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ABSTRACT 

Safety and efficacy of additive manufactured porous implants is a growing concern due to several, recent recalls. The 

safety of bone implants depends on the effects of implantation and partial bone ingrowth on stress and strain. Finite element 

analysis, using two new algorithms to simulate bone ingrowth, was verified against histology results for an ovine condylar 

critical sized defect model. Implants were manufactured from Ti6Al4V using selective laser sintering. Results showed that 

partial bone formation reduces stress concentrations to safe levels, improving the long-term fatigue resistance. Higher bone 

ingrowth was predicted for implants made from lower modulus Titanium-tantalum alloy.   
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1. INTRODUCTION  

Achieving osseointegration is one of the main aims in Orthopedic implant design, as clinical and histology results from 

retrievals have demonstrated that biological and mechanical fixation improves the stability and survivorship of the implant 

[1-3]. Most commercially available implants are manufactured using bulk structural material, with a bioactive coating or 

porous coating, in the form of sintered beads or fiber meshes, applied on the dense substrate to promote bone ingrowth. 

However, these implants could still fail due to aseptic loosening, as the structural stiffness of bulk metallic implants are  

5-20 times higher than that of bone [4]. Recent advancements in additive manufacturing have allowed for the fabrication 

of substantially porous implants that have effective elastic moduli matching that of bone, by altering the design and porosity 

[1, 5]. Moreover, porous implants have an interconnected structure, which allows bone tissue to grow deeper into the 

structure [6]. Porous segmental prostheses manufactured by selective laser sintering have been demonstrated to promote 

increased osseointegration compared to machined implants with a grooved collar design in an in vivo sheep study [7].   

The mechanical benefit of bone formation in additively manufactured implants was demonstrated recently by an 

experiment that showed that the mechanical properties of porous implants improve by a factor of 2-7 when completely and 

homogenously filled with epoxy. However, several in vivo studies have shown that bone formation in implants is typically 

incomplete [8-10]. The performance of porous implants fabricated by additive manufacturing is a concern, as literature has 

reported a higher than expected failure rate for a porous acetabular component, and a Class 2 device recall of posterior-

lateral lumbar cages due to preoperative and postoperative fracture [11, 12]. Standardized mechanical testing for evaluating 

the fatigue performance of implants cannot simulate bone formation into the porous implants, and neither can in vivo 

testing evaluate implant safety effectively as the duration of the experiments is relatively short compared to the anticipated 

implant longevity [6, 13]. The modelling of bone formation has been demonstrated to be able to predict extracortical bone 

formation into a grooved collar of the segmental prosthesis [14]. Hence, modelling partial and inhomogeneous bone 

ingrowth into porous implants can be used to assess the changes in stress distribution and relate findings to the yield and 

fatigue strength of the implant [15]. Moreover, it can be used to assess different implant designs and materials that improve 

clinical outcomes [4]. 

The aim of this study was to predict the extent of bone formation in two porous Ti6Al4V implants, and assess the changes 

to the stress distribution in the implant. This contribution analyses the results from an experimental dataset that compared 

the effects of different pore sizes and coating on the extent of bone ingrowth and osseointegration in an in vivo sheep model 

Health Monitoring of Structural and Biological Systems XIV, edited by Paul Fromme, 
Zhongqing Su, Proc. of SPIE Vol. 11381, 113812V · © 2020 SPIE 

CCC code: 0277-786X/20/$21 · doi: 10.1117/12.2558093

Proc. of SPIE Vol. 11381  113812V-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Jul 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

[9]. FEA models were developed to model the mechanical environment, and a mechanoregulation algorithm was applied 

to predict adventitious bone formation [4, 6, 14]. The numerical results were verified by comparing the extent of 

osseointegration, in the form of bone-to-implant contact (BIC), against histology results, before assessing the stress 

changes due to inhomogeneous bone formation in the implant. The material stiffness (Young’s modulus) of the implant 

was also lowered, to assess if titanium tantalum alloys (TiTa), which can be laser sintered but are currently not in use in 

commercially available implants, can improve the implant performance and safety. 

2. MATERIALS AND METHODS 

2.1 Implant design and animal study 

Cylindrical implants were selectively laser sintered (SLS) using Ti6Al4V with 14.5 mm length and 8 mm diameter (Fig. 

1) as part of a larger study [9]. Two porous designs with pore sizes of 700 µm and 1500 µm were incorporated into the 

same implant, giving porosities of 75% and 53% respectively. The struts in the 700 µm and 1500 µm implants were 

designed with 300 µm diameter, 700 µm height, and 750 µm diameter, 1500 µm height, respectively. Critical size defects 

of 8mm x 15mm were created in the medial condyles of the right and left hind limbs of mature sheep. The implants were 

press-fitted into the holes, before the periosteum, fascia and subcutaneous tissues were repaired. All animals were allowed 

to recover with unrestricted weight bearing, and no adverse effects due to surgery was observed. All procedures were 

carried out in accordance with the UK Animals (Scientific Procedures) Act 1986, under UK Government Home Office 

personal and project licenses, and approved by the Royal Veterinary College Ethical Review Committee.  

The implants were retrieved for histological and histomorphometric analysis after 6 weeks; only one time period was used 

to assess the initial bone ingrowth and osseointegration of the implants, to reduce the number of animals used in 

experiments. The retrieved implants were trimmed of excess soft tissue and fixed in 10% neutral buffered formalin (NBF). 

Fixed tissues were dehydrated, defatted and embedded in hard grade acrylic resin (LR White Resin, London Resin 

Company, UK). The resin blocks were sectioned in the longitudinal plane to obtain 80 µm sections. The sections were 

stained with Toluidine Blue and Paragon to detect soft tissue and bone, respectively, and to evaluate the extent of bone 

ingrowth. This was assessed by measuring the bone-to-implant contact (BIC), which is the ratio of the length of bone in 

direct contact with the implant, to the total implant perimeter within the pores. The stained slides were imaged using light 

microscopy (Axioskop, Carl Zeiss, UK) while histomorphometry was conducted in  ImageJ (v1.51, NIH, USA). Mann-

Whitney U tests were conducted in Origin 2016 (OriginLab Corp., USA) to compare the BIC. 

 

 

Fig. 1: Implant design with porosities of 75% and 53% for the 1500 µm implant and 700 µm implant respectively  (units: mm). 
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Fig. 2: (A) Boundary conditions and (B) mesh of the FEA model for 1500 µm implant. 

 

2.2 Finite element model 

The implants were modelled separately as a quarter of a slice to reduce computational costs, as the implant orientation and 

location were not found to have an effect on the extent of bone ingrowth [4, 9]. The implants were assumed to be 

surrounded by homogenized trabecular bone, and filled initially with soft tissue which was allowed to adapt its elastic 

modulus based on the local stimulus present (Fig. 2). Isotropic linear elastic properties were used for all material properties 

(Trabecular bone: Elastic modulus E = 1.5 GPa, Poisson’s ratio  = 0.34; Ti6Al4V: 110 GPa,  = 0.34; Soft tissue:  

0.5 GPa,   = 0.3). The models were axially restrained and the peak axial load through the medial condyles of the stifle 

joint under walking gait was applied [16], scaled to the implant repeating pattern (700 m implant: 89N; 1500 µm implant: 

200N). The application of a peak load in a static analysis has been demonstrated to capture the main changes in bone 

remodeling [17].  

The models were meshed with linear tetrahedral elements for the soft tissue and linear hybrid 4-, 6- and 8-noded elements 

for bone and implant to improve geometrical conformance while minimizing the model size. Higher-order elements were 

not used as the load transmitted through the condyles is primarily compression [6]. Micromotion was assumed to be 

negligible as the bone-implant interface is perpendicular to the direction of loading, thus tied contact conditions were used 

throughout. Static stress analysis was conducted for the mesh convergence study, with error criteria of 5% and 1% at the 

fillet, and in the bone/soft tissue, respectively. The FEA models converged with mesh sizes of 0.06 mm and 0.03 mm for 

1500 m and 700 m implants, respectively. MSC.Marc 2017.0 (MSC Software Corporation, USA) was used to mesh and 

solve the FEA models. The output of the FEA was the local strain energy density (SED), which was used to predict the 

extent of bone ingrowth and remodeling. A parametric study was conducted by varying the material properties of the 

implants to investigate the effect of the structural stiffness on the extent of bone remodeling, stress distribution, and safety 

of implants. A total of 4 material properties were evaluated as part of a larger study [4], but only the results for TiTa  

(E = 67 GPa,  = 0.34) [18] is reported in this study.  

2.3 Bone adaptation algorithm 

A strain energy density (SED) based adaptive feedback algorithm was used for the simulation of bone remodeling into the 

pores of the implants [14]. Based on the mechanostat theory that bone responds to changes in mechanical stimulus by 

adding or removing bone [19], a trilinear curve was used, where high and low localized strain energy density led to 

increases and decreases in tissue density, and a ‘lazy zone’ where bone formation and resorption are balanced such that 

there is no change in the tissue density: 

(1 − 𝛿)𝑘 ≤ 𝑆𝐸𝐷 ≤ (1 + 𝛿)𝑘 (1) 
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To model the physiological observation that bone grows from the edge of the implant towards the center of the porous 

structure [9], and no bone formation occurred independently in the middle of the implant, an algorithm termed connectivity 

was added to enforce the sequential laying down of new bone. This was achieved by permitting only elements adjacent to 

bone or an element that has begun remodeling, and with SED above the threshold, to adapt their densities: 

𝑑𝜌

𝑑𝑡
= 𝐵(𝑆𝐸𝐷 − 𝑘)     0 < 𝜌 ≤ 𝜌𝑐𝑏  

(2) 

 

where B and k are the remodeling rate and reference threshold, set at values of 1(gcm-3)2/MPa-ctu and 0.0044Jg-1 

respectively (ctu – computer time unit). A 12 GPa upper limit for bone stiffness, cb, was used [20, 21]. The adaptation of 

the surrounding trabecular bone was assumed to be negligible, as resorption of existing bone stock due to implant stress 

shielding is observed only in the long term [3]. 

An established density-modulus relationship from literature (E=37903) was used to update the stiffness matrix for the 

next increment [22]. The solver time step was set to 0.1 ctu, until the rate of change of the number of remodeling elements 

reaches zero. Thereafter, for computational efficiency, adaptive time stepping at 1.2x of the previous step was used until 

the FEA reaches equilibrium (daverage<0.005%), as the rate of change slows asymptotically towards equilibrium. The time 

units used should be considered arbitrary, as the time correspondence for sheep has not been established in literature and 

histology results were only available at one time point in this study. Quantification of bone area ratio followed the same 

procedure as histological analysis. 

 

2.4 Failure risk assessment 

The locations of maximum von Mises stress were identified, and path plots drawn along the loading direction of the 

maximum von Mises stress to evaluate the stress distribution across the implants. The magnitude of the maximum stress 

was compared against the strength and fatigue limits of titanium alloys, as listed in Table 1. 

  
Table 1: Mechanical properties of additively manufactured titanium and titanium-tantalum alloys. Fatigue strength at 107 

cycles [5, 18, 23, 24] 

  Ti6Al4V TiTa 

Yield strength 810 MPa 375 MPa 

Tensile Strength 860 MPa 600 MPa 

Fatigue Strength 350 MPa 400 MPa 

 

 

Fig. 3: Verification of bone formation between histology results and FEA predictions for (A) 1500 µm implant and (B) 700 µm 

implant. Pink regions in histology slides indicate bone formation. 

Proc. of SPIE Vol. 11381  113812V-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Jul 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

3. RESULTS AND DISCUSSION 

The regions of bone formation obtained experimentally, as shown in the histological results, are compared against the FEA 

predictions at equilibrium in Fig. 3. The FEA results showed good correlation with the histology results in predicting bone 

formation that is limited to the outer pores for both implants. The BIC (bone-to-implant contact) measured from the 

histology results was 9.8 ± 5.0% and 10.7 ± 4.9% for the 1500 m and 700 m implant respectively, which was 

significantly different (p = 0.057). FEA over-predicted the BIC, which was 19.8 ± 11.2% and 22.6 ± 6.4% for the 1500 

µm and 700 µm implants, respectively. The FEA results predicted a density gradient remaining in the 1500 µm implant at 

equilibrium, whereas fully dense bone was predicted to form in the outer pores, with the struts blocking bone formation 

on its underside. However, overall bone formation filled almost the entire second layer of pores in the 700 µm implant, 

whereas bone formation was minimal and limited to the region near the geometric shape change in the 1500 µm implant. 

The stress patterns in the porous implants before and after bone remodeling showed that there is a shift in the location of 

highest stress concentration towards the interior of the implant (Fig. 4). Before remodeling, the highest stress was located 

at the sharp angle at the partial holes, followed by the narrowing of the plate due to the holes, and the strut fillets. Partial 

bone formation into the second layer of pores reduced the stress concentration at the partial holes for both implants. There 

was a slight reduction in stress along the holes in the second layer of the pores for the 700 µm implants, due to the higher 

volume of bone ingrowth predicted. However, in the 1500 µm implants, there was an increase in stress along the holes in 

the second layer of the pores, where bone formation had not occurred. Before remodeling, the peak von Mises stress was 

above the fatigue limit at 107 cycles for additive manufactured Ti6Al4V for both implants. Remodeling reduced the stress 

concentration of the 1500 µm implant to below the fatigue limit, but the stress concentration was still higher than the safety 

limit for the 700 µm implant. The highest stress concentrations reduced in both implants, by 21% from 383 MPa to  

301 MPa for the 1500 m implant, and 23% from 534 MPa to 411 MPa for the 700 µm implant (Table 2). The higher 

stresses in the 700 µm implant were due to its higher porosity (75%) and use of thinner strut and plates, compared to the 

1500 µm implant (53%).  

 

Fig. 4: Effect of bone formation on stress distribution in the implant by changing the material properties.  

(A) 1500 µm implant. (B) 700 µm implant. 
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Fig. 5: Path plots drawn in loading direction, through edge of most proximal partial implant hole (initial maximum nodal stress). 

(A) 1500µm implant; (B) 700µm implant. Black and red lines indicate results for Ti6Al4V (110 GPa) and TiTa (67 GPa). 

Path plots drawn along the loading direction of the initial maximum von Mises stress showed that the stress levels along 

the plate reduced up to the level of bone ingrowth into the implant, while the stresses increased in the deeper region of the 

same layer (Fig. 5). The von Mises stress at the partial holes reduced from 383 MPa to 232 MPa for the 1500 µm implant, 

and from 534 MPa to 259 MPa in the 700 µm implant, below the fatigue failure strength of additively manufactured 

Ti6Al4V, as a result of bone formation in that region. However, partial bone formation to the second layer caused the 

stresses along the plates in the second layer to increase from 282 to 301MPa, and 398 to 411MPa in the 1500m and 

700m implant, respectively. The stress levels in the deeper layers were unaffected by the process of bone formation.  

 

Fig. 6: Extent of bone formation at equilibrium at two different regions through the implant.  

(A-B) Ti6Al4V, 110GPa. (C-D) TiTa, 67GPa.  
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For the TiTa implant (67 GPa), bone formation filled the first layer in both the 700 µm and 1500 µm implant (Fig. 6). The 

second layer was mostly filled with bone in the 1500 µm implant, with a density gradient from the exterior to the interior. 

In the 700 µm implant, bone formation with elastic moduli ranging from 1-12 GPa covered the holes along the plates. 

There was minimal bone formation immediately beneath the struts, but most of the regions below the struts were largely 

unfilled. Stress reduction in the TiTa implant was larger than for Ti6Al4V, especially at the partial holes and the holes 

along the plates (Fig. 4). At the partial holes, the peak stress reduced from 495 MPa to 139 MPa for the 700 µm implant, 

and from 356 MPa to 124 MPa for the 1500 µm implant (Fig. 5). However, the highest stress concentration at equilibrium 

was 281 MPa and 262 MPa for the 700 µm and 1500 µm implant respectively. The reduction in stress concentrations is 

consistent with previous studies that modelled different stages of bone growth in solid and porous implant and showed that 

higher bone formation protects the implant more effectively from fracture [6, 15]. 

4. CONCLUSIONS 

The effect of partial bone formation into the pores of additively manufactured implants with two different porosities was 

evaluated. A mechanoregulation algorithm was applied to predict bone remodeling, and the results were verified against 

histology results from retrieved implants after a 6 weeks follow-up. The FEA models were able to predict the trend in bone 

formation, but over-predicted the extent of bone-to-implant contact. Both the in-vivo and FEA models showed limited 

amount of bone ingrowth, which was found to be due to stress shielding caused by the stiff outer strut. Prediction of bone 

ingrowth was thus higher in the 1500 µm implant as the outermost strut was located further into the implant. The results 

showed that bone remodeling reduces the maximum von Mises stress of Ti6Al4V implants by more than 20%, but the 

maximum implant stress is still not within safety limits of additively manufactured Ti6Al4V. Bone remodeling also shifted  

the location of the highest stress concentration from the most proximal partial holes to the first layer of the struts. FEA 

simulations for TiTa implant material (lower Young’s modulus) predicted significantly increased bone ingrowth, although 

the elastic modulus of additional bone formed was closer to that of trabecular bone than cortical bone. Nevertheless, the 

higher amount of bone formed reduced stress concentrations by 26% and 43% respectively for the 1500 µm and 700 µm 

implants. Compared to Ti6Al4V, the highest von Mises stress at equilibrium of an implant additively manufactured by 

TiTa is within safe limits of the material. The results from this study show that the design and use of extensively porous 

implants in load bearing situations require additional safety checks through FEA simulations of bone remodeling, as bone 

ingrowth changes the stress distribution within the implant. The level of bone ingrowth also determines the extent to which 

it reinforces the implant, thus protecting it from failure. Partial bone formation in an implant designed to achieve complete 

ossoeintegation may put the implant at risk of fatigue failure. The use of TiTa has demonstrated significant effects in 

reducing stress concentrations and should be considered for implant designs. 
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