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Abstract

Cut-out of the hip screw of fracture fixation implants, defined as the perforation of the femoral head
by the screw due to the collapse of the neck-shaft angle into varus, is the most common mechanical
complication in the treatment of trochanteric fractures. Among the factors that contribute to cut-out,
the blade positioning in the femoral head is reported as one of the most relevant. Since the optimal
blade position in the superior-inferior and medial-lateral directions is unknown, the goal of this work
was to investigate the impact of blade positioning in these directions, using three-dimensional finite
element models of two femora with unstable trochanteric fractures and eight different screw positions.
These models were coupled with a stiffness-adaptive damage model for the evaluation of the risk of
cut-out. The PFNA blade was placed in each model at four discrete distances from the femoral head
surface – 5, 10, 15 and 20 mm – in both central and inferior positions. The damage distribution
in bone resulting from a gait loading condition was visually and quantitatively assessed to compare
the performance of the eight positions and predict the relative risk of cut-out for each. The results
suggest that the deeper the blade, the lower the risk, although no tip-surface distances under 5 mm
are recommended, and that the medial-lateral position is more relevant as a cut-out predictor than the
superior-inferior position. Excessive loading conditions were also evaluated and were found to greatly
impact the risk of cut-out.
Keywords: Cut-out, Damage, Finite Element Method, PFNA, Trochanteric fractures

1. Introduction

Hip fractures are a common health problem among
the elderly population all over the world, mainly
due to the increasing aging of population and the
prevalence of osteoporosis. These fractures present
the highest rates of morbidity and mortality of all
osteoporotic fractures. The main cause of hip frac-
tures is low-impact trauma resulting from falls, rep-
resenting 90-92% of fractures, and female patients
are the most affected. It has been reported that ap-
proximately 20% of the patients die within 1 year of
the fracture, and that only 40-79% regain their pre-
vious ambulatory function a year after the fracture,
with less than half returning to their pre-fracture
status of independence and daily activities [1–3].

Hip fractures occur on the proximal part of the
femur, and may be divided into intracapsular or ex-
tracapsular, with the latter being subdivided into
trochanteric and subtrochanteric fractures. They
are influenced by hip anatomy, the hip joint forces
and bone mechanical properties. The treatment of
hip fractures is mainly surgical, representing a large
part of the orthopedic surgery activity, and have as-

sociated high clinical and social cost implications.
For most cases, fractures are stabilized using either
intra- or extramedullary fixation devices, generally
composed of a rod placed along the femoral shaft
and a screw or a blade crossing the femoral head;
the most common are, respectively, the Proximal
Femoral Nail Antirotation (PFNA) and the Dy-
namic Hip Screw (DHS). Although allowing a stable
fixation in the majority of cases, there is still a sig-
nificant number of post-operative complications re-
ported, compromising the success of the procedure.
The hip screw cut-out, defined as the collapse of the
neck-shaft angle into varus leading to extrusion of
the screw from the femoral head, is the most com-
mon mechanical complication, accounting for 85%
of fixation failures. Other common complications
have to do with mal-union or non-union of the frac-
ture fragments, femoral shaft fracture or implant
failure. Several factors may affect the risk of cut-
out, including the patient’s age and sex, bone qual-
ity, fracture pattern and stability, quality of reduc-
tion, the neck-shaft angle of the fixation device and
its design, and the screw positioning in the femoral
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head [1, 4–7].

While the screw position has been frequently dis-
cussed in the literature, there is no clear consensus
yet about the optimal position to reduce the risk
of cut-out [7]. Many clinical studies evaluated the
position of the screw immediately after the surgery
and after a follow-up period, performing statistical
studies to find relations between the post-surgical
position and the risk of cut-out [8–12]. On the
other hand, computational studies have been using
finite element models for different screw positions,
evaluating mainly the stress and strain distribution
to conclude about the position that leads into less
bone damage [6,13–17]. While it is consensual that
the central position in the anterior-posterior direc-
tion is the less prone to cut-out, findings about
the position in the other directions are contradic-
tory. In the superior-inferior direction, literature
conclusions are divided between central and inferior
positions. For the medial-lateral directions, while
there are few studies that focus on the position in
this direction, surgical technical guides suggest a
10 mm direction between the tip of the screw and
the femoral head surface, measured in a straight
line along the axis of the screw. Baumgaertner et
al. [18] have proposed a measure, the tip-apex dis-
tance (TAD) – the distance from the tip of the screw
and a point in the femoral head surface, measured
in both anteroposterior and lateral views – to eval-
uate the risk of cut-out, arguing that a lower TAD
led to a lower risk. However, while some authors
supported this finding, others have shown opposi-
tion to it.

The goal of this work is to contribute to the inves-
tigation on the optimal position for the PFNA blade
in the superior-inferior and medial-lateral direc-
tions, using three-dimensional finite element models
of two femora with unstable trochanteric fractures
and eight different screw positions, varying both the
superior-inferior position and the depth of insertion
of the screw. These models were coupled with a
damage model for the evaluation of the risk of cut-
out. Another goal is to study the influence of the
loading intensity on the risk of cut-out.

2. Methods

2.1. Damage model

A quasi-brittle damage model based on continuum
damage mechanics was used in this work. This
model, based on a work by Hambli et al. [19], uses
an isotropic behaviour law coupled to a quasi-brittle
damage law to describe the damage evolution on the
bone and its influence on the structural stiffness re-
duction. A damage variable D is defined, which
acts as a stiffness reduction factor: its value ranges
between 0 (no damage, no loss of stiffness) and 1
(total damage, total loss of stiffness). Considering

the damage value, the effective Young’s modulus,
E, is given in function of the undamaged Young’s
modulus, E0, by:

E = (1−D)E0 (1)

The damage parameter evolves according to a
power law when the equivalent strain, given by

εeq =

√
2

3
εij εij (2)

is between the yield strain, ε0, and the strain at
fracture, εf , above which the material loses all stiff-
ness. Damage growth may occur until the damage
parameter reaches the critical damage value, Dc,
where all stiffness is lost. The damage law is given
by:

D =


0 ; εeq ≤ ε0

Dc

(
εeq
εf

)n

; ε0 < εeq < εf

Dc ; εeq ≥ εf

(3)

Damage growth is controlled by a function
f(εeq, ε0) = εeq −max(k, ε0), where k = max(εeq)
is the maximum equivalent strain reached during
loading history. This condition implies that dam-
age cannot decrease.

The damage model handles differently tension
and compression, having different values of param-
eters ε0, εf and Dc for both cases. The differen-
tiation is based on the hydrostatic stress. Table
1 presents the damage model parameters for both
tension (T) and compression (C).

Table 1: Damage model parameters. The first line
presents the values, while the second line indicates
the source.
n DT

c εT0 εTf DC
c εC0 εCf

2 0.95 0.7% 2.5% 0.5 1.04% 4.0%

[20] [19] [21] [19] [19] [21] [19]

2.2. Finite element model

Three-dimensional geometric models of a male and
a female right femora, provided by Quental et al.
[17], were used as the basis for this work. These
femora were generated from sets of CT images, us-
ing software ITK-SNAP (version 3.8.0, 2019). An
unstable fracture classified as 31-A2.2 in the Müller
AO classification system was modelled in Solid-
works (2020 version) from an anteroposterior view,
with an angle of 43◦between the fracture line and
the femoral shaft axis [22], an intrusion distance of
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95% of the fracture line length1, and an opening
angle of 6.5◦. The fracture divided the bone model
into 2 parts: a superior part (SP), including the
femoral neck and head, and an inferior part (IP), in-
cluding the femoral shaft. The fracture fragments
were not included in the model. The PFNA im-
plant was also modelled in Solidworks, according to
the geometries and dimensions provided by DePuy
Synthes in the surgical technique guide [23]. The as-
sembly of the components was performed following
the guidelines of the surgical technique guide, with
the blade being placed in eight different positions:
for central and inferior positions in the superior-
inferior direction, distances from the tip of the blade
to the femoral head surface of 5, 10, 15 and 20 mm
were considered. For all configurations, the blade
was placed centrally in the anterior-posterior direc-
tion, since it has been widely reported in the lit-
erature that this position reduces the risk of cut-
out [8–12]. Figure 1 shows the 8 assembly configu-
rations modelled for the female bone. Henceforth,
and for the sake of simplicity, each geometry is re-
ferred to by a code starting with the letter M or F
(whether the model is of the male or female femur,
respectively), followed by ”inf” for central-inferior
positions and ”cent” for central-central positions,
and by the distance, in milimetres, from the tip of
the blade to the external surface of the femoral head
(e.g. Minf5, Fcent20).

Isotropic, linear elastic materials were assigned to
all components of the models. The implant is made
of a titanium alloy (Ti-6Al-7Nb), with a Young’s
modulus E = 105 GPa and a Poisson’s ratio ν = 0.3.
Bone was modelled as an inhomogeneous material,
with its Young’s modulus varying punctually with
density. The density distribution was obtained for
the intact bone models from the CT images using
an Abaqus plug-in called Bonemapy. The density
range was defined as 0.01-1.32 g cm−3, which are
typical density values for osteoporotic bones, be-
cause these fractures tend to occur mostly in the
elderly population [17, 24]. To avoid inaccuracy re-
sulting from partial volume effects on the obtain-
ment of densities, two shells reproducing the ex-
ternal surfaces of the SP and IP were modelled,
representing the external cortex. These shells were
assigned a Young’s modulus of 10.37 GPa, corre-
sponding to the Young’s modulus of the maximum
bone density considered, and a thickness of 0.5 mm
[25, 26]. An in-house MATLAB program was used
to map the densities and convert the density dis-
tribution to the fractured model. For each node on
the new model, this program defined its density: (i)
equal to the density of a node on the original model,

1Representative of a 31-A2.2 fracture based on clinical
guidance from Dr. Francisco Guerra Pinto, from Sant’Ana
Orthopaedic Hospital.

if the coordinates of both nodes were the same, or
(ii) as a weighted average, with the inverse of the
square of the distance, of the nodes on the original
model with the closest coordinates. The relation-
ship between Young’s modulus and bone density, ρ,
for each point of the bone, is given by [27]:

E0 = 6850 ρ1.49 (4)

The interactions defined in Abaqus between parts
were of two types: tie constraints and surface-to-
surface contact interactions. The outer cortical
bone shells were tied to the bone. A tie constraint
was also defined between the distal locking screw
and the bone. Despite not being representative of
the real contact, this approximation was made for
the sake of simplicity, since this contact is expected
to have little impact on the results.

The other interactions were defined as surface-
to-surface contact. There are 3 types of surface in-
teractions: bone-bone, bone-implant, and implant-
implant. The bone-bone interaction between the
superior and inferior parts of the bone considered
a friction coefficient of 0.46 [5]. The interactions
between the bone and the nail and between the
bone and the blade considered a friction coefficient
of 0.3 [5]. Finally, the implant-implant interactions,
defined between the nail and both the blade and the
locking screw, had a friction coefficient of 0.2 [28].

The loading conditions were defined to simulate
the forces acting on the femur during gait. Accord-
ing to Heller et al. [29], the forces on the proxi-
mal femur during walking are applied on 3 points,
designated as P0, P1 and P2. This points rep-
resent, respectively, the hip contact point on the
femoral head; the point where the abductor mus-
cles and the tensor fascia latae act, located on the
lateral region of the greater trochanter; and a point
on the lateral region below the line of the lesser
trochanter where the vastus lateralis attaches. The
attachment points locations are represented in fig-
ure 2. All these 3 points were defined in Abaqus as
Attachment Points, and were coupled to shell ar-
eas on their vicinity using Coupling constraints, so
that each applied force was distributed by a num-
ber of nodes, avoiding high punctual stresses. The
distribution of the force on point P0 was defined
to be quadratic over the slave surface, by defining
the coupling type as continuum distributing with a
quadratic weighting method, while the forces act-
ing on points P1 and P2 were distributed accord-
ing to a uniform weighting method [25]. Heller et
al. [29] present the load values as percentages of the
bodyweight, which are shown in Table 2. The con-
version of the loads to the actual values in Newton
was made considering masses of 90.8 kg and 75.5 kg
for the male and female subjects, respectively. The
loads are given in the coordinate system described
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Figure 1: Representation of the eight configurations of the implant on the female bone. From left to
right: distances of 5 mm, 10 mm, 15 mm and 20 mm from the tip of the blade to the external surface of
the femoral head.

by Bergmann et al. [30], which aligns its z axis with
the femoral shaft axis. To prevent rigid body mo-
tion, the base of the femur was constrained using
an encastre condition.

Figure 2: Attachment points for the application of
loads in the female model.

Finally, the finite element mesh was generated.
The 3D solid parts – bone and implant – were
discretized using quadratic tetrahedral elements
(C3D10), due to the complexity of the structures,
particularly the bone parts. The bidimensional
shell parts were discretized with quadratic triangles
(STRI65). Mesh sizes were defined following Quen-
tal et al. [17], who performed a convergence anal-
ysis to select a proper element size for the mesh.
The convergence was assessed based on the evolu-

Table 2: Loads acting on the proximal femur, in
percentage of bodyweight (adapted from [29]). TFL
is short for the muscle tensor fascia latae.

Fx Fy Fz Point

Hip contact 54.0 -32.8 -229.2 P0

Abductor -58.0 4.3 86.5 P1

TFL, proximal -7.2 11.6 13.2 P1

TFL, distal 0.5 -0.7 -19.0 P1

Vastus lateralis 0.9 18.5 -92.9 P2

tion of the minimum principal strain on 3 nodes of
the model with the element size. They concluded
that the optimal element size to satisfy both con-
vergence and computational efficiency was 2 mm for
the SP and 3 mm for the IP and the implant.

2.3. Damage model and FEM integration
The developed finite element models presented in
Section 2.2 were coupled with the damage model de-
scribed in Section 2.1. The domain was discretized
by the FE model, and the damage model was ap-
plied locally to each node of the bone, using the
equations in Section 2.1. Stresses and strains were
computed through FE analyses. The application of
the damage model equations provides a nodal dam-
age distribution for both the SP and IP of the bone.
This damage distribution affects the Young’s mod-
ulus distribution, but only takes effect on a next FE
analysis. This requires the implementation of an it-
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erative procedure. Three different load application
strategies for the simulations were considered: (i)
loads were gradually incremented using loads steps
(for example, starting with 25% of load, 25% load
increments were applied after each iteration until all
load was applied); (ii) full loading was initially ap-
plied but several iterations were performed until the
damage distribution changed less than a predefined
threshold; (iii) loads were gradually incremented, as
in (i), and several iterations were performed after
reaching full load until damage changed less than a
predefined threshold, as in (ii). Henceforth, for the
sake of simplicity, strategy (i) is referred to as incre-
mental loading strategy, strategy (ii) as full loading
strategy and strategy (iii) as hybrid strategy.

The convergence criterion for the full loading
strategy was based on the variation of a parame-
ter internally named DIVol, that is a measure that
combines the volume of bone with damage to the
actual damage value on each point. To obtain DI-
Vol, which corresponds to the integral of the dam-
age distribution over the total bone volume, the fi-
nite element method was used. Resorting to Gauss
integration:

DIVol =

NE∑
e=1

NIP∑
i=1

De
i IVol

e
i (5)

where NE is the number of elements of the bone
mesh, NIP is the number of integration points per
element, which is 4 for C3D10 elements, and IVol
is the volume associated to each integration point.
For each iteration, a convergence parameter (CP)
was computed as the relative deviation of DIVol
between the current and previous iterations.

The bone material model was adapted to include
the stiffness reduction, as described in Eq. 1. Ac-
cording to the damage model, a node under critical
damage conditions would have a null Young’s mod-
ulus. However, as a way of avoiding numerical in-
stabilities, a low Young’s modulus of 0.01 MPa was
considered [31]. In some cases, the minimum stiff-
ness was too small, causing convergence problems.
To overcome these convergence problems, the min-
imum stiffness was updated to 0.1 MPa whenever
convergence problems arose. A sensitivity analysis
was performed for the minimum stiffness value to
make sure that this procedure had little impact on
the results.

An code was developed in MATLAB to imple-
ment the algorithm. It starts by reading the loads,
nodal densities and model parameters (cf. table
1), along with data for the algorithm, namely the
convergence tolerance for the full loading strategy
and the number of steps for the incremental loading
strategy. If the incremental loading strategy is to be
performed, a for cycle, with the previously defined

number of steps, is initiated. This cycle starts by
incrementing the loads for the new load step. The
FEA is performed and the results necessary for the
damage model - stresses and strains - are extracted.
The damage model is applied to each node of the
bone, and the resulting nodal damage is written to a
file. This repeats until the number of iterations per-
formed matches the number of load steps previously
defined. The full loading strategy, that can occur
after the incremental loading (for the hybrid strat-
egy) or independently, starts by setting full loading.
The next steps are similar to the ones happening on
the incremental loading strategy, from running the
FEA to writing the damage and α files. At the end
of each iteration, parameter DIVol and the conver-
gence parameter are computed. The cycle starting
on the FEA execution is repeated until the conver-
gence parameter is below the tolerance previously
defined.

2.4. Analysis of the risk of cut-out

Several authors have assumed a relation between
the volume of yielded bone and the risk of cut-
out [16,17,32]. Goffin et al. [16] evaluated only the
superior part of the bone (SP), stating that cut-out
is likely to occur due to high compressive strains in
the whole head and neck regions. In order to take
advantage of having a damage model differentiating
the damage intensity, a new parameter was devel-
oped to evaluate the risk of cut-out. This parame-
ter, named DIVol-SP, was computed like DIVol (cf.
Equation 5), but only included the superior part of
the bone. DIVol-SP works like a weighted volume
that allows for nodes with higher damage to be con-
sidered more than those with a lower damage value.

To evaluate the influence of the superior-inferior
and medial-lateral positions of the blade, simula-
tions were performed for the eight configurations
presented in figure 1, for both the female and male
models.

The influence of higher loading conditions in the
damage evolution, intending to represent incidents,
was also investigated. Simulations with double the
loads proposed by Heller et al. [29] were performed.
Because of limited computational capacity, it was
not possible to perform simulations for all mod-
els; therefore, models Finf5 and Fcent20 were cho-
sen, since they represent, according to Quental et
al. [17], the safest and least safe positions of the
female model.

3. Results
The results obtained were qualitatively compared
with those of Quental et al. [17], showing similar
damaged zones in the bone, which provided con-
fidence in the correct implementation of the dam-
age model used. The load application strategies
referred in Section 2.3 were compared with the aim
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of choosing the best one to implement in this work.
The results obtained using the incremental loading
strategy were found to depend substantially on the
number of steps chosen, with no sign of result con-
vergence for computationally efficient numbers of
steps – this strategy was therefore excluded. The
full loading and hybrid strategies were compared for
a male and a female model. The resulting damage
distributions were found to be similar, as well as the
values of DIVol. Considering that, for this work,
only the final damage distribution is relevant, the
selection of the loading strategy was made based
on the most computationally efficient, which was
the full loading strategy.

3.1. Assessment of the risk of cut-out

Figure 3 presents the damage distribution resulting
from the gait load case for all geometries of the fe-
male and male models. In both central-central and
central-inferior positions, three main regions tended
to be critical: at the tip of the blade; around the re-
gion where the blade transitions from a cylindrical
shape to a helical shape; and at the contact regions
immediately above and below the fracture. Also,
comparing the positions along the medial-lateral di-
rections, damage increased with the distance to the
femoral head surface in the three regions.

Figure 4 presents the DIVol for both the SP and
IP of all geometries for both the female and male
models, for qualitative comparison of the bone dam-
age.

The effect of a loading intensity above normal
was also evaluated for the Finf5 and Fcent20 mod-
els. For the sake of briefness only the results for
the Finf5 are shown in this paper, since they could
easily be extrapolated for other geometries. Fig-
ure 5 presents the damage distribution for the Finf5
model with the normal loading scheme and with a
100% overload. The damage distribution follows
the same pattern, albeit with a higher incidence.
DIVol-SP was 207.12 on the normal load case, and
4361.2 on the overload case. These values represent,
respectively, 26.4% and 57.5% of the total DIVol of
the models.

4. Discussion
To gain confidence on the damage model behaviour,
the results were compared to those of Quental et
al. [17]. The damage distribution was consistent
with the regions with strain above the yield strain
of these works, providing confidence in the damage
model implementation. The residual differences on
both distributions may be attributed to different
yielding criteria used: while Quental et al. evalu-
ated the minimum (compressive) principal strains,
this work used an equivalent strain to take into con-
sideration the total strain at each node; also, the
yield strains considered were different.

Although a central position in the anterior-
posterior direction is consensually optimal for the
positioning of the PFNA blade, no consensus exists
yet on the best position in the superior-inferior di-
rection. Arias-Blanco et al. [6], Hsueh et al. [9] and
Konya et al. [33] defended that the blade should
be placed centrally, while Lee et al. [13], Quental
et al. [17] and Celik et al. [14] recommended an
inferior position. From the results obtained for the
female model, the inferior position was less prone to
cut-out, since the DIVol-SP was lower than in the
central positions for the same depth. For the male
model, the central positions seemed safer than the
inferior positions. This may be explained by differ-
ences in their density distribution. For the female
model, the blade was always positioned in regions of
low bone density, whereas for the male model, the
central positioning of the blade placed it in a region
of higher bone density than when placed inferiorly.
This may explain the higher safety in central posi-
tions suggested by the results for the male femur.

The depth of placement of the blade was found
to greatly influence the decrease of the risk of cut-
out. For both male and female models, results sug-
gested that the higher the distance from the tip
of the blade to the external surface of the femoral
head, the higher the damage in the three main re-
gions to be evaluated in the SP: at the tip of the
blade; in the blade transition region; and in the frac-
ture region. These are the same regions identified
by Goffin et al. [16] and Quental et al. [17] as criti-
cal for the risk of cut-out. The visual inspection of
damage distribution (cf. Figure 3) and the evolu-
tion of the DIVol-SP with the distance (cf. Figure
4) confirm the influence of the depth of the blade
position on the risk of cut-out. This conclusion is
verified for both central and inferior positions, par-
tially contradicting the findings of Vasconcelos [32],
who found no damage at the tip of the blade and
around the blade transition region for central ge-
ometries and argued that, for these geometries, no
significant differences on the risk of cut-out were ob-
served, suggesting that orthopaedic surgeons have
a margin for error if the blade is inserted in this
position. Based in the results obtained, the recom-
mended depth of the blade is 5 mm. There are other
effects that were not taken into consideration in this
study, in particular medial perforations of the prox-
imal femur [34]. Therefore, positioning the blade
with a distance under 5 mm is not recommended,
since this is the minimum suggested distance by the
manufacturer [23].

Regarding the global blade positioning, while the
results suggest inserting the blade as deep as pos-
sible, they are unable to identify which position is
best along the superior-inferior direction. Never-
theless, from Figure 4, the difference of the risk of
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Figure 3: Damage distribution on the (a) female and (b) male bone models. From left to right, distances
from the tip of the blade to the femoral head surface of 5, 10, 15 and 20 mm.

cut-out for different depths is higher than that for
different superior-inferior positions. Also, using as
example the female case results, a deep central po-
sition is less prone to cut-out than a less deep infe-
rior position. These considerations suggest that the
depth of the blade position is a more relevant indi-
cator for the risk of cut-out than the blade position
in the superior-inferior direction.

Unlike Quental et al. [17], the male models were
found to present a higher risk of cut-out, having,
for the same blade positions, higher DIVol than the
female bones. Despite being discrepant, these re-
sults are supported by the literature, where there
is generally no relationship reported between the
patient’s sex and the propensity to cut-out [35,36].

The new fracture modelled in this work repre-
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Figure 4: DIVol for both the SP and IP of all geometries.

Figure 5: Comparison between the damage distri-
bution on the Finf5 model using the (a) normal
loading scheme or (b) a 100% overload.

sents a poorer reduction of the fracture than those
of Goffin et al. [16] and Quental et al. [17], introduc-
ing more instability in the system and a higher risk
of cut-out [37]. This fracture geometry has not been
mentioned previously in the literature, for what this
work represents an advance in the studies of differ-
ent trochanteric fractures.

The overload analyses showed a significant in-
crease in the risk of cut-out. DIVol-SP increased 21
times in the Finf5 case with a 100% load increment,
and the percentage of DIVol-SP relative to the total
DIVol went from 26.4% to 57.5%, more than dupli-

cating – suggesting that, with excessive loading, the
SP starts to gain more preponderance on the dam-
age distribution over the IP. The overload analyses
intended to evaluate incidents happening to the pa-
tients – while Heller et al. [29] loading conditions
are a good approximation of the real forces exerted
during gait under normal conditions, incidents that
are responsible for high impact (e.g. falls) may hap-
pen, leading to more severe loading in the proximal
femur. Figure 5 presents damage above the entire
length of the blade for the high load results, indi-
cating the propensity of the femoral head to move
down relatively to the screw, leading to a higher
risk of the screw to cut-out of the superior region
of the femoral head.

Despite its contributions, this work contains some
limitations. Firstly, from a geometric point of view,
only one female and one male femora were stud-
ied, with only one fracture geometry. Although the
study would have benefited from having more femur
models, the analysed femora fall within the typical
geometries [17]. Nevertheless, different fracture ge-
ometries would have allowed to perceive the influ-
ence of this factor in the results. Regarding loading,
only one loading case, representative of gait, was
implemented in this work, limiting its applicability
to everyday situations.

Regarding the implementation of the models, the
damage model was only applied to the solid bone
parts; nonetheless, since the shells are also bone
tissues, the damage model could have been ap-
plied to these structures as well. Furthermore,
other works implemented this damage model in
Abaqus/Standard using a subroutine UMAT [19],
while, in this work, the damage model was imple-
mented using a MATLAB routine. Using UMAT
allows for the damage model to be implemented di-
rectly in every increment of the Abaqus’ Step, while
the present approach computed damage only at the
end of the step. With UMAT, the stiffness is up-
dated several times in the same iteration, while,
with the present implementation, the stiffness for
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a given iteration is constant [38]. Finally, the same
works used an element deletion technique when crit-
ical damage was reached, allowing for the fracture
to progress. In this work, the critical damaged
nodes were maintained, with its Young’s modulus
only being reduced.

5. Conclusions

The goal of the present work was to assess the
risk of cut-out for several positions of the PFNA
blade on the femoral head. To accomplish that,
3D finite element models for both a female and a
male femora treated with PFNA implants were cou-
pled with a quasi-brittle stiffness-adaptive damage
model to evaluate the bone damage resulting from
the loading conditions from gait. The PFNA blade
was placed in eight different positions, varying both
the superior-inferior and medial-lateral positions, in
order to assess the effect of each position in the bone
damage distribution. To the author’s knowledge,
this is the first study to apply a damage model with
stiffness adaptation to assess of the risk of cut-out
in a bone-implant system of a hip fracture.

Overall, the depth of placement of the blade in
the medial-lateral direction and its superior-inferior
position were shown to have great influence in the
risk of cut-out, with the medial-lateral position be-
ing the most relevant predictor. The best position
to place the blade was found to be in the inferior
(for the female bone) or central (for the male bone)
regions, at a 5 mm distance from the femoral head
surface. Bone critical damage was found to be pre-
dominant at the tip of the blade, around the blade’s
transition region and at the fracture region. Finally,
the influence of higher loads than usual was found
to represent a greater risk of cut-out.

To the author’s knowledge, this is the first study
to apply a damage model to a bone-implant sys-
tem of a hip fracture, leading bone stiffness to be
constantly adapting according to the damage distri-
bution, and allowing the identification of the most
critical areas on the bone. Nonetheless, some work
remains to be done.

A larger number of femora should be consid-
ered in future studies. This would allow to investi-
gate the reason behind the contradictory results for
the two femora considered regarding the superior-
inferior position. Also, different fracture geometries
should be studied, to evaluate its influence in the
recommended blade position and the risk of cut-
out. Different loading cases should also be analysed
(e.g. stair climbing), in order to have a broader
knowledge on the risk of cut-out for everyday sit-
uations. Finally, concerning the implementation of
the damage model, a kill-element technique could
be implemented, in order to allow microcracks to
progress.
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