectors are a function of both stress 

and electric field for an elastic-piezoelectric body. They successfully showed the bone response to 

negative potentials, causing cell migration and bone deposition, and a bone resorption in positive 

potentials sites. They also showed that electrically loaded bone surfaces improved the bone deposition.  

3.2.1. Multiscale/multiphysics piezoelectric models of bone adaptation 

It is well known that osteocytes produce a signal as a response to mechanical loading, and they are 

thought to drive the bone remodeling response. Several authors have suggested that fluid shear effects 

[103], pericellular matrix deformation [104], interstitial fluid flow, ionic transport, and microcracks  

[105⁠, 106], and chemo-electrical signals [18] trigger the remodelling process. Several multiphysics 
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computer models have been developed to investigate the bone remodeling response [106⁠–110]. 

Piezoelectricity in bone is also a multiscale phenomenon, where both matrix piezoelectricity and 

streaming potentials play an important role in determining the piezoelectric effects. Predoi-Racila and 

Crolet [111] presented a multiscale model of human cortical bone which considers piezoelectricity, 

elasticity and porous medium. Their model consisted of collagen of type 1, Hap crystals and “bony fluid 

containing cells”. The collagen was considered as a piezoelectric medium (matrix piezoelectricity) and 

dielectric properties were used to model the presence of ions in the bony fluid. They proposed a behavior 

law considering the possibility for a medium to change its properties according to its degree of 

mineralization, so that when the mineralization becomes important in volume, the collagen fiber is 

locally embedded in Hap and cannot react to pressure variations. Therefore, Hap crystals surrounding 

the collagen establishes a sheath, which decreases or limits the piezoelectric effect progressively [111]. 

Following the idea from Ahn and Grodzinsky [28] that matrix piezoelectricity could cause a negatively 

charged environment for the interstitial fluid flow, Lemaire et al. [19] combined a description of 

electrokinetics in bone tissue [18⁠, 110] with the description of piezobiomaterials [112] to derive a fully 

coupled electro–chemo-mechanical theoretical model of bone tissue. They proposed a multiscale 

theoretical investigation of bone electricity integrating the solid matrix electro-mechanics (matrix 

piezoelectricity), streaming potential and double layer effect developing in the bone porous network 

and electrochemical effect (interstitial fluid flow) inherent to osmotic pressure, and the solid-fluid 

interfacial phenomena. The solid phase was considered as a dielectric material where the polarization 

depends on both the strain and strain gradient, and the electrical behavior was assumed to obey 

Maxwell-Gauss equation. The fluid phase consisted of modeling the double layer and streaming 

potential, the fluid movement and the ionic transport. The double layer potential in the fluid phase 

followed the Poisson-Boltzmann equation and the Nernst–Planck convection–diffusion–

electromigration equations were used which govern the ionic transport. Two different electric surface 

charges were introduced for the solid-fluid phase; surface charge density seen from the fluid or the solid 

[19]. Although due to the scaling laws, both the double layer and the matrix piezoelectric effects 

disappear through the homogenization process (their consequences are not macroscopically visible at 

the tissue level), their consequences at the microscopic scale can still exist. They concluded that a 

classical poroelasticity model combined with the usual Darcy law adequately describes the bone 

behaviour whereas, at the organ scale, in vivo electric measurement in living bone has to be attributed 

to streaming potential effects, but pure microscopic electrical effect may also exhibit indirect 

consequences such as the double layer potential in the diffusion tensor or pore surface charge density 

[19].  

Bone piezoelectric properties have also been shown to be important in the context of bone regeneration 

[13⁠, 113]. Several experimental studies have investigated the potential of piezoelectric materials to 

promote bone repair [13]; however very limited work has been performed on multiscale modelling of 
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bone piezoelectricity in the context of bone regeneration. To the best of authors’ knowledge, there is 

only a 2D theoretical and numerical multiscale study of a bio-system (hybrid scaffold) composed of an 

artificial piezoelectric material perforated by holes which are interacting with living cells of bone [112]. 

Their criteria for assessment of bone cells in the piezoelectric matrix reflected in the ability of bone to 

induce (1) an increased adherence of osteoblasts on the piezoelectric material surface, and (2) an 

increased capacity for osteoblasts to produce larger amount of bone matrix. The piezoelectric scaffold 

was modelled using the classic piezoelectric equations. The cells were assumed to be composed of 

plasma membrane and the cytoskeletal network, therefore, the cell’s behaviour was modelled using a 

linear isotropic matrix embedded with oriented fibres (microtubulae), which were modeled by a single 

additional constitutive parameter for strength of reinforcement. The micro-macro numerical simulation 

was performed using the homogenization method. The values of elasticity and dielectric tensors 

components of the living cells were obtained from Charras et al. [114], and were several orders of 

magnitude smaller than those of piezoelectric materials; hence at first no mechanical or electrical 

interference happened between the matrix and the living cells. However, under the stresses induced by 

the matrix on the boundary of the holes a rapid increase of the number of cells was predicted; which in 

turn changed the dielectric parameters in the living cells [112]. In this study, the authors investigated 

the mechano-electrical transduction on the interface between piezoelectric matrix and the cells, and 

showed that the electric field (in the same order of magnitude as the cell membrane potential field) 

generated by the matrix causes significant effects on the cells with both rectangular and circular cell 

shape of the same volume fraction [112]. Their proposed model, which predicted the growth of bone 

tissue, could control the osteoblast cells’ activity as observed in vitro [57]. 

4. The clinical relevance of computational studies of bone piezoelectricity 

Implantation of piezoelectric materials in vivo has shown promising results in bone and cartilage 

regeneration [115⁠, 116], repairing nerve injuries [59⁠, 117], breast cancer detection [118] and wound 

healing [119], which can be attributed to charge generation as a result of physiological stress and body 

movement on the piezoelectric material [12].  

Biomedical piezoelectric applications surpassed only mimicking biological piezoelectric phenomena, 

and it is now very important in the medical industry as well [120]. Piezoelectric materials can be used 

in monitoring human vital signals such as pressure changes, heartbeat or breathing [121⁠, 122]. An 

application for piezoelectric pressure sensing is synthetic skin where piezoelectric force transducers 

provide a solution to locate and quantify contact forces [123]. Chen-Glasser et al. [120] fully reviewed 

the applications of piezoelectric materials in surgery, microdosing and energy harvesting. 

Shirazi Beheshtiha and Nackenhorst [124] developed a 3D FE piezoelectric model of bone remodeling 

surrounding the teeth implant. They employed the density dependent equation of piezoelectricity [95], 
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and the thin bone-implant interface was described by the Drucker-Prager plasticity model. At the 

implant-support interface, the micromotions are reported to determine the long term success of implant. 

Therefore, they limited the osseointegration process by micromotion threshold. They showed that the 

micromotions decreased considerably, which is ideal. This model can be used for a dental implant to 

optimize new developed techniques for activating implants with piezo-electric coatings. 

Recently, a computational model was developed to analyze the matrix piezoelectric behavior of the 

lumbar vertebral body in the remodeling process [125]. They particularly focused on the algorithms for 

the distribution of the density in bone and the simulation of the strain energy density for each point of 

the geometry. In addition, the model considers the bone to be piezoelectric and transversely isotropic. 

This 3D model contains the implementation of an algorithm which includes both the elastic and electric 

variables in a single equation using BEM.  In their proposed piezoelectric model, both compact and 

spongy bone were considered. Spongy bone was defined as a homogeneous and isotropic material 

where the elastic modulus depends on bone density while the Poisson’s ratio is constant. The compact 

bone was modelled as an anisotropic material where the constitutive tensor matrix is aligned with the 

distribution of the osteons in the compact bone. Bone adaptation was modelled by the electromechanical 

reactions which change the apparent density (internal bone remodeling process). This piezoelectric 

model of bone remodeling of the vertebra could predict the density distribution (bone formation or 

resorption) in agreement with tomographic data. They proposed that the numerical model could be used 

to understand the effect of electric stimulation on osteoporosis. These new findings can contribute to 

the development of new therapies or implants to help decrease bone loss and fracture risk [125]. 

In summary, the computer models that account for bone piezoelectric effects, their main features and 

conclusions are shown in Table 2.  

Table 2- A brief review of the available computer models simulating bone piezoelectricity 

Authors Application 

Theory * + important 
model features 

 
*All models used classic 

piezoelectric theory. 

Mechanical 
loading 

Main Conclusion 

Williams 
and Breger 

[17] 

characterizati
on of SGP 

Addition of 
the stress gradient 

Cantilever 
bending/hydrost

atic pressure 

Classic piezoelectric theory 
describes bone behavior to 
hydrostatic pressure well, but 
fails to describe the behavior 
of bone in bending.  

Korostoff 
[72] 

characterizati
on of SGP 

Addition of 
the stress gradient Bending/compre

ssion 

Smaller magnitude of SGP in 
tension compared to 
compression. 

determination of SGP 
polarity 

Johnson et 
al. [16]⁠[16] 

characterizati
on of SGP 

Addition of 
the stress gradient Cantilever 

bending 

Quantitative comparison of 
computer model predictions 
with experiments showed 
good agreement for ceramic 
material but not for dry bone. 

Spatial variation of 
piezoelectric moduli 



19 
 

 
Mahmud 
et al. [15] 

characterizati
on of SGP 

Relating the SGP to the 
reorientation of the bone 

dipoles 

Step loading of 
fixed amplitude 

and duration 

Low load rates result in low 
magnitude generated 
potentials.  

Gjelsvik 
[10] 

Bone 
adaptation 

and 
remodeling 

surface bone remodeling  
is governed by 
piezoelectricity 

Tension/compre
ssion 

(1) The piezoelectric 
polarization vector associated 
with the bone surface is the 
stimulus for surface 
remodeling. (2) the material 
direction of the new bone 
tends to align itself with the 
principal stress direction or 
the new bone direction may 
simply follow the old bone 
direction independently of the 
stress system. (3) the new 
bone surface is deposited to 
remain stress free if it is 
unloaded. 

Qu et al. 
[87] 

Bone 
adaptation 

and 
remodeling 

Theoretical model of 
bone modeling and 

remodeling 
Compression 

Electromagnetic treatment 
may cause bone hypertrophy, 
although in some cases it can 
be healed automatically. 

Effect of extremely low-
frequency 

electromagnetic field on 
bone modeling 

Garzón-
Alvarado 
et al. [95] 

Bone 
adaptation 

and 
remodeling 

Addition of spatial 
density variation 

Non-uniform 
compression 

Formation of cortical bone 
occurred in the area remote 
from the load and cancellous 
bone in the areas close to load 

Effect of frequency of 
electric field on a 

theoretical model of bone 
remodeling 

Finite element method 
(FEM) 

Fernandez 
et al. [11] 

Bone 
adaptation 

and 
remodeling 

Addition of spatial 
density variation 

Compression 

Negative charges cause bone 
resorption and positive 
charges leads to bone 
formation. 
Bone matrix piezoelectricity 
can explain how bone is 
selectively deposited or 
removed at different endosteal 
and periosteal surfaces. 

FEM 

Shirazi 
Beheshtiha 

and 
Nackenhor

st [124] 

Bone 
adaptation 

and 
remodeling 

Addition of spatial 
density variation 

Compression 

This model showed decrease 
of micromotions at implant-
support interface. This model 
can be used for a dental 
implant to optimize new 
developed techniques for 
activating implants with 
piezo-electric coatings. 

FEM 

Cerrolaza 
et al. [102] 

Bone 
adaptation 

and 
remodeling 

Addition of spatial 
density variation Compression at 

trochanter and 
femur head at an 

angle 

Bone deposition and 
resorption response to 
negative and positive 
potentials, respectively 

Consideration of dynamic 
loading 

Boundary element 
method (BEM) 

Duarte et 
al. [125] 

Bone 
adaptation 

and 
remodeling 

Addition of spatial 
density variation 

Physiological 
flexion/extensio

n 

This piezoelectric model of 
bone remodeling of the 
vertebra could predict the 
bone formation or resorption 

BEM 
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in agreement with 
tomographic data 

Miara et 
al. [112] 

 
Multiphysics/ 

multiscale 
model of 

bone 
remodeling 

 

To model a matrix of 
piezoelectric material 

filled with living 
osteoblast cells 

Compression 

The electric field (in the same 
order of magnitude as the cell 
membrane potential field) 
generated by the matrix causes 
significant effects on the cells. 

biological 
activity 
within 

piezoelectric 
scaffold 

Predoi-
Racila and 

Crolet 
[111] 

Multiphysics/ 
multiscale 
model of 

bone 
remodeling 

 

A complete 
model of human cortical 
bone called SiNuPrOs 

accounting 
10 physical properties, 13 
architectural organization 

and 5 mineralization 
parameters 

Fluid-generated 
shear 

The proposed behavior law 
considered the possibility for 
a medium to change its 
properties according to its 
degree of mineralization, so 
that when the mineralization 
becomes important in volume, 
the collagen fiber is locally 
embedded in Hap and cannot 
react to pressure variations. 
Therefore, Hap crystals 
surrounding the collagen 
establishes a sheath, which 
decreases or limits the 
piezoelectric effect 
progressively 

Lemaire’s 
group: 
[18⁠–20⁠, 

107⁠, 109] 

Multiphysics/ 
multiscale 
model of 

bone 
remodeling 

 

A theoretical modeling of 
transport 

phenomena, movement of 
interstitial fluid, 

piezoelectric properties 
within cortical bone for 

bone adaptation and 
remodeling 

Fluid-generated 
shear 

A classical poroelasticity 
model combined with the 
usual Darcy law adequately 
describes the bone behaviour 
whereas, at the organ scale, in 
vivo electric measurement in 
living bone has to be 
attributed to streaming 
potential effects, but pure 
microscopic electrical effect 
may also exhibit indirect 
consequences such as the 
double layer potential in the 
diffusion tensor or pore 
surface charge density 

Maxwell-Gauss equation 

Nernst–Planck 
convection–diffusion–

electromigration 
equations 

classic poroelasticity 
model combined with the 

usual Darcy law 

 

5. Limitations and future work in bone piezoelectric modeling 

Over the years, the complexity of the models have increased from early-developed models using classic 

equations of piezoelectricity to more sophisticated models taking into account the multiscale nature of 

the process, and employing both matrix piezoelectricity and streaming potentials as two mechanisms 
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behind bone piezoelectricity at different scales. However, current piezoelectric models of bone lack 

some aspects, which require further work.  

As previously shown, the piezoelectric tensors highly affect the bone adaptive response [11]. However, 

a model, which could appropriately predict the bone piezoelectric stress or strain tensor, is not available 

yet. Furthermore, since a large discrepancy has been reported in the literature on the piezoelectric strain 

tensors, the validation of the proposed piezoelectric models challenging. In addition, the common 

modeling assumption of bone to be electrically homogeneous is not supported by experimental evidence 

[16⁠, 30⁠, 31]. Therefore, further research is required to develop more realistic models to predict the 

piezoelectric properties of bone, which are also carefully validated with experimental data.  

Another important challenge remains the development of computer models being able to explain the 

interactions between piezoelectric bone signals and the biological activity within the bone. Miara et al. 

[112] developed a detailed multiscale computer model to simulate bone cell growth and differentiation 

within a piezoelectric scaffold using the homogenization method. Although they were able to show the 

mechano-electrical transduction on the interface between piezoelectric matrix and the cells, many 

questions remain such as the influence of piezoelectric anisotropy on bone growth, effect of large 

deformations at the microscale and the proper homogenization for finite deformations [126], the 

influence of cell shape, and the consideration of sliding contact between cells and piezoelectric material 

with potential effect of delamination.  

Piezoelectric signals have been shown to play a key role on bone regeneration and these effects have 

been positively used in the design of piezoelectric scaffolds to support bone healing [13⁠, 113]. In the 

last years, several computer models have been developed to investigate the bone regeneration process 

at the different scales and how it is influenced by mechanical signals [127⁠, 128]. However, up to now, 

there are no computer models of bone regeneration taking into account piezoelectric effects. Since 

piezoelectric materials hold promise as the next generation of tissue engineering scaffolds, 

computational models of piezoelectric scaffolds for bone healing and regeneration would have a 

remarkable potential to support the design of structures to promote bone regeneration. One of the main 

challenges behind these models will be to ensure that they can realistically predict the complexity of 

the regeneration process. To achieve this, they will have to be extensively validated against 

experimental data. 

6. Concluding remarks 

Over the last few years, there is a significant rise in the number of publications focusing on the 

piezoelectric materials for bone tissue engineering. Many studies have been performed on whether 

reproducing the biological electric fields can enhance growth and repair. Implantation of piezoelectric 

materials in vivo has prompted promising results in nerve injuries, bone formation and wound healing 
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[14], which can be attributed to charge generation due to physiological stress on the piezoelectric 

material without the use of an external power source. Deformation of the piezoelectric scaffolds in vitro 

using mechanical or ultrasound stimuli has also caused enhanced adhesion, differentiation and faster 

cellular migration [13]. Even without deformation, piezoelectric scaffolds have shown positive protein 

adsorption, cellular attachment and proliferation, possibly due to permanent polarization and surface 

charges of piezoelectric materials or transient deformation caused by the contraction and protrusion of 

the attached cells [13⁠, 113]. In the current paper, the discovery of piezoelectric effects in bone and the 

different mechanisms describing this effect within bone were reviewed focused on computational 

models. We also showed that there are several remarkable experimental studies available in the 

literature to understand the effect of piezoelectricity on bone adaptation and healing and its applications 

in bone regeneration. In this review, we discuss about the available models to study the inherent 

piezoelectricity observed in bone, and those which employed piezoelectric effect to model bone 

adaptation. However, still the development of piezoelectric models to predict bone healing is missing, 

which is a remarkable potential for future direction of this field.  
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