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A B S T R A C T   

The occurrence of periprosthetic femoral fractures (PFF) has increased in people with osteoporosis due to 
decreased bone density, poor bone quality, and stress shielding from prosthetic implants. PFF treatment in the 
elderly is a genuine concern for orthopaedic surgeons as no effective solution currently exists. Therefore, the goal 
of this study was to determine whether the design of a novel advanced medicinal therapeutic device (AMTD) 
manufactured from a polymeric blend in combination with a fracture fixation plate in the femur is capable of 
withstanding physiological loads without failure during the bone regenerative process. This was achieved by 
developing a finite element (FE) model of the AMTD together with a fracture fixation assembly, and a femur with 
an implanted femoral stem. The response of both normal and osteoporotic bone was investigated by imple
menting their respective material properties in the model. Physiological loading simulating the peak load during 
standing, walking, and stair climbing was investigated. The results showed that the fixation assembly was the 
prime load bearing component for this configuration of devices. Within the fixation assembly, the bone screws 
were found to have the highest stresses in the fixation assembly for all the loading conditions. Whereas the 
stresses within the AMTD were significantly below the maximum yield strength of the device’s polymeric blend 
material. Furthermore, this study also investigated the performance of different fixation assembly materials and 
found Ti-6Al-4V to be the optimal material choice from those included in this study.   
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1. Introduction 

Osteoporosis is a significant socio-economic problem with an esti
mated 200 million people worldwide that are affected by this disease 
[1]. The statistics from the international osteoporosis foundation states 
that 33-50% of women and 20% of men over fifty years have osteopo
rosis [2]. Periprosthetic femoral fractures (PFF) are the third most 
common reason for an implant revision in people with osteoporosis [3]. 
PFF may occur due to osteoporotic-induced decrease in bone strength 
and bone quality, in combination with implant-induced stress shielding 
further exacerbating bone quality and strength. In elderly people with a 
total hip replacement, PFF are becoming more frequent and increasingly 
difficult to treat [4] with up to 18% of total hip arthroplasty (THA) 
resulting in postoperative periprosthetic fracture [5]. Furthermore, 
Draw et al. reported mortality rates of 13.1% and 15.8% at 12 and 18 
months following treatment for PFF [6], and Bhattacharya et al. found 
an 11% mortality rate in people treated for PFF after 12 months. Several 
studies have suggested there is a high rate of bone failure and mortality 
for PFF [7]. The treatment for PFF in the elderly is a genuine concern for 
orthopaedic surgeons as no effective solution is currently available on 
the market. Furthermore, there is no gold standard for PFF treatment 
despite numerous randomised clinical trials on external and internal 
fracture fixation devices [8]. However, tissue engineering and regener
ative medicine has shown significant potential in its ability to repair 
bone defects resulting from PFF and osteoporotic fractures [9]. Devices 
such as tissue-engineered (TE) scaffolds are generally used to fill the 
defects, stimulate bone tissue growth, and replace the diseased bone 
with the newly formed healthy bone [10]. Porous TE scaffolds provide a 
suitable substrate for cells to attach, migrate and proliferate within to 
support tissue growth under a suitable physiological bone environment. 
Porous bone TE scaffolds stimulate cell proliferation and differentiation 
and bears the necessary mechanical load [11]. However, for elderly 
people with osteoporotic PFF, the surgical implantation of a porous bone 
TE scaffold is a challenging task for an orthopaedic surgeon. As an 
alternative solution, the overall goal of the research programme is 
focussed on developing a new advanced medicinal therapeutic device 

(AMTD) that has the ability to be fixed across fracture sites to treat PFF 
in long bones. This alternative therapeutic strategy can be used in 
conjunction with an existing fracture fixation assembly and overcome 
the complexities associated with the implantation of a novel medical 
device. 

Computational modelling is a widely used technique for studying 
biomechanics and medical device design [12] and is well suited for 
investigating the biomechanics of novel devices to treat osteoporotic 
PFF. It has been effectively used to control the different design param
eters related to the medical device, fixation, failure, and performance 
analysis in bone biomechanics problems. Moreover, computational 
modelling can model complex geometrical structures with material 
behaviour, and efficiently simulate the complicated boundary and 
loading conditions present in device-tissue interactions. Furthermore, 
device geometry and material selection can be optimised during 
computational modelling prior to preclinical studies. 

Therefore, the primary objective of this study is to quantify the effect 
of physiological loading on the mechanical stability and effectiveness of 
the fracture fixation assembly to direct damaging stresses away from a 
novel AMTD for bone regeneration in osteoporotic PFF. This was ach
ieved by developing a finite element (FE) model of the AMTD that can be 
fixed across a fracture to guide and stimulate bone regeneration at the 
fracture site. The AMTD was integrated with an existing femur fracture 
fixation assembly, i.e., metallic fixation plates, bone screws and cerclage 
cables. The fixation assembly was used to support the AMTD. The AMTD 
was designed not to be load-bearing as it is assumed that all of the load 
will be transmitted through the fracture fixation devices. Therefore, the 
subsequent objectives of this study were to: (1) Predict the stress dis
tributions through the AMTD, fixation assembly, femoral implant, and 
the femur during the peak physiological loading conditions demon
strating that the bulk of the load is transmitted through the fixation 
assembly; (2) study the effect of bone-AMTD, bone-cables, and bone- 
screws interface conditions on the stress distribution, and (3) investi
gate the failure strength of the AMTD under physiological loading 
conditions for both normal and osteoporotic bone. Additionally, the 
effectiveness of different fracture fixation assembly materials on 

Fig. 1. In (a) a general view of the device alongside the overall dimensions. In (b), the basic porous unit that is repeated in the 3D space to obtain the final device 
shape. In (c), visualization of the channels that direct diffusion to the fracture (outlet channels) and can be used to fill the device with a drug-loaded hydrogel 
(inlet channels). 
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shielding the AMTD from damaging stresses was also investigated. 

2. Materials and method 

2.1. General overview of the advanced medicinal therapeutic device 

The AMTD is in active development and is part of the European 
Union’s Horizon 2020 Research and Innovation programme under grant 
agreement No 814410: Active aGeIng and Osteoporosis: The next chal
lenge for smarT nanobiOmaterials and 3D technologies (GIOTTO). The 
specific objective of the H2020 GIOTTO project is to develop a novel 
advanced medicinal therapeutic device that combines the use of nano
materials and an active molecule to stimulate fracture healing in long 
bones. In particular, the general design can be seen in Fig. 1 (a), 
alongside the device’s dimensions. The main concept is to have 
controlled delivery of relevant ions and drugs towards the osteoporotic 
PFF to promote healing and regeneration . As such, the AMTD archi
tecture was obtained by repeating a basic unit in three-dimensional (3D) 
space to create a porous structure with internally connected pores (Fig. 1 
(b)). A porosity value of 50% was set for all repeated units, while the 
channels diameter was 1.5 mm. Ions and drugs can be included inside 

Fig. 2. (a) The generation of femur bone from CT data, and (b) virtual positioning and operation of the CAD files of fracture fixation assembly, femoral implant, and 
scaffold device with the femur bone. 

Table 1 
Material property data of the femoral bone, femoral implant, device and plate 
fixation assembly [16–23]. AMTD = Advanced medicinal therapeutic device.  

Component Young’s Modulus 
(GPa) 

Poisson’s Ratio 
(υ) 

References 

Femoral Bone 17.26 0.3 [16] 
Femoral Implant 230 0.26 [16] 
AMTD 2.52 0.3 [17] 
Candidate Materials for the Plate Fixation Assembly 
Alumina (Al2O3) 240 0.31 [18,20–22] 
Cobalt Chrome (Co-Cr) 

alloy 
210 0.30 [19,22,23] 

Stainless Steel (SS316L) 
alloy 

193 0.31 [20–22] 

Titanium (Ti-6Al-4V) 
alloy 

120 0.32 [20–22]  
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the device by grafting on the pore surface or by filling the device with an 
ion- or drug-loaded hydrogel (Fig. 1 (c)). The outer shape and overall 
dimensions of the device were chosen so that it could fit over the curved 
bone surface (so that at least 80% of the device is in contact with the 
tissue), while being able to integrate with existing bone fixation solu
tions, e.g., metallic plates, bone screws and cerclage cables. From a 
manufacturing point of view, the device is fabricated using Fused 
Deposition Modeling (FDM) of composite polymeric blends made of 
poly-L-lactic acid (PLLA), polycaprolactone (PCL), and poly (3-hydrox
ybutyrate-co-3-hydroxyvalerate) (PHBV). Moreover, the blend included 
an inorganic, ceramic phase comprising of nanohydroxyapatite (nHA) 
and/or mesoporous bioactive glasses (MBGs) with/without strontium 
doping, known to stimulate bone regeneration as previously reported 
[13]. 

The present paper demonstrates the general characteristics, design 
aspects, and mechanical function of the AMTD. A parametric computer 
design was utilised to determine the internal topology of the AMTD. 
Specifically, the internal topology was obtained as the repetition of a 
basic unit (Fig. 1 (a) and (b)). Channels were used to: (1) connect the 
central pores to create a pore network; and (2) direct diffusion towards 

the fracture (outlet channels in Fig. 1 (c)). The device was placed outside 
the bone and over the fracture, and in direct contact with the periosteum 
to enhance bone regeneration. The device should be non-load-bearing 
since other fixation devices will support the mechanical loads (i.e., 
metallic plate, bone screws, and cables). 

2.2. Model generation 

Computed tomography (CT) scan data of a 60 year old male (516 ×
516 pixels, pixels size of 0.815 mm, and slice thickness of 1 mm) ob
tained from the Cancer Imaging Archive Database (National Cancer 
Institute, National Institutes of Health, Maryland, USA) was used to 
develop the 3D FE femur model for this study [14,15]. Manual seg
mentation, and 3D model generation of the femur bone was performed 
using MIMICS 24.0 (Materialise, Leuven, Belgium). The 3D geometry of 
the AMTD was generated using SolidWorks (DS SolidWorks Corp., 
Maryland, USA). Similarly, the 3D geometry of the fracture fixation 
assembly consisting of a plate, bone screws (1-3), cables (1-2), cable 
holders (1-2), and the femoral implant were created in SolidWorks (DS 
Solidworks Corp., Maryland, USA). The overall dimensions of the AMTD 
used for FE simulations can be seen in Fig. 1 (a). 

Virtual positioning of the fracture fixation assembly, femoral implant 
and the AMTD with the femur bone was performed in Rhinoceros 7.0 
(Robert McNeel & Associates, Washington, USA) (Fig. 2). All compo
nents were imported into ANSYS (ANSYS, Inc., Pennsylvania, USA) and 
a ten-node tetrahedral element mesh was used for the discretization 
process. The material property data for the femoral bone, fixation as
sembly and femoral implant are shown in Table 1 [16–23]. A Young’s 
modulus of 2.52 GPa was determined for the AMTD following experi
mental mechanical characterisation [17]. The position of all the com
ponents of the FE model (i.e., femoral bone, femoral implant, plate, bone 
screws 1-3, cables 1-2, cable holders 1-2, and AMTD) are defined and 
shown in Fig. 3. 

Fig. 3. FE model of femur bone with the fracture fixation assembly, femoral implant, and AMTD.  

Table 2 
Forces representing different body weights 
during standing posture that were applied to 
the femur bone under static loading condi
tions [16,27].  

Load Case Force 

1 490 N 
2 540 N 
3 588 N 
4 640 N 
5 860 N  

S. Mondal et al.                                                                                                                                                                                                                                 



Medical Engineering and Physics 114 (2023) 103967

5

2.3. Verification and validation of the FE model 

A mesh convergence study was performed to verify the model. Four 
FE models were generated having different element sizes. The first, 
second, third and fourth FE models consisted of 535,867; 987,921; 
1,214,268; and 1,567,822 elements, respectively. The equivalent 
stresses in the femoral bone, femoral implant, AMTD and fixation as
sembly were considered for the convergence study. The deviation in 
stresses was observed to be between 3% and 12% when the first and 
second FE models were compared. This deviation was reduced by 1-5% 

when a comparison was made between the second and third FE models. 
The comparison between the third and fourth FE models showed a sig
nificant reduction in the deviation of equivalent stresses in the range of 
0.1–1%. Consequently, the third model consisting of 1,214,268 elements 
was sufficient for accurate computational modelling. The intact FE 
model of the femoral bone was validated with results from previously 
published data [19,24]. 

2.4. Modelling of osteoporotic bone 

It is well established that osteoporosis is a risk factor for PFF [8]. 
Therefore, it is beneficial to use material property data for osteoporotic 
bone as well as for normal healthy bone when modelling the femur’s 
response to the fracture fixation assembly under load. Osteoporosis 
leads to a reduction of bone quality and consequently its Young’s 
modulus and density. Considering this effect, the material properties of 
the femoral bone were modified according to Wang et al. [8]. Three 
different FE models were developed to represent different severities of 
osteoporosis in the femoral bone by reducing the values of both its 
Young’s modulus and density by 10%, 20%, and 35%. As the majority of 
the load is carried by the cortical layer of the long bones [25,26], the 
present study assumes the mechanical contribution of the cancellous 
bone to be negligible and is assumed to be captured within the material 
description of the femoral cortical bone as detailed in this model. M0 
represented the FE model with the original (normal) material properties 
(elastic modulus) of the femur bone, M1 with 10% reduction, M2 with 
20% reduction, and M3 with 35% reduction in the elastic modulus value, 

Fig. 4. Loading and boundary conditions at the FE model for (a) standing posture, (b) walking, and (c) stair climbing. (I: intersegmental joint muscle forces; A: 
abductor; TFLp: tensor fascia latae proximal; TFLd: tensor fascia latae distal; VL: vastus laterallis; VM: vastus medialis) 

Table 3 
The magnitude and direction of forces during walking and stair climbing con
dition when body weight = 860 N [16].  

Force Components (N) FX FY FZ 

Walking 
I 17 -162 -1172 
A 29 518 700 
TFLp -87 70 113 
TFLd -4 11 -159 
VL 199 -34 -766  

Stair climbing 
I 142 -225 -1272 
A -174 639 706 
TFLp -3 122 129 
TFLd 2 -15 -198 
VL 257 -60 -1135 
VM -470 -158 -2245  
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respectively, reflecting the observed changes in osteoporotic bone. The 
load transfers through the fracture fixation assembly and AMTD before 
and after an osteoporosis-induced PFF was investigated. 

2.5. Interface conditions 

Contact analysis was performed to simulate the interaction between 
the femoral implant and bone, bone screws and bone, cables and bone, 
AMTD and bone, and all other fracture fixation assembly interfaces. Two 
extreme contact conditions were assumed for this analysis. 

First, a non-bonded (non-osseointegration) condition was assumed at 
the interfaces between bone screws and bone cables to the bone and 
AMTD to the bone. While the fully bonded (osseointegration) condition 
was assumed between femoral implant and bone. Six-node surface-to- 
surface contact elements were used for the contact analysis. The coef
ficient of friction was defined as 0.2 for non-bonded interfaces [12]. 
Fully bonded contact conditions were applied to all other interfaces in 
the fracture fixation assembly. 

In the second case, all of the interfaces were assumed to be fully 
bonded and an augmented contact algorithm was used to model this 
contact condition. For the convergence of non-linear solutions, a normal 
contact stiffness of 10 N/mm and a penetration factor of 0.1 were 
defined. Both the contact parameters (i.e., contact stiffness and pene
tration factor) were chosen so that they do not have any influence on the 
results. 

2.6. Applied boundary and loading conditions 

Initially, the femur model was analysed under standing posture 
loading and boundary conditions. In this case, the femur model was 
subjected to the different bodyweight loading conditions: 490 N, 540 N, 
588 N, 640 N, and 860 N, in line with previously reported studies [27]. 
The loads corresponded to the different body weights (Table 2) [27]. 
The distal part of the femur bone was constrained in all degrees of 
freedom. The loading and boundary conditions for the standing posture 
are shown in Fig. 4 (a). Further, two physiological load cases approxi
mating the peak loads through the stance phase of walking and stair 
climbing were also considered for the analysis. The normal walking 

loading condition comprised of the intersegmental and two joint muscle 
forces (I), abductor (A), tensor fascia latae proximal (TFLp), tensor fascia 
latae distal (TFLd), and vastus laterallis (VL) (Fig. 4 (b)). In comparison, 
the stair climbing loading condition comprised of the I, A, TFLp, TFLd, 
VL, and vastus medialis (VM) (Fig. 4 (c)). The distal part of the femur 
bone was fixed for both loading cases. Fig. 4 (b) and (c) illustrate the 
locations of the boundary and loading conditions for walking and stair 
climbing, respectively. The magnitude of each muscle and joint contact 
force was based on the assumed body weight of 860 N [16]. The 
magnitude and direction of all muscle and joint contact forces for both 
the physiological load cases were converted to our FE coordinate system 
(Table 3). These muscle and reaction forces were distributed on the set 
of nodes restrained to the respective patched areas. The location and 
insertion point of each muscle force was assigned according to Andreaus 
et al. [16]. 

3. Results 

The intact FE model of the femoral bone was validated using meta- 
data from studies by Ebrahimi et al. [24] and Das et al. [19] using the 
same material property data, boundary, and loading conditions. The 
results were in good agreement with the earlier published data. Fig. 5 
shows the stress distribution in the femoral bone from previous studies 
and the present model. The highest von Mises stress was observed as 
76.89 MPa in the femoral bone by Das et al. [19] and 75.67 MPa by 
Ebrahimi et al. [24]. The peak value of von Mises stress from the present 
model was 75.16 MPa in the femoral bone. It is postulated that the 
differences in the stress distributions were likely due to variations in the 
geometrical structures of the femoral bone between the three models. 

3.1. Standing posture condition 

The FE model was initially subjected to the standing posture loading 
condition at different body weights. The highest body weight (860 N) 
generated the greatest stresses and strains in all the components (Fig. 6). 
Although, the distribution pattern of the equivalent stresses and strains 
was similar for all the five body weight conditions (1-5) for the standing 
posture loading condition, the magnitudes of the stresses and strains 

Fig. 5. Validation of the femur model with the previous literature. The equivalent stress distribution in the femur bone by Das et al. (2014), (b) Ebrahimi et al. 
(2012), and (c) present FE model. 
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were markedly different (Fig. 8). 
The von Mises stress distributions in the plate, femoral implant, 

AMTD, bone screw, femoral bone, cables, and cable holders for the 860 
N non-bonded contact condition case are shown in Fig. 7 (a-g). Bone 
Screw 3 demonstrated the highest peak von Mises stress compared to all 
other components (Fig. 7 (d)), whereas Cable Holder 1 exhibited the 
lowest levels of von Mises stress (Fig. 7 (g)). Therefore, Bone Screw 3 
was the main load-carrying component in the fixation assembly. The von 
Mises stress distributions in the plate, femoral implant, AMTD, bone 
screws, femoral bone, cables, and cable holders are shown in Fig. 7 (h-n) 
for the bonded condition. Compared with the non-bonded condition, the 
von Mises stress generally increased for all the components, except for 
the femoral bone, when the bonded contact conditions were applied. 
Although, the stress magnitudes are different, the stress distributions for 
all of the components were similar to the non-bonded condition. 

The average von Mises stresses for the cable holders, cables, femoral 
implant, bone screws, AMTD, and plate for the body weight cases 1-5 

(standing posture condition) for the non-bonded and bonded condi
tions are shown in Fig. 8. In the fracture fixation assembly, the average 
stress was higher at Bone Screw 3 followed by Bone Screw 1 and Bone 
Screw 2, the fracture fixation plate, cables, and cable holders for all load 
cases. For the non-bonded case, the average von Mises stress in Bone 
Screw 3 was 1.71 MPa, 5.01 MPa, 5.56 MPa, 6.15 MPa, and 9.01 MPa for 
load cases 1 to 5, respectively. Whereas, for the bonded condition the 
average von Mises stress was found to be 8.34 MPa, 25.72 MPa, 28.71 
MPa, 31.02 MPa, and 34.01 MPa for Bone Screw 3 for load cases 1 to 5. 
The average von Mises stress values for all other components for the 
non-bonded and bonded conditions are presented in Fig. 8. 

3.2. Walking and stair climbing conditions 

The FE model was also used to model the stance phase of walking and 
stair climbing. Fig. 9 shows a comparison of the average von Mises 
stresses in the different components for standing, walking, and stair 

Fig. 6. (a) The equivalent stress distribution, and (b) equivalent strain distribution at the FE model of femur bone with fracture fixation assembly, AMTD, and 
femoral implant for the static loading condition of 860 N. 
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climbing conditions. The stair climbing demonstrated higher values of 
average stresses for all the components compared to standing and 
walking conditions. Similar to the standing loading condition, the 
highest stress was observed in Bone Screw 3 in the fracture fixation 
assembly for walking and stair climbing. However, the average von 
Mises stress value for Bone Screw 2 was less for the walking loading 
condition compared to the standing and stair climbing loading condi
tions. The peak von Mises stresses in the AMTD device were 4.20 MPa, 
9.22 MPa, and 25.77 MPa for standing, walking, and stair climbing 
loading conditions. The AMTD was found to be within the safe limit 
(below the yield strength for the PLLA/PCL/PHBV blend of 53 MPa) 
when tested under all three physiological loading conditions. 

In the case of the osteoporotic models, the average stress distribution 
in the femoral bone, AMTD, and bone screws due to different material 
modelling of the bone (i.e., 0% (M0), 10% (M1), 20% (M2), and 35% 
(M3) reduction in bone material property data), is shown in Fig. 10. The 
lowest average stress in the femoral bone was found for model M3, fol
lowed by M2, M1, and M0 (Fig. 10). The reduction in the average stress 
value was found to be 0.9%, 1.78%, and 3.45% for M3, M2, and M1. A 
decrease of stress in the femoral bone would increase the load transfer at 
the fixation assembly. The reduction of the elastic modulus values for 
the femoral bone corresponding to the severity of osteoporosis led to an 
increase in the average stress values for all three bone screws (Fig. 10). 
The highest stress value for all bone screws was found in model M3. 
Similarly, a concomitant increase in the peak von Mises stress value in 
the AMTD was also observed due to the reduction of the material 
property data of the femoral bone. The maximum von Mises stress of 
6.93 MPa was found for the AMTD in the M3 model. The equivalent 
stress distribution at the bone screws and AMTD for models M0, M1, M2, 
and M3 are shown in Fig. 11. The FE model for M3 exhibited the highest 
stress distribution for all the bone screws and AMTD compared with 
other FE models M0, M1, and M2 (Fig. 11). 

3.3. Effect of fracture fixation assembly material 

The effect of the fracture fixation material on the stress distribution 
within the FE model’s components (i.e., plate, cables, cable holders, and 
bone screws) was also investigated. The equivalent stress distributions 
in all the fracture fixation assembly components for different materials is 
shown in Fig. 12. The choice of material (i.e., stainless steel (SS316L), 
alumina (Al2O3), cobalt chrome (Co-Cr) alloy, or titanium alloy (Ti-6Al- 
4V)) had a negligible effect on the stress distributions in the AMTD, 
femoral implant, and femoral bone. The stress distributions were found 
similar in the AMTD, femoral implant, and femur bone for the different 
fixation materials investigated. However, the different fixation material 
property data influenced the stress distributions at the plate, cables, 
cable holders, and bone screws. The stresses in the plates, cables, cable 
holders, and bone screws were minimised when Ti-6Al-4V alloy was 
used for the fracture fixation assembly compared to the other materials 
investigated (SS316L, Al2O3, Co-Cr based alloys) (Fig. 12). 

4. Discussion 

PPF of the long bones has high incidence in older patients following a 
total hip replacement and is a significant socio-economic problem with 
18% of total hip replacements resulting in PPF [5]. A novel concept was 
proposed to attach an AMTD using existing fracture fixation solutions to 
the compact outer layer of the bone at the fracture site to stimulate bone 
regeneration. The aim of this study was to develop a 3D FE model of the 
AMTD with a fracture fixation assembly attached to the femoral bone 
and simulating different physiological loading conditions to determine 
whether or not the stresses within the AMTD were below the material’s 
fracture strength. The primary function of the AMTD was to enhance 
fracture healing through the controlled delivery of bone-regulating 
molecules, while conventional fracture fixation solutions sustain the 
physiological loads and prevent mechanical failure during the bone 

Fig. 7. The equivalent stress distribution in the (a) plate, (b) femoral implant, (c) AMTD, (d) bone screws, (e) femur, (f) cables, (g) cable holders for non-bonded and 
(h) plate, (i) femoral implant, (j) scaffold device, (k) bone screws, (l) femur, (m) cables, (n) cable holders for bonded conditions of the FE model subjected to the static 
load of 860 N. 
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regeneration process. 
The 3D FE model was initially subjected to a standing posture 

loading condition for different body weights. As expected, the highest 
body weight value (860 N) showed the highest stresses at all the com
ponents. Approximately 70-80% of the load was transferred through the 
fracture fixation assembly compared to the other components. These 
results are in agreement with the earlier FE studies of femoral fracture 
fixation plate assemblies that show load distribution in the bone-plate 
interface, primarily supported by plates and bone screws [22,28–32]. 
We observed the bone screws in the fracture fixation assembly were the 
main load-carrying components for the present model. The highest stress 
distribution was found in Bone Screw 3 (Fig. 7). Previously, it has been 
reported that the bone screws carried the maximum load and play an 
important role for the success of the fixation device in the treatment of 
osteoporotic fractures [33]. The cable holders had the lowest values of 
stress of all the components (Fig. 7). The AMTD was found to be within 
the safe limit (i.e., below the yield strength of PLLA/PCL/PHBV blend of 
53 MPa) [17] for all three physiological loading conditions. Previous 
work suggests that complete osseointegration between the bone screws 
and cables and bone benefits long-term performance [34–37]. 

The stair climbing physiological loading exhibited during the stance 
phase of gait generated higher stresses for all the components of the FE 
model compared to the other two physiological loading conditions, i.e., 

walking and standing (Fig. 9). During the stair climbing, the peak load of 
the muscle and reaction forces was higher compared to the walking, 
corresponding to an increment in the stress values [16]. Although, in a 
realistic scenario, stair climbing for a patient having PPF is a very 
challenging task. In reality, it is assumed that patient having PPF is not 
subjected to the stair climbing loading condition very often. In this 
study, the osteoporotic bone was represented by the reduction in the 
material property similar to earlier studies [8,19,38,39]. As the 
maximum load is carried by the outer cortex or cortical bone in the 
femur, the present study only focused on the femoral cortical bone. 
Osteoporotic bone results in a decrease in the pull-out strength and 
shearing strength [40]. The reduction of density and material value 
leads to the reduction of load transfer at the femur bone. This study 
clearly demonstrates that the AMTD and standard fixation solutions 
sustain the physiological loads and avoid mechanical failure. 

Biomaterials play an important role in the efficacy of fixation plates 
because of their direct and indirect effects on the healing process [20]. 
Various biomaterials such as, titanium, titanium alloys (Ti-6Al-4V), 
stainless steel (SS316L), cobalt-chromium (Co-Cr) alloys and ceramics 
(Al2O3) have been used in the orthopaedic industry [41]. Herein, we 
have investigated the mechanical aspect of key biomaterials for the 
long-term success of present fixation assemblies. To achieve this the 
present study investigated the effect of the different material properties 

Fig. 8. The average equivalent stresses in the (a) femoral implant, (b) bone screw 1, (c) bone screw 2, (d) bone screw 3, (e) plate, (f) cable 2, (g) cable holder 2, (h) 
femur, (i) AMTD, (j) cable 1, and (k) cable holders 1 of FE model for the non-bonded and bonded conditions during the standing posture of different load cases, i.e., 
Load case 1: 490 N, Load case 2: 540 N, Load case 3: 588 N, Load case 4: 640 N, and Load case 5: 860 N. 
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of fracture fixation assembly on the stress distribution. Here, the fixation 
assembly (i.e., metallic fixation plates, bone screws, cables, and cable 
holders) was assigned with different materials such as alumina Al2O3, 
Co-Cr alloy, SS316L, and Ti-6Al-4V. However, the components of fixa
tion assembly showed variations in stress distribution due to different 
materials. For example, the bone screws had a smaller stress value for 
the material combination of Ti-6Al-4V compared to the other materials. 
At present, the bone plates for internal and external fixation generally 
used in the clinic are primarily made of stainless steel and Ti-6Al-4V 
[42–44]. It has previously been demonstrated in the studies of 
different biomaterials for the fracture fixation plates and screws that 
stresses at the bone plates and screws were found to be less for Ti-6Al-5V 
compared to SS316L and Co-Cr [19]. The present results are in agree
ment with the previous outcomes. Therefore, the Ti-6Al-4V material can 
be used for the fixation assembly for long-term performance and 
significantly reduces the risk of failure of the fixation assembly 
components. 

While the FE model presented here clearly demonstrates the ability 
of the fracture fixation assembly to divert loading away from the AMTD, 
some limitations remain that should be addressed in future work. Peri
osteal tissues were omitted from the model as it was assumed that the 
material properties of these soft tissues are significantly less than bone 
[26,27], and that they do not have a significant effect of the stress dis
tribution within the femur bone and fracture fixation assembly. It should 

also be noted that the FE model described here is based on a single CT 
scan dataset that is useful for patient-specific models, devices, and 
tailored rehabilitation programmes. Whilst, a morphologically averaged 
model of the femur bone developed from CT scans of multiple persons 
would provide a more generalised understanding of the biomechanics at 
play during the loading conditions investigated here. Both approaches 
provide value for engineers and medical professions and should be 
investigated synergistically to obtain a complete understanding of the 
biomechanics. Further, the material properties of cortical bone were 
assigned to the entire femur considering that the majority of the load is 
transferred through the outer cortical layer of the bone and not the 
cancellous bone [22,23,26]. Bone fracture was not explicitly modelled 
in these FE models as it was assumed that the fracture gap has been 
closed by the fracture fixation plate in the non-osseointegrated bound
ary condition, and that the fracture gap has been closed and fusion has 
occurred in the osseointegrated loading condition. Finally, the AMTD 
material properties used here were derived from the bulk material. 
However, the AMTD was fabricated using FDM 3D printing and pos
sesses anisotropic mechanical properties that may result in different 
stress values for the AMTD device. Future work will characterise the 
mechanical behaviour of the FDM 3D printed material. 

Fig. 9. The average equivalent stresses in the (a) plate, (b) bone screw 1, (c) bone screw 2, (d) bone screw 3, (e) cable 2, (f) cable holder 2, (g) AMTD, (h) cable 1, and 
(i) cable holder 1 of the FE model for standing, stair climbing, and walking condition. 
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Fig. 10. The average von Mises stress distribution in the (a) bone screw 1, (b) bone screw 2, (c) bone screw 3, (d) femur, and (e) AMTD due to the material reduction 
at the femur bone in case of the non-bonded condition. 

Fig. 11. The equivalent stress distribution in the bone screws and AMTD due to the reduction of material property at the femur bone in case of the non- 
bonded condition. 
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5. Conclusion 

The current study concluded that the proposed polymeric-based 
AMTD was non-load bearing. The maximum load during standing, 
walking, and stair climbing was carried by the fracture fixation assembly 
with the bone screws carrying the bulk of the load. The peak stress 
values within the AMTD for the standing, walking, and stair climbing 
loading conditions were approximately 8%, 17%, and 49% of the yield 
strength of the PLLA/PCL/PHBV AMTD. Therefore, the mechanical 
design of the AMTD has been validated. It can be also concluded that the 
use of Ti-6Al-4V for the fracture fixation assembly could improve long- 
term performance. 
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