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Abstract 

Dental implant stability is greatly affected by the mechanical properties of the bone-implant 

interface (BII), and it is key to long-term successful osseointegration. Implant stability is often 

evaluated using the Resonant Frequency Analysis (RFA) method, and also by the quality of this 

interface, namely the bone-implant contact (BIC). True to this today, there is a scarcity of models 

tying BIC, RFA and a spatially and mechanically evolving BII. 

In this paper, based on the contact/distance osteogenesis concept, a novel numerical spatio-

temporal model of the implant, surrounding bone and evolving interface, was developed to assess 

the evolution of the interfacial stresses on the one hand and the corresponding resonant 

frequencies on the other. 

We postulate that, since the BIC percentage reaches saturation over a very short time, long before 

densification of the interface it becomes irrelevant as to load transmission between the implant and 

the bone, due to the existence of an open gap. Gap closure is the factor that provides continuity 

between the implant and the surrounding bone.  

The results of the calculated RFA evolution match and provide an explanation for the multiple 

clinical observations of a sharp initial decline in RFA, followed by a gradual increase and plateau 

formation. 

 

Keywords: Bone Implant Interface, Osteointegration, Bone Implant Contact, Numerical Simulation, 

Radio Frequency Analysis 
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1. Introduction 

Dental implant stability is affected by the mechanical properties of the connection between the 

implant and the bone, also known as the bone-implant interface (BII). Although the optimal 

biomechanical properties of the BII have not yet been fully clarified, it is known that the BII 

determines the mobility of the implant, whose limitation is a requisite for successful 

osseointegration. Osseointegration is defined as a direct connection between living bone and 

implants  that can provide structural support1,2 and without it, long-term success cannot be 

achieved. Implant stability is viewed as a two-step process: (1) Primary, which mostly results from 

mechanical attachment with the cortical bone, and (2) Secondary, which involves bone regeneration 

and remodeling, and is affected by primary stability3. 

A study by Søballe et al4, has shown that implant micromotions during healing may affect the 

process of osseointegration and bone remodeling. Micromotion of 50 – 150 𝜇𝑚 may cause fibrous 

tissues formation at the BII, inducing bone resorption. This shows that primary stabilization of the 

implant in bone tissue is a necessary condition for successful implant osseointegration. In other 

words, the absence of mobility in the bone bed after implant placement, is of utmost importance for 

the long-term success of dental implants.  

Despite their widespread clinical use, failures of dental implant integration still occur and remain 

difficult to anticipate. There is a great need for continuous monitoring of the implant stability status, 

specifically during the healing phase, quantitatively and objectively. A proper evaluation during the 

early stages of recovery can provide insight and essential information that will substantially help in 

improving the long-term prognosis of dental implants3.  

Numerous methods have been employed overall the last decades to identify implant stability. These 

methods can be categorized as invasive and non-invasive. Historically, the gold standard method to 

evaluate stability is bone histomorphometry. Bone histomorphometry is the assessment of cellular 

and structural variables through histological section observation, and it is an essential technique for 

monitoring changes at the tissue-level of mechanisms pertaining to bone physiology5,6. These 

measures are obtained by calculating the 2D bone-implant contact (BIC) percentage on histological 

sections. Higher BIC values, i.e., a larger amount of bone in contact with the implant, results in a 

higher structural stiffness. The BIC is correlated with the biomechanical properties of the BII and 

increases during bone healing7.  

However, due to the invasive and destructive procedure, bone histomorphometry is not suitable for 

in-vivo long-term studies or clinical continuous monitoring8. Moreover, during the healing process, 

the generated woven bone is poorly organized. Its composition and mechanical properties 
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constantly evolve9,10, and therefore it is a challenging task to quantify them at the onset of the 

healing phase.  

Based on the available literature, there is virtually no documentation regarding human dental BIC 

measurements at the early stages of the healing period. To the best of our knowledge, the earliest 

documented period for dental implant in humans was 4 weeks after the surgery11,12. This scarcity of 

published results is consistent with the difficulty to evaluate woven bone properties using bone 

histomorphometry.  

Resonance Frequency Analysis (RFA)13 is an alternative method to measure the initial stability of an 

implant in a non-destructive manner, and has gradually become a common clinical method14–16. RFA 

consists of measuring the resonant frequency(ies) of a dental implant that is actuated externally by 

means of electromagnetically induced vibrations. The results are converted into an Implant Stability 

Quotient (ISQ)17, whose exact definition is not very clear. Yet, the higher the ISQ value based on the 

resonant frequency, the higher the stability18. The resonance frequency analysis depends upon three 

main aspects: (1) the design of the transducer itself; (2) the total effective length of the implant 

above the marginal bone level (super crestal); (3) the stiffness of the implant fixture and its BII17,19.  

Several papers have questioned the existence of a significant correlation between RFA 

measurements and BIC in human specimens8,20–23. Therefore, the relation between implant stability, 

as obtained from RFA measurements, and BIC is still an open/controversial subject. 

The use of finite element analysis (FEA) in biomechanics, and especially in dental biomechanics, is 

increasingly becoming a popular alternative/complement for “hands-on” measurement. Performing 

FE analyses of the BII requires a proper description of its mechanical behavior, assuming different 

hypotheses about the biological tissue and the interlocking of implant surface24. Until recently, the 

very nature of the BII was simplified, either by assuming a perfectly bonded or an equivalent 

frictional state, overlooking the fact that a dental implant is never fully bonded25,26, akin to 100% BIC. 

In addition, these models don’t include the complex nature of the bone or the temporal evolution of 

stiffness of the BII zone26.  

In a recent paper by Xie et al.26, a simple, yet physically-informed model, was presented for the 

mesoscale mechanical characteristics of the BII. The numerical study provided spatial-temporal 

evolution of discrete elements and the overall model mechanical response. By tracking each cubic 

micrometer of bone throughout the process of peri-implant osteogenesis, the authors extracted the 

biomechanical properties of the BII region over time. However, this model did not consider the BIC 

itself as it concerned only the interfacial layer (BII). In this work, the concepts of contact and distance 

osteogenesis (CO and DO, respectively), were implemented to describe the evolution of the moving 

bone densification fronts from and towards the implant27. 
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Xie et al.’s model26 clearly shows that as long as the CO and DO fronts have not met (i.e., before gap 

closure), the interface (BII) offers no significant elastic resistance to loadings. In other words, the BII 

cannot transfer stress between the remote (DO) bone part and the implant as it offers no 

mechanical resistance. Load transfer can only occur significantly once the gap between CO and DO is 

closed, which may take some 30 days or more, according to the assumed CO/DO kinematics. The 

above reasoning raises an interrogation about the mechanical characterization of the BII in the early 

period that precedes gap closure and complete “solidification” of the BII. 

With such a model for the BII at hand, and despite its simplifications, one can now introduce the BII 

and its evolution explicitly into a finite element model of the bone-implant system, to determine the 

overall mechanical response of the bone-implant system and its corresponding resonant frequency. 

For such a task, one needs to carefully examine the components influencing the BII mechanical 

behavior: (1) BII stiffness, and (2) BIC expressing the degree of attachment of the bone to the dental 

implant.  

Consequently, the goal of this research is to numerically assess the influence of a spatially and 

mechanically evolving BII, in parallel with the evolution of the BIC, on the implant-bone load 

transmission, thereby defining the limits of detectability of mechanical changes, that could be 

assessed using the Resonance Frequency Analysis or any other method.  

 

2. Modelling considerations 

2.1. BII stiffness considerations 

The study of Xie et al.26 describes Young’s modulus evolution in time under different assumed 

evolutions of contact and distance osteogenesis27 (CO and DO, respectively), represented 

schematically in Figure 1.  

 

Figure 1: Schematic representation of the BII kinetics use white color for Bone-implant interface  
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The schematic representation of the BII (Figure 1) features 3 distinct domains: 

(1) The connection between the implant and the bone, is embodied in the evolving BIC and CO. 

(2) The evolving remote osseointegration front, is embodied in the DO region. 

(3) The bone material between the CO and the DO regions progresses towards each other with time 

until ultimate gap closure (Figure 1, B) and generation of a solid bone (Figure 1, C). 

 

 

2.2. BIC considerations 

Based on the accumulated knowledge and experience, it appears that the BIC is a critical factor for 

long-term implant success28. As mentioned, the BIC is quantified by measuring the amount of the 

implant surface directly attached to the mineralized bone. Traditionally, the measurement is done 

without the interposition of soft connective tissue28.  

There is a vast amount of literature documenting the BIC values of the dental implant, and 

specifically for humans. However, due to the difficulty in performing histomorphometry analysis 

during the early stages of bone healing, there is no literature that can provide BIC measurements 

during the first days / weeks of the healing phase. The following focuses on papers that have 

reported measurements from the early stages of the healing, i.e. 4 – 28 weeks after surgery11,12,37–

46,29,47–49,30–36. For every paper, the reported measurement is the average value. When several 

sources reporting BIC of the same time interval were found, the average BIC was calculated (Table 

1).  

 

Weeks Average BIC (%) Ref. 

4 58.76 11, 12 

5 53.15 11, 29 

6 82.33 11 

7 55.00 43 

8 46.63 11, 12, 31-40, 48  

16 79.77 41, 42 

24 63.17 43-47 

28 55.00 49 

Table 1: Partial summary of the average human BIC reported in the literature.  

 

Due to the lack of information regarding the first week of the healing period, the first data point of 
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the curve is arbitrarily set to (0, 10) (i.e., the BIC of the first week is set to 10%).    

Based on the accumulated measurements and the added starting point, we constructed a 

mathematical equation that estimates the BIC as a function of time (𝐵𝐼𝐶% = 𝑓(𝑡)).  

The function is written as follows: 

𝐵𝐼𝐶% = 𝑎 ∙ erf(𝑏 ∙ 𝑡 + 𝑐) + 𝑑   (1) 

 

With coefficients (with 95% confidence bounds) listed in Table 2: 

𝑎 𝑏 𝑐 𝑑 𝑅2 

24.8 0.9157 −3.134 36.8 0.7016 

Table 2: The values of Equation (1) coefficients 

 

The following graph are constructed using Equation (1) for different time intervals:     

 

Figure 2: The BIC evolution. (A) values from the literature and (B) the model (Eqn. (1)) 

 

Figure 2-A illustrates the average BIC as reported in the available literature and the BIC curve 

constructed from these data points. The curve fit is reported in table 2. Notice that the first 4 weeks 

are undocumented, and the BIC evolution is therefore assumed for the sake of continuity.   

Figure 2-B illustrates the numerically estimated average BIC during the first 4 weeks, i.e., the 

undocumented area. The curve is calculated using Equation (1). The BIC curve has a sigmoid-like 

shape where the first data point is arbitrarily set to (0, 10) and continuously rises until it reaches a 

plateau after approximately 12 days. 

 

2.3 Coupling the BII stiffness and BIC 

Noting that the BIC percentage and BII stiffness evolve in parallel, one can now couple the two as 

shown in Figure 3.   
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Figure 3: BII stiffness and BIC as a function of time. The average BII stiffness represents the evolution of resultant stiffness at 

constant DO but varies according to Xie et al.26 

 

Since both the BIC and the interfacial stiffness evolve with time, one can express the stiffness of an 

interfacial element unit as a function of its BIC ratio, thereby yielding a more realistic mechanical 

representation of the BII. Based on the work of Xie et al.26, a mathematical model that couples the 

stiffness of an interfacial element unit with respect to the BIC was devised (Figure 3). 

 

When taking into consideration the curves in Figure 3 and the results from Xie et al.26 (Figure 1) one 

can easily deduce the following:    

(1) During the first stages of the osteointegration process, days 0 – 30, the BIC is rapidly growing 

while the BII stiffness is essentially constant around 1.87 GPa. This time interval correlates with 

Figure 1-A, where there is a gap between the CO and DO fronts. This implies that during that 

period, the BIC is the primary measurement to assess the implant stability, while the process of 

estimating the BII stiffness is of little relevance since there is an open gap between the implant 

and the bone for which the averaged stiffness is continuously the lowest until gap closure.       

(2) In Figure 3, during days 50 – 100, there is a shift in the curves, and from that point on, the BII 

stiffness is increasing until it reaches a plateau while the BIC remains constant. This time interval 

correlates with Figure 1-B, where the gap between the CO and DO fronts is closed. 

This implies that during that period, the BII stiffness is the primary measurement to assess the 

implant stability, while the BIC becomes constant.  
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3 Materials and methods 

The model is composed of an MIS Seven (Seven® MIS, Barlev, Israel) implant50, the (evolving) 

interface, and the solid bone (Figure 4). For the implant, isotropic mechanical properties of Ti-6Al4V 

ELI (American Society for Testing and & American Society for Testing and Materials 2013) were used 

(see Table 2). Cortical and trabecular bone tissues were assumed to be isotropic with mechanical 

properties according to Guan et al.’s work51 (Table 2). 

Material 
Young’s Modulus 

𝐸 [𝐺𝑃𝑎] 

Poisson’s ratio 

𝜐 

Density 

𝜌 [
𝑘𝑔

𝑚3] 

Ti-6Al4V ELI 113.8 0.33 4430 

Cortical bone 18 0.35 1900 

Trabecular bone 0.7 0.34 1000 

Table 2: Mechanical properties of the FE model static components 

 

The model is three dimensional, where each unit cell is assumed to behave as a linear elastic 

isotropic material while the simulation of the spatially and mechanically evolving BII is dynamic (i.e., 

changes during the simulation based on the model in Figure 3). The analysis was carried out using 

the commercial finite element package Abaqus/Explicit (version 6.14, Simulia, Providence, RI)52.  

 

 

Figure 4: FE model. A – MIS Seven implant; B – The meshed bone & implant model; C – Top view of the model’s mesh with a 

250 𝜇𝑚 wide BII (marked in red); D – Magnification of the BII region (red); E - Details of the interfacial mesh 
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To properly model a spatially and mechanically evolving interface, an initial FE model was 

constructed to represent the process described in Figure 1-A. More specifically, we assigned the CO 

and DO fronts, and BII layers from the implant and bone respectively, with the kinematics of 3
𝜇𝑚

𝑑𝑎𝑦
 

and 2
𝜇𝑚

𝑑𝑎𝑦
  respectively. Due to software limitations, the initial width of the CO layer is 6-micron, and 

the DO layer is 4-micron. The initial gap between the two fronts is therefore 240-micron wide. The 

process of CO and DO evolution is embodied by the change in the element’s mechanical properties 

at each time step. The external boundary of the cortical and trabecular components is constrained in 

all directions.  

 

Once the initial spatial properties are set, a dedicated routine composed of the following four steps 

is applied: 

(1) First, the coupled model of stiffness and BIC as a function of time is assigned to the 6-micron 

wide interfacial CO layer (Figure 4 A-B). A CO of width 6-micron and DO of 4-micron are 

equivalent to 2 days of osteointegration, according to the prescribed speeds of progression of 

each front. As for the gap between the two fronts, we assign the lowest stiffness value of 1.87 

GPa, which could as well be 0 since the interface offers no significant mechanical resistance, as 

it is not comprised of solid matter.   

 

Figure 5: Illustration of the BII CO front of 6-micron width. BII-CO front of 6-micron (2nd day for illustration). All elements 

that are common to the implant and the BII CO front are colored in grey. implant osteotomy and BII gap, are colored in 

green. A randomly selected number of elements of the BII on the CO side are colored in red 

 

(2) To compose the BIC, elements that are common to the implant and the BII CO side are selected 
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randomly (Figure 5B). The BIC is represented by the number of such randomly selected BII CO 

elements divided by the total number of common elements. As for the DO side, there is no 

random selection, and all elements participate in the simulated evolution. The BIC and the 

interfacial stiffness as a function of the time are iteratively updated according to Figure 4. A 

total of 10 realizations per BIC percentage were modelled.  

(3) At each iteration, a 100 N force, making a 35-degree angle with the longitudinal implant axis is 

applied and peri-implant stresses are thus calculated. 

(4) For the same configuration, the resonance frequency of the bone-implant ensemble is 

calculated next (for the most relevant first mode). 

 

4. Data analysis 

During the implantation process, an osteotomy is first practiced by drilling into the jawbone with a 

diameter that is inferior to that of the implant. Next, the implant is screwed into the osteotomy, 

creating a replica of the implant thread into the bone. After a short period of time, during which the 

damaged bone dissolves and stresses relax, thus creating the initial assumed 250-micron wide gap, 

the bone starts reconstructing itself with the above-mentioned CO/DO processes. A shown in Figure 

6, it is assumed that the initial geometry of the bone thread perfectly matches that of the implant 

and that the time for the onset of the BII formation is at which the CO/DO processes start.  

 

Figure 6: Illustration (out of scale) of the symmetry assumption. 

The outer line of the implant, colored in green, is the CO layer of the BII. The outer line of the bone, colored in red, is the DO 

layer of the BII. Figure A depicts the evolution of the BII layer on day 0 (each front has a width of 0 um) and Figure B is a 

more detailed illustration. Figure C depicts the BII on day 50 - no gap between the CO and DO (i.e., complete contact 

between all elements of the CO and the DO distal fronts)      

 

Our calculations start on day 2, due to software limitations, where the gap size is reduced to 240-

micron. 

The following procedure was applied to calculate the interfacial stresses of the evolving model: 
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(1) Elements were divided onto 3 distinct categories: (a) CO elements - all elements that lie between 

the implant surface and the CO front; (b) DO elements - all elements that lie between the bone 

surface and the DO (c) Gap elements – all elements that lie between the CO and DO fronts. 

As mentioned earlier in the simulation dedicated routine, the elements of each category are 

assigned with the appropriate mechanical properties. 

(2) To properly calculate the von Mises stress in the BII as a function of time during the first 50 days, 

one must calculate the average stress for each section (CO, DO and gap). 

(3) For the CO and DO elements we define a sub-category as follows: all main category elements 

(CO elements and DO elements) that are located in the distal front of the layer are considered as 

“shell elements” (Figure 7).  

(4) Next, the averaged von Mises stress on those “shells” can be plotted as a function of the 

distance, thus reflecting the assumed evolution of the CO-DO fronts.  

 

 

Figure 7: Partial illustration (out of scale) of the “shell elements” (blue triangles). 

 

(5) As for the gap, we calculate the average stress based on all elements confounded in this region. 

I.e., we calculate the gap elements’ average stress. 

(6) We repeat stages 3 – 5 until the gap is closed (all distal elements are in contact). 

(7) After 50 days, once the gap is closed, the calculation of the average Mises stress can be 

performed on the complete model (i.e., the sum of all stresses divided by the total number of 

elements). 

(8) Finally, the resonant frequency (first mode) is calculated for the model using the 

standard procedure detailed in15. 

 

5. Results 
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In the following section we will present the results for the von Mises stress and the RFA, generated 

from the described simulation and data analysis. The results were calculated in a Python 3.8 

environment. 

 

5.1 von Mises stresses as a function of time and distance 

The von Mises stress results were calculated individually in every time step, based on the process 

described in materials and methods and the data analysis sections. The von Mises stress is the 

simplest scalar representation of the acting stresses. The following Figure is the combination of 

these results in a single graph.  

 

Figure 8: The calculated von Mises stress as a function of the BII evolution. 

 

Figure 8 shows that as long as the gap is not closed, there is a significant stress gradient on both CO 

and DO sides, separated by a minimally stressed gap. Upon closure (day 50), the stress distribution 

changes significantly, becoming almost constant in the BII with a tendency to decrease when time 

elapses and the stiffness increases. 

Gap Implant Bone 
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5.2 Resonance frequency analysis 

The RFA results were calculated individually at every time step.  

 

 

Figure 9: Boxplot of the resonance frequency (first mode) of the bone-implant ensemble as a function of time. At day 0, the 

reported frequency is that of the bare implant. 

 

First, one can note that the range of resonant frequencies is quite narrow, not exceeding 600 Hz, 

with the highest frequency being characteristic of the bare implant. As long as the gap is not closed 

(day < 50), the change in resonant frequency is hardly detectable and remains close to that of the 

bare implant. Once it is closed, the resonant frequency drops dramatically to an average value of 

7813 Hz. As the ensemble becomes stiffer due to gap “solidification”, the resonance increases as 

expected, until it reaches a plateau around day 120. Note that by that time, there are no changes in 

BIC and the interfacial stiffness, as appears in Figure 3. 

 

6. Discussion 

In this paper, we developed a finite element model with explicit modelling of the BII spatial-temporal 

evolution based on CO/DO concepts. This model is a continuation of the basic interface modelling of 

Xie et al. 26, albeit applied now to a three-dimensional implant geometry. It can be argued that the 

physical (biological) reality of such an interface is much more complex, starting at the nanoscale. 

Likewise, different models of osseointegration can be found that provide detailed biological 

information on the nature of the bone-implant interface, such as soft tissue and bone debris, in 

Filling the gap Gap solidification Interface stabilization 

* 

* = Bare implant  
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addition to new/old bone53. All in all, and despite the detailed information, such models can be 

simplified to the gap reduction until closure and tissue stiffening.  With that, a model that 

encompasses all scales, from nano to macroscopic, is currently beyond reach, whereas a 

homogenized model of the kind developed here, in which the salient features of the 

osseointegration process (the kinematics and the statics), can provide useful and clinically relevant 

insights. 

The first remark that can be made is that when one compares the rates of osseointegration 

expressed via the BIC percentage, alongside the CO/DO kinetics, it is evident that the BIC reaches its 

maximal value long before the interfacial gap closure is achieved. The BIC evolves on the CO 

(implant) side while it is constant (“perfect”) on the DO (bone) side. Due to this difference in 

kinematics, one can decouple BIC and interfacial strength. Whereas the former reaches early 

completion, the latter starts manifesting itself only when the interfacial gap closure is achieved. As 

illustrated in Figure 8, the stress transmission across the interface is, to some extent, nonexistent as 

long as the gap remains open. Consequently, the sole characterization of the BIC is insufficient to 

determine the mechanical response of the BII. It is also interesting to note that once the gap is 

closed, the equivalent stress in the BII is almost constant, getting lower in time as the BII stiffness 

increases. 

The next point worth being addressed is that of the resonant frequency. Figure 9 shows again a 

marked difference before and after gap closure. Before gap closure, the essential mechanical actor is 

the (bare) implant which is weakly connected to its surroundings. However, once the gap is closed, 

the resonant structure is composed of implant, BII and bone. This ensemble is of course less stiff 

(and heavier) than the sole implant, which explains the sudden drop in resonant frequency. But as 

the BII stiffens due to the increase in newly formed bone and decrease in soft tissue and bone 

debris53, the resonant frequency increases mildly as expected. However, the calculated gap of 

frequency is some 150 Hz, which may be quite delicate to evaluate reliably with repeatability. 

Finally, past day 130, the RFA will not reveal any new evolution. This result is coherent with the BII 

unchanged stiffness during this time period.  

In other words, as long as the gap exists and the BIC is still evolving, early RFA measurements are 

insensitive. The drop in Figure 9 may reveal complete gap closure which is of clinical importance. The 

maturation of the BII will be embodied in the frequency increase, irrespective of the BIC which is 

constant. Some validation of this result can be found in the many clinical measurements of RFA that 

report a similar behavior of the frequency evolution over time19,54–58. 

 

7. Conclusions 
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The results of this study point to two important and previously un-noticed points: While two 

characteristics can describe the bone-implant interface, namely the BIC on the implant side and the 

stiffness of the BIII, it appears that the BIC reaches completion long before the interfacial gap of the 

BII has closed. 

Consequently, the discontinuity between the bone and the implant hampers load transmission until 

the gap is closed, thereby turning the BIC concept into secondary. 

Once the gap is closed the interfacial stress becomes quite uniform, decreasing in time as the 

interface stiffens. 

The outcome of those mechanical evolutions translates at the RFA level by an initially high frequency 

(akin ISQ) which characterizes the bare implant while the gap is open. As soon as the gap closes, the 

frequency drops down as a full solid unit is formed, rising slowly as the interfacial element stiffens. 

The overall range of variation of the calculated frequencies reveals potential experimental 

difficulties in terms of resolution.  

The comparison of the calculated resonant frequencies lines qualitatively with reported clinical RFA 

measurements, both in terms of frequency values (when reported) and their evolution with time, 

thereby validating the present model and the underlying assumptions. 
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Appendix 

1. von Mises stresses as a function of time and distance 

Figure 8 shows lack of symmetry of the calculated von Mises stress on the implant and the bone 

sides.  We assume this phenomenon is caused by the stiffness difference between the implant and 

the bone, resulting in a different kind of constraint. To properly validate this assumption, an 

additional set of calculations is run with identical mechanical properties assigned to the bone and 

the implant (both titanium). As shown in Figure A1, the calculated von Mises stress for three 

different time steps, indicate a highly symmetrical state of stress on both sides, thereby validating 

the above assumption.  

  

   

 

Figure A.1: The calculated von Mises stress for identical mechanical properties of the bone and the implant. 

  


