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Bionic reconstruction of tension trabeculae @@

in short-stem hip arthroplasty: a finite element
analysis
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Abstract

Background Short-stem hip arthroplasty (SHA) is characterized by metaphyseal load transfer that effectively pre-
serves the bone stock, but still suffers from stress shielding in the proximal femur. We designed a tension screw to

mimic tension trabeculae in the new bionic collum femoris preserving (BCFP) short stem for bionic reconstruction,
aiming to restore the biomechanics of hip joint.

Methods Native femur finite element model was constructed to investigate the biomechanics of hip joint based on
computed tomography (CT) data. The maximum absolute principal stress/strain cloud chart allowed the direction of
stress/strain to be assessed. Six BCFP models with different screw angles (5°, 10°, 15°, 20°, 25°, and 30°) and the Corail
model were created. The stress/strain distribution and overall stiffness were compared between each of the BCFP and
Corail implanted models.

Results The native model visualized the transfer pathways of tensile and compressive stress. The BCFP stems showed
significantly higher stress and strain distribution in the greater trochanteric region compared to conventional total hip
arthroplasty (THA). In particular, the BCFP-5° stem demonstrated the highest average strain in both medial and lateral
regions and the overall stiffness was closest to the intact femur.

Conclusions Stress transfer pathways of trabecular architecture provide biomechanical insight that serves as the
basis for bionic reconstruction. The tension screw improves load transfer pattern in the proximal femur and prevents
stress reduction in the greater trochanteric region. The BCFP-5° stem minimizes the stress shielding effect and pre-
sents a more bionic mechanical performance.

Keywords Short-stem hip arthroplasty, Stress shielding, Hip biomechanics, Bionic reconstruction, Tension screw,
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Background

Young and active patients remain challenging for total
hip arthroplasty (THA), where periprosthetic osteolysis
and aseptic loosening are critical factors affecting the
long-term survival of implants. Mismatch between the
implant and the proximal femur often produces stress
shielding effect, creating a non-physiological stress dis-
tribution [1]. Reduced load transfer induces peripros-
thetic bone loss and is one of the major reasons for
cementless implant failure [2].

Standard THA with distal fixation leads to proximal
stress shielding [3]. Short-stem hip arthroplasty (SHA)
were developed as a bone conserving solution. Its design
concept is to preserve bone tissue, optimize physiologi-
cal load transfer and limit stress to the metaphysis based
on the anchoring principle [4, 5]. The advantage of SHA
over standard THA is that the implant-bone interface
only lies in the proximal region, surrounded by cancel-
lous bone, which reduces bone loss due to stress shield-
ing [6]. It is worth noting that although short- and
mid-term follow-up studies have indicated favorable
outcomes, SHA does not offer higher survivorship than
conventional THA [7, 8]. Dual energy X-ray absorpti-
ometry (DEXA) is a common method for measuring
bone mineral density (BMD) and periprosthetic area
division is widely applied to evaluate proximal femo-
ral implants [9]. Researchers also discovered that bone
remodeling occurred primarily in the metaphysis and
distal region by DEXA, while stress shielding in the
proximal region was unavoidable [10, 11]. These facts
suggest that the existing short-stemmed implants still
need further optimization.

Previous studies described the stress-dispersing role
of proximal femoral trabecular architecture from a
morphological and biomechanical perspective [12, 13].
Existing short stems only focus on implant-metaphysis
fitting, relying on the femoral calcar and distal lateral
cortex for fixation and load transfer, whereas bone atro-
phy occurs in the greater trochanteric region [14, 15].
This leads to the assumption that short stems ignore
the stress-dispersing effect of tension trabeculae, with
consequent unloading of the proximal region, particu-
larly the greater trochanter [16].

The purpose of this study was to investigate whether
the bionic reconstruction of tension trabeculae with a
tension screw could reduce the stress shielding effect
in SHA. We hypothesized that the bionic reconstruc-
tion would contribute to restore the biomechanics of
hip joint. Prior to this, we investigated the biomechan-
ics of trabecular architecture, by visualizing the com-
pression and tension zones through finite element (FE)
analysis.

Page 2 of 11

Materials and methods

Implant design

The Metha® short stem (B. Braun, Aesculap, Tuttlingen,
Germany) is a cementless calcar-loading implant with
bone ingrowth coating on the proximal and middle por-
tions [17]. According to the stress dispersion hypothesis
of tension trabeculae, the new short stem was designed
with a tension screw based on Metha®. The head end
of tension screw is positioned medial to the neck-body
junction of stem, with the screw passing through the
stem body and the tail end fixed to the lateral femoral
cortex (Fig. 1a). Under loading conditions, the femo-
ral stem tends to be compressed and the tension screw
tends to be tensioned, resulting in a more physiologi-
cal stress distribution in the proximal femur. When the
tension screw is perpendicular to the distal axis of stem,
the screw angle is defined as 0°. It is conceived both for
the feasibility of intraoperative manipulation and screw
insertion. Therefore, the screw angles were set to 5°, 10°,
15°, 20°, 25°, and 30°, and the screw diameter was set to
6 mm to create six implant models. The tension screw
mimics tension trabeculae to provide a bionic recon-
struction of the proximal femur and the osteotomy
partially preserves the femoral neck, so that the new
short-stemmed implant is named bionic collum femoris
preserving (BCEP).

The Corail® standard stem (DePuy International Ltd,
Leeds, UK) is a cementless straight implant covered with
a full hydroxyapatite coating (Fig. 1b). It has been in clini-
cal use for over 30 years with excellent long-term results
[18]. According to the volunteer femoral model, both
prosthetic stems were selected as size 3 among sizes 0—6,
with a 135° neck-shaft angle.

FE models

The native femur model was based on computed
tomography (CT) data of the right femur of a 58-year-
old male volunteer with no history of severe trauma.
The images were acquired by a 64-slice CT scanner
(LightSpeed VCT, GE Healthcare, Milwaukee, WI,
USA) with the slice thickness of 1.0 mm. The data
in DICOM format were imported into Mimics 19.0
(Materialise, Leuven, Belgium) and the three-dimen-
sional femur model was constructed by automatic
threshold-based segmentation. The osteotomy level
was partial collum for the BCFP stem and trochanter
sparing for the Corail stem [19]. Following the stand-
ard surgical procedure, the femur models were vir-
tually osteotomized and the prosthetic stems were
respectively implanted (Fig. 2a). The center of pros-
thetic head was located at the center of femoral head
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Fig. 1 Implant design. a BCFP stem, a cementless calcar-loading short-stemmed implant with a tension screw. b Corail stem, a cementless standard

straight implant

and the axis of prosthetic stem was parallel to the
axis of femoral shaft. The FE models were meshed by
Hypermesh 12.0 (Altair Engineering GmbH, Boblin-
gen, Germany). The element type was a 4-node linear
tetrahedron (C3D4) and the average element size was
1.35 mm according to mesh convergence analysis.

Material properties

Pre-processing and solving were performed using
Abaqus 16.0 (Simulia, Dassault Systemes, Vélizy-Vil-
lacoublay, France). The femur model assignment was
divided into 10 gradients by CT Hounsfield unit (HU)
values, demonstrating the inhomogeneous mate-
rial properties of bone. For non-flexible stems, differ-
ent density-modulus relationships have no significant
effect on the stress shielding effect [20]. The HU values
for each gradient were therefore converted to elastic
modulus with the following linear relationship [21, 22]:

E =828 x CT + 92 1)

where E is the elastic modulus (MPa) and CT repre-
sents the HU value. The cementless implants and tension
screws are forged from titanium alloy. The implant mate-
rial was assumed to be homogeneous and isotropic and
its mechanical behavior was simulated with a linear-elas-
tic model. The elastic modulus of the implant material

was set at 110 G. The Poisson’s ratio was set at 0.34 for
both the femur and the implant material [23].

Boundary and loading conditions

The cementless implants are subject to reversible micro-
motion and irreversible migration at the initial stage. As
bone ingrowth is promoted, the initial stability obtained
by press-fitting transitions to secondary stability. There-
after, the micromotion and migration gradually settle
down [24, 25]. In order to simulate the long-term situ-
ation after bone ingrowth, the implant-bone interface
was set up in this study as a tied contact with no relative
micromotion. The distal femur was constrained in all
directions.

The loading configuration simulated a single-legged
stance. A weight-related load of 347% of body weight
was applied to the same reference point at the pros-
thetic neck in the BCFP and Corail implanted models
[26]. The same load was applied to the top of femoral
head in the native model. In the present study, the vol-
unteer weighed 75 kg and the load was 2600 N. The
loading vector was configured as a mechanical align-
ment of the lower limb, pointing from the hip joint
center to the knee joint center [27]. This implies that
in addition to the load along the anatomical alignment
of femur, there are also certain anterior and lateral load
components.
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BCFP-15°

Coralil

Fig. 2 a Native model and implanted models with BCFP and Corail. b Region division, each model was divided into six ROIs from the tip of greater

trochanter to the base of lesser trochanter

Statistical analysis

A nonlinear static analysis of the FE models was per-
formed. The native model was used to investigate the bio-
mechanics of hip joint. The maximum absolute principal
stress/strain cloud chart allowed the direction of stress/
strain to be assessed. The von Mises stress and strain
distribution were compared between each of the BCFP
and Corail implanted models. To quantify the stress and
strain distribution at the proximal femur, six regions
of interest (ROI) were divided from the tip of greater

trochanter to the base of lesser trochanter (Fig. 2b). The
proximal (region 1) and surrounding (region 2) regions
of tension screw correspond to the greater trochanteric
region. The stress and strain data were extracted from
each element and the average value of each ROI was cal-
culated. In addition, force—displacement curves were
plotted for each model to examine the variations in over-
all stiffness caused by the implantation of different stems.

Statistical analysis was carried out using GraphPad
Prism 9 (GraphPad Software, San Diego, USA). The
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Kolmogorov—Smirnov test showed that the stress and
strain data for each ROI did not conform to the nor-
mal distribution. These continuous variables were
expressed as the median and interquartile range. To
further compare the data distribution between groups,
a non-parametric one-way ANOVA was performed
using the Kruskal-Wallis test and Dunn’s multiple
comparison test. The significance level was set at 0.05.
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Results

Native model

In von Mises stress cloud chart, a distinct stress zone
within the femoral head could be observed in the
native model, oriented approximately in the direction
of mechanical alignment (Fig. 3a). The strain values in
the femoral neck and greater trochanteric region were
higher than other regions, around 3000 um/m (Fig. 3b).

b

LE, Max. Principal
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Fig. 3 Native femur FE model. a Von Mises stress cloud chart, b strain cloud chart, ¢ maximum absolute principal stress cloud chart (positive values
for tensile stress and negative values for compressive stress), and (d) maximum absolute principal strain cloud chart (positive values for tensile
deformation and negative values for compressive deformation). The red dashed line represents tensile stress transfer pathway and the blue dashed

line represents compressive stress transfer pathway
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The native model demonstrated the tensile (red dashed
line) and the compressive (blue dashed line) stress trans-
fer pathway in maximum absolute principal stress/strain
cloud chart (Fig. 3c and d). The tensile stress was trans-
mitted from the medial femoral head through the femo-
ral neck to the greater trochanter. The compressive stress
was transmitted from the superior femoral head through
the medial trabecular column to the calcar.

Stress distribution

The BCFP and Corail implanted models presented differ-
ent stress distribution patterns to the native femur, with
clearly reduced stress following implantation (Fig. 4a).
The stress distribution around and inferior to tension
screw was increased in the BCFP models. As the screw
angle decreased, the area of increased stress in the
greater trochanter became larger.

In the greater trochanter (region 1-2), the von Mises
stress distribution was significantly higher for all BCFP
models with different screw angles than the Corail model
(Fig. 4b; p<0.001). Comparing the average von Mises
stress across six ROIs, the Corail model concentrated
stress transfer mainly on the medial femur (region 4-5)
(Fig. 4c). The BCFP models partially transferred stress
from the medial to the lateral femur (region 1-3). The
BCFP-5° model had the highest average stress in region
1-3. The BCFP-30° model presented a lower level of aver-
age stress in all ROIs.

Strain distribution

At the macroscopic scale, there was no visual difference
between the strain and stress distribution of implanted
models (Fig. 5a). The strain distribution also increased
at the implant-bone interface around and inferior to ten-
sion screw in the BCFP models. The screw angle deter-
mined the extent of strain increasing area in the greater
trochanter.

In region 1, the strain distribution for all BCFP models
was significantly higher than the Corail model (Fig. 5b;
p<0.001). In region 2, the BCFP-5°, BCFP-10°, BCFP-20°,
and BCFP-25° models demonstrated higher strain distri-
bution compared to standard THA (Fig. 5b; p<0.001).
Among six ROIs, the Corail model displayed moderate
average strain in the medial femur (region 4-5) (Fig. 5¢).
In the lateral femur (region 1-3), the average strain in
all BCFP models except BCFP-30° exceeded the Corail
model. The BCFP-5° model had the highest average strain
in region 1-5. The BCFP-30° model also presented a
lower level of average strain in all ROIs.

Stiffness
The force—displacement curves of implanted models
were compared with the native model under the same
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conditions (Fig. 6). The curve of BCFP-5° model was the
closest to intact femur, with the least variation in over-
all stiffness due to implantation. The overall stiffness of
BCFP-20°, BCFP-25°, and Corail models were similar and
at a moderate level, while the BCFP-30° implant induced
the most variation.

Discussion

In this study, the bionic reconstruction of tension trabec-
ulae was achieved with tension screw, which enhanced
the load transfer pattern of the proximal femur and
improved the stress/strain distribution in the greater
trochanteric region. In particular, the BCFP-5° implant
showed the highest average strain in both medial and
lateral femur, with an overall stiffness closest to the
native femur, and performed optimally in stress shielding
prevention.

Wolff depicted the morphological architecture of ten-
sion and compression trabeculae by observing the human
femur [13]. In computational simulation, the adaptive
remodeling of trabecular architecture was consistent
with the actual femur when multiple-loading conditions
were applied similar to the reality [12]. The stress trans-
fer pathways demonstrated in this study by the native FE
model are similar to previous morphological and biome-
chanical studies, thereby validating the biomechanical
properties of tension and compression trabeculae.

A finite element study by Ong et al. indicated that the
stress in native femur was transferred from the superior
femoral head through the center of head to the medial
column [28]. This is in accordance with the compressive
stress transfer pathway in the present study. Multiple
investigations analyzed the load transfer pattern based
only on the magnitude of von Mises stress, regardless of
the stress direction [29, 30]. As a result, the stress disper-
sion effect of tension trabeculae is prone to be neglected
[31]. In our analysis, tensile stress transfer pathway was
complemented by the distinction of stress direction
through maximum absolute principal stress/strain cloud
chart. This insight into the biomechanics of hip joint
provides the basis for bionic reconstruction concept in
cementless stem design.

Stress shielding and bone remodeling are important
indicators for evaluating implant design, both depending
on the fixed position of stem [32]. Conventional THA is
characterized by distal anchoring and proximal unload-
ing and the short stem design is based on the metaphy-
seal anchoring concept [33, 34]. Prior finite element
studies proved that SHA demonstrated a more physio-
logical load transfer in the proximal and metaphysis [35].
Besides, DEXA investigations found more balanced BMD
changes and less BMD loss after SHA [10, 36]. However,
the existing short stems are still unable to completely
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avoid stress reduction in the greater trochanter [37, 38].
To further optimization, the new short stem should have
a more bionic design. In the BCFEP stem, tension screw is
used to mimic tension trabeculae for bionic reconstruc-
tion. The results suggested that this design improved the
load transfer in the greater trochanteric region. This is
probably due to the lever effect of tension screw, which
partially transmits the stress from the medial femur to
the lateral, providing a bionic stress distribution.

In the BCFP stem, the tension screw angle is also a
key factor impacting on the biomechanical properties.
As shown in Figs. 4 and 5, the BCFP-5° stem performed
best in terms of reducing the stress shielding effect. In
contrast, the BCFP-30° model had a lower stress/strain
distribution in all regions of the proximal femur. This dif-
ference may depend on the relative position between the
tension screw and the greater trochanter. At a screw angle
of 5°, the BCFP stem features a more proximal anchorage
and presents a more physiological load transfer. Accord-
ingly, we speculate that the biomechanical properties of
tension screw in BCFP-5° stem is closest to the tension
trabecular architecture, presenting the implant with the
most bionic design.

Limitations arose mainly from the simplifications and
assumptions of FE models. The simplified loading con-
figurations did not simulate muscle strength and to a
certain extent differed from clinical practice [39]. In the
present study, we only assessed the conditions after bone
ingrowth, not the initial stability of implants, and were
unable to simulate the dynamic process of trabecular
remodeling. Besides, the screw placement may break the
lateral femoral cortex and possibly greatly increase the

operating time as well. Furthermore, the thread connec-
tion between tension screw and prosthesis in the BCFP
stem creates a new interface. Previous reviews reported
no significant difference in revision rates between mod-
ular and non-modular hip implants [17]. But interfacial
corrosion and connection fatigue in modular implants
are still a concern for surgeons.

Conclusions

This finite element study investigated the combined
effect of short-stemmed implant and tension screw on
the load transfer pattern. The BCFP stem was based on
a metaphyseal anchoring short stem and the tension tra-
beculae were bionically reconstructed by a tension screw.
The results showed that the tension screw partially trans-
ferred the stress from the medial femur to the lateral, sig-
nificantly improving the stress/strain distribution in the
greater trochanteric region. The BCFP -5° configuration
showed best results in terms of stress distribution. Nev-
ertheless, further biomechanical experiments and clinical
studies are still required to evaluate bone remodeling of
the BCFP stem.
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