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Abstract: Unstable intertrochanteric fractures in elderly patients are often associated with a high rate of postopera-
tive complications. The operative procedure used has a great influence on patient outcome, even going so far as to 
influence mortality rates. Postoperative weight-bearing is also a controversial issue in terms of early rehabilitation 
and fracture healing. This study uses biomechanical tests and finite element analyses to evaluate the stability of 
severe osteoporotic intertrochanteric fractures fixed with an Asian proximal femur intramedullary nail antirotation 
system (PFNA-II). 17 synthetic femoral bones were used for simulating the fracture pattern (AO/OTA type 31-A2) and 
subsequent fixation. Acetabular loading was manually increased in 100 N increments from 200 N to 1800 N, or 
until the point of failure. The load applied and number of cycles to failure were recorded and used as inputs to the 
finite-element analysis. The femur-implant construct had a maximum load to failure of approximately 900 N. The 
results also revealed the head part had a relative varus displacement to the shaft part. The vertical displacement 
of the head part is 9.30±0.38 mm (range 9.96-8.91 mm) and transversal displacement is 5.21±0.26 mm (range 
5.64-4.91 mm). For securing unstable intertrochanteric fractures, implants are typically designed to substitute as a 
major weight-bearing structure and to immobilize the fracture. This is particularly important in osteoporosis bone, 
where the bone is already weakened and susceptible to further damage. This study found that an early weight-
bearing load of 900 N (1.45 times body weight) can be recommended for postoperative rehabilitation.

Keywords: Intertrochanteric fracture, finite-element analysis, biomechanical test, proximal femoral nail anti-rota-
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Introduction

As most healthcare systems across the world 
try to cope with an aging population, the inci-
dence of osteoporosis and subsequent joint 
fracture is escalating. 125,000 intertrochan-
teric fractures are recorded per year in the 
United States, and this is expected to reach 
500,000 by 2040 [1]. As such, intertrochan-
teric fractures are a worldwide public health 
issue with devastating consequences for both 
patients and their families [2, 3]. Invasive inter-
vention (i.e. an operation) is currently the pri-
mary, and most successful, method for treating 
such fractures. However, the choice of proce-
dure and the use of postoperative weight bear-
ing are still controversial. Limited weight bear-
ing reduces mechanical failure, but reduce the 
patient mobilization [4-6].

The proximal femoral nail anti-rotation (PFNA) 
system is an intramedullary nail implant desi- 
gned by the AO/ASIF foundation [7]. As implant 
designs have improved and demonstrated 
greater long-term success, such helical blade 
implants have gradually become more popular 
and have gained acceptance among trauma 
surgeons. Nevertheless, implant failure and 
complications are not uncommon in clinical 
practice. To avoid the complications, delaying 
the weight loading or limited weight bearing is 
the alternative choice for the surgeons and the 
patients [8].

There is a clear lack of biomechanical and finite 
element data in the literature to either support 
or discourage immediate postoperative weight 
bearing of osteoporotic intertrochanteric frac-
tures. Therefore, the purpose of this investiga-
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tion is to quantify the effect of immediate 
weight-bearing on early recovery using in vitro 
biomechanical tests and finite element anal- 
yses.

Materials and methods

General study design

In this study, the PFNA-II system was implanted 
in synthetic femoral specimens and its perfor-
mance evaluated using biomechanical tests 
and numerical analyses. The tests aimed to 
gauge the stability of fixation and to investigate 

the short-term behaviors of the osteoporotic 
fracture fragments. The failure strength of the 
osteoporotic-femur-implant construct was then 
used as the applied load in the FEA fatigue 
analyses to simulate instrumentation of about 
three months. The numerical results aim to 
demonstrate the long-term stability and life of 
the implant-bone construct.

In vitro biomechanical tests 

The method is based extensively on those  
given in parts 3 and 4 of ISO 7206 (ISO 7206-

Figure 1. The proximal femur was opened using a conical reamer to gain access to the intertrochanteric fossae (A). 
The intramedullary nail was then placed into the canal (B). Next, the helical blade is threaded through an opening in 
the nail and forcibly inserted into the femoral head (C). A distal locking screw holds the blade in place and prevents 
backward migration (D).
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6:1992 (E)), which measure the endurance 
properties of the femur bone and hip joint 
implant under loading conditions that include a 
compression of load. The sawbones used in the 
biomechanical tests were large left fourth-gen-
eration composite femurs (model 1130-130, 
Sawbones AB, Malmo, Sweden). The length 
from the top of the trochanter to the distal con-
dyle is 45 cm and the cortical walls are 3 mm  
to 4 mm thick. The density of the open cell can-
cellous bone is approximately 0.08 g/cm3 and 
the cortical bone is 0.32 g/cm3. The T score 
was -3.0 so as to simulate a severely osteopo-
rotic bone [9]. The specimens were osteoto-
mized and fixed by a senior orthopedic surgeon 
using the Asian proximal femur intramedullary 
nail antirotation system (PFNA-II WG, WEGO 
ORTHO Corp., China). Intertrochanteric frac-
tures (OTA 31-A2) were recreated by means of 
osteotomies performed with a guided handsaw 
and a cutting template [10]. The cutting tem-
plate assured the reproducibility of the fra- 
ctures.

Figure 2. Set up of the MTS system, testing specimens, and fixtures. Specimen implanted with PFNA-II in the frontal 
plane (A), in the sagittal plane (B) and in the posterior plane (C). Loading study is conducted using a servo hydraulic 
machine (D).

Figure 3. Schematic of the experimental set up of the 
MTS system. Four points on the femur specimen are 
shown. Point ‘a’ is on the femoral head and Point ‘b’ 
is on the distal end of the bone. Point ‘c’ is above the 
fracture line and Point ‘d’ is below the fracture line.
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Implantation followed the recommended intra-
medullary reaming technique for the PFNA-II. 
The proximal femur was opened using a conical 
reamer to gain access to the intertrochanteric 
fossae. The intramedullary nail of length 200 
mm was then placed into the canal. Next, the 
helical blade is threaded through an opening in 
the nail and forcibly inserted into the femoral 
head. A distal locking screw holds the blade in 
place and prevents backward migration. The 
fracture is reduced so no visible gaps remain 
between the fragments (Figure 1A-D).

The implanted sawbones were mounted into an 
axial load test jig of a servo hydraulic testing 
machine (The Shore Western Model 107-160 
WhisperPak, Shore Western Manufacturing Inc, 
USA). Axial loading was applied to the femoral 
head through a ball-joint-like support (Figure 
2A-D). The load was manually increased from 
200 N to 1800 N in increments of 100 N [10]. 
17 composite femurs were performed the frag-
ile biomechanical tests. Each specimen was 
subjected to sinusoidal loading for 250,000 
cycles ranging from the minimum force (200 N) 
to the maximum force (200 N-1800 N) at a fre-
quency of 4 Hz [11]. Spatial migration of the 

Finite element analyses

The saw bone models used for biomechanical 
testing described above were placed in a CT 
scanner prior to implantation. This allowed 
reconstruction of complete and identical femur 
models for finite element analysis. The slice 
thickness of the CT images was 1.25 mm, with 
a resolution of 512×512 pixels per image 
(DICOM format). The DICOM images were im- 
ported into Mimics 18.0 software (Materialise 
N.V., Belgium) to outline the inner and outer 
contours of the cortical bone. A threshold of 
600 Hounsfield units was used to define the 
boundaries of the cortical shell and cancellous 
core [14]. The distal end was constrained in all 
directions in a self-cure denture base material. 
The angles between the compression force and 
the bone shaft axis were 13° in adduction in 
the frontal plane and 8° in the sagittal plane to 
simulate anatomical loading during single-leg 
stance [15] (Figure 4A, 4B).

A CAD model of the PFNA-II system was created 
according to the WEGO ORTHO Corporation’ 
specifications using Solidworks 2014 (Dassault 
Systems Solid-works Corp., USA). This system 

Figure 4. Diagram of the boundary conditions of the FE mode. The vector of 
the single-stance hip joint force (F) with angles of action in the frontal plane 
(A) and in the sagittal plane (B). The PFNA implant consists of an intramedul-
lary nail with a proximal angulation of 6° and length 200 mm and a bladed 
screw with a length of 90 mm (C).

femoral head test model in 
relation to the lower fixture 
was continuously recorded 
using a pure video-based tr- 
acking and analysis software 
(OptotrakCertus® motion cap-
ture system, Canada) (Figure 
3). Loading was continuously 
applied a total of 250,000 
times and the load-displace-
ment curves were recorded 
[12]. Before beginning the for-
mal tests, the implanted fe- 
murs were held for 4 min at 
the maximum load to exclude 
any effects of creep [13]. The 
load-controlled test machine 
was programmed to continu-
ously drive the steady move-
ment of the actuator until the 
femur construct failed. Failure 
was defined as visible implant 
mechanical failure (breakage, 
cut-out and cut through), bone 
fracture, and fracture mal-re- 
duction.
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uses a helical blade with large circumferential 
contact area for stable fixation (Figure 4C). The 
PFNA models were implanted in the femurs 
using Abaqus 6.14 (Dassault Systems Solid-
works Corp., USA). The Young’s modulus was 
set at 17,000 MPa for cortical bone and 260 
MPa for cancellous bone [16]. The PFNA im- 
plant was assigned material properties of 
TiAl6V4, with a Young’s modulus of 110,000 
MPa and Passion’s ratio was set to 0.33 [16] 
(Table 1). All materials were assumed homoge-
neous, isotropic and linear elastic. Friction 
coefficients were taken as 0.46 for bone-bone 
interactions, 0.42 for bone-implant interac-
tions and 0.2 for implant-implant interactions 
[17] (Figure 5). Model convergence was ach- 
ieved with a cell size of 2.0 mm, whereby the 
variance ratio of the model stiffness and von 
Misses stress was less than 2%. The final 
implant model had 5,455 nodes and 21,711 
elements, and the final femoral model had 
45,831 nodes and 209,175 elements.

The femur-nail construct was then loaded from 
200-1800 N in 100 N increments to calculate 
the maximum principal stresses. The subse-
quent fatigue analysis was based on the stress-
life method (S-N method). ODB files generated 
from the Abaqus simulation were then import-
ed into Fe-safe 6.5 (Dassault Systems, Solid- 
works Corp., USA). 250,000 loading cycles we- 
re chosen to simulate instrumentation for three 
months [17]. The distribution of the equivalent 
von Mises stress and LOG (Life-Repeats) of the 
femur and implant were used to predict dam-
age accumulation in the femur over time.

Statistical analysis

Descriptive statistics are used to describe the 
basic features of the data in the study, and the 
data was shown as Mean ± SD (n=17). 
Experimental and numerical data was analyzed 
using OriginPro 8.5 (OriginLab Corporation, 
MA, USA) and their coefficients of correlation 
calculated.

Results

Biomechanical tests

All experimental displacement results of the 
femur-implant constructs are shown in Table 2. 

Figure 5. Friction coefficients were taken from lit-
erature [17]: 0.42 for bone-implant interactions (1), 
0.2 for implant-implant interactions (2), and 0.46 for 
bone-bone interactions (3).

Table 1. Average mechanical properties of 
bone tissue and implant

Young’s modulus (MPa) Poisson’s ratio
Cortical 17,000 0.3
Trabecular 260 0.3
PFNA-II 110,000 0.33
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No visible nail or screw cracking or cut-out 
could be seen when placed under loads of up to 
900 N. However, the bone failure did occur at 
1000 N in the biomechanical tests (Figure 6A, 
6B).

For the biomechanical tests, the vertical dis-
placements and transversal displacements of 
all constructs are listed in Table 2 and Figure 7. 
Displacement can be seen to increase with 
increasing loads, with an average final displace-
ment of 9.30±0.38 mm in vertical direction 
and 5.21±0.26 mm in horizontal, respectively. 
The mean number of cycles to failure for the 
specimen loaded to 1000 N was 12,204 cycles, 
with the specimens (200-900 N) being capable 
of withstanding greater than 250,000 cycles.

Finite-element analyses

The von Misses stress peaks of the implants 
and bones are shown in Figure 8. The peak von 
Misses stress of the PFNA-II ranged from 
23.479 MPa to 141.931 MPa and the femur 
ranged from 3.91 MPa to 45.37 MPa, increas-
ing with each subsequent step-up in loading 
(200-1300 N). Under the 1300 N load, the von 
Misses stress on the medial region of the intra-
medullary nail (141.931 MPa) was 98.6% great-

a load of 1000 N. Subjected to dynamic loads 
from 0 N to 900 N, the residual life of all femur-
cephalomedullary-nail constructs tested are 
similar.

Discussion

The results presented in this study are 
expressed as the maximum loads borne by the 
implanted limb. In healthy male individuals, 
daily activities involving the handling of weight 
and at the same time temporarily loading only 
one leg (walking, stair climbing and carrying) 
generated high hip joint contact forces up to 
637%-body weight [18]. As the actual load dur-
ing the initial three weeks after the operation 
can range from 60% to 80% body weight, the 
point at which rehabilitation exercises should 
be introduced is still controversial [5, 19].

In the severely osteoporotic bone model, the 
biomechanical tests showed that the mean 
cycles to implant failure were greater under 
lower loads than under higher loads. This intact 
composite bone could withstand pressures as 
high as 1000 N (60 kg at 1.75 times body 
weight) [20]. This study found that an early 
weight-bearing load of 900 N (145%-body 
weight) can be recommended for postoperative 

Table 2. Vertical displacement, transversal displacement 
and mean loading cycles of the assembly in the invitro 
biomechanical tests
Cyclic load 
(N)

Vertical  
Displacement (mm)

Transversal  
Displacement (mm)

Loading 
cycles

200~200 8.91 4.91 250000
200~300 8.93 4.95 250000
200~400 8.99 4.97 250000
200~500 9.04 5.12 250000
200~600 9.22 5.23 250000
200~700 9.57 5.34 250000
200~800 9.75 5.53 250000
200~900 9.96 5.64 250000
200~1000 - - 12204
200~1100 - - 5
200~1200 - - -
200~1300 - - -
200~1400 - - -
200~1500 - - -
200~1600 - - -
200~1700 - - -
200~1800 - - -

er than on the lateral region (71.453 
MPa).

The construct stiffness is defined as 
the ratio of the femoral head axial dis-
placement to the applied loads. During 
validation of construct stiffness, the 
CAD model was subject to the same 
loads as in the experimental test. For 
convergence of displacement, the 
errors of the numerical and experi-
mental results averaged about 7.8% 
and their coefficients of correlation 
were 0.986. The construct stiffness of 
the finite-element model converged to 
1680 N/mm, reaching an element 
number of about 230,000. Thus the 
finite-element model was considered 
validated for further analyses. 

The residual life of the femur and 
cephalo-medullary nails are shown in 
Figure 9, after a simulated three-mo- 
nth implantation period (250,000 lo- 
ading cycles). The residual life of the 
construct is only 12,120 cycles under 
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rehabilitation [21]. The number of loading 
cycles (250,000+) reported in this study for the 
blade screw demonstrated its exceptional cut-
out resistance [22, 23]. Given the relatively 
rapid cut-out seen under loads of greater than 
1000 N, early-weight bearing should be intro-
duced cautiously and under strict supervision, 
particularly with overweight patients, so as to 

dual loading in the form of a medial com- 
pression force and a lateral tensile force [24]. 
These forces are then borne by the implant, 
which provides the majority of the structural 
support and stability. On average, the screw 
and nail stresses of the PFNA-II construct  
were 48.9% higher than those of the femoral 
bone.

Figure 6. Distalextremity of cortical bone (A) and subsequent rupture of the femoral bone (B).

Figure 7. Datum curve of vertical displacement and transversal displace-
ment after cyclic loading.

reduce the risk of implant fail-
ure. In order to control varus 
mal-reduction and re-fracture, 
weight-bearing on each leg 
should be limited to 900 N to 
prevent bone failure.

This study investigated the 
effect of stress concentra-
tions, displacement and von 
Misses stress of a PFNA-II 
implant under different loads 
to assess bone and implant 
stability in a severely osteopo-
rotic intertrochanteric frac-
ture. In general, the implant 
makes the cortex highly st- 
ressed, thus creating a poten-
tial source of yielding and 
cracking around the screw 
holes (Figure 6). As shown in 
Figure 8, the femur is under 
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Varus displacement was also observed on the 
femoral head. Data acquisition is implemented 
using special markers attached to the bone 
(Figure 3, point a-d). The vertical displacement 
of the head part is 9.30±0.38 mm (range 9.96-
8.91 mm) and transversal displacement is 
5.21±0.26 mm (range 5.64-4.91 mm), respec-
tively. This indicates the potential risk of dete-
rioration of the fracture slope, and threatens 
the residual life of the construct (Figure 6A, 
6B). Similar subgroup analyses yielded consis-
tent results for the mean number of cycles to 
failure loaded to 1000 N (12,204 cycles Vs 
12,124 cycles). As noted by Havaldar [25], frac-

ture due to compression in cortical bone 
depends strongly on the bone tissue volume 
fraction, the architecture and the mechanical 
properties of the bone tissue. Failure of the 
bone-implant construct can be attributed to the 
weakened strength of the cephalic nail due to 
varus displacement.

The results of this study suggest that limited 
weight-bearing immediately after surgery could 
provide better functional outcomes compared 
to unrestricted loading when treating intertro-
chanteric fractures. This is demonstrated by 
the absence of screw cut-out after 250,000 

Figure 8. Von Misses stress (MPa) in the bone-implant construct after loading from 200 N-1300 N.
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cycles under loads of up to 900 N. However, 
there are a number of limitations of this study 
that should be noted. First, the PFNA-II implant 
was drawn from an image which may not be 
true to the original dimensions or specifica-
tions. The assumption that complete friction 
and compression force exists between these 
components may not be fully representative of 
the true condition. Concerning the boundary 
conditions, it is believed that this assumption 
would not affect the findings in this computa-
tional analysis. Linear elastic material behavior 
was also assumed so as to simply the calcula-
tion. Second, the implant-bone constructs were 
examined under one loading and boundary con-
dition based on previous publications without 
muscle forces [24, 26]. Future developments 
on this model will include soft tissue forces and 
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Figure 9. Stress force concentration zone in the femur-implant construct un-
der a load of 1000 N. The fatigue life of the femur is 12,120 cycles and the 
fatigue life of the PFNA-II implant is 52,080 cycles.

more accurately simulate ph- 
ysiological conditions so as  
to offer a more comprehen-
sive insight into the risk of 
implant failure and the me- 
chanics between implant-bo- 
ne interfaces. 

In conclusion, this study com-
pares PFNA-II implant dis-
placement and loading cycles 
under among different loads 
reflective of weight-bearing 
post-implantation. The com-
puted results demonstrated 
that stress concentrations 
and values increase with mo- 
re weight-bearing. Further- 
more, varus displacement of 
the implant construct also 
increased following each in- 
crease in loading. The peak 
von Misses stress for PFNA-II 
implant was found to lie in the 
medial and lateral region. This 
study demonstrates that in 
elderly patients with an unsta-
ble intertrochanteric femoral 
fracture, a proximal femoral 
nail provides the majority of 
the postoperative structural 
support and stability, but 
weight-bearing should be lim-
ited to 900 N. 
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