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Abstract
The use of uncemented stems in hip arthroplasty has been increasing, even in osteoporotic patients. The major concerns of uncemented hip-stems, however, are peri-prosthetic fracture, thigh pain, and proximal femoral stress-/strain-shielding. In this study, a novel design of uncemented hip-stem is proposed that will reduce such concerns, improve osseointegration, and benefit both osteoporotic and arthritic patients. The stem has a central titanium alloy core surrounded by a set of radial buttresses that are partly porous titanium, as is the stem tip. The aim of the study was to investigate the mechanical behaviour of the proposed partly-porous design, examining load transfer in the short-term, and comparing its strain-shielding behaviour with a fully solid stem. The long-term effect of implant-induced bone remodelling was also simulated. Computed tomography based three-dimensional finite element models of an intact proximal femur, and the same femur implanted with the proposed design, were developed. Peak hip contact and major muscle forces corresponding to level-walking and stair climbing were applied. The proposed partly-porous design had approximately 50% lower strain-shielding than the solid-metal counterpart. Results of bone remodelling simulation indicated that only 16% of the total bone volume is subjected to reduction of bone density. Strain concentrations were observed in the bone around the stem-tip for both solid and porous implants; however, it was less prominent for the porous design. Lower strain-shielding and reduced bone resorption are advantageous for long-term fixation, and the reduced strain concentration around the stem-tip indicates a lower risk of peri-prosthetic fracture. 
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1 Introduction
[bookmark: _Hlk123563533][bookmark: _Hlk123563748]Over the last two decades, uncemented stems in total hip arthroplasty (THA) have seen growing popularity 1-3. Uncemented fixation has an excellent clinical outcome 4-6, with longevity comparable to cemented fixation, if not better 7-9. However, the major concerns of uncemented hip-stems are peri-prosthetic fracture 10, 11, thigh pain12, and proximal stress-/strain-shielding 13, 14, which can be attributed to the higher stiffness of the uncemented stem compared to the smaller diameter of a cemented stem for the same size femur. Although reliable fixation is achieved by most of the uncemented stem designs, there are variations in design features that may affect osseointegration 15, attributed partially to stress-/strain-shielding 10. 
[bookmark: _Hlk156761957]People with osteoporosis (OP) have a much higher risk of neck of femur fracture than those with normal bone density. For the treatment of displaced-type fractures, THA or hemiarthroplasty are widely used 16, 17. In current clinical practice, hip-stems used for treating such fractures are the same designs as those conventionally used for treating osteoarthritis in non-porotic patients.  However, the structure and internal geometry of the proximal femur changes with age and OP 18. In order to compensate for the geometric mismatch, cemented fixation is often preferred in OP patients 19. However, cement in elderly patients may increase pulmonary embolism and cardiac arrest 12. Conversely, uncemented fixation can offer advantages of less surgical time, blood loss, and morbidity of frail elderly patients 4. Thigh pain with conventional uncemented hip-stems is more common for bone-stock-deficient femurs 20, 21, and this is mostly attributed to stem-bone micromotions due to poor fit and resulting fibrous fixation of the stems 22, and mismatch in material stiffness between the stem and the bone 23. Moreover, poor bone quality in osteoporosis leads to inferior biological fixation 15, 24. The risk of stress-/strain-shielding, subsequent bone resorption and peri-prosthetic fracture is higher with a larger diameter solid stem 15, 25 required for an OP femur. As the femoral cortex is very thin, a conventional solid stem poses a higher risk of peri-prosthetic fracture, intra- or post-operatively 26, 27. 
[bookmark: _Hlk153526674][bookmark: _Hlk153527297][bookmark: _Hlk123563642][bookmark: _Hlk156849363]Attempts have been made to lower the stiffness of hip-stems23, 28-35. The main approaches to reduce the stiffness have included variation in the cross-section, stem length and porous structure, or else by changing the material of the hip-stem, or a combination of these. Porous implants are expected to facilitate implant fixation23, 28, 31, 32. Rana et al.33 reported an approach for the design of orthopaedic implants with inhomogeneous porosity that are tailored to each patient. Stress shielding and potential bone resorption in a femur implanted with a porous hip stem were evaluated using finite element analysis and in vitro experimental tests34. Naghavi et al.34 reported that porous implants can reduce strain shielding by 45% compared to solid implants in the proximal Gruen zones. With the aim of minimising the stress-shielding effect, Saravana and George35 reported on stiffness optimisation for designing subject-specific cementless hip implants. The prior designs have addressed the challenges to a certain extent, however, the associated concerns are yet to be tackled fully. In this study, a novel design of uncemented hip-stem is proposed, made possible by recent advances in manufacturing technology. 
The proposed novel design (Figure 1) has a central core of titanium alloy (Ti6Al4V), which tapers distally. Over the length of the core, a set of buttresses (Ti6Al4V) protrude radially, leaving slots in between them. These buttresses provide additional bending strength to the core. The outer surfaces of the buttresses are covered with relatively soft deformable porous metal (Ti6Al4V). The distal tip of the stem is bullet-shaped and fully porous. These features reduce the stiffness of the implant, providing more chance for bone ingrowth and also reduce the risk of peri-prosthetic fracture. The degree of porosity is varied along the length of the stem. This structure may be built in one piece using additive manufacturing methods such as laser-melted Ti powder. The slots created in between the buttresses/coating may be filled with bioactive bone substitute material that further increases the chance of bone ingrowth for implant fixation. Hydroxyapatite, for example, encourages a fibrous implant-bone interface to ossify 36, and many bone substitute materials are available 37.  The bone substitute might enhance the biological response, particularly of the deficient OP bone 38, strengthening the support for the implant. Figure 1 shows a CAD model of the implant components along with the assembled model.
It was hypothesised that a computational simulation of the proposed partly-porous stem design/femur construct would demonstrate stress/deformation changes that are known to reduce the risks of peri-prosthetic fracture, occurrence of thigh pain, the effect of stress-/strain-shielding and subsequent bone remodelling, and improve osseointegration, when compared to those arising from the use of solid-metal stems. The proposed conceptual design should, therefore, benefit not only elderly OP patients undergoing surgery due to neck of femur fracture but also patients undergoing surgery due to hip osteoarthritis. The design concept may be suitable for both a standard-length stem and a shorter stem, and also in situations other than the hip. The aim of the study was to investigate the mechanical behaviour of the proposed ‘porous buttress’ design, with particular attention to load transfer in the short-term, and to compare its strain-shielding behaviour with a conventional solid stem (‘solid metal implant’) with the same overall shape. The long-term effect of implant-induced bone remodelling for the partly-porous buttress’ design was also simulated. 

2 Materials and Method
[bookmark: _Hlk153483356]2.1 Development of CAD and FE Models
A three-dimensional (3-D) geometrical model of an intact proximal femur was developed using computed tomography (CT)-scan data, obtained from a patient who underwent hip surgery to treat a neck fracture of the right femur following a fall (76 years, male, confirmed OP). CT-data of the contralateral femur (left femur) were used in the development of the femur model. The data set contained images of both femurs, from the head to 250 mm distal to the tip of the greater trochanter. Images were stored in 512 x 512 pixels, with a pixel size of 0.75x0.75 mm, slice thickness of 2 mm and slice increment 1 mm. Images were processed using MIMICS (Materialise, Leuven, Belgium) to acquire the 3-D geometry of the femur, with segmentation by thresholding of CT grey-scale values. 
The implant was modelled using SolidWorks (Dassault Systems, USA) (Figure 1). The overall cylindrical shape of the implant was based on the ‘stove pipe’ shape of the OP femur 39. The stem had a 16 mm outer diameter, consisting of a 10 mm diameter solid core surrounded by eight buttresses, each of which had solid Ti alloy at its base and porous structure in the outer 50%. The porous structure had a pore size of 0.5 mm and strut size of 0.4 mm (porosity 57%). The choice of the pore size was based on the overall width of the buttresses and the favourable range of pore sizes required for bone ingrowth 40. Virtual surgery of the femur was performed using Rhinoceros software (Rhino, McNeel Associates, USA). The femoral head and neck were split from the rest of the femur by using a Boolean subtraction operation. A portion of the cancellous bone was removed to simulate the surgically prepared hole in the femoral canal. The hip-stem models (‘porous buttress’ and ‘solid metal implant’) were then inserted into the proximal femur separately. The positioning of the implant model inside the femur was done such that the implant head was placed to match the centre of the native femoral head (Figure 2).   
[Insert Figure 1. here]

[Insert Figure 2. here]

[bookmark: _Hlk156762096][bookmark: _Hlk153483419]The 3-D finite element (FE) models of the natural (Figure 2a) and implanted femurs (with standard stem length) (Figure 2c) were developed using Ansys (Ansys Inc, PA, USA). The models were meshed using ten-node tetrahedral solid elements. Element sizes were chosen judiciously for the implant-bone structure to incorporate the precise description of bone morphology in the FE models. A mesh convergence study based on von Mises stresses generated in the implant components and equivalent strain induced in bone near the distal tip of the implant was used to support the chosen mesh parameters. Three FE models were created with element sizes of 2, 1.5 and 1 mm. Maximum variations in stress (von Mises) in the implant and equivalent strain in the implanted bone around the tip of the implant were 8% and 3%, respectively, when the results from the first and second models were compared. However, only 3% differences in induced stress (von Mises) and less than 1% variation of induced equivalent strain were observed between the second and third models. Therefore, the FE model (both intact and implanted) with an average element size of 1 mm was found to be acceptable. Element specifications of different components in the finite element model of the implant-bone structure are listed in Table 1.





Table 1:  Element specifications and material properties of the components of the finite element model of the implant-bone structure.

	Name of components (Implant-Bone structure)
	Tetrahedral element size (mm)
	Number of elements
(‘porous buttress’ implant)
	Number of Nodes
(‘porous buttress’ implant)
	Number of elements
(‘solid metal implant’)
	Number of Nodes
(‘solid metal implant’)
	Young’s Modulus 
(GPa)
	Poisson’s ratio 



	Bone 
	1
	352571
	552125
	352571
	552125
	CT grey value based
	0.26

	Core
	1
	43259
	71896
	43259
	71896
	110 
	0.3

	Bullet Tip
(porous)
	1
	2457
	4200
	2457
	4200
	30 (Effective Young’s Modulus)
	0.3

	Head
	1
	14215
	22588
	14215
	22588
	350
	0.3

	Buttress
(porous)
	0.5
	647009
	1269263
	14505
	31407
	110

	0.3

	Bone Substitute
	1
	25504
	51875
	25504
	51875
	5
	0.3

	Total number of elements/nodes
	1085015
	1971947
	452511
	734091
	



2.2 Material Property Assignment
The inhomogeneous bone material property distribution was extracted from the CT-scan grey-scale values using MIMICS software. Apparent density (ρ in g·cm-3) for each bone element was computed using a linear calibration equation between Hounsfield units (HU) and ρ of the bone elements, considering two reference points within the data set for which both the variables were known. Experimental studies 41, 42 have established a power-law relationship between ρ and elastic modulus (E), and E = 7281 ρ1.52 has been used in previous FE studies of the femur 43, 44. The maximum elastic modulus of the bone elements was 15.6 GPa, which is representative of OP bone quality. Material properties for various components of the model are listed in Table 1. Hydroxyapatite was used as a bone substitute material to fill the slots between the buttresses of the hip stem. The bullet tip was modelled as solid geometry but with an effective elastic modulus corresponding to 57% porosity. For the ‘solid metal implant’ design material properties of Ti6Al4V were assigned to the implant except the ceramic head.
2.3 Loading and Boundary Conditions
Forces applied on the FE model included the maximum static loads during the stance phase of normal walking and stair climbing 45, 46 (Figure 3). Applied loads included the hip contact force and major muscle forces. The forces were calculated assuming 75 kg body weight. Similar to previous work 47, the hip-contact force was applied uniformly over an estimated circular area of radius 15 mm and 2 mm  for the native femur and the implanted femur, respectively, following Hertz contact theory. The muscle forces were applied over circular patches matching the attachments of the respective muscles or group of muscles to the femur. Nodes at the distal end of the FE model were constrained in all directions (Figure 3).
[Insert Figure 3. here]

2.4 Interface Assumption
The implant-bone interface was simulated as a Coulomb frictional contact with a coefficient of 0.3 at the interfaces of the buttresses and bullet tip with the bone, and 0.1 at the interfaces of the bone substitutes with the bone 48. Asymmetric behaviour between target and contact bodies was chosen. The stiffer structure was considered as the target surface and the less stiff component was assumed to be the contact body. An augmented Lagrange algorithm was used for frictional contact simulation. The penetration tolerance value was set to 0.1 mm along with a programme-controlled stiffness factor. Sensitivity analyses of contact parameters were performed by varying the penetration tolerance. Similar to Pal et al.47, Gauss points were preferred to monitor contact pressure over the nodes. The interfaces between the implant subcomponents were considered to be bonded. Micromotions in the FE model were defined as the relative nodal displacements at the implant-bone interface due to applied loading. Generally, micromotions at the interfaces occur both tangentially (along the surface) and normal to the surface, designated as sliding and gap opening, respectively. The sliding motion of the interface was used to predict the chances of postoperative osseointegration. This also provides an idea of the long-term risk of implant loosening.
2.5 Bone Remodelling Simulation
[bookmark: _Hlk157003749]Bone is capable of self-optimising its geometry, internal structure and density depending on its mechanical environment through a process called bone remodelling. Due to the higher metabolic activity of trabecular bone than cortical bone, it reacts faster than cortical bone to the changes in mechanical loading. The changes in apparent density of bone (internal remodelling) due to altered level of mechanical stimulus are more prominent than changes in external geometry (external bone remodelling). In this study, simulation of internal bone remodelling (change of apparent bone density) was considered based on a mechanical stimulus (strain energy density per unit bone mass) of bone before (Sref) and after (S) implantation. The induced strain energy density (SED) per unit bone mass was averaged for normal walking and stair climbing activities. The difference in the mechanical stimulus between the intact and the implanted bone was compared for corresponding bone elements. There is a threshold limit of the differences in the stimulus (strain energy density level) where no bone remodelling occurs. This limit is called the ‘dead zone’50-52. Furthermore, it has been suggested that the quantity of accessible free surface area (a(ρ)), influences the space in which adaptive density changes occur in bone53. The magnitude of the dead zone was set at ± 0.75 of reference SED of the intact bone 52 . Change in apparent density after implantation was calculated iteratively based on equation 1. The mathematical expression for change in bone density after implantation is: 
              ……(1)
[bookmark: _Hlk157100330]Where  is the free surface area per unit volume for bone  in the internal bone structure estimated as a function of bone density, as given in equation 2 53. Other parameters, τ and Δt, define the adaptation rate and time step of the bone remodelling simulation, respectively.
      ………(2)

Using the Euler's forward integration method, equations 1 and 2 can be solved as described in equations 3 and 4 to determine adaptive changes in bone density based on the selected time-step Δt:
                             ………(3)
                                                         ………(4)

The simulation was carried out on time scale where the adaptation rate for every iteration was assumed to be 129.6  per month 49. After every iteration, the updated bone density was incorporated into the implanted bone for each element using a custom-written MATLAB (The MathWorks Inc., Natick, MA, USA) script. The upper limit of updated bone density from the bone remodelling algorithm was set as 1.73  and lower limit was set as 0.01  49. The simulation was assumed converged when the element-wise density change did not exceed 0.005  between two subsequent iterations. The bone density distributions before and after bone remodelling (at the equilibrium) were plotted using a custom Ansys APDL script. 

[bookmark: _Hlk156764912]2.6 Verification, Validation and Interpretation of Results
The predictions of the FE model were validated indirectly by comparison with previous FE studies with experimental confirmation of FE predictions 54, the pattern of strain distribution and percentage of strain shielding after implantation 55-57, the trend of bone loss in other subject-specific FE studies of uncemented porous-coated hip implant 58. A finite element study on a hip implant56 reported the variation of the third principal strain in the femur along a line in the medial surface under normal walking and stair climbing activities. In the present study, variation of strain along a similar line in the medial surface of the femur was presented for comparison.
Gruen et al.59 proposed the seven Gruen Zones that are frequently used to assess periprosthetic strain shielding or loosening following THA. The implant-bone structure can be divided into seven Gruen zones: three lateral, three medial and one distal to the stem. The strain shielding was calculated based on the difference in average strain values of all nodes in a particular Gruen zone volume between the implanted femur and intact femur for the same activity. It was reported in earlier studies42, 60 that strain-based criteria may be more statistically significant and mathematically straightforward than stress-based criteria for human trabecular bone. The yield strains of bone are anatomic site-dependent and homogeneous within a single site because of its weak reliance on apparent density in spite of significant variations in yield stress and elastic modulus based on apparent density in human bone. Reductions of strain shielding and strain concentration were calculated by comparing them in each Gruen zone between the ‘porous buttress’ and ‘solid metal implant’ designs. 

3 Results
[bookmark: _Hlk156764990]The variation of compressive strain along the medial surface of the femur showed some differences between the intact and implanted (‘porous buttress’) states (Figure 4a). The change of axial compressive strain between the implanted and intact bone was 10% - 50% down to the stem tip. Distal to the stem tip, the strain of the implanted bone model matched that of the intact femur with 4% - 8% difference. 

[Insert Figure 4. here]

[bookmark: _Hlk156853177]The equivalent strain distribution within the implanted femur in a frontal section is shown in Figure 5 for peak loading in walking and stair climbing activities during the immediate postoperative period. The medial side of the femur was in compression, whereas the lateral side was in tension.  The implanted bone with the ‘solid metal implant’ was subjected to higher (50%) strain shielding around the stem, and a higher strain concentration (30%) around the implant tip than with the ‘porous buttress’ design (Figures 5c-f). Compared with the intact bone, a maximum 90% increase in bone strain was observed for the ‘solid metal implant’ design (Figures 5e, f). With the ‘porous buttress’ design, the strain concentration at the distal tip was reduced by 66% (Figures 5c, d). The strain-shielding in Gruen zones 1-3 and 5-7 was related to load transfer predominantly around the tip of the stem (Gruen zone 4) (Figure 5). 	Comment by Bidyut Pal: P11 L43-56; comment from Reviewer 2, to check for clarity.
[Insert Figure 5. here]
[bookmark: _Hlk157000276]Post-operatively, the ‘porous buttress implant’ caused reductions in strain ranging from 25%-54% compared with the intact femur in the proximal femoral shaft for stair climbing and normal walking activities, while the solid stem caused up to 91% strain shielding (Figure 6).  Compared with the solid stem, the ‘porous buttress’ implant reduced strain-shielding by 41% in zone 7 and 39% in zone 1, under stair climbing loads. This reduction in strain-shielding led to a predicted maximum reduction of bone loss due to remodelling of 30% in the ‘porous buttress’ design with respect to the ‘solid metal implant’.
[Insert Figure 6. here]

 Figure 7 presents the percentage bone loss from the proximal implanted femur due to remodelling: it was higher in the proximal zones 1 and 7 than in zones 3 and 5 near the stem tip. The trend of bone loss in the Gruen zones was also evident from the contour plots of density distribution in the implanted bone (Figure 8). Bone apposition of 12% was predicted around the distal tip of the implant (Gruen zone 4) after equilibrium in bone remodelling. In contrast, bone resorption after remodelling around the ‘porous buttress’ design was predicted proximally in Gruen zones 1 (40%) and 7 (11%), reducing to 1 or 2% near the stem tip (Gruen zones 3 and 5). The changes in bone density due to remodelling were primarily in cancellous bone, with negligible remodelling of the cortical bone.
The maximum implant-bone interface sliding micromotions were 21 µm and 75 µm for normal walking and stair climbing, on the proximo-medial side over 2%-3% of the total interface area. The micromotion over the whole interface area was well below 100 µm, which is favourable for bone ingrowth 61.
Peak stresses in the implant components (Table 2) were within the yield 62  and fatigue limits 63. 
[Insert Figure 7. here]

[Insert Figure 8. Here]


Table 2: Peak Stresses induced in different components of the implant and their allowable limits.  * Fatigue limit of bone substitute was assumed to be 50% of its yield limit. 
	ACTIVITY
	von Mises stress in the core and solid buttress (MPa)
	von Mises stress in the porous buttresses (MPa)
	Principal stress in Bone Substitute (MPa)
	von Mises 
stress in bullet tip (MPa)

	Normal Walking
	122
	45
	4.5
	21

	Stair climbing
	180
	60
	5.8
	34

	Allowable yield limit (MPa)
	1013
	155
	90
	155 

	Allowable fatigue limit (MPa) 
	596
	75
	45*
	75




4 Discussion
The most important finding of the study is that the ‘porous buttress’ design resulted in a strain distribution within the implanted femur closer to the physiological values than with the ‘solid metal implant’ design: there was less bone loss related to strain shielding, and a smaller stress concentration around the stem tip. Post-operatively, the load was transferred to the bone predominantly at the tip of the stem, leaving the proximal femur shielded for both activities for both stem types. The strain-shielding along the length of the femur surrounding the stem was approximately 50% less with the ‘porous buttress’ than the ‘solid metal implant’ design, due to the reduced stiffness.

The load transfer pattern in the femur and the magnitude of strain-shielding after implantation of the solid metal implant were similar to other studies 55, 57. Yamako et al. 57  reported a trend of distal load transfer through the tip of the stem, using patient-specific FE modelling of an anatomical uncemented hip stem. Similarly, the variation of minimal principal strain along the medial surface of the bone in the present study matched closely with that reported previously 56. A study that measured surface strains in human femurs before and after implantation of an anatomical stem revealed an 84%  reduction in cortical strain in Gruen zone 7 under stair climbing loading 55. The current investigation found 92% strain shielding for the ‘solid metal implant’ design in Gruen zone 7 under comparable loading, while the ‘porous buttress design’ reduced this by 52%. In the present study, the peak third principal strain in the outer surface of the medial calcar region was  -1850 micro-strain after implantation with the ‘solid metal design’ under stair climbing activity, within 8% of that reported in a similar region in a previous study 56. A peak third principal strain of -1.6× when walking was found in the implanted femur 14 while the present investigation found a value of -1.5×. In an experimental study using digital image correlation in-vitro 60, the maximum induced strain on the medial surface of the lesser trochanter region of the intact femur was -3×  under a compressive load of 1500 N [11], while in the present study it was -2. under comparable loading and boundary conditions. Thus, taken together, the results of the present study are compatible with prior evidence.

Distal to the tip of the implant, a negligible difference in strain was observed between the intact and implanted bone models. The peak bone strain at the tip of the stem for the ‘solid metal implant’ design was approximately 50% higher than for the ‘porous buttress’ design. The proposed ‘porous buttress’ design with a porous tip, therefore, may have a lower risk of bone fracture, and that might be reduced further by design optimisation. Similarly, it could be speculated that the lower strain concentration might also reduce the occurrence of thigh pain at the tip of the stem.

The ‘porous buttress’ stem in the current study caused 25%-45% strain-shielding in the medial shaft area (zones 5-6), which was approximately 55% lower than with the ‘solid metal implant’ design. It had more strain-shielding (54%, 53%) in Gruen zones 7 and 1 under stair climbing loading. Previous studies that measured the surface strain in human cadaver femurs
reported that the strain-shielding in Gruen zones 1 and 7 was 87% and 73% 54, 55. The reduced strain-shielding with the current design results from the differences in their overall stiffness and more proximal load transfer from the implant to the bone with the lower stiffness partly-porous implant. 
The ‘porous buttress’ design reduced bone loss around the stem: in the proximal Gruen zones 1 and 7 there was predicted to be 30% and 65% lower bone loss than with the ‘solid metal implant’ design, while the bone losses in the distal Gruen zones 3 and 5 were reduced by 81% and 83%. It is well-known that bone resorption in the proximal Gruen zones 1 and 7 is common after THA 64 and the trend of bone loss predicted around the ‘porous buttress’ stem matched closely with a previous study 58.

The ‘porous-buttress’ stem in the present study appears to offer less bone loss than previous porous-coated designs 23, 65, 66. An FE study of a fully porous hip stem 23  reported a 16% bone loss, while with the current porous-buttress design it was 11%. A study of a porous hip stem design versus a solid implant found a maximum reduction in strain shielding of 28% 65 while in the present study, up to 55% reduction of strain shielding was achieved. The present hip implant model produced a lower strain shielding (short-term) and bone resorption (long-term) in the proximal Gruen zones, indicating favourable mechanical behaviour in relation to bone preservation. The implant-bone micromotion (20-75 µm) was within the threshold limit (100 µm) of osseointegration 61, indicating a high chance of secure bone ingrowth fixation.
 
There were several limitations of the study. The bone was assumed to be a linear elastic material. The FE models were analysed for only two common day-to-day activities and were based on the bone anatomy and body weight of only one subject. The results of this study should be compared with other implant designs used clinically to further evaluate the effectiveness of the proposed designs. More demanding load cases and bone models should be analysed to predict the risk of peri-prosthetic fracture. The model prediction ideally should be validated experimentally. However, direct comparisons with other studies are difficult since the results are largely dependent on the specific hip-stem model, applied load condition, stem positioning and methods used. It is evident from the strain distribution pattern that load transfer was higher in the proximal-medial area of the implant, as expected, so to reduce the chance of localised failure of the medial porous buttresses they were modelled as being solid there. The validations were qualitative since the implant design was new: experimental comparative validation and mechanobiological simulation of bone ingrowth may now follow.

5 Conclusions
The ‘porous buttress’ femoral stem showed promise in terms of reduced risk of stress-/strain-shielding. The results suggest that the risk of peri-prosthetic fracture may be reduced with this design because of the reduced strain concentration around the softer stem-tip. The stresses in the implant structure were within safe limits under the physiological loading analysed. The partly-porous stem was predicted to confer advantages over some previous hip stems, particularly a reduction of strain-shielding and subsequent bone resorption. The ‘porous buttress’ stem design, with reduced proximal strain shielding, porous metal bone contact zones and bone substitute material which would further encourage bone ingrowth in-vivo, may be suited for use in arthritic and OP patients. 
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[bookmark: _Hlk142932972]Figure 1. (a) Sectional view of novel hip implant (b) CAD models of the components of the proposed porous hip implant.
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Figure 2. FE model of the (a) natural femur (b) novel hip implant (c) implanted bone model.








[image: ]

Figure 3. Applied loading and boundary conditions on the FE models. Applied loads for normal walking included the hip contact force and the muscle forces of the abductor, tensor fascia latae (proximal and distal) and vastus lateralis. Stair climbing included the hip contact force, and muscle forces of the abductor, tensor fascia lata (proximal and distal), vastus lateralis and vastus medialis. 
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 Figure 4. Variation of the third principal strain along a line (proximal to distal) in the medial surface of the femurs (intact and implanted with ‘all metal’ and ‘porous buttress’ designs); (a) full model (b) up to the tip of the stem 
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Figure 5. Postoperative equivalent strain distributions in the (a) intact femur under normal walking; (b) intact femur under stair climbing; (c) implanted femur (‘porous buttress’) under normal walking; (d) implanted femur (‘porous buttress’) under stair climbing; (e) implanted femur (‘all metal’) under normal walking; (f) implanted femur (‘all metal’) under stair climbing.
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Figure 6. Gruen zone wise comparison of the percentage of strain shielding in the implanted femurs for normal walking and stair climbing activities
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Figure 7. Gruen zone wise comparison of the percentage of bone loss (considering both activities) for ‘all metal’ and ‘porous buttress’ designs.
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Figure 8. Bone density (g.cm-3) distribution in a longitudinal section at (a) postoperative case in the implanted bone (b) after bone remodelling equilibrium in the implanted (‘porous buttress’) bone (c) after bone remodelling equilibrium in the implanted (‘all metal’ buttress) bone.
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