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Abstract  

Purpose: The aim of this study was to evaluate the influence of different density and 

amplitude of electric current on the percentage of bone-implant contact (BIC) 

formation using the finite element method.  

Materials and Methods: Numerical models were performed on commercially pure 

titanium grade IV implants connected to a 1.5 V battery with an electrical resistance 

(R) at 150 kΩ on 10 µA or at 75 kΩ on 20 µA. The percentage of simulated BIC was 

analysed by varying the electric current from 1 up to 60 µA. The variation of electric 

current application was simulated for coronal and apical peri-implant regions.  

Results: The findings showed that a direct and constant electric current source below 

10 μA does not provide a proper current density for osseointegration (BIC < 55%). 

Electric current sources ranging from 10 to 20 μA resulted in an increase in BIC above 

60% while BIC reached 90% on 30 to 40 μA. Also, the application of the current source 

on 20 μA at the apical peri-implant region resulted in the highest BIC percentage at 

around 86.1%.   

Conclusions: The location and intensity of the electrical current source can increase the 

resultant electrical current density at the implant-bone and enhance the bone healing 

process. Although the model is a simplified version of the biological process in the 

bone-implant interface, the findings obtained in this study can predict a magnitude of 

electrical current density required to stimulate osseointegration. 
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1. Introduction 

Since the 1970s, titanium-based implants have been widely used in dentistry due to 

their physicochemical and biological behavior to establish a direct contact with the 

surrounding bone 1. Conventional loading - at least three months in the mandible and 

six months in the maxilla 2 it has been recommended to minimize the risk of soft tissue 

encapsulation, consequent loss of osseointegration and implant failure 1,3. Although 

10-year implant survival rate of 99.7% 4, recent studies have pursued to decrease the 

bone healing period 5. In fact, peculiar clinical conditions can occur such as the 

placement of implants in regions with poor bone quality and volume 6. Also, bone 

grafts and bio-absorbable membranes are often required for vertical and horizontal 

bone augmentation 7. Factors related to the patients, prosthetic, and surgical 

conditions statistically affect implant failure rates. Thus, shorten the healing time can 

avoid early risks of failures in implant-supported rehabilitation 8. 

Changes in morphological aspects and chemical composition of implant surfaces affect 

the dynamics of bone healing at bone-implant contact area during the initial stages 

after implant placement 9. Several studies demonstrated that rough titanium surfaces 

induce the activation of platelets to release growth factors 10,11, improves osteogenesis 

12, affects the degree of osseointegration 13, and enhances mechanical stability 14. 

Additionally, surface energy affects the biological response to the implant that speeds 

up the early stages of cell adhesion, proliferation, differentiation and bone 

mineralization. Thus, wettability probably determines the adsorption of proteins onto 

the surface and the formation of a blood clot and a fibrin network 15. Nowadays, a 

combination of physical and chemical modification of implant surfaces is the most 
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common method used for implant surface. Among them, grit-blasting with abrasive 

particles followed by etching (SLA method) is used for several implant manufacturers. 

Clinical studies showed 5-year cumulative success rate above 96% 16–18 and a robust 

bone-implant contact (BIC), ranging from 67 to 81% on implants treated by grit-

blasting and etching 19. Recent methods deal with electrochemical procedures for 

biomimetic functionalization of dental implants.  Functionalization by using bioactive 

ceramics aims to mimic the natural deposition of calcium phosphate apatite crystals on 

the implant surfaces leading to the precipitation of biological apatite on the surface of 

the implant 20,21.  

Electrical stimulation of the bone after implant placement has been studied in the last 

years 22,23. An invasive electrochemical method, and most commonly used, is the direct 

current (DC) stimulus, approved by the Food and Drug Administration (FDA) in 1979. 

DC stimulus consists of a battery that generates an electric field (EF) to growing cells, 

either directly through the implant device or indirectly through the medium where 

they are growing 24 and has been used clinically for over 36 years thenceforth for 

fracture healing 25. On the other hand, non-invasive approaches for bone growth 

stimulation namely inductive stimulus (EI) has been reported in literature. EI generates 

capacitive stimulus (EC) and an electromagnetic field from coils connected in series 

through external electrodes 26. In fact, electric stimulus speeds up bone formation 

process, probably stimulating the migration of pre-existing osteoblasts and 

mesenchymal cells to the implant-bone interface during the first stage of the 

osseointegration process. Despite several experimental in vitro and in vivo studies 

22,23,27–32, the underlying mechanism by which electrically induced osteogenesis occurs 

remains unclear. There is no consensus in the literature regarding the operating 
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principles of both electric current densities 0.01 A/m2<J<0.5 A/m2 24 and amplitudes 7 

μA to 50 μA 25 applied in the bone-dental implant interface. However, titanium 

implants submitted to 20 μA electrical current application for 14 days showed better 

bone apposition on the implant surface with 82% BIC (p <0.01) 23. This result shows the 

positive correlation between the percentage of bone-implant contact and the 

application of electric current of 20 μA 23. To our knowledge, experimental studies 

have not involved different clinical situations linked to the implant design, electrical 

source site, and the bone conditions. 

Considering several factors that affect the osseointegration process, finite element 

analyses can also be a good strategy to preliminary distinguish key aspects to enhance 

osseointegration of implants. In this way, different parameters are separately 

evaluated leading to a proper planning of in vitro and in vivo studies. Thus, the aim of 

this study was to evaluate the influence of different density and amplitude of electric 

current on the percentage of bone-implant contact using the finite element method. 

The null hypothesis of this study was that the ideal electrical current application is 

around 20 μA and that the position of the current source inside the implant influences 

the BIC area.  

 

2.Material and methods 

2.1. Numerical model of the implant-battery-bone assembly 

The numerical model used in the present study was designed from the 

histomorphometric evaluation of the bone implant contact after in vivo electrical 

stimulation of dental implants. 23 Therefore, that represented an experimental 

electrical stimulation for 15 days. Commercially pure titanium (cp Ti) grade IV implants 
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were connected to a 1.5 V battery with an electrical resistance (R) at 150 kΩ on 10 µA 

or at 75 kΩ on 20 µA. The average current density for 10 µA at body/apex peri-implant 

region is 66mA/m2, and at cervical region is 175mA/m2 and for 20 µA at body/apex 

peri-implant region is 132mA/m2 and at cervical region is 350mA/ m2. The positioning 

of the electrical resistance (h) affected the electrical current flow (I) as shown in Figure 

1. Electric current travelled a shorter path when the electrical resistance was 

positioned closer to the battery (cervical portion). The electrical current did not flow 

through the apical regions (Figure 1B).  

 

Figure 1. Schematic illustration of the implant-battery assembly. Ti represented the titanium implant while R 

corresponded to the electrical resistance. Cross-sectioned drawing reveals the internal design of the implant 

coupled to the battery.  Arrows indicate differences in electric current flow (I) depending on the positioning of the 

electrical resistance to (A): h=10 mm and (B) h=5 mm.   

 

The geometric details on the implant and battery can also be seen in Figure 2. The 

dielectric properties of the materials involved in the implant-battery-bone set up are 

described in Table 1. 
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Table 1 – Dielectric properties of materials and tissues involved in the study. 

Material Electric conductivity 

 (S/m) 

Relative permittivity 

r 

Ref. 

Cp Ti grade IV 2.5 x 106 1.6  x 102 33 
Blood clot 1.7 x 10-3 - 34 
Insulating (nylon) 1 x 10-12 8 35 
Cancellous bone 2 x 10-1 1 x 103 36 
Cortical bone 2 x 10-2 5 x 102 36,37 
Soft tissue 4 x 10-2 6 x 104 37,38 

 

Details of the implant to bone interface are shown in Figure 2A. The representative 

section of the implant-bone region was selected according to previous studies 

considering a cancellous bone with 21 mm in height 36, cortical bone with 1 mm in 

height 36,37 soft tissue with 2 mm in thickness 37,38, and blood clot with 0.3-0.6 mm in 

thickness 34. The positioning of the implant in length, depth, diameter, and 

surrounding bone volume were proper to validate the effect of the electrical stimuli on 

the bone healing in maxilla and mandibulae bone as shown in the referred previous in 

vivo study. 

 

Figure 2. Schematics of the implant and batter surrounded by the peri-implant tissues. (A) The implant to bone 

region is shown in details according to previous studies 34. (B) Equivalent electric circuit of the dental implant and 

surrounding tissues. 
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The equivalent electric circuit related to the implant-battery and peri-implant tissues is 

shown in Figure 2B, where RTi is the electrical resistance for cp Ti while RTiO2 is the 

electrical resistance for TiO2 and blood clot; RB is the electrical resistance for the 

cancellous and cortical bone and Rs is the electrical resistance for soft tissue. The total 

electrical current flowing on the dental implant and surrounding tissues is represented 

by IT (Fig. 2B).  

 

2.2. Finite element analysis 

Three-dimensional (3D) model calculations were run on a personal computer (Intel 

Core i5-2500, 3.3 GHz, 4 GB RAM) with Windows 7 (x64; Microsoft, Inc., Redmond, 

WA, USA) operating system. The electric field distribution on the implant-battery 

assembly and peri-implant tissues was computed by finite element method (FEM) 

using the COMSOL Multiphysics® (Stockholm, Sweden). A grid independence study was 

performed to establish an optimized mesh. This numerical model generated 96,185 

tetrahedral elements by FEM. The local electric field (E) value at each one of the 

tetrahedral elements calculating dominion was determined by a steady current 

module (AC/DC module) following the Laplace equation as follow: 

 

       (1) 

 

where σ is the tissue conductivity (S/m) that is dependent on the electric field and V is 

the electric potential. Neumann’s boundary condition was applied for external insulate 

surfaces while interface between different materials were assessed by Dirichlet’s 

boundary condition 39. 
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2.3. Parameters models  

Current computational limitations do not allow simultaneously simulating dimensions 

of titanium oxide thickness (nanometres) and implant dimensions (millimetres). To 

work around this dimensional difference of more than 100,000 times, the titanium 

oxide and clot were considered to be a single macroscopic system with specific 

electrical characteristics. These electrical characteristics were obtained by matching 

the electrical conductivity of the medium with the experimental results obtained by 

Bins-Ely et al (2017) 23. The electrical conductivity (BC+TiO2) of the implant to bone 

region was simulated from 0.05 to 0.5 S/m. The relative permittivity was considered 

similar to that recorded for the blood (4 x103 40). The experimental and simulated 

bone-implant region 23 were compared to those of dental implants with resistance at 

150 kΩ and 75 kΩ. The electrical current was applied at about 10 µA for 150 kΩ or 20 

µA for 75 kΩ. Then, the percentage of simulated bone-implant region was analysed 

within an electric current ranging from 1 up to 60 µA and BC+TiO2= 0.30 S/m. The 

variation of electric current application was simulated for cervical (h=5 mm) and apical 

peri-implant region (h=10 mm). The ideal electrical current density for 

osseointegration 0.01 A/m2<J<0.5 A/m2 was illustrated by coloured images. A low 

current density for osseointegration (J<0.01 A/) was represented in black colour while 

high current density (J> 0.5 A/m2) to induce tissue necrosis was suggested in white 

colour 24. 

 

3. Results 

The initial evaluation of the electric current source on the implant simulation revealed 

an electrical current intensity at 10.5 µA for 150 kΩ and 21.1 µA for 75 kΩ.  
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Electrical conductivity of the implant-bone gap region filled by blood clot was below 

0.45 S/m on an electric current source at 21.1 µA.  The bi-dimensional reconstruction 

of the model by finite element modelling is shown in Figure 3. 

 

Figure 3. 2D axisymmetric finite model of implant with surrounding tissues. The white square regions reveal details 

of implant geometry by finite element modelling: (A) Crest module, (B) body with V-Thread, and (C) apex. 

    

In the computational simulation, BC+TiO2 variation ranged from 0.05 up to 0.5 S/m that 

was acceptable for the current source of 20 µA. Percentage of BIC (%) within the 

electrical conductivity (BC+TiO2) ranging from 0.05 up to 0.2 S/m for 10 µA is shown in 

Figure 4.  

Results revealed a threshold value for osseointegration at 0.35 S/m that means an 

electrical conductivity (BC+TiO2) value for a minimum osteogenic stimulation (Figure 4). 
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Figure 4. Electrical conductivity of the bone-implant contact (BIC) region. The arrow delimits the experimental 

variations of BIC (%) results for 10 µA obtained by a previous in vivo study 23.  

 

The current density distribution (J) though the implant on BC+TiO2 = 0.3 S/m is shown in 

Figure 5.  
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Figure 5. Distribution of current density on implant for (A,C) 10 µA or (B,D) 20 µA. BC+TiO2=0.3 S/m. (C,D) The bone-

implant interface shown in details. Black colour indicated J<0.01 A/m2 while rainbow colour was at 0.01 A/m2<J<0.5 

A/m2, and white at J> 0.5 A/m2. 

 

Such high conductivity value generates low resistance values, which brings the worst 

hypothesis for the study, underestimating the osseointegration area. The total electric 

current applied to the implant at 10 μA (A,C) or 20 μA (B,D) is shown in Figure 5. 

Current density (A/m
2
) 

10 µA 20 µA 

10 A 20 A 

Ti Ti 

A B 

C D 
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The influence of electrical current sources on the bone-implant contact (BIC) 

percentage is shown in Figure 6 and 7. Electrical conductivity (BC+TiO2 ) was at 0.3 S/m 

for both analyses. In Figure 6, electrical current stimulation was performed at the 

apical peri-implant region (h = 10 mm) and showed a BIC of around 80% on 20 µA, 93% 

on 30 µA; and 98% on 40 µA. In Figure 7, electrical current stimulation was performed 

at the cervical peri-implant region (h = 5 mm) and showed lower BIC (%) values for all 

current sources.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Influence of the current source variation on the bone-implant contact (BIC) percentage. BC+TiO2=0.3 S/m. 

h = 10 mm, current applied at the apical peri-implant region.  
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Figure 7. Influence of the current source variation on the bone-implant contact (BIC) percentage. BC+TiO2=0.3 S/m. 

h = 5 mm, current applied in the cervical peri-implant region.  

 

4. Discussion 

The results of the present study support the rejection of the null hypothesis. They 

showed that a source applying a direct and constant electric current below 10 μA does 

not evidence acceptable current density values requeired for osseointegration 

(BIC < 55%). However, current sources ranging from 10 up to 20 μA promoted BIC 

values above 60% while sources from 30 up to 40 μA resulted in BIC values above 90%. 

In the case of implant geometry, the application of the current source at the apical 

peri-implant region (closer to the implant apex) resulted in BIC values at 86.1%.  

In this study, the electrical conductivity of the titanium oxide and blood clot was 

estimated at 0.3 S/m (Fig. 4) considering there is a chemical reaction between the 

TiO2-film and blood that changes their chemical composition, thickness, and dielectric 

Current source (µA) 
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properties. The numerical model simulation evaluated the TiO2–film and the blood clot 

assembly, showing macroscopically a joint constant electrical conductivity (BC+TiO2). 

The value obtained in this study is in agreement with the expected values for analytical 

approaches. Previous studies have reported an electrical conductivity of the titanium 

oxide (TiO2 film) formed on the dental implant surfaces within a thickness of 1-10 nm 

41,42  at 10-6 S/m 43 while the blood within a thickness of 0.45 mm 34 showed electrical 

conductivity at  0.6 S/m 44,45. However, several studies have shown that the electrical 

conductivity of TiO2-film depends on the applied electric field 33,46. Also, computational 

simulation considering only blood (0.6 S/m 40 ) at the implant-bone interface could not 

reveal representative results as experimentally obtained from in vivo or 

electrochemical in vitro studies. Regarding the TiO2-film changes on different 

environmental conditions, both the oxide thickness and the TiO2 conductivity 

(between 10-7 47 and 106 S/m 48) also vary during the blood coagulation process. Thus, 

the blood between the implant and the bone undergoes a coagulation process due to 

the reaction between fibrinogen and thrombin 49,50. That provides a decrease in 

electrical conductivity of one-fold after the coagulation process 49. The estimation of 

the electrical conductivity at the BIC region varies once the coagulation process 

depends on several factors such as temperature, implant surface, implant-to-bone 

micro-gap, blood sedimentation, and hematocrit 51. The evaluation of the electrical 

and geometric properties of TiO2-film and blood clot is a limitation of computation 

simulation.  

The balanced electrical stimuli on titanium implants has some advantages regarding 

the cell migration, angiogenesis, and bone growth. The fundamentals on the electrical 

stimuli are related to the electrochemical reactions around the implant. On the direct 
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electrical stimuli, the titanium implant becomes a cathode while the bone and the 

surrounding tissues are the anode. Then, the electrical current flows around the 

implants through the surrounding medium leading to the formation of hydroxyl radical 

that increase the pH27. As a result, the low oxygen content and the alkaline 

environment stimulate the activity of osteogenic cells and therefore the hydrogen 

peroxide content stimulates the release of vascular endothelial growth factors (VEGF) 

22. The continuous electrical stimuli at a well-controlled magnitude can regulate the 

osteoinductive growth factors, such as bone morphogenetic proteins (BMP-2, -6, and -

7), which stimulates the cellular proliferation, differentiation, and extracellular matrix 

synthesis55. That can enhance the bone growth by contact and distance osteogenesis 

processes within a bone healing speed-up55. 

In the present study, the finite element modeling and analysis considered the healing 

cap surrounded by the soft tissue (Figure 2A). Such information is relevant since the 

exposure of the healing cap can changes the conductivity of the implant. Thus, the 

degradation of the implant surface could affect the osseointegration process due to 

the release of corrosion products and Ti ions24. Also, the change in pH due to peri-

implant inflammatory reactions can affect the dielectric properties of the TiO2-film 

according to the equation in Figure 2B. In fact, the soft tissue shields the wound 

against injuries, acidic substances, and bacteria-induced infections from the oral cavity. 

After that, an abutment will replace the healing cap to promote the establishment of 

the anatomical features of the peri-implant soft tissues.  

The materials involved in the chemical composition of the implant, abutment, and 

battery determine the electrical resistance of the implant surface and electrical current 
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flow at the peri-implant region, as illustrated in Figure 1 and 2. That change becomes 

significant in the case of BC+TiO2≤0.1 S/m, IT≤17.12 µA.  In that case, there was a 

decrease of around 18% in electrical current source. However, such decrease in 

electrical source was not enough to affect osseointegration stimulation as seen in 

Figure 4.  The current density distribution (J) though the implant on BC+TiO2 = 0.3 S/m, 

considering high conductivity values generate a low resistance value, as shown in 

Figure 5. At the peak of the implant screw thread, bone-implant interface revealed 

slightly better results (rainbow color) when compared to the valley region (current 

density distribution below 0.15 A/m2). That indicated an influence of the implant 

macro-geometry on the current density distribution at different regions of the implant. 

An issue that remains unclear deals with optimal electrical stimulation, related to both 

electric current density and intensity considering the individual variation in bone 

density. Nevertheless, experimental studies in literature have not followed any 

standard requirement, leading to bias in comparing results or to draw conclusions for 

suitable application in human bone healing. Common parameters applied include DC 

current at around 1-50 μA/cm2, which can affect osteoblast proliferation and gene 

expression of cell differentiation 24,27,28. Previous studies also reported different direct 

current amplitudes, ranging from 7 to up 50 μA 25, to induce bone formation. Some 

studies reported an enhancement of bone healing in tibiae and femurs of rabbits or 

dogs after electrical stimulation at 10–20 μA over different periods of time 52,53.  

The numerical model was also capable to demonstrate the highest BIC percentage 

when applying electric current from 30 and 40 μA (~ 90%), as seen in Figure 6. The 

results of the present work also indicated that an applied electric current above 40 μA 

can exhibit an electrical current density higher than 0.5 A/m2, which may cause tissue 
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damage 24. The mathematical model used in our study showed that the application of 

the optimum current source position at 20 μA was at the apical peri-implant region 

(h=10 mm), resulting in 86.1% of the BIC area (Fig. 6). In this way, a decrease in BIC 

percentage of around 10% was recorded when the electrical stimuli source was placed 

at the cervical peri-implant region (peri-implant bone crest) (Fig. 7). Although 75.4% of 

the BIC area has acceptable current density for osseointegration, such electrical 

distribution was heterogeneous, showing I<0.01 A/m2 at the apical peri-implant 

region. 

Considering the previous findings, Bins-Ely et al. 23 showed that the increase in BIC area 

was higher when electrical stimuli were applied, as evidenced by statistically significant 

differences between the test (10 μA and 20 μA) and control (0 μA) groups over a 

period of 15 days (p < 0.01). Narkhede 54 demonstrated in a study in rabbit that an 

electrical stimulus at 20 μA did not affect the bone formation around implant. The 

highest BIC results were obtained in animals undergoing 40 μA stimulus over periods 

of 35 and 50 days. Long-term periods of electrical stimulation on 100 μA were 

detrimental to the process of bone formation 54. A more recent study in rabbit, 

conducted by Fredericks et al 55 suggested that DC stimulation at 100 μA, during 

4 weeks, increase the rate and extent of bone formation for 4 weeks due to the up-

regulation of osteoinductive factors. Corroborating with this finding, Brighton et al 53 

reported electrochemically reduction in oxygen tension and a considerable elevation in 

pH occurred at 100 μA, known to cause necrosis in vivo. Also, another previous study 

reported a risk of one osteolysis on electrical current above 30 μA 56. 

In despite of the current flow is not uniform along the surrounding bone–implant 
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interface 23, previous studies have also reported bone formation after electrical 

stimulation associated with dental implants placed in dog mandible 30,57,58. Therefore, 

the positioning of the electric current source inside implant (cervical versus apical peri-

implant regions) and implant design, could change the BIC area rates. In the present 

study, finite element analysis (FEA) reveals significant information on the flow path 

and intensity of the electrical current around the titanium implant to bone region. 

Thus, the electrical current flow occurs through the path at low electrical resistance 

between the implant and the surrounding bone. As a result, some regions can have a 

higher current density than other regions as shown in the present findings. The cell 

stimulation and bone growth are higher in the peri-implant region on balanced current 

stimuli. Several parameters related to the implant design, materials, and bone type 

should be further studied by FEA in association with positioning and type of the 

electrical source. 

 

5. Conclusions 

Within the limitations of a mathematical model of a previous in vivo study, the main 

outcomes of this work can be summarized as follow:  

 Electrical current source below 10 μA might not provide a required resultant 

current density for osseointegration as indicated by bone-implant contact 

percentage less than 55%. However, electrical current sources ranging from 10 

up to 20 μA could increase the bone-implant contact up to about 60% while 

source ranging from 30 up to 40 μA can result in bone-implant contact 

percentage at around 90%; 

 Regarding the positioning of the electrical source, the application of the 
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electrical current source at the apical peri-implant region (closer to the implant 

apex) resulted in 86.1% bone-implant contact.  The electrical current source at 

the coronal region might decrease the bone-implant percentage; 

 The macrogeometry of the implant thread region might play a crucial role on 

the current density at the bone-implant interface. Also, the exposure of the 

healing cap would change the electrical conductivity of the implant and 

electrical current flow at the peri-implant region. Further studies should 

consider such parameters to clarify the electrical current flow at the bone 

surrounding the implant. 
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