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Inserting a titanium implant in bone tissue may modify its physiological loading and therefore 

cause bone resorption, via a phenomenon called stress-shielding. The local stress field around the 

bone-implant interphase (BII) created under shear loading may be influenced by different 

parameters such as the bone-implant contact (BIC) ratio, the bone Young’s modulus, the implant 

roughness and the implant material. To evaluate their impact, a 2-D finite element model was 

developed to model the BII. The implant roughness was described by a sinusoidal function (height 

2Δ, wavelength λ) and different values of the BIC ratio were simulated. A heterogeneous 

distribution of the maximum shear stress was evidenced in the periprosthetic bone tissue, with 

high interfacial stress for low BIC ratios and low implant roughness, and underloaded regions 

near the roughness valleys. Both phenomena may lead to stress-shielding related effects, which 

was concentrated within a distance lower than 0.8.λ from the implant surface. Choosing an implant 

material with mechanical properties matching those of bone tissue leads to a homogenized shear 

stress field, and could help to prevent stress-shielding effects. Finally, the equivalent shear 

modulus of the BII was derived to replace its complex behavior by a simpler analytical model in 

future studies. 
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Graphical abstract: Schematic illustrations of the 2-D finite element model used in the present study, 

and spatial variation of the maximal shear stress in periprosthetic bone tissue for different implant 

roughness and bone-implant contact ratios. 
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1. Introduction 

While endosseous cementless implants are now routinely used in dental, maxillofacial and orthopedic 

surgeries, implant failures still occur and may have dramatic consequences [36]. Implant stability 

determines the implant success and can be evaluated at two different stages. Primary stability is achieved 

directly after the surgery and depends mainly on the bone quality and on interlocking phenomena at the 

bone-implant interphase (BII). Secondary stability is achieved after a healing period through the 

osseointegration process, which corresponds to new bone formation and maturation in intimate contact 

with the implant [2]. Anticipating implant failures remains difficult due to the complex nature of the BII, 

and due to the evolution of the biomechanical properties of the BII [40]. As bone formation and remodeling 

are highly dependent on the mechanical environment perceived by the tissue, as stated by Wolff’s law [17], 

they are affected by the presence of a stiff implant, and in turn, condition its integration.  

Inserting a titanium implant in bone tissue induces a local modification of the physiological loading of 

bone tissue, especially at the vicinity of the implant, which could lead to bone loss via a phenomenon called 

stress-shielding [60]. Stress-shielding is directly related to the stress distribution in periprosthetic bone. 

While excessive stresses can damage the consolidating BII and lead to bone necrosis [11], loading is 

necessary to stimulate bone remodeling and avoid bone resorption [7]. Therefore, monitoring and 

preventing stress-shielding is especially important for load-carrying implants used in orthopedic 

applications such as total hip [6, 67] or knee [10, 68] arthroplasty.  

Stress-shielding can be affected by various biomechanical factors, such as external loading [5, 66], the 

quality and quantity of periprosthetic bone tissue, or the implant material and geometrical design [51]. In 

particular, the use of biomaterials with lower mechanical properties than titanium alloys is currently 

explored in order to decrease the gap of mechanical properties between the implant and the bone [4, 47], 

which may help to reduce stress-shielding related effects. Furthermore, both the implant surface roughness 

[15, 55] and friction phenomena induced by non-perfect contact between the bone and the implant [28, 59] 

influence the stress distribution inside the periprosthetic bone, which in turn affects osseointegration 

phenomena. Investigating how these parameters affect stress-shielding is therefore of interest. 

The mechanism precisely describing how stress-shielding can lead to bone resorption remains unclear. 

Retrieving information on the properties of the bone tissue at the scale of 1 to 200 µm from the implant 

surface remains difficult experimentally. In the clinics, implants follow-up is done via radiography [21, 

29], which constitutes a global approach with limited resolution. Therefore, while periprosthetic bone loss 

associated with stress-shielding may be evidenced radiographically by performing 2-years or 5-years 

follow-ups [9, 12], clinical X-rays based techniques do not allow to characterize the BII at the microscopic 

scale, nor to explain the possible causes of stress-shielding. Acoustic methods [42, 64] as well as high 

resolution microtomography combined with mechanical loading [37, 69] have been developed to 

investigate the BII properties at the scale of tens of micrometers. However, such techniques require in vivo 
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experiments to generate biological interphase, are limited in case of complex implant geometries, and are 

destructive when mechanical testing is conducted. Interestingly, finite element (FE) modeling enables to 

control and investigate independently the parameters influencing the osseointegration of the BII, and is 

therefore a promising approach to provide clear-cut explanation on the basic phenomena related to stress-

shielding.  

The influence of the implant mechanical properties and of its macroscale design on the stress field around 

the implant has been extensively studied through numerical simulations at the macroscale [22, 45, 57] but 

only few studies investigated the BII microscale response. Moreover, most numerical simulations consider 

a fully bounded BII [18, 35, 43], without taking into account the effect of the implant surface roughness 

and of the partial contact area between the implant and bone tissue. It would be interesting to replace a 

fully bounded BII by an equivalent interphase, that would allow to consider the microscopic properties of 

the BII at the macroscale without increasing significantly computation times.  

Recently, different analytical models have been proposed to describe the behavior of an osseointegrated 

BII under tensile [52] or dynamic [24] loadings. Korabi et al. [33] considered the dental implant-jawbone 

system and introduced a concept of failure envelope to assess the influence of the implant stiffness on 

possible strain- and stress-shielding. A previous paper by our group [53] examined the effects of changes 

of the implant surface roughness, of the bone-implant contact (BIC) ratio and of the properties of 

periprosthetic bone tissue on the variations of the stress field surrounding a BII under tensile loading. 

However, to the best of our knowledge, no study has so far investigated the effect of a shear loading on the 

mechanical behavior of the BII, although shear loading is an important loading mode in implantology. The 

loading conditions are known to impact the mechanical response of the BII in orthopedic applications, eg. 

for hip [65], femoral [20] or tibial implants [8]. A significant influence of a shear loading on the 

micromotions occurring at the BII was evidenced in these studies, which in turn impacts the stability of 

the implant [32]. Moreover, the interfacial shear stress was shown to be correlated with stress-shielding 

phenomena in hip prosthesis [31]. Investigating how a shear loading may affect stress-shielding is therefore 

of clinical and biomechanical interest. 

The aim of the present work is to investigate the influence of different parameters describing the bone-

implant interphase (BII) - namely the bone-implant contact (BIC) ratio, the implant roughness and the 

implant material - on the local stress field around the BII under shear loading. To do so, a 2-D FE model 

of the BII was developed to determine the maximum shear stress in the periprosthetic bone tissue for 

different BII configurations. The equivalent shear modulus of the interphase was also derived from these 

simulations, which will allow to replace the complex behavior of the BII by a simpler model corresponding 

to an equivalent interphase model. 

https://doi.org/10.1007/s11517-022-02657-2
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2. Material and methods 

2.1. Modeling of the bone-implant interphase  

a. Geometry 

The 2D model considered herein derives from the one developed in Raffa et al. [53], where the tensile 

behavior of the bone-implant interphase (BII) was investigated. Here, a shear loading is applied to the BII 

by considering two half-spaces corresponding to a rough implant and to cortical bone tissue respectively, 

separated from each other by a rough interphase (see Fig. 1).  

Similarly to what was done in previous studies [25, 26, 53], the implant roughness was modeled by a 

sinusoidal function s(x) (coordinate system (Oxy) shown in Fig. 1b) of amplitude 2Δ and of wavelength λ 

and given by: 

𝒔(𝒙) = ∆ [𝟏 − 𝐜𝐨𝐬 (
𝟐𝛑𝒙

𝛌
)] .            𝒙 ∈ [𝟎, 𝛌]                                                                      (Eq. 1) 

Preliminary computations with different values of λ and Δ but same ratio ∆/λ, so-called the waviness ratio, 

were shown to give identical results, which can be explained by the dimensionless nature of the model. 

Therefore, this waviness ratio ∆/λ was considered as the parameter to describe the implant surface profile. 

A fixed value of Δ equal to 5 µm was considered in the rest of the study, and λ was varied between 10 µm 

and 500 µm to simulate waviness ratios ∆/λ between 0.01 and 0.5 corresponding to two different scales of 

implant roughness [3].  

A bone level parallel to the x-axis and delimiting a non-contact zone was introduced to simulate different 

values of the bone-implant contact (BIC) ratio. Numerical simulations were performed for BIC ratios 

between 5% and 95% by adjusting the ordinate (y-axis) of this interfacial line. 

The total height of the model along the y-direction 2H = 8 mm was chosen large enough so that the spatial 

variation of the stress field around the BII was not influenced by the boundary conditions at the top (y = 

H) and at the bottom of the model (y = -H). The height of the implant domain (respectively the bone tissue 

domain) was chosen equal to H - 2∆ (respectively H), as represented in Fig 1b. 

https://doi.org/10.1007/s11517-022-02657-2
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Fig. 1: Schematic illustrations of the 2-D FE model used in the present study. (a) Example of a 

macroscopic description, corresponding to a femoral stem with a zoom-in depicting the geometrical 

description of the rough bone-implant interphase. (b) Detail of the geometrical model:  the sinusoidal 

function s(x) to model the implant roughness (amplitude 2Δ, wavelength λ), the periodical boundary 

conditions (along the y-axis), the non-contact zone to model various BIC conditions and the applied 

displacement d on the implant. (c) Equivalent analytical model used to replace the BII by an equivalent 

interphase with shear modulus µBII. 

b. Materials 

All materials were assumed to be linear-elastic and to have homogeneous isotropic mechanical properties. 

For the bone domain, mature cortical bone with a Young’s modulus value of Eb = 20 GPa was considered 

as a reference [44], and less mature bone configurations (1 to 10 GPa) were also simulated, to investigate 

the temporal evolution of the material properties during healing [14, 38]. The impact of the implant’s 

material properties on stress shielding phenomena was investigated via two different materials employed 

in orthopedic applications: a reference Titanium alloy (Ti-6Al-4V) with a Young’s modulus E of 113 GPa 

[46] and a metal-polymer composite (Ti-35BPA) with E = 20 GPa [49]. All materials had a Poisson ratio 

ν equal to 0.3. 

c. Boundary conditions 

Boundary conditions were introduced to describe a shear loading of the bone-implant interphase. To do so,  

an arbitrary displacement ux = d = 15 µm (Fig. 1b) was uniformly applied at the top of the implant 

subdomain (y = H), inducing locally a shear stress τ0 between 20 MPa and 25 MPa (depending on the 

tested configurations), which correspond to levels of loading shown to enhance bone remodeling around 

implants [58]. At the bottom of the model (y = -H), a fixed boundary condition was set (ux = uy =0). Note 

that due to the linear assumptions of the model, the amplitude of the stress field within the periprosthetic 

bone is directly proportional to the value of d. 

https://doi.org/10.1007/s11517-022-02657-2
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Due to the periodicity of the problem, a simplified model of a single sine period of the interphase was 

considered (see Fig. 1c), in which anti-symmetrical boundary conditions were set on the vertical 

boundaries : uy =0 at x =0  and at x = 𝜆 

A perfect contact condition was assumed where the bone and the implant were in contact, with the 

continuity of displacement and normal stress fields at the contacting surfaces between bone and implant.  

d. Finite element simulation 

The static linear elastic problem was solved using the FE method. All numerical analyses were carried out 

using Comsol Multiphysics® (Stockholm, Sweden). All subdomains were meshed with triangular 

quadratic elements. A convergence study was performed to determine the minimum element size, which 

was set equal to 2×10-7 m. The mesh size was refined surrounding the non-contact zone at the BII in order 

to better describe stress concentrations, in particular for lower values of ∆/λ. For the reference configuration 

corresponding to BIC = 50% and ∆/λ = 0.1, we obtained 930,000 second-order triangular elements, leading 

to a global system with about 3,700,000 degrees of freedom.  

2.2. Evaluation of the shear stress field 

To explore the stress field in periprosthetic bone tissue, the maximal shear stress 𝜏𝑚𝑎𝑥 was chosen as the 

main parameter, calculated as follow (Eq. 2): 

𝝉𝐦𝐚𝐱(𝒙, �̃�) =
𝝈𝒑𝟏−𝝈𝒑𝟑

𝟐
           (Eq. 2) 

where �̃� =
−𝑦

𝜆
  is a non-dimensional coordinate, normalizing the distance from the implant surface, and 

𝜎𝑝1and 𝜎𝑝3 are the first and third principal stresses in bone tissue, respectively (with 𝜎𝑝1 > 𝜎𝑝3). Note that 

a second non-dimensional coordinate �̃� =
𝑥

𝜆
 was also introduced in what follows to normalize the distance 

along the x-axis. 

To evaluate the depth of the region of interest where the BII influences the stress distribution, the shear 

stress was averaged over x, for a given distance �̃� from the implant surface following:   

〈𝝉𝒎𝒂𝒙〉(�̃�) =
𝟏

𝝀
∫ 𝝉𝒎𝒂𝒙(𝒙, �̃�)
𝝀

𝟎
𝒅𝒙           (Eq. 3) 

To evaluate the spatial distribution of the stress field, the standard deviation of 𝜏𝑚𝑎𝑥 over x for a given �̃� 

was calculated as follows: 

𝑺𝑫𝝉𝒎𝒂𝒙(�̃�) = √
𝟏

𝝀
∫ (𝝉𝒎𝒂𝒙(𝒙, �̃�) − 〈𝝉𝒎𝒂𝒙〉(�̃�))²
𝝀

𝟎
𝒅𝒙          (Eq. 4) 

To evaluate the impact of using the metal-polymer composite (Ti-35BPA) compared to the reference 

titanium alloy as the implant material, the difference between the normalized values of 𝜏𝑚𝑎𝑥 obtained with 

both materials was calculated (Eq. 5), and its spatial variation was investigated.  

https://doi.org/10.1007/s11517-022-02657-2
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∆𝜏𝑚𝑎𝑥(𝑥, �̃�) =
𝜏𝑚𝑎𝑥
𝐵𝑃𝐴(𝑥,�̃�)

𝜏0
𝐵𝑃𝐴(𝑥,�̃�)

−
𝜏𝑚𝑎𝑥
𝑇𝑖 (𝑥,�̃�)

𝜏0
𝑇𝑖(𝑥,�̃�)

                         (Eq. 5) 

where 𝜏𝑚𝑎𝑥
𝑇𝑖 (𝑥, �̃�) (respectively 𝜏𝑚𝑎𝑥

𝐵𝑃𝐴 (𝑥, �̃�)) corresponds to the maximum shear stress in bone tissue when 

the implant is made of Titanium alloy (respectively Ti-35BPA). Similarly, 𝜏0
𝑇𝑖   (respectively 𝜏0

𝐵𝑃𝐴 ) 

represents the shear stress at the top of the implant domain when the implant is made of Titanium alloy 

(respectively Ti-35BPA).  

2.3. Equivalent model of the interphase  

A simple three-layer 2D model was developed to assess the equivalent shear modulus of the BII (Fig. 1c). 

The top layer (y > 2∆) represents the implant subdomain and the bottom layer (y < 0) the bone one. Both 

implant and bone subdomains have the same properties as in the numerical model (see section 2.1). The 

medium layer (y ∈ [0 ; 2∆]) corresponds to the interphase and was assumed to have homogeneous 

mechanical properties and a shear modulus equal to µBII, depending on the waviness ratio ∆/λ, the BIC 

ratio and the material properties of the bone and of the implant.  

The displacement field in each subdomain was assumed to be constant with respect to x and vary linearly 

with respect to y, so that its component along the x direction writes: 

𝑢𝑥(𝑦) =  

{
 
 

 
 𝑑 +

(𝑑−𝑢𝑥1)

𝐻−2∆
(𝑦 − 𝐻)           for  y > 2∆   (Implant)             

𝑢𝑥2 + 
(𝑢𝑥1−𝑢𝑥2)

2∆
𝑦             for y ∈[0 ;2∆]   (Interphase)

 
𝑢𝑥2

𝐻
(𝑦 + 𝐻)                   for y < 0   (Bone)                

           (Eq. 6) 

where 𝑢𝑥1 and 𝑢𝑥2 represent the displacements at both extremities of the interphase, respectively at 𝑦 =

2∆ and 𝑦 = 0 (see Fig 1c). Therefore, in each layer, the shear stress σxy is given by: 

𝜎𝑥𝑦 =  µ
𝜕𝑢𝑥

𝜕𝑦
= 

{
 
 

 
 

    

µi
𝑑− 𝑢𝑥1

𝐻−2∆
               for y > 2∆         

µBII
(𝑢𝑥1−𝑢𝑥2)

2∆
           for y ∈[0 ;2∆]        

 µb
𝑢𝑥2

𝐻
                 for y < 0          

                (Eq. 7) 

where µ is the shear modulus of the considered medium, namely µ𝑖 for the implant, µBII for the interphase 

(unknown) and µb for cortical bone. The continuity of σxy at the interfaces of the different subdomains 

imposes: 

𝜎𝑥𝑦 = µi
𝑑− 𝑢𝑥1

𝐻−2∆
=  µBII

(𝑢𝑥1−𝑢𝑥2)

2∆
=  µb

𝑢𝑥2

𝐻
=  𝜏0                 (Eq. 8) 

where 𝜏0 is the shear stress imposed at the top of the implant layer. 

Therefore, µBII can be expressed by: 

https://doi.org/10.1007/s11517-022-02657-2
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µBII =
2∆

𝑑

𝜏0
  −  

(𝐻−2∆)

µi
  −  

𝐻

µb

                               (Eq. 9) 

Numerical simulations were performed for different values of BIC, ∆/λ , and material properties, and the 

shear modulus of the interphase µBII was then derived from (Eq. 9).  

3. Results 

3.1. Effect of the implant roughness 

When applying shear loading to the sinusoidal interphase model, shear stresses are not homogeneously 

distributed and concentrate in the bone tissue directly in contact with the implant (Fig. 2). The values of 

𝜏𝑚𝑎𝑥  may exhibit local singularities at the intersection between the implant, the void and the bone, and 

local maxima at the roughness peaks (�̃� = 0 and �̃� = 1). Higher shear stress concentrations along the bone-

implant boundary are evidenced for lower values of ∆/λ (Fig 2 left). Moreover, while 𝜏𝑚𝑎𝑥 is mostly higher 

than or of the same amplitude as the imposed shear load (𝜏0~ 24.5 MPa here), the non-contact region 

(around �̃� = 0.5) is submitted to lower shear stresses (𝜏𝑚𝑎𝑥 < 5 MPa, dark blue regions in Fig. 2a) in the 

vicinity of the implant. At higher distances from the implant, a local maximum of 𝜏𝑚𝑎𝑥 (around 30 MPa) 

is evidenced for �̃� = 0.5.  

 

Fig. 2: Spatial variation of the maximal shear stress 𝜏𝑚𝑎𝑥 around the BII for BIC = 50% and three 

waviness ratios ∆/𝜆 = 0.01, 0.1, and 0.5. The reference material properties are: Eimplant = 113 GPa and 

Ebone = 20 GPa. Dotted lines correspond to the position �̃� = 0.05. 

To investigate the effect of the waviness ratio ∆/λ on stress-shielding phenomena, we studied the stress 

distribution in the bone tissue at �̃� = 0.05 (Fig. 3), a trade-off distance far enough from the BII to avoid too 

https://doi.org/10.1007/s11517-022-02657-2


Medical & Biological Engineering & Computing https://doi.org/10.1007/s11517-022-02657-2 

  10/23 

localized effects, and close enough to still observe the influence of the BII. 𝜏𝑚𝑎𝑥 presents higher spatial 

variations for lower values of ∆/𝜆 (dotted curves in Fig. 3), which are consistent with the spatial 

distributions shown in Fig 2. In particular, the stress concentration evidenced at the intersections between 

the void, the implant and the bone (Fig 2), are expressed as a local variation of 𝜏𝑚𝑎𝑥 at �̃� = 0.25 and 0.75 

(Fig 3), which correspond to the positions of these intersections for a BIC ratio equal to 50%. The effect 

of this stress concentration is particularly clear for ∆/λ = 0.01, the lowest waviness ratio configuration, and 

to a lower extent for ∆/λ = 0.1. 

 

Fig. 3: Variation of the maximal shear stress 𝜏𝑚𝑎𝑥 at �̃� = 0.05 (see Fig 2) over one sine period. Three 

values of the waviness ratio ∆/λ = 0.01, 0.1, and 0.5 are considered. The BIC ratio is equal to 50% and 

the reference material properties are: Eimplant = 113 GPa and Ebone = 20 GPa. The grey background 

corresponds to the �̃� values for which bone is in contact with the implant (i.e. �̃� < 0.25 and �̃� > 0.75). 

To investigate the spatial variation from the implant surface towards the bone tissue and to evaluate the 

region of interest where the presence of the BII influences the stress distribution, the values of 𝜏𝑚𝑎𝑥 were 

averaged along x, for various �̃� positions and different values of the waviness ratio (Fig. 4). The averaged 

normalized maximum shear stress (〈𝜏𝑚𝑎𝑥〉/𝜏0) decreases as a function of ∆/λ. While the averaged value 

〈𝜏𝑚𝑎𝑥〉 remains closed to 𝜏0 (+/- 2% 𝜏0) for all values of ∆/λ at a distance �̃� > 0.1 (Fig. 4a), its standard 

deviation SD𝜏𝑚𝑎𝑥 remains higher than 2% until a value of �̃� < 0.8 (Fig. 4b). This result is consistent with 

Fig 2, which shows that the distribution of 𝜏𝑚𝑎𝑥 remains heterogeneous for �̃� > 0.1.  

https://doi.org/10.1007/s11517-022-02657-2
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Fig. 4: Variation of (a) the normalized maximum shear stress 〈𝜏𝑚𝑎𝑥〉/𝜏0 averaged over x and (b) the 

standard variation of 𝜏𝑚𝑎𝑥/𝜏0  over x as a function of the normalized depth �̃� for different values of the 

waviness ratio ∆/λ. The BIC ratio is equal to 50% and the material properties are the reference ones 

(Eimplant = 113 GPa and Ebone = 20 GPa). 

3.2. Effect of the BIC ratio 

To explore the effect of the bone-implant contact (BIC) ratio on the transmission of shear stress at the BII, 

different BIC ratios were considered with a fixed waviness ratio of ∆/λ = 0.1 (Fig 5). Similarly as in Fig 2, 

the bone in direct contact with the implant is locally submitted to a shear stress higher than τ0 (regions in 

red in Fig 5), while the shear stress is lower around �̃� = 0.5 (regions in blue in Fig 5). The shear stress is 

particularly low around �̃� = 0.5 for low BIC ratios, for which significant spatial variations of 𝜏𝑚𝑎𝑥 are also 

evidenced further away from the BII (e.g. for �̃� > 0.05). On the contrary, the shear stress distribution tends 

to be more homogeneous for higher BIC ratios, in particular for BIC = 90%. 

 

Fig. 5: Spatial variation (logarithmic scale) of the normalized maximal shear stress 𝜏𝑚𝑎𝑥/𝜏0  around the 

BII for a waviness ratio ∆/𝜆 = 0.1 and four values of the BIC = 5%, 30%, 50% and 90%. The material 

properties are the reference ones (Eimplant = 113 GPa and Ebone = 20 GPa). Dotted lines correspond to 

the position �̃� = 0.05. 
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To investigate until which distance from the implant the BIC ratio influences the stress distribution, the 

shear stress was averaged along x at different �̃� positions, for a fixed waviness ratio of ∆/λ = 0.1 and 

different BIC ratios (Fig. 6). The normalized maximum shear stress (Fig 6a) decreases when the BIC ratio 

increases, up to an approximate distance �̃� = 0.1. However, similarly as for the effect of the waviness ratio 

(Fig 4a), the standard deviation of 𝜏𝑚𝑎𝑥 over x at a given distance �̃� remains significant (>2% 𝜏0) until 

�̃� = 0.8 (Fig. 6b). 

 

Fig. 6: Variation of (a) the normalized maximum shear stress 〈𝜏𝑚𝑎𝑥〉/𝜏0 averaged over x and (b) the 

standard variation of 𝜏𝑚𝑎𝑥/𝜏0  over x as a function of the normalized depth �̃� for different values of the 

BIC. The waviness ratio is ∆/λ = 0.1 and the material properties are the reference ones (Eimplant = 113 

GPa and Ebone = 20 GPa). 

3.3. Effect of the implant material 

Replacing the reference Titanium alloy by a less stiff biomaterial (Ti-35BPA) leads to significant 

modifications of the distribution of 𝜏𝑚𝑎𝑥 (Fig. 7), especially for high implant roughness and high BIC 

ratios. In particular, for ∆/λ = 0.5 and BIC = 90%, 𝜏𝑚𝑎𝑥 increases by around 0.5 𝜏0 in the region around 

�̃� = 0.5 and in proximity with the implant, a region which was under-loaded when using the reference 

Titanium alloy (see Fig 2 and 5). This increase of 𝜏𝑚𝑎𝑥 results in a more homogeneous stress distribution 

within the periprosthetic bone tissue for BIC = 90%, and to values of maximal shear stress slightly higher 

than 𝜏0 for ∆/λ = 0.5 when using Ti-35BPA (data not shown). Using a less stiff biomaterial therefore leads 

to a better transmission of shear stress at the BII for high waviness ratios and for high BIC ratios, which 

could help to prevent stress-shielding related effects. To a lower extent, the region where the stress field 

amplitude is lower is also reduced for the reference configuration (∆/λ = 0.1 and BIC = 50%). However, 

for low implant roughness (∆/λ = 0.01) and low BIC ratios (BIC = 5%), the change of implant material has 

relatively low and localized effects.    

A decrease of interfacial stress is also evidenced in periprosthetic bone in direct contact with the implant 

for all configurations except for ∆/λ = 0.5, which corresponds to a situation where interfacial stresses are 
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already low (see Fig 2, right). However, the localized shear stress at the intersection between the implant, 

the void and the bone, which already corresponds to the maximal value of 𝜏𝑚𝑎𝑥 for the reference Titanium 

alloy, is further increased when using Ti-35BPA. 

 

Fig. 7: Spatial distribution of the difference ∆𝜏𝑚𝑎𝑥 between the maximal shear stress in bone tissue 

when using the metal-polymer composite Ti-35BPA (E=20 GPa) and the reference Titanium alloy 

(E=113 GPa) for the implant material. Simulations were performed  (a): for a fixed BIC ratio of 50% 

and three waviness ratios ∆/𝜆 = 0.01, 0.1 and 0.5, and (b) for a fixed waviness ratio ∆/𝜆 = 0.1 and four 

values of the BIC = 5%, 30%, 50% and 90% (b), with Ebone = 20 GPa. Note that the configurations ∆/𝜆 

= 0.1 in Fig. 7a and BIC = 50% in Fig 7b correspond to the same data. 

3.4 Equivalent shear modulus of the bone-implant interphase 

The interphase shear modulus µBII (as calculated from the equivalent model described in section 2.4) 

increases when the bone-implant contact (BIC) increases (Fig 8a,b), when the bone Young’s modulus (Eb) 

increases (Fig 8b), as well as when the waviness ratio increases (Fig 8a). For given values of the BIC and 

of Eb, the interphase shear modulus µBII tends to vary less when reaching high values of ∆/λ, which 

correspond to large roughness (black curves in Fig 8a). Moreover, µBII is strongly influenced by variations 

of low BIC values for high values of ∆/λ, and on the contrary, by variations of large BIC for low values 

of ∆/λ (black vs grey curves in Fig 8a). The interphase shear modulus is also almost proportional to Eb 

(Fig 8b), so that for low values of Eb (1 GPa), values of µBII remain low. 
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Fig. 8: Variation of the shear modulus of the interphase µBII as a function of the BIC, (a) for different 

values of the waviness ratio ∆/λ and a fixed bone Young’s modulus Eb of 20 GPa and (b) for different 

values of bone Young’s moduli Eb and a fixed waviness ratio ∆/λ = 0.1. The implant Young’s modulus is 

taken as the reference (Titanium alloy), E = 113 GPa. Note that the black dotted lines correspond to the 

same configuration in Fig 8a and in Fig 8b. 

4. Discussion  

The present study investigates numerically the spatial distribution of the stress field in bone tissue 

surrounding an implant subjected to a shear loading, and especially the effect of surface roughness, bone-

implant contact and material properties, using a standardized sinusoidal model of a BII. The spatial 

distribution of the shear stress in the periprosthetic bone tissue was analyzed, and based on these results, a 

region of interest where the presence of an implant influences the local stress field was defined, which 

corresponds to the region where stress-shielding may occur.  

The originality of this study is to consider the specific case of a shear loading, which was shown to 

significantly influence micromotions at the BII [8, 20, 65], and to investigate stress-shielding effects at the 

micro-scale, while most studies in the literature only focus on the macro-scale, i.e. on the whole implant 

geometry. 

Maximal shear stresses obtained herein are higher than 100 MPa for some specific configurations (in 

particular low BIC ratios and low roughness) and are therefore higher than typical shear strength values of 

human cortical bone, which are around 50 MPa along the bone axis [61, 62]. Such levels of shear stress 

could thus potentially locally damage periprosthetic bone tissue and lead to bone resorption. However, 
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these maximum values were obtained for a given displacement of 15 µm, corresponding to shear loads 

between 20 and 25MPa, and hence may vary depending on the local geometrical configuration. Another 

potential explanation to the bone resorption phenomena associated to stress-shielding is related to the low 

stress region evidenced in bone tissue between two asperities of the implant roughness (Fig 2, around �̃� = 

0.5), since the absence of mechanical solicitation is known to enhance bone resorption [13]. This decrease 

of the bone mechanical stimulation due to the implant acting as a shield was extensively reported in the 

literature at the macro-level, i.e. considering the whole implant geometry [27, 34] and seems to start at the 

micro-level, i.e. locally in between threads and local surface micro-roughness. 

4.1. Effect of the implant roughness 

The implant roughness was modelled via different values of waviness ratios Δ/λ, to account for the 

observed variability in the implant surface roughness studied in literature. Macroscopic roughness, i.e. 

related to the implant’s geometrical design, was determined considering the specific case of dental 

implants. Macroscopic roughness structures can be accurately modeled by a sinusoidal surface because 

they present a threading. Rather high waviness ratios, ranging from 0.1 to 0.5, were chosen based on the 

depth (assimilated to 2Δ) and the pitch (λ) of typical implant threading [1, 39]. The case of microscopic 

surface roughness is more complex due to the lager variety of surface profiles. Some surface may present 

low waviness ratio (e.g. machined or polished surfaces), while others may indeed present higher waviness 

ratio (e.g. sandblasted with large alumina particles). The microscopic surface roughness of implants can 

be modulated with classical mechanical (e.g. sandblasting), chemical (e.g. acid-etching) or laser surface 

treatments, and is commonly characterized by the value of Ra (mean arithmetic roughness), typically 

comprised between 1 and tens of microns [3, 23, 56]. Although Δ corresponds to the roughness parameter 

Rc, we decided to use the parameter Ra because it is widely used in the implant literature [3]. Based on 

these values, waviness ratios between 0.01 and 0.1 were considered to model microscopic roughness, by 

assimilating Δ to Ra, and λ to Sm. However, high waviness ratios could still be observed at the micro-

level, when considering highly abrasive methods such as sandblasting with large particles [3], which is 

also taken into account in the model. 

The stress distribution at the BII is strongly dependent on the roughness of the implant. For low waviness 

(i.e. Δ/λ<0.1) a local concentration of the stress at the interphase is observed (Fig 2 and 3) whereas the 

stress distribution is more homogeneous when the waviness increases (i.e. ∆/λ = 0.5). This behavior can 

be explained by the presence of a stronger singularity at the tip of the non-contact zone in the low waviness 

configuration, which depicts a crack-like behavior. This engenders a high stress concentration at the tip, 

which is illustrated by a local increase of 𝜏𝑚𝑎𝑥 (Fig. 3) occurring for a x value corresponding to the position 

of the tip. Moreover, the direction of the shear loading with respect to the local interface shifts from almost 

parallel for ∆/λ = 0.01 to almost perpendicular for ∆/λ = 0.5, which explains that the shear stress level at 

the BII increases with ∆/λ due to a better stress transmission. Therefore, for a given BIC, the mechanical 
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strength of the BII is lower for low waviness ratio (low roughness), and depends essentially on adhesion 

phenomena.  

The periodicity of the interphase λ has an impact on the depth at which the presence of the BII plays a role 

on the stress field. For different configurations, the stress fields remain heterogeneous until a distance of 

around 0.8 λ from the implant (Fig 4), which indicates that the region of interest where stress-shielding 

may occur directly depends on the implant roughness.  

4.2. Effect of the temporal evolution of the BII during osseointegration  

The temporal evolution of the BII during healing, which corresponds to osseointegration phenomena, can 

be modeled by an increase of the BIC ratio, which is often considered as the gold standard to assess implant 

stability [19]. The BIC is shown to affects the stress distribution around the BII (Fig 5 and 6). As the 

osseointegration proceeds and the BIC increases [30], the stress inside bone tissue progressively gets closer 

to the imposed stress at the implant surface, with a decrease of 𝜏𝑚𝑎𝑥 in bone tissue at the contact of the 

implant (overloaded regions) and an increase of the stress field around �̃� = 0.5 (underloaded regions, Fig 

5), leading to a reduced stress-shielding. While 𝜏𝑚𝑎𝑥 may exceed the bone shear strength for a BIC ratio 

of 5% due to local singularities, the shear stress remains relatively homogeneous for a BIC ratio of 90% 

(Fig 6a). Therefore, this study emphasizes the importance of maximizing the BIC ratio for clinical success, 

as it can minimize stress-shielding phenomena (as shown herein) as well as improve implant stability [40].  

Osseointegration is also associated with an increase of bone mechanical properties at the BII through the 

progressive maturation of bone tissue [63]. The influence of periprosthetic bone quality and quantity was 

investigated in this study through the estimation of the equivalent shear modulus of the BII, which increases 

when the BIC ratio increases and when the bone Young’s modulus increases (Fig 8). The results are 

consistent with an increase of the BII stiffness during osseointegration, which was evidenced numerically 

in previous studies [24, 52].  

The influence of the implant roughness and of the temporal evolution of the BII were investigated 

separately in the present study. However, these two properties are correlated since bone quantity and 

mechanical properties depend on the scale considered for the roughness. Based on experimental data, 

future studies should couple these simulations with bone remodeling algorithms at the microscopic scale, 

to consider the coupling of bone’s adaptation with the surface roughness during osseointegration 

phenomena. 

4.3. Effect of the implant material 

Stress-shielding is also influenced by the gap in the material properties between the implant and the bone 

tissue. Previous studies highlighted that an ideal implant material should therefore combine the high 
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strength of metals with a low stiffness matching that of bone [47, 48]. The present study emphasizes that 

using implant materials with mechanical properties closer to those of the bone leads to a homogenization 

of the shear stress distribution, with a decrease of interfacial stress and an increase of shear stress in bone 

regions that are underloaded when using the reference Titanium alloy, therefore confirming that it could 

help to minimize stress-shielding effects (Fig 7). In particular, the stress transmission at the BII is 

significantly improved when considering high waviness ratios and high BIC ratios. Indeed, the distance 

where bone is in contact with the implant is higher for high waviness and BIC ratios, so that minimizing 

the gap of mechanical properties between the two materials is more effective to reduce stress shielding. It 

can be noted that in the present study, the standard Ti-6Al-4V alloy (E=113 GPa) was replaced by the 

metal-polymer composite Ti-35BPA (E=20GPa), which corresponds to a decrease of 82% of E. Ti-35BPA 

is specifically designed to match the bone stiffness [49]. This configuration represents an ideal situation 

where the implant and the bone are modeled with the same material, so that the stress distribution is only 

affected by the porosity of the osseointegrating BII (i.e. the void region in Fig 1b) and not by the gap of 

material properties at the BII. 

4.4. An equivalent interphase 

The proposed approach to determine the equivalent shear modulus of the BII could be used to describe the 

complex behavior of the BII in future FE studies. In this model, the interphase is represented by a 

homogeneous layer that does not include any geometrical roughness per se, but whose mechanical 

properties depend on the geometrical and material properties of the BII (i.e. on ∆/λ, on the BIC ratio and 

on Eb), therefore allowing to consider the microscopic properties of the BII at the macroscale without 

significantly increasing computation times. Moreover, different bone properties could be considered at the 

microscale (i.e. for the equivalent interphase) and at the macroscale (i.e. for the rest of the bone tissue), 

which is of interest to model bone remodeling phenomena. 

Similar models of an equivalent BII had been developed in the literature, but considered tensile [52] or 

dynamic loadings [24], and did not account for shear loading configurations, which are however important 

in clinical practice for example in spinal [41] or hip implants [65]. In these previous studies, the equivalent 

interphase was modelled through its stiffness, that had similar variations as a function of the BIC, of Eb 

and of Δ/λ as in the present study. In particular, Raffa et al. [52] showed that when subjected to tensile 

loading, low BIC ratios strongly influenced the BII stiffness at the microscopic scale (i.e. for low values 

of ∆/λ), and high BIC ratios at the macroscopic scale (i.e. for high values of ∆/λ), which is in agreement 

with Fig 8a. This previous study also noticed a linear dependence of the interphase stiffness on Eb, which 

is in agreement with results obtained in Fig 8b. 
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4.5 Limitations 

This study has several limitations. The implant surface roughness was described as sinusoidal, similarly as 

in previous papers [24, 26, 53]. This constitutes a strong approximation, especially at the microscopic 

scale, and considering real implant roughness profiles could lead to different results. In particular, the 

presence of low stress regions evidenced around �̃� = 0.5 (Fig 2 and 5) might be affected by this assumption. 

However, a good agreement between models with sinusoidal and real implant roughness profiles measured 

by profilometry was obtained under dynamic loading in a previous study [23]. Furthermore, arbitrary 

irregular profiles could be generated by combining different sinusoidal profiles. Microscopic and 

macroscopic scale of the implant roughness were also considered separately in order to distinguish their 

respective effects on the stress distribution at the BII, while they would be combined in real configurations. 

Note that interpretation in terms of absolute value of the stress field should be made with caution because 

the amplitude of the stress field within the periprosthetic bone is directly proportional to the value of d. 

Different approximations were made to simplify the model. In particular, a 2D model was considered 

herein to decrease associated calculation costs. While newly-formed bone tissue is known to be 

heterogeneous and viscoelastic [63], bone material properties were assumed to be homogeneous, isotropic 

and linearly elastic in our study. In particular, such assumption simplifies the microstructure of bone, which 

may include multiscale cavities in real configurations [16]. Moreover, a sharp edge was considered at the 

boundary between bone, the implant and soft tissue, which leads to local stress concentration. We chose 

not to chamfer the contact corner of bone tissue in order to keep a simple and standardized configuration. 

However, chamfering the contact corner may weaken this stress concentration and hence modify the stress 

field close to the BII. Due to the Saint-Venan principle, such modification is not likely to modify the stress 

field far from the BII. Note that it remains difficult to determine the shape of the chamfer due to the lack 

of experimental data, which explains why this point is left to future studies. Finally, adhesion phenomena, 

which can be significant at the beginning of the osseointegration process [28, 54], were neglected.  

Conclusion 

Under shear loading, two possible phenomena that may lead to bone resorption through stress-shielding 

are evidenced in this study, namely excessive interfacial shear stress in bone tissue directly in contact with 

the implant, and a poor transmission of shear stress to newly formed bone tissue partially surrounded by 

non-mineralized tissue. Overall, the stress distribution at the bone-implant interface (BII) is affected by the 

presence of an implant up to a distance of around 80% of the wavelength of the implant roughness, which 

defines a region of interest where stress-shielding is likely to occur. In particular, stress-shielding effects 

increase when the BIC ratio decreases, which further highlights the importance of maximizing the BIC to 

enhance the clinical success of endosseous implants. Moreover, stress-shielding can be reduced by 

choosing an implant material with mechanical properties close to those of the bone tissue. This study also 
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proposes to model the BII conditions through a shear modulus value that depends on the bone and the 

implant mechanical properties, on the BIC ratio and on the implant roughness. This simple model could 

be used to simplify the complex mechanical behavior of the BII in future FE studies. 
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