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Abstract
Background The influence of THA stem design on periprosthetic femoral fractures (PFFs) risk is subject of debate. This 
study aims to compare the effects of different cementless stem designs on stress–strain distributions in both physiological 
and osteoporotic femur under various loading conditions.
Materials A biomechanical study using finite-element analysis was conducted. Four models were developed: three with 
implanted femurs and a native one chosen as control. Each model was analyzed for both healthy and osteoporotic bone. The 
following stem designs were examined: short anatomical stem with femoral neck preservation, double-wedge stem, and 
anatomical standard stem. Three loading conditions were assessed: gait, sideways falling, and four-point bending.
Results During gait in physiological bone, the anatomical stem and the short anatomical stem with femoral neck preserva-
tion showed stress distribution similar to the native model. The double-wedge stem reduced stress in the proximal area but 
concentrated it in the meta-diaphysis. In osteoporotic bone, the double-wedge stem design increased average stress by up to 
10%. During sideways falling, the double-wedge stem exhibited higher stresses in osteoporotic bone. No significant differ-
ences in average stress were found in any of the studied models during four-point bending.
Conclusion In physiological bone, anatomical stems demonstrated stress distribution comparable to the native model. The 
double-wedge stem showed uneven stress distribution, which may contribute to long-term stress shielding. In the case of 
osteoporotic bone, the double-wedge stem design resulted in a significant increase in average stress during both gait and 
sideways falling, potentially indicating a higher theoretical risk of PFF.
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Introduction

Total hip arthroplasty (THA) is considered as one of the 
most successful surgical procedures of the last century. The 
increasing global need for this type of surgical procedure is 
clearly reflected in the arthroplasty registries [1–4].

The choice between cemented and cementless implant 
fixation strategies, along with the materials and design 
of prosthetic femoral components, is a subject of various 
discussions within the research community [5–10]. These 
discussions are focused on exploring the link between 
implant characteristics and their corresponding outcomes, 
encompassing performance and the possibility of poten-
tial failure. Among the different causes of implant failure, 
periprosthetic femoral fractures (PFF) represent one of the 
most common reasons leading to THA revision [1]. The 
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incidence of this complication seems to be on the rise, as 
indicated by data from arthroplasty registries showing a 
progressively increasing rate of 4.6% per decade for the 
upcoming 3 decades [11].

In contrast to cemented implants, cementless femoral 
components depend on the press-fit method for initial sta-
bility, which subsequently transitions into secondary sta-
bility through osteointegration [8]. However, these types 
of implants have been linked to a greater occurrence of 
periprosthetic femoral fractures during surgery and shortly 
after (within the initial 6 months, thus before full osteoin-
tegration occurs), when compared to cemented prostheses 
[12–15]. Nevertheless, the trend toward the use of cement-
less implants is still rising [5].

Nowadays, the market provides a variety of cementless 
stem designs characterized by varying lengths and shapes. 
However, the impact of these attributes on the risk of PFF 
remains a subject of ongoing discussion in the literature 
[13–15]. Consequently, the aim of this study is to compare 
the biomechanical effects induced by different cementless 
hip stems designs: this assessment will focus on the distribu-
tion of stress and strain, considering both physiological and 
osteoporotic bones, and will be conducted under a variety 
of loading conditions.

The main target of this study will be the first perioperative 
period, i.e., after the prosthesis implantation but prior to the 
occurrence of osteointegration. Addressing this timeframe, 
it's worth noting in the literature that PFFs observed within 
the immediate month following the operation might have 
originated during surgery itself as minor cracks or fissures, 
subsequently progressed into clinical fractures during the 
rehabilitation period [12, 14, 15]. Another possible reason 
leading to this kind of PFFs can then be related to errors in 
the choice of the proper implant size, as under-sizing was 
proven to be related to generation of new fracture rhymes 
[12, 14, 15].

Long-term post-operative PFF, on the other hand, might 
be a consequence of failed stem osteointegration, bone over-
load and consequently mechanical failure [14]. However, 
data from the Nordic Arthroplasty Register indicated that 
the vast majority of these fractures manifested within the 
initial six months following the surgical procedure [15]. 
Consequently, these studies confirm that the period before 
stem osteointegration stands as the main critical phase in 
uncemented THA and thus justifies the choice of this study 
to address it (therefore, not considering osteointegration 
itself or other long-term processes due to eventual implant 
coatings).

In order to achieve this goal, an in-silico biomechanical 
study based on finite-element analysis was performed: this 
approach, well established in the current literature, was cho-
sen for the great comparative potential it provides. It allows 
indeed to change each single parameter of the model in order 

to precisely analyze its influence on the outcomes, while 
leaving the other boundary conditions unchanged [16, 17].

Materials and methods

The models were implemented as follows.

Geometry

For the bone geometry, a physiological three-dimensional 
femur model was reconstructed from CT-scans of a right 
femur mechanical-equivalent synthetic bone (Sawbones 
Europe AB, Limhamn, Sweden). The use of this kind of 
femoral models is widely adopted in the literature thanks to 
their excellent capability of standardizing results [18–24], 
and these reproductions are based on physiological geom-
etries of cortical bone, cancellous bone and intramedullary 
canal; these geometries were then analyzed and returned a 
Dorr’s ratio of 0.55 [25].

Three different THA stem designs from the same manu-
facturer (Waldemar Link GmbH & Co. KG, Hamburg, Ger-
many) were implemented: a short anatomical stem with 
femoral neck preservation (C.F.P. II) (see Fig. 1A) and two 
standard cementless femoral stems: a double-wedge stem 
(LCU) (see Fig. 1B) and an anatomical standard stem (SP-
CL) (see Fig. 1C), respectively, Type 2 and Type 6 accord-
ingly to Khanuja and Mont [26]. The size of the hip stems 
was chosen in agreement with the size of the bone model.

Following the manufacturer surgical technique, each stem 
was virtually implanted in the femoral bone and the con-
figuration obtained was validated by an expert hip surgeon 
(M.F.).

Fig. 1  The THA stem designs analyzed: a short anatomical stem with 
femoral neck preservation (A), a Type 2 stem (B) and a Type 6 stem 
(C)
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Material models and properties

Linear elasticity was used for all the material models con-
sidered in this study.

For the physiological bone quality, the cortical bone was 
considered transversely isotropic and the following mate-
rial properties were used: E1 = E2 = 11.5 GPa, E3 = 17 GPa, 
ν12 = 0.51, ν23 = ν13 = 0.31 [26]; the third axis was consid-
ered as parallel to the anatomical axis of the femur. The can-
cellous bone was instead considered isotropic with E = 2.13 
GPa, ν = 0.3 [19, 27].

To simulate osteoporotic material properties, according 
to literature [19], the Young’s modulus of cortical bone was 
reduced by 32% whereas the Young’s modulus of cancellous 
bone was reduced by 66%. Consequently, the Young’s mod-
ulus for osteoporotic cortical bone is E1 = E2 = 7.82 GPa, 
E3 = 11.56 GPa while for osteoporotic cancellous bone it is 
E = 724 MPa. The Poisson’s ratio remains the same for both 
healthy and osteoporotic bone qualities [18, 19].

The material for all the stems implemented was Titanium 
alloy, considered as isotropic with E = 105 GPa, ν = 0.34 
[28].

A coefficient of friction of 0.2 was considered among 
the stem and the bone, in order to simulate the cementless 
implantation technique [27].

Boundary conditions

Each model was then tested under the following load 
conditions:

1. Gait cycle this test evaluates the outcomes during the 
most common daily activity, by analyzing the effects of 
the maximum force involved in such task. A body weight 
of 800 N is considered as a reference to define the loads 
applied to the femoral head, to the great trochanter and 
to the vastus lateralis, in according to what was reported 
in the literature [19, 29]. The distal part of the femur is 
fully constrained, and the three forces are applied on the 
relative landmarks of the proximal side (Table 1): the 
femoral head force, the great trochanteric force and the 
vastus lateralis force [19, 29].

2. Sideways falling for this test, an existing standardized 
protocol was used [19]. The aim is to simulate the effect 
of one of the most common injuries occurring to patients 
(e.g., falling out of bed). For this task, the shaft is ori-
ented at 10° respect to the horizontal plane (representing 
the ground) and the femoral neck is internally rotated by 
15°. The greater trochanter is then constrained along the 
vertical axis to represent the contact with the ground, 
and the bone is left free to rotate in terms of abduction–
adduction and to translate on the horizontal plane. In 
the distal part, the femur is fixed against internal–exter-
nal rotation around its shaft axis but it is free to slide. 
To apply the load, a surface of 200  mm2 is defined on 
the inferior surface of the femoral head and 5000 N are 
applied there [30–33].

3. Four-point bending this test simulates the boundary con-
ditions of the standard experimental test used to evalu-
ate bone resistance, in particular bending stiffness and 
strength of slender structures (such as long bones). This 
load condition results in a constant bending moment in 
the central part of the shaft, and it is used to investigate 
fracture resistance due to the fact that it can induce a 
fracture in the central part of the bone. From a clinical 
perspective, this configuration effectively replicates the 
forces that can arise during specific situations such as 
falling onto a small objects or accidentally bumping into 
furniture corners. Such scenarios are not uncommon, 
especially in everyday environments, and can subject 
the femur to unique stress patterns due to the localized 
impact.

The model involved four equidistant cylinders 80 mm 
apart from each other, two on the lateral side of the femur 
and two on the medial one; the femur was then clamped at 
the distal and proximal part to avoid rotation (see Fig. 2). 
The load is applied pushing the two cylinders on the lateral 
side with constant load of 500 N on both cylinders inner 
part, thus simulating a latero-medial bending [34, 35].

Table 1  Value of the forces 
used for the gait cycle and 
relative application point

X is the medio-lateral direction, Y is the antero-posterior direction and Z is the proximo-distal direction. 
The great trochanteric force considers the sum of the abductor farce (Gluteus medius, Gluteus minimus and 
Gluteus maximus), and the tensor fasciae latae force

Force Fx (N) Fy (N) Fz (N) Application point

Femoral head hip force − 518.3 381.2 2569.9 Head of the femur
Great trochanteric force 543.4 − 133.8 677.2 Great trochanter
Vastus lateralis force − 7.5 − 154.7 776.6 Anterior proximal 

end of the femur
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Output and risk of fracture calculation

Average Von Mises stress and strain were considered as 
outputs for the different simulations, in order to evaluate 
the implications of the different boundary conditions on the 
incidence of PFF.

To analyze the von Mises stress, the bone was then sub-
divided into 8 different regions of interest (ROI) ordered 
from proximal to distal. The diaphysis was thus divided in 
regions of 50 mm length, while the proximal epiphysis was 
90 mm (see Fig. 3). For the gait and falling tasks, all the 
ROIs were analyzed; for the four-point bending, the stress 
was analyzed in the region between the internal cylinders 
in order to avoid the effects due to proximity of the force 
applications surfaces.

As the fracture of bone has been proven to be strain-deter-
mined [36], a scalar risk for fracture (RF) was calculated 
as the ratio between the maximum principal strain in the 
femur shaft (either compressive or tensile) and the ultimate 
strain corresponding to the material involved [37, 38]. The 

ultimate strains for bones are different for compressive and 
tensile conditions: [30, 36], in details is 0.0104 for compres-
sion and 0.0073 for tension.

The overall risk for fracture of the proximal femoral was 
thus evaluated as the maximum value between the tension 
and compression RF.

Finite‑element analysis

Each model was meshed using linear tetragonal elements. 
Abaqus/Standard (Dassault Systèmes, Vélizy-Villacou-
blay, France) was used to perform all the finite-element 
simulations.

Results

The results are here reported for each task.

Gait cycle

Considering physiological bone, the anatomical stem (Type 
6) and the short anatomical stem with femoral neck pres-
ervation demonstrated performances comparable with the 
native model in terms of stress distribution (see Figs. 4 and 
5); the average von Mises stress distribution in region 3 is 
indeed comparable with native configuration for these stems. 
On the opposite, the double-wedge stem (Type 2) demon-
strated a reduction of average von Mises stress in the proxi-
mal femoral area (Zones 1–5): these results, therefore, are 
representative of the phenomenon of stress shielding, often 
observed during the follow-up of this kind of straight stems 
[39]. It is furthermore possible to observe, comparing Type 
2 stem design with the others, an overall non-homogeneous 
stress distribution with stress concentrations found in a 
smaller femoral area.

Rf (see Fig. 6) is almost independent by the implant 
design (it is almost constant for the native, and only changes 
slightly for the osteoporotic). Addressing then the osteoporo-
tic bone, a 5% increase of the average von Mises stress can 
be noted in native, Type 6 and short anatomical stem with 
femoral neck preservation models; Type 2 stem, instead, 
returned an increase of the average stress up to 10%.

Sideway falling

Addressing physiological bone quality, the native model 
returned the highest stress to be concentrated in the femoral 
neck (see Figs. 7 and 8); this is reasonably in agreement with 
the boundary conditions involved. The presence of a prosthetic 
stem, instead, act as an inner support in the femur: it is indeed 
possible to notice the absence of the area of high stress found 
in the native model, finding however higher stresses in the 

Fig. 2  Graphical representation of the four-point bending test on a 
femur

Fig. 3  Repartition of the femur in the different regions of interest ana-
lyzed
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bone regions corresponding to the stem tip for Type 6 stem 
(in Zone 2) and for short anatomical stem with femoral neck 
preservation (in Zone 1). The Type 2 stem, instead, did not 

return remarkable stress concentrations in the metaphyseal and 
diaphyseal areas.

Addressing RF (see Fig. 9), in the central bone region the 
short stem presents the highest values but still relatively low 
(0.4).

In the osteoporotic bone, an overall increase of the average 
stress can be noted in all models, mainly focused in the tro-
chanteric region. For Type 6 and short stem, no significant dif-
ferences in stress distribution can be noted compared to physi-
ological bone; Type 2 stem design instead returned the highest 
rise of stress in Zone 1 and 3 compared to its physiological 
counterpart, also reflected in the RF values found (see Fig. 9).

Four‑point bending (4‑PB)

As often implied in this typology of tests, the central region of 
the shaft (thus the one comprised between the application of 
the forces) was the one mainly addressed (see Figs. 10 and 11).

In the models with physiological bone properties, the 
average von Mises stress distribution returned to be compa-
rable for all the configurations. The Type 6 model returned 
higher stresses in trochanteric area due to the intrinsic fea-
tures of the prosthesis (see Fig. 11).

In the osteoporotic bone, no significant differences of 
average stress can be found compared to the physiological 
results in any of the studied models (see Fig. 11), which 
emerges as well from the risk of fracture analysis (see 
Fig. 12).

Discussion

The current literature shows that the use of cementless stems 
is characterized by a primary stability (due to the press-fit 
technique) that then evolves into secondary stability after 

Fig. 4  Graphical representation 
of Von Mises Stresses relative 
to “Gait Cycle” task, for the dif-
ferent stem configurations (with 
healthy bone properties)

Fig. 5  Average Von Mises Stress of the different ROIs for the “Gait 
Cycle” task, for the different stem configurations (with healthy bone 
properties)

Fig. 6  Risk of Fracture for the “Gait Cycle” task, for the different 
stem configurations in case of healthy and osteoporotic bone
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osteointegration [8, 15]. However, the risk of periprosthetic 
femoral fracture, which is one of the most frequent com-
plications after a THA implant surgery [1, 14, 15, 19], is 

reported to be higher for cementless stems during both intra-
operative and post-operative periods (within 6 months) if 
compared to cemented fixation [14, 15, 19].

The data reported in the literature are mainly based on 
registries or databases. These data present, however, several 
limitations that could affect their interpretation: in detail, the 
effect of patients’ confounding factors [14, 15], the eventual 
absence of detailed surgical data (which may be relevant 
as ream-and-broach technique generally remove greater 
cancellous bone compared with broach-only systems and 
this difference could affect PFF risk) [6, 14, 15] and limited 
information concerning stem design, material and coating 
[6, 14, 26]. Another limitation is related to the fact that the 
results of a specific stem with poor performances could have 
an impact on the global results of its whole design category 
when statistical analysis is performed [14]: affecting the 
evaluation of the whole category.

The present numerical study, based on finite-element 
analysis, allow a standardization of the testing protocol and 

Fig. 7  Graphical representation 
of Von Mises Stresses relative 
to “Sideway Falling” task, for 
the different stem configurations 
(with healthy bone properties)

Fig. 8  Average Von Mises 
Stress of the different ROIs for 
the “Sideway Falling” task, for 
the different stem configurations 
(with healthy bone properties)

Fig. 9  Risk of Fracture for the “Sideway Falling” task, for the differ-
ent stem configurations in case of healthy and osteoporotic bone
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boundary conditions, eliminating any confounding elements. 
The choice to evaluate bone in both physiological and osteo-
porotic conditions further investigate differences in native 

models, as well as analyzing the influence of different stem 
geometry on PFF in the different situations that may occur 
during clinical practice.

Fig. 10  Graphical representa-
tion of Von Mises Stresses 
relative to “Four-Point Bend-
ing” task, for the different stem 
configurations (with healthy 
bone properties)

Fig. 11  Average Von Mises Stress of the addressed ROI for the 
“Four-Point Bending” task, for the different stem configurations in 
case of healthy and osteoporotic bone

Fig. 12  Risk of Fracture for the “Four-Point Bending” task, for the 
different stem configurations in case of healthy and osteoporotic bone
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The results of our study demonstrated that, in physiologi-
cal bone, during a gait cycle, anatomical and short anatomi-
cal stem with femoral neck preservation showed similar per-
formances compared to the native model. On the other hand, 
double-wedge stem (Type 2) returned a significant reduction 
of average von Mises stress in the proximal femoral area, 
already in the initial bone-stem interaction analyzed in this 
study; this could justify the stress-shielding phenomenon 
often observed during the clinical follow-up of straight 
stems, and these results confirm, therefore, the clinical evi-
dence that the anatomic stem design represents a protective 
factor against stress shielding [6, 8, 39, 40]. These results 
gave, therefore, further insights on the debate on the reported 
occurrence of bone resorption in case of anatomical stems 
(and especially in neck-preserving ones): different authors 
hypothesized indeed that this phenomenon was not intrinsi-
cally related to the implant design, but instead due to errors 
during surgical planning (in terms of implant size) and sur-
gical technique (related to implant malpositioning) [8, 40]. 
The positive outcomes obtained in this study for this kind of 
implants, which were considered as theoretically correctly 
sized and positioned, prove these hypotheses to be realistic.

Addressing more in detail the Type 2 stems during gait 
cycle in case of physiological bone, the outcomes demon-
strated a non-homogeneous stress distribution, with the 
tendency to concentrate stresses in a smaller femoral area. 
In addition, in case of osteoporotic bone, this stem showed 
an increase up to 10% of the average stress in gait cycle, 
and the highest difference of stress rise in sideway falling 
model (with the risk of fracture doubling its value). The 
clinical implication of these outcomes could, therefore, be 
interpreted as a theoretical higher risk of PFF: indeed, Carli 
et al. [14] reported a significant increase of PFF rates in this 
stem geometry compared to anatomical stem.

When considering the falling configuration in physiologi-
cal bone conditions, a notable change in the results can be 
seen. In this traumatic scenario, the use of short or ana-
tomical (Type 6) stems appears to pose indeed a challenge in 
terms of stress distribution in the neck areas; comparatively, 
the stress levels for these two types of stems are signifi-
cantly higher than those observed in the Type 2 or native 
configurations. Interestingly, it seems that the long straight 
Type 2 stem is able to effectively prevent excessive loads in 
this area. On the other hand, when osteoporotic properties 
are taken into account, this particular stem design carries 
the highest risk of fracture: this outcome may be due to the 
concentration of stress around the tip of the stem.

Regarding the four-point bending analysis, no signifi-
cant differences were observed in the specific central area 
under investigation: this result implies that the impact 
caused by this loading condition would not be significantly 
influenced by the use of different stem configurations, with 

only the Type 2 showing slight variations always corre-
sponding to the stem tip.

This study, however, has limitations to be acknowl-
edged. The material properties assigned to the bone were 
simplified not taking into account variations in bone den-
sity, and only one specific bone geometry was consid-
ered: this may not encompass the full range of anatomical 
and material variations that can affect stress and strain 
distributions.

It is also worth mentioning that this study was conducted 
exclusively on three specific implant designs. The spectrum 
of available stems in the market is considerably broader than 
the models directly examined but, nonetheless, the diverse 
findings obtained from the simulations offer insights that can 
be regarded as representative of the broader design classes 
in terms of their key features. As such, these results still 
provide valuable and applicable information.

Furthermore, the implementation of static loading condi-
tions in this study does not precisely replicate the exact tasks 
performed in real-life scenarios. Rather, it aims to simulate a 
worst-case scenario of the loads involved in such activities. 
This static nature of the loading conditions could potentially 
overlook the dynamic aspects and variations in joint forces 
experienced during dynamic movements.

Nevertheless, it is important to emphasize that these limi-
tations were made to maintain a comparative study design 
and align with existing literature [16–18]. By ensuring con-
sistency in material properties, bone geometry, and loading 
conditions across all models, any simplifications or assump-
tions are likely to impact the different stem designs in a simi-
lar manner. As a result, the comparative value of the study is 
preserved despite these inherent limitations.

Conclusion

The present study provided innovative and interesting data 
concerning the influence of different stem designs during 
several loading conditions in terms of stress and strain dis-
tributions, and periprosthetic femur fracture risk on both 
physiological and osteoporotic bone. In the models involv-
ing physiological bone, anatomical stems exhibited stress 
distribution similar to the one obtained for the native model 
while, in contrast, the double-wedge stem displayed uneven 
stress distribution, which could contribute to prolonged 
stress shielding. Notably, for osteoporotic bone, the double-
wedge stem design exhibited a remarkable increase in aver-
age stress during both gait and sideways falling, potentially 
signifying an augmented theoretical risk of periprosthetic 
femur fractures.
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These findings hold, therefore, promising clinical impli-
cations, offering surgeons valuable insights for risk assess-
ment based on the chosen model.
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