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Abstract:  

Purpose: Critical-size bone defects (CSBD) are a serious challenge in current orthopaedics. 

Natural healing processes are insufficient, leading to complications such as muscle atrophy, 

joint stiffness, impaired limb function and reduced quality of life. Currently used autologous or 

allogeneic bone grafts have disadvantages, such as long surgery time, secondary injuries and 

immunological reactions. A promising alternative in the treatment of CSBD is the use of a 

scaffold. The key element of the effective use of scaffolds is their proper anchoring in the bone 

defect. The article presents numerical analyses of the effectiveness of selected anchoring 

methods of the scaffold in the bone.  

Materials and methods: Scaffolds were placed in a 60 mm long CSBDs. Four methods of 

anchoring the scaffold in the bone were selected: locking plate, external ring, intramedullary 

nail and double anti-rotation wedge. A simulation of the forces generated during the entire gait 

cycle was performed. The parameters obtained were: Huber Mises Hencky (HMH) max stress, 

strain energy density (SED), sliding distance, frictional stress and bone-scaffold gap.  

Results: Based on the conducted research, it was determined that the most effective of the 

evaluated solutions, in terms of load transfer, were the use of external ring or double anti-

rotation wedge.  

Conclusions: The conducted research confirm that in the treatment of CSBD, an effective 

solution is the use of a scaffold, which effectiveness can be improved with appropriate 

anchoring method.  

Keywords: critical-size bone defects, scaffold, fixation methods, orthopaedic treatment, gait 

cycle, finite element analysis 

1. Introduction 

Fast recovery after bone damage is crucial to minimise fatality and ensure sufficient 

quality of life [20], [35]. Although the bone has the ability to heal itself, critical-size bone 

defects (CSBDs) hinder the natural healing process and do not allow for complete healing. 

CSBD is defined as bone loss greater than one-and-a-half long bone diameter or greater than 

one-fifth to one-fourth of the long bone length [19], [49]. The main causes of CSBDs are 

trauma, tumour resection, developmental deformities, infections, mechanical damage, diseases, 

cancer mutations and delayed union of long bones [19]. CSBDs may lead to further 

complications, such as muscle atrophy, joint stiffness, impaired limb function or reduced 



 

 

quality of life  [49]. Treatment of CSBD is mostly based on the use of autologous or allogeneic 

bone grafts [19]. The main disadvantages of autologous bone grafts, which are currently 

considered the gold standard in CSBD repair, include: long surgery time, severe secondary 

injuries and limited number of donor sites [12]. Problems with allogeneic transplants result 

from the immune response, which affects the vascularisation and cellularity of the graft [45]. 

External and internal structures (such as locking plate or outer rings) are also used for 

stabilisation, which, despite their widespread use, have their drawbacks, such as disruption of 

the load transfer or the accumulation of stress at the anchorage point in the bone tissue [31]. 

A promising alternative in the treatment of CSBD is the use of a relatively new type of 

implant, which is scaffold [3], [19]. By definition, a scaffold is a porous structure, which 

provides temporary or permanent mechanical integrity at the site of tissue damage until it 

regenerates and restores its biomechanical functionality [9]. Individually adjusted scaffolds 

usually have inhomogeneous geometry [46] and appropriate porosity, which enable cell growth 

and proliferation, supply of nutrients and production of intercellular matrix [29]. The use of 

coatings on scaffolds additionally increases their functionality [15]. 

A properly designed scaffold structure allows for transferring loads from one bone 

fragment to another, which cannot be achieved using conventional treatment methods [49]. 

Currently, researchers are trying to develop scaffolds further, using various research methods 

[43]. Their main goal is to determine the optimal mechanical properties that will allow obtaining 

the highest possible functionality of scaffolds [5]. 

An important aspect of the effectiveness of bone reconstruction using scaffolds is their 

stable attachment to the bone tissue [21]. This process, called anchoring, plays a key role in 

providing adequate support for the growing bone tissue [38] and minimising the risk of implant 

displacement [13]. Effective anchoring of scaffolds in the bone provides not only mechanical 

stability, but also enables integration with the surrounding tissues, which contributes to 

effective bone healing and reconstruction [38]. Therefore, the development of methods and 

techniques for anchoring scaffolds is an important aspect in the further development of 

reconstructive treatment of CSBD. 

This issue is relatively new, but the researches on the restoring bone continuity with the 

use of scaffolds are eagerly undertaken with the use of numerical [10], [27] or experimental 

methods [36], [42]. Numerical methods allow conducting research in simulated environment as 

well as easy monitoring computational errors and adjusting research parameters [8], which is 

often impossible with the use of experimental study . 



 

 

Coquim et al. performed a numerical analysis of intact bone, without defects and 8 

different combinations of bone fixation using bone struts. They found that according to the 

traditional "high stiffness" criterion, fixation with a lateral metal plate and a medial bone strut 

is most functional, whereas according to the modern "low stiffness" criterion, it is more 

preferable to use only the lateral plate, even though this generates higher stresses that may 

exceed the bone strength [10]. 

Lu et al. conducted research on bone structures with bone loss and 4 cases of bone union. 

They observed that bone fixation using a lateral plate and a medial bone strut provides the 

highest stiffness. However, while the lateral plate promotes secondary fracture healing, it also 

causes generating higher stresses [27] .  

Yang et al. conducted a study to evaluate the effectiveness of scaffolds in the treatment 

of very large bone defects. The study was performed on a new model of metatarsal fractures in 

sheep that were stabilised with an intramedullary nail. They found out that the use of an 

osteoinductive scaffold effectively treats very large bone defects, ensuring bone regeneration 

and mechanical stability [42].  

Park et al. performed limb-sparing surgery using 3D printed implants for a patient with 

bone cancer, which resembled an outer ring. In this case again, the study proved that 

personalised implant significantly improves bone and soft tissue integration, suggesting high 

effectiveness in the treatment of large bone defects [36].  

The cited research refers to bone fixation methods and the use of scaffolds for bone 

reconstruction. Numerical analyses have shown that a lateral plate with a medial bone support 

provides high stiffness, but the use of only a lateral plate is preferred to obtain lower stiffness 

despite higher stresses. Studies over bone loss have proved that bone strut with side plates also 

increase generated stresses. Osteoinductive scaffolds were effective in CSBDs, promoting 

regeneration and stability. Customised 3D printed implants have improved bone and soft tissue 

integration, showing promising results in the treatment of CSBDs. 

Currently, the conducted researches so far proven that scaffolds are a better solution for 

filling bone defects. However, there is no clear indication or comparative assessment of the 

their anchoring methods. Therefore, the aim of this article was to compare various methods of 

anchoring scaffolds in bone tissue, with particular emphasis on their impact on Huber-Mises-

Hencky's (HMH) stress, strain energy density (SED), sliding distance, frictional stress and 

bone-scaffold gap. These parameters were selected as key indicators of biomechanical stability 

and bone healing potential, which is confirmed in the literature [32], [37]. HMH stress and SED 

allow to assess the efficiency of load transfer and bone remodelling processes, while sliding 



 

 

distance, frictional stress and bone-scaffold gap refer to the mechanical stability of the implant 

and the potential risk of its loosening. Such comparison will allow for a better understanding of 

the advantages and limitations of individual methods, which will contribute to the optimisation 

of treatment methods of CSBD. 

2. Materials and methods 

2.1.  CAD models 

Bone model generation was carried out using 3D Slicer software with the use of its free 

database. The study used 442 CT images, every 1.5 mm, of the left femur of a 44-year-old man 

(mass = 85 kg, height = 185 cm). A threshold range of 226 to 1937 HU for initial bone tissue 

segmentation. Areas where the model was discontinuous required manual post-processing to, 

among other tasks, separate bone tissue from artifacts. The model was subsequently smoothed 

with a smoothing factor of 0.7. The final model was saved in .stl format and imported into 

SolidWorks 2021 SP 4.1 (Dassault Systèmes) to create CAD models. These models were then 

employed in further analyses using the finite element method. The effectiveness of this model 

was confirmed in other studies conducted by the authors [17]. This study included a CSBD 

length of 60 mm, located at a distance of 160 mm measured from the femur head. Selected 

defect parameters are often included in the literature and used in various numerical studies [27]. 

A scaffold was placed in the defect and various methods of anchoring it in the bone were used. 

The bone-implant scheme with dimensions is presented in Figure 1. 

 

Fig. 1. Dimensions of the bone-implant model used in the study 

In the study, 4 osteosynthesis methods were used, which are most often used in clinical 

practice [26], [36], [39], [42], [48]: 1 – locking plate, 2 – ring, 3 – intramedullary nail, 4 – 

double anti-rotation wedge. In all cases, the scaffold geometry was determined on the basis of 

the removed bone fragment. The diameter of the scaffold was adjusted to the anatomical 

dimensions of the bone shaft, to exactly fit the removed fragment. 

On the basis of solutions available in the literature [26], [36], [39], [42], [48], 4 structures 

used as scaffold stabilisation method were modelled. The methods used to stabilize the scaffolds 



 

 

have been used in clinical conditions. In the first method of scaffold stabilisation in the bone 

(Fig. 2a), the commercially available DePuy Synthes Trauma Locking Compression Plate 

(LCP) system with 6 holes, 160 mm long and 15 mm wide, was used in combination with the 

scaffold. Additionally, to anchor locking plate, 6 self-tapping locking screws Ø4.5 (l = 22 mm) 

were used, 3 on the proximal and 3 on the distal side of the bone [39]. In the second method 

(Fig. 2b), the scaffold was attached to the bone through the outer ring and with the use of 4 self-

tapping locking screws Ø4.5 (l = 16 mm) on each side, 2 on the proximal and 2 on the distal 

[36]. In the third method (Fig. 2c), intramedullary stabilisation was used to anchor the scaffold, 

which is generally recommended for attaching structures in the diaphysis area. Additionally, 2 

locking screws on the proximal and 2 on the distal side were used [26]. In the fourth method 

(Fig. 2d), double anti-rotation wedge was modelled, which effectiveness was proved in several 

studies [42], [48]. In each stabilisation method, sliding distance, frictional stress and gap have 

been evaluated for proximal and distal contacts between implant and bone parts. In numerical 

analyses, the geometry of the screws was simplified, omitting the thread while maintaining the 

general dimensions. Fig. 3 presents the overall dimensions of structures used in each method. 

 

Fig. 2. Bone stabilisation methods used in the study: a) method 1 – locking plate; b) method 2 – outer ring;  

c) method 3 – intramedullary nail; d) method 4 – double anti-rotation wedge 



 

 

 

Fig. 3. Overall dimensions of scaffolds with anchoring elements in individual methods:  

a) method 1 – locking plate; b) method 2 – outer ring; c) method 3 – intramedullary nail; d) method 4 – double 

anti-rotation wedge 

2.2. FE models 

ANSYS Mechanical 2020 R1 software (ANSYS Inc.) was used to conduct numerical 

studies. Isotropic and homogeneous mechanical properties of bone tissues were assumed. SS 

316L and Ti6Al4V material properties were considered for anchoring elements and scaffolds 

respectively. However, in the case of scaffolds, effective Young’s modulus of a scaffold with a 

porosity of 40% was considered in order to appropriately simulate the influence of porosity on 

structure’s stiffness. This porosity was proven by the authors to have the highest biomechanical 

functionality in one of the previous studies [18]. Material properties used to conduct numerical 

study are listed in Table 1. 

Table 1. Material properties used in the study 

 
Density 

[g/cm3] 

Young’s Modulus 

[GPa] 

Poisson's 

Ratio 

Effective Young’s 

Modulus [GPa] 

Cortical bone 1.74 [22] 20.00 [22] 0.30 [22] - 

Cancellous bone 0.64 [1] 0.40 [1] 0.30 [1] - 

Anchoring elements (SS 316L) 7.85 [24] 190.00 [24] 0.30 [24] - 

Scaffold 40% porosity (Ti6Al4V) 4.50 [7] -  0.33 [7] 30.00 [18] 

The models were discretised using 10-node Solid187 tetrahedral elements [2]. The 

maximum edge length of the finite element was set on 5 mm. In contact zones, mesh was 



 

 

additionally refined by lowering the finite element edge length to 1 mm. Discretisation quality 

was controlled with the use of Jacobian coefficient. According to the literature, to maintain 

appropriate quality of mesh, the minimum value of the Jacobian coefficient should be above 

0.4 [32]. All analysed finite element models were characterised by a Jacobian ratio above 0.4. 

Additionally, in order to confirm that the appropriate mesh quality was obtained, a 5% mesh 

convergence test was also performed for max. HMH stress – the mesh was refined globally and 

locally until the results were not changed by more than 5%. Models consisted of 85±10 

thousand elements. An example of the generated mesh and the distribution of the Jacobian 

coefficient on one of the generated models is presented in Figure 4. 

 

Fig. 4. Exemplary model after discretisation: a) mesh; b) Jacobian ratio distribution 

The following types of contacts have been established: frictional contact with a 

coefficient of 0.3 between bone and scaffold as well as scaffold and screws [27]. Despite the 

geometrical simplifications used, the contact geometry correction was assumed with bolt thread 

of the following parameters: mean pitch diameter of 4.013 mm, pitch distance of 0.75 mm and 

thread angle of 60°. 

All forces acting on the femur during the gait cycle healthy man were taken into account 

[4]: hip joint reaction force and forces generated by selected muscles (gluteus medius, gluteus 

maximus, gluteus medius, tensor fascia lata, vastus lateralis, vastus medialis). Supports and 

applied forces are presented in Figure 5. 



 

 

 

Fig. 5. Boundary conditions and forces values considered in the study: a) visualisation; b) hip joint reaction 

force; c) abductors; d) tensor fascia latae; e) vastus lateralis; f) vastus medialis 

3. Results 

In order to assess the effectiveness of load transfer, the results obtained for each of the 

analysed anchoring method were compared with the results obtained for the intact femur. 

The analysed parameters included max. HMH stress, SED, sliding distance, frictional 

stress and bone-scaffold gap. HMH stress and SED are biological indicators that enable the 

assessment of the bone remodelling process and the efficiency of load transfer through bone 

[32]. Sliding distance, frictional stress and bone-scaffold gap allow to assess the functioning of 

the scaffold-bone connection, which is crucial for the long-term efficiency of implants [37]. 

Figures 6 and 7 present HMH stress and SED distribution for the intact femur and each 

of the analysed anchoring methods. The maps were generated for approximately 20% of the 

gait cycle (it was a moment of obtaining the highest values of analysed parameters). HMH stress 

and SED results for the lateral and isometric views have been included in Supplementatry 

Materials (at the end of the article) to increase the clarity of the results (Fig. S1-S4). 



 

 

 

Fig. 6. HMH stress distribution for 20% of the gait cycle: a) intact femur; b) method 1 – locking plate; c) method 

2 – outer ring; d) method 3 – intramedullary nail; e) method 4 – double anti-rotation wedge 

 

Fig. 7. SED distribution: a) intact femur; b) method 1 – locking plate; c) method 2 – outer ring;  

d) method 3 – intramedullary nail; e) method 4 – double anti-rotation wedge 

In order to compare the selected anchoring methods more precisely, Figure 8 presents 

values of max. HMH stress and SED, while Figure 9 presents max. sliding distance, frictional 

stress and bone-scaffold gap obtained for the full gait cycle. 

 

Fig. 8. Max. values obtained for full gait cycle: a) HMH stress; b) SED 



 

 

 

Fig. 9. Max. values obtained for full gait cycle: a) sliding distance; b) frictional stress; c) bone-scaffold 

Figures 10, 11 and 12 present sliding distance, frictional stress and bone-scaffold gap for 

the analysed anchoring methods. Sliding distance and frictional stress were determined for 

bone-scaffold frictional contacts. The bone-scaffold gap is presented as the distance in vertical 

direction created between bone fragments and scaffold: blue lines include undeformed model, 

while red deformed model. 

 

Fig. 10. Sliding distance: a) method 1 – locking plate; b) method 2 – outer ring; c) method 3 – intramedullary 

nail; d) method 4 – double anti-rotation wedge 



 

 

 

Fig. 11. Frictional stress: a) method 1 – locking plate; b) method 2 – outer ring; c) method 3 – intramedullary 

nail; d) method 4 – double anti-rotation wedge 

 

Fig. 12. Bone-scaffold gap (blue lines indicate undeformed model, while red deformed model):  

a) method 1 – locking plate; b) method 2 – outer ring; c) method 3 – intramedullary nail; d) method 4 – double 

anti-rotation wedge 

4. Discussion 

In the presented article, the authors numerically evaluated 4 different anchoring methods 

of scaffolds as CSBD treatment solution and restoring bone continuity. Scaffolds were anchored 

in the bone using locking plate (method 1), outer ring (method 2), intramedullary nail (method 

3), and double anti-rotation wedge (method 4). The article provides analyses over max. HMH 

stress, SED, sliding distance, frictional stress and bone-scaffold gap, as key indicators of 

biomechanical stability and bone healing potential, which is confirmed in the literature [32], 



 

 

[37]. HMH stress and SED allow the assessment of the load transfer efficiency and bone 

remodelling processes, with HMH stress referring to the risk of mechanical damage in both the 

bone and the implant, while SED is crucial in assessing the bone remodelling and healing 

process. Sliding distance, frictional stress and bone-scaffold gap refer to the mechanical 

stability of the implant and the potential risk of its loosening. 

Stress distribution maps for the intact femur indicate the zones with the highest stresses 

(approx. 50 MPa), i.e. in the medial and lateral parts of the shaft, in the medial and lateral 

condyles and at the femoral neck. The lowest stresses (approx. 5 MPa) occur in the anterior and 

posterior parts of the shaft, the anterior and posterior parts of the distal epiphysis, the greater 

trochanter and femoral head. The data coincide with the values available in the literature [11]. 

When a critical-size bone defect occurs, the stress distribution severely changes due to different 

loads transfer. It also causes visible risk of stress-shielding [23] as a result of too high stiffness 

of implants used to restore bone continuity [10]. According to the literature, SED for an intact 

femur reaches threshold of around 0.2-2.4 J/m3 [47], which coincides with the values obtained 

in the presented research. For methods 1 and 2, the stress of 250 MPa and 130 MPa and SED 

of 3 J/m3 and 7 J/m3 were obtained. The results obtained for locking plate coincide with those 

presented in the literature, where the maximum stress is in the range of 180-300 MPa [28]. The 

maximum stresses and SED for methods 3 and 4 were 75 MPa and 25 MPa and 3 J/m3 and 2 

J/m3. Literature values obtain by other authors in numerical studies, indicate that the maximum 

stresses for intramedullary stabilisation are in the range of 100 to 200 MPa [33]. The values 

closest to those of intact bone were obtained for method 4, while slightly higher values were 

obtained for method 3. The largest differences are noticeable for the other two anchoring 

methods, namely the locking plate and the external ring. Differences ranged from 100 to even 

225 MPa. Methods 1, 3 and 4 provided SED values close to those of bone, with a maximum 

difference of 0.5 J/m3. However, for method 2, the differences between the values for intact 

bone and the anchoring methods were much higher, reaching a maximum value of 7 J/m3.  

In some cases there may be discrepancies between the results obtained by the authors and 

the results available in the literature [6], [34]. This is noticeable in method 2, which led to higher 

stress concentrations near the bone-implant contact surface. The reason may be the positioning 

of the anchoring element, which, due to its high stiffness, may lead to obtaining different results 

depending on the place where CSBD is located. 

The SED values for method 4 are most similar to the values obtained for intact bone, 

which suggests the load transfer with this method reflects natural loads transfer through the 

bone. 



 

 

It is worth noticing that within a certain range of elastic deformations, higher values of 

HMH and SED are beneficial as they stimulate bone remodelling. However, it is important that 

these parameters do not exceed certain threshold, as this may lead to damages within bone 

structure. 

At approximately 0-10% of the gait cycle (heel strike) stress and SED are low, but 

increase quickly as the foot moves into the next stage (foot flat) in which stress and SED reach 

one of the first maximums, which is related to the full load on the foot. At about 30-50% of the 

cycle (midstance) the stress and SED values decrease. Stress and SED start to increase for the 

second time and reach second maximum with toe off at approx. 50-60% of the gait cycle. Stress 

and SED decrease before entering the swing phase and retain their values for remaining 40% 

of the gait cycle. During that phase, stress and SED values are minimal as the limb is not loaded. 

Loads during gait cycle also affect the sliding distance, frictional stress and bone-scaffold 

gap values. For the first and third parameter, as a result of the transition of the foot from the 

support phase to the transfer phase (approx. 60% of the cycle), the values increase, while for 

the second one, on the contrary, decrease significantly. At 20% of the gait cycle, the sliding 

distance reaches its peak for the stance phase. At the moment of transition from the stance phase 

to the swing phase (approx. 60% of the cycle), the values increase again and remain high until 

the full cycle ends. Max. sliding distance values in method 1 were obtained for the distal contact 

(0.11 mm), in method 2 for the proximal contact (0.09 mm), in method 3 for the proximal 

contact (0.10 mm) and in method 4 for the proximal and distal contacts the values were the 

same (0.03 mm). The values obtained by the authors are within the range of values available in 

the literature, which is 0.001-0.720 mm, depending on the performed activity or the type of 

implant [14], [37]. Moreover, according to the literature based on clinical studies, the sliding 

distance at the interface between the implant and the bone should be greater than 0.028 mm but 

cannot exceed 0.150 mm to guarantee effective bone growth [16], [41]. Sliding distance above 

this range may lead to loosening of the implant and the growth of fibrous tissue at the bone-

implant interface, thus hindering proper implant fixation [16], [41]. The values obtained by the 

authors are within the range given in the literature. For frictional stress, the values also start to 

increase with foot flat (approx. 20% of the cycle). The maximum values of frictional stress in 

the method 1 were obtained for the proximal contact (8.3 MPa), in method 2 – for the distal 

contact (2.4 MPa), in method 3 – for the distal contact (12.2 MPa), in method 4 – for the distal 

contact (1.1 MPa) and remain similar until the support phase ends, while with the start of swing 

phase they drop significantly.  



 

 

A similar tendency as in frictional stress can also be observed for scaffold-bone gaps. 

When foot flat starts, the values reach their maximum, which in method 1 were obtained for the 

proximal contact (0.62 mm), in method 2 for the distal contact (0.21 mm), in method 3 for the 

proximal contact (0.48 mm) and in method 4 for the distal contact (0.29 mm). At the moment 

of entering the swing phase, the values start to decrease. According to the literature on bone 

fractures, for the fracture gap to heal, it must be smaller than 0.8 mm [30]. For the anchoring 

methods analysed, this value was not exceeded, which may indicate that the fragments will 

heal. Frictional stress and gap behave opposite to sliding distance – when sliding distance 

increases, frictional stress and gap decreases. The highest values of sliding distance and gap 

were recorded for method 1, and frictional stress for method 3. The lowest values of sliding 

distance and frictional stress were obtained for method 4, and the gap for method 2. It is 

important that when using the selected anchoring method, the tested parameters are as low as 

possible to eliminate excessive movements of the implant in the vertical and transverse 

directions, which could contribute to joint instability. For the locking plate (in the distal 

contact), the external ring (in the proximal contact) and the intramedullary nail (in the proximal 

contact), the solution could be to use additional stabilising screws to increase their 

biomechanical efficiency. 

Sources of model validation are based on clinical trials, animal experiments and previous 

numerical models. This approach increases the credibility of the results and allows them to be 

better related to clinical practice [25], [40]. 

The research results have presented that the methods using external ring and double anti-

rotation wedge are the most optimal in terms of load transfer. These methods promote the 

integration of the implant with the bone i.a. through the appropriate level of SED, minimisation 

of stress concentration and preventing creation of fibrous tissue. 

5. Conclusions 

The conducted research confirm that the use of a scaffold with appropriate anchoring 

method is an effective solution in the treatment of CSBD. The use of an external ring and double 

anti-rotation wedge are particularly promising. The indicated geometries provide additional 

stability and better integration with bone tissue. The use of an external ring or double anti-

rotation wedge may also reduce the risk of scaffold loosening, which is important to ensure 

lasting treatment results. Further research should focus on optimising these anchoring methods 

in order to improve the effectiveness of using scaffolds as a method of restoring bone continuity 

in CSBDs. 
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Supplementary Materials 

 

Fig. S1. HMH stress distribution for 20% of the gait cycle in lateral view: a) intact femur;  

b) method 1 – locking plate; c) method 2 – outer ring; d) method 3 – intramedullary nail; e) method 4 – double 

anti-rotation wedge 

 

 

Fig. S2. HMH stress distribution for 20% of the gait cycle in isometric view: a) intact femur;  

b) method 1 – locking plate; c) method 2 – outer ring; d) method 3 – intramedullary nail; e) method 4 – double 

anti-rotation wedge 



 

 

 

Fig. S3. SED distribution in lateral view: a) intact femur; b) method 1 – locking plate; c) method 2 – outer ring; 

d) method 3 – intramedullary nail; e) method 4 – double anti-rotation wedge 

 

 

Fig. S4. SED distribution in isometric view: a) intact femur; b) method 1 – locking plate; c) method 2 – outer 

ring; d) method 3 – intramedullary nail; e) method 4 – double anti-rotation wedge 

 

 


