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Abstract

Background The trabecular architecture of proximal femur plays a crucial role in hip stability and load distribution
and is often ignored in hip fracture fixation due to limited anatomical knowledge. This study analyses trabecular
morphology and stress distribution, aiming to provide an anatomical foundation for optimising implant designs.

Materials and methods Twenty-one formalin-fixed human pelvises (twelve male, nine female) were prepared using
P45 sectional plastination. They were sliced into 3 mm sections in the coronal, sagittal, and horizontal planes and then
photographed. A 3D femur model was created from computed tomographic scans and analysed for finite element
analysis (FEA) using Mimics, 3-matics, and Abaqus software to simulate static and dynamic loads, visualising stress
paths for compressive and tensile regions and identifying fracture-vulnerable zones.

Results Two main trabecular systems were identified: the medial and lateral systems. The medial system includes

a primary vertical trabecular group extending from the femoral shaft’s medial calcar to the head and two primary
horizontal groups arching from the lateral shaft, greater trochanter, and femoral neck’s anterolateral and posterolateral
walls toward the medial side, intersecting with the primary vertical group in the head. Secondary vertical group
intersects with secondary horizontal group at the neck-trochanteric junction to form the lateral system. FEA showed
peak compressive stress along the vertical groups, calcar, and medial cortex, and tensile stress along the horizontal
groups, greater trochanter, and lateral cortex, creating balanced support that stabilises the femoral neck and shaft.

Conclusion The strength of proximal femur depends on dense cortical bone, calcar femorale, lateral and
medial trabecular systems, and greater trochanter. While anterolateral and posterolateral areas of femoral neck
and intertrochanteric regions are potential weak zones. Trabecular pattern follows stress paths, optimising load
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distribution. These insights aid in designing robotic and bionic implants that mimic natural stress patterns, reducing

complications.
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Background

Hip fracture is a major orthopaedic challenge, especially
for osteoporotic patients, leading to deteriorated health,
mobility, and reduced life expectancy [1, 2]. Standard
surgical treatments, such as internal fixation and bionic
implants, often face complications due to poor integra-
tion with trabecular bone [3, 4]. This can lead to implant
loosening and stress shielding, which further compro-
mise recovery and necessitate reoperations [2, 5]. There-
fore, a precise understanding of trabecular architecture
and stress distribution is essential to refine implant
designs and minimise complications.

The proximal femur consists of an outer cortex and
inner cancellous bone. Within the cancellous bone, a
complex trabecular network of bone plates plays a criti-
cal role in weight-bearing and locomotion [6, 7]. This
network comprises vertical and horizontal groups that
intersect at specific angles and distances, enhancing the
bone’s structural integrity [2]. The primary trabecular
network forms radiolucent Ward’s triangle in the femoral
neck, while secondary trabeculae are located in the tro-
chanters for added support [8]. Generally, during bipedal
stance, the total body weight is evenly distributed across
each hip joint, mainly in the form of compressive and
tensile forces [1, 9, 10]. The femoral neck’s vertical group
absorbs compressive forces during standing and walk-
ing [9-11], while the function of the horizontal group
remains less understood [7].

Wolff’s law and the trajectorial theory describe that tra-
becular bone aligns with stress lines, adapting to tension
and compression [12, 13]. However, comparative studies
suggest that surrounding cortical bone and soft tissues
contribute significantly to load-sharing, and trabecular
adaptations may not solely reflect simple stress patterns
[14-16]. Furthermore, Hammer [7] proposed that hori-
zontal trabeculae are mainly responsible for the conduc-
tion of compression forces, rather than tension forces.
Skuban et al. [11], concluded that the greater trochanter
is primarily exposed to compressive forces, rather than
the tensile forces previously hypothesised. Biomechanical
studies on the proximal femur demonstrate that trabecu-
lar structure is influenced by principal stress trajecto-
ries, supporting Wolff’s law [6, 14, 16]. In response to the
increased ground reaction force and the attachment sur-
face of the gluteus maximus, the proximal femoral diaph-
ysis develops a reinforced mechanism that enhances
muscle contraction efficiency [17]. However, loading con-
ditions are dynamic and highly variable, and trabecular
characteristics, such as density and distribution, also vary

significantly. These variations are observed in both post-
menopausal women and physically active individuals [5,
18, 19].

Therefore, there is no simple statement that can explain
the load distribution within trabeculae. Currently, the
only available modalities to study trabecular structures
are radiological imaging, histology and direct dissec-
tion of the bone [7, 11, 15, 20-23]. These methods have
some limitations in exploring the exact pattern, extent,
and relationship with surrounding structures. Thus, a
comprehensive understanding of the trabecular system
in terms of morphology and load-bearing function is
required for improving surgical outcomes.

To address this gap, the current study utilised the P45
sectional plastination technique and 3D reconstruction-
based finite element analysis (FEA) to visualise and anal-
yse trabecular morphology and biomechanical function
in detail. The P45 sectional plastination is a polyester-
based method that preserves the precise biological struc-
ture of the proximal femur resembling its living state,
providing clear visual details in a transparent form [24,
25], while 3D reconstruction-based FEA offers insights
into stress distribution within the bone during static and
dynamic conditions [2, 10]. The main aim of this study
is to accurately define the anatomy and identify areas
of compression and tension within trabecular groups
in a simplified manner. This will ultimately provide an
anatomical foundation to optimise surgical techniques
and implant compatibility with the trabecular network,
potentially reducing complications and improving patient
recovery.

Materials and methods

This study complies with the Declaration of Helsinki
and was approved by the Biomedical Ethics Committee
of Dalian Medical University, China (Approval Letter:
2023-004). Twenty-one formalin-fixed human pelvises
(twelve male, nine female) were provided by the Depart-
ment of Anatomy, with no history of hip joint surgery.
The causes of death were myocardial infarction (57.1%),
cerebrovascular accidents (28.5%), and chronic metabolic
diseases (14.2%). The cadavers had a mean age of 62.5
years (range: 50—75); however, BMI data were unavail-
able. Pre-preparation computed tomographic (CT) scans
showed no bone hyperplasia or structural abnormalities
as reviewed by two individual experts (SBY and HJS).
Additionally, CT images of the left proximal femur from
a healthy 45-year-old female volunteer (BMI 19.7, no
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chronic disease or fracture history) were included with
informed consent for 3D reconstruction-based FEA.

P45 sectional plastination technique

The P45 sectional plastination technique was conducted
at Dalian Hoffen Biotechnique Co. Ltd., China, following
similar protocols from previous studies [24, 25]. Speci-
mens were frozen at -70 °C, sliced into 3 mm sections,
rinsed, bleached, dehydrated in acetone, impregnated
with P45 polyester, and cured at 40 °C. Slices were pre-
pared in coronal, sagittal, and transverse planes. Pho-
tographs of the slices were taken with a Canon EOS 7D
Mark II camera against an LED illuminator, and all obser-
vations were documented accordingly (Fig. 1).

3D reconstruction and FEA

CT scan images were imported as non-strictc DICOM
files into Materialise Mimics (v. 19) for 3D reconstruction
using segmentation and region growing tools, and into
3-Matic Research (v. 11) for surface and volume meshing,
as well as material property assignment based on simi-
lar protocols from previous studies [1, 10]. The proxi-
mal femur was meshed using C3D4 elements (4-node
tetrahedral linear solid elements) in Abaqus CAE 2020
(Dassault Systémes). A mesh sensitivity analysis was
performed until the maximum von Mises stress showed
a negligible change (relative error <5%). The final model
had an element size of 1 mm. Mesh convergence was ver-
ified between 0.6 mm and 1 mm, showing a difference of
less than 5%. The 3D model was then exported for FEA in
Abaqus CAE 2020. A bipedal stance was assumed, with
one-third (33%) of body weight distributed on each hip
joint. Static and dynamic loads, based on Taylor et al. [9],
were applied to the load-bearing areas of the proximal
femur (Fig. 2) to assess compression and tension (Figs. 3
and 4). Material properties, volume and surface mesh
values, convergence tests and load distribution data sets
are given in the supplementary table.

Results

The morphology and pattern of all primary and second-
ary trabecular groups were examined in nine coronally
sliced hips, with two images selected for description
(Fig. 1A, B); seven superior transverse sectioned hips,
with three images selected (Fig. 1C, D, F); and five sagit-
tally sliced hips, with one image selected (Fig. 1E). Sim-
plified illustrations of the corresponding frontal and
superior transverse sections are provided in (Fig. 1G, H).

Morphology and pattern

Cortex

The cortex of the femoral neck was thinnest at the head-
neck junction, particularly in the anterior superior
quadrant and around the posterior aspect near Ward’s
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triangle. It gradually thickened inferiorly along the medial
border of the femoral shaft, forming the calcar femorale.
The calcar descended anteroposteriorly and merged with
the lesser trochanter (Fig. 1A, B and D).

Primary trabecular groups

A primary vertical group (PVG) of trabeculae originated
from the medial border of the shaft from the calcar,
extending from the middle diaphysis and attaching to the
superomedial surface of the femoral head (Fig. 1A and B).
These trabeculae were notably thick and densely packed,
predominantly in the medial portions of the femoral neck
and head, creating a unique mushroom pattern observed
in frontal and superior transverse sections (Fig. 1A, B
and F). This vertical group intersected with two distinct
horizontal trabecular groups at the centre of the femo-
ral head, near the epiphyseal scar, forming the medial
trabecular system and the superomedial boundaries of
Ward’s triangle (Fig. 1A-D).

The first primary horizontal trabecular group (PHG 1)
connected the femoral head to the femoral neck. It origi-
nated from the anterolateral and posterolateral aspects
of the greater trochanter and the posterolateral wall of
the femoral shaft. The trabeculae formed an arc through
the femoral neck, with the majority of struts insert-
ing into the anteromedial region, while the remainder
merged with the second primary horizontal group (PHG
2) within the femoral head (Fig. 1A-E, G, H). The PHG
2 extended from the anterolateral aspect of the greater
trochanter and the anterolateral wall of the femoral neck.
It ran obliquely across the femoral head, connecting the
posteromedial and anteromedial portions of the articular
surface (Fig. 1C, D, H).

Secondary and small trabecular groups

Secondary trabecular groups within the trochanters and
root of the neck mainly consisted of secondary vertical,
horizontal, and oblique trabeculae, creating a complex
lattice. The secondary vertical group (SVG) ascended
from the medial calcar and extended superolaterally to
the apex of the greater trochanter. It intersected with
the primary and secondary horizontal trabeculae, form-
ing the inferolateral boundary of Ward’s triangle. The
secondary horizontal group (SHG) originated from the
posterolateral aspect of the greater trochanter and the
lateral wall of the diaphysis, arcing within the neck-tro-
chanteric junction and extending superomedially to cross
the SVG and join the PHG 1 and PHG 2 (Fig. 1A, B, G,
H). Oblique trabecular groups were observed within the
apical part of the greater trochanter and the root of the
femoral neck, merging with SVH and SHG (Fig. 1C, H).
Together, these formed the lateral trabecular system at
the neck-trochanteric junction (Fig. 1B-D).
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Fig. 1 P45 plastinated sections. Coronal sections (A and B): Triangles labelled A-C are seen in the FH, located between primary vertical and two primary
horizontal groups. PHG 1 (blue arrows), PHG 2 (yellow arrows), and PVG (red arrows) are identified. Triangle D is seen in the diaphysis, located between
SVG (small green triangles) and SHG (small black triangles). Triangle E is formed within the GT by the intersections of PHGs and the cortical contour of the
GT. W represents Ward's triangle. The medial trabecular system (X1) is formed by the intersection of PVG, PHG 1 and PHG 2 in the FH, while the lateral tra-
becular system (X2) arises from the intersection of SVG and SHG within the FN, diaphysis, and GT. Superior transverse sections (C and D): The orientation,
pattern, and extent of the two primary horizontal groups from the posterolateral (blue dotted lines and arrows; PHG 1) and anterolateral (yellow dotted
lines and arrows; PHG 2) walls of the FN to the medial part of the FH, intersecting with the PVG (red dotted lines and arrows) to form the medial trabecular
system (X1). SHG (small black triangles) and SVG (small green triangles) intersected at the neck-trochanteric junction, forming lateral trabecular system
(X2). Oblique trabecular groups (small purple triangles) are observed in the posterior part of the GT. The black dotted line represents the epiphyseal scar.
Medial sagittal section (E) and superior transverse section (F) of the FH: Area of formation (rectangle) of the medial trabecular system (X1) by the PHG
1 (blue arrows), PHG 2 (yellow arrows), and PVG (red arrows) merging in the centre of the FH. Trabecular struts align with the trabeculae of the hipbone.
A fine meshwork of the subchondral trabecular network (small yellow triangles) is observed beneath the articular cartilage. Bar: 10 mm. lllustrated dia-
grams of corresponding frontal (G) and superior transverse (H) sections of the proximal femur: PVG (red lines) is intersected by PHG 1 (blue lines), PHG 2
(yellow lines), forming the medial trabecular system (X1) in the FH. SVG (green lines), SHG (black dotted lines), and the oblique trabecular group (purple
lines in the GT) form the lateral trabecular system (X2) in the femoral neck and trochanter. A-E represent potential triangular spaces between trabecular
groups. W: Ward's triangle
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IT
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Fig. 2 3D reconstructed model with surface and volume mesh (A) static force (red arrow) on weight-bearing area of the femoral head (B) dynamic forces
by acetabulum (AC) acted as compression, while forces produced by abductors (AB), iliotibial tract (IT), and iliopsoas (IP) follow their respective line of pull
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Fig. 3 Static load distribution in frontal and superior view; intensity from high to low (red to blue). (A) Von misses stress distribution to evaluate the level
of deformity, (B) minimum principal stress distribution to evaluate compressive load, and (C) maximum principal stress distribution to evaluate tensile
forces. All positives are tensile, and negatives are compressive forces in S, Max principal, and S, Min. principal. All numerical values in the boxes are in MPa

Small trabecular groups, consisting of subchon-
dral trabeculae within the femoral head, were located
just beneath the articular cartilage. These appeared as
tightly packed, fine striations with a fan-like orientation,
radiating from the articular surface into the deeper lay-
ers of trabecular bone and merging at the epiphyseal
line (Fig. 1E and F). Moreover, the majority of these

trabecular struts were aligned with trabecular struts of
the hipbone (Fig. 1F).

The unique crossing pattern of these trabecular groups
created six distinct triangular spaces. Five of these tri-
angles have their bases along the cortex of the proximal
femur, with their apices directed centrally, as clearly
observed in frontal sections (Fig. 1A, G). The sixth
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Fig.4 Dynamic load distribution in frontal and superior view; intensity from high to low (red to blue). (A) Von misses stress distribution to evaluate the
level of deformity, (B) minimum principal stress distribution to evaluate compressive load, and (C) maximum principal stress distribution to evaluate
tensile forces. All positives are tensile, and negatives are compressive forces in S, Max principal, and S, Min. principal. All numerical values in the boxes are

in MPa

triangular space, known as Ward’s triangle, was located
at the centre of the femoral neck and was bounded by the
primary and secondary trabecular groups (Fig. 1A-D).

Stress test analysis

Static load

The stress distribution during bipedal standing illustrated
the natural flow of load within the bone (Fig. 2A). The
medial border of the femoral shaft, including the calcar,
and the anterolateral and posterolateral walls of femoral
neck exhibited the highest deformative stress (Von Mises
Stress, 1.130e + 00 to 4.521e +00 MPa). Maximum com-
pression was observed in the primary load-bearing areas
of the femoral head under the lunate surface of the ace-
tabulum, along the PVG, the medial border of the femoral
shaft with the calcar, and at the base of both trochanters
(Min. Principal Stress, -6.036e + 00 to -1.917e+ 00 MPa).
Maximum tensile stress was observed throughout the
femoral neck, particularly along the anterolateral and
posterolateral walls, corresponding to the PHG 1 and
PHG 2, the greater trochanter, and the lateral border of
the femoral shaft (Max. Principal Stress, 1.109e+00 to
4.017e + 00 MPa), as shown in Fig. 3.

Dynamic load

The dynamic load represented the compressive forces
exerted by the acetabulum (AC) and the pull of the ilio-
tibial tract (IT), iliopsoas (IP), and abductor muscles
(AB), as shown in Fig. 2B. Maximum deformative stress

was concentrated along the medial border of the femo-
ral shaft, including the calcar, the anterolateral wall
of the femoral neck, the apex of the greater trochan-
ter, and the cortex of the diaphysis (Von Mises Stress,
7.118e + 00 to 2.8471e + 01 MPa). Maximum compression
occurred along the PVG, directed toward the diaphysis
(Min. Principal Stress, -2.983e + 01 to -4.637e+00 MPa).
Maximum tensile stress was distributed from the femo-
ral head and neck, along the PHG 1 and PHG 2, extend-
ing to the greater trochanter and the lateral border of
the femoral shaft (Max. Principal Stress, 9.131e-01 to
6.868e + 00 MPa), as shown in Fig. 4.

Discussion

This study examines the morphology, distribution, and
spatial relationships of trabecular groups in the human
proximal femur using P45 plastinated coronal, sagit-
tal, and transverse sections. P45 sectional plastination is
an innovative technique that produces thin, transparent
anatomical slices while preserving spatial details with
incomparable accuracy. Unlike conventional dissec-
tions, radiological imaging, or histological techniques,
which are often prone to artefacts and structural distor-
tions, P45 plastination maintains the natural colouration
of tissues, enhancing morphological fidelity. However,
a key limitation of this method is its inability to visual-
ise intraosseous neurovascular structures, necessitating
complementary techniques for a more comprehensive
assessment.
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To further investigate the biomechanical function of
trabecular architecture, 3D reconstruction-based FEA of
a living human subject was employed to evaluate load dis-
tribution, particularly compression and tension patterns
within the trabecular groups. This integrated approach
provides a simple yet comprehensive understanding
of the functional morphology of trabecular bone in the
proximal femur. The findings of this study have impor-
tant implications for optimising surgical techniques and
improving the design of orthopaedic implants, contribut-
ing to advancements in clinical applications.

Load adaptation in the proximal femur

The complex morphology and functional adaptation
of the proximal femoral trabecular bone are critical for
load-bearing and overall hip biomechanics [2, 6]. As
demonstrated in the results section, the primary and sec-
ondary trabecular groups, located in the femoral head,
neck and trochanters, are firmly integrated with the outer
cortical bone, forming a unique lattice. This anatomical
arrangement is vital for effective load distribution and
stress transfer during both static and dynamic activities.
During bipedal stance, compressive load was mainly dis-
tributed through cortical bone, calcar femorale, and tra-
beculae in a downward direction. FEA revealed that most
of the load was transferred from the cortical bone to can-
cellous bone, primarily in the femoral head, which shifted
to the neck and intertrochanteric region. These observa-
tions aligned with studies performed by Lotz et al. [26],
and Nawathe et al. [27]. The findings support Wolft’s law,
which suggests that the trabecular architecture adapts to
mechanical loading [12, 13]. Additionally, our results are
also consistent with recent studies [14—16, 28], indicating
that trabecular function is not solely determined by stress
trajectories but also influenced by interaction with cor-
tical bone and soft tissues. This highlights the complex
nature of trabecular adaptation, where both internal and
external forces contribute to bone strength and stability.

Trabecular architecture and load stabilization

The results revealed that the femoral head and neck pos-
sess unique horizontal and vertical trabecular groups,
forming a dynamic support system that stabilises the
femoral shaft. The dense primary vertical group, origi-
nating from the calcar femorale and radiating toward
the superior articular surface, provides primary support
during standing and walking. P45 sections revealed this
group to be mushroom-shaped, with the stalk originat-
ing from the calcar and supporting the cap at centre of
the femoral head (Fig. 1A, B, E, and F). This finding aligns
with a recently published P45 plastinated study by Zhang
et al., [24] and differs from previous CT imaging-based
descriptions of the group as dumbbell-shaped and hemi-
spheric [21, 22].
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Meanwhile, two distinct primary horizontal groups
played a crucial role in managing tensile forces, particu-
larly along the anterolateral and posterolateral walls of
the femoral neck. Previously, the structure was believed
to be a single, unified trabecular column [7, 10, 11]. How-
ever, P45 plastinated sections have revealed two distinct
groups of primary horizontal trabeculae with different
origins, patterns, and attachments [24]. By counterbal-
ancing vertical support and resisting shear tensile forces,
these horizontal trabeculae contributed to the overall sta-
bility of the bone under multidirectional loading. This is
consistent with Kim et al. [28], and Zhang, Lj, et al. [10],
but differs from Hammer [7], who described horizontal
trabeculae primarily resisting compressive rather than
tensile forces. Furthermore, the anterolateral and pos-
terolateral areas of the femoral neck, corresponding to
the apex of the primary horizontal groups, exhibited peak
deformity values in von Mises stress under both static
and dynamic loads. Kim et al. [28], also quantitatively
analysed strain energy density and identified maximum
stress in these specific regions. Additionally, Wang et al.
[2], reported that these regions are more prone to osteo-
porotic fractures. Therefore, anterolateral and posterolat-
eral areas of the femoral neck are considered vulnerable
zones for femoral neck fractures, particularly in osteopo-
rotic bones. Collectively, these trabecular groups formed
the medial trabecular system, enhancing structural resil-
ience against medial bending forces and facilitating load
distribution across the femoral head, especially during
movements that induced shear stresses.

Likewise, the lateral trabecular system provides added
support in managing tensile forces along the femur’s
outer regions, resisting lateral bending forces and
enhancing stability during movement. Anatomically this
system is located in the greater trochanter and intertro-
chanteric region (Fig. 1B, C). Wang et al. [2], and Lind-
skog and Baumgaertner [29], revealed that these regions
are under shear forces, with the highest number of frac-
tures occurring in the elderly, most of which are unstable.
In the present study, these regions are identified as vul-
nerable zones for intertrochanteric and avulsion fractures
due to the strong upward pull of the hip abductors and
the downward pull of the iliotibial tract (Figs. 1B and C
and 2B). These forces are particularly impactful in osteo-
porotic bone, where reduced bone density compromises
structural integrity [30]. Moreover, the oblique trabecu-
lar group, in combination with the secondary vertical
group, resists the pulling forces from the gluteal muscles,
thereby further strengthening the greater trochanter [11,
22]. Similarly, the subchondral trabeculae beneath artic-
ular cartilage of the femoral head provide a firm shock-
absorbing system that resists deformation, supporting
articular cartilage and reducing the risk of degenerative
diseases like osteonecrosis of the femoral head (ONFH)
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[28, 31]. These observations are consistent with recent
load distribution models described in radiological and
biomechanical studies [6, 8, 10].

Triangular spaces and vascular dynamics in the proximal
femur

The triangular spaces of the proximal femur, formed by
intersecting trabecular groups, are essential for bio-
mechanical integrity, vascular supply, and overall bone
health. Studies have revealed that intraosseous epiphy-
seal arteries divide into small branches at the superior,
middle, and inferior parts of the femoral head, anatomi-
cally correspond to these triangular spaces to supply the
trabecular and subchondral bone, and support cartilage
health [20, 32]. Damage to this delicate vascular network
can lead to avascular necrosis (AVN) and ONFH [33-35].
Similarly, the triangular spaces in the greater trochanter
and diaphysis accommodate the blood vessels supplying
their respective regions. These spaces likely accommo-
date intraosseous microcirculation during high-intensity
activities. A comparative anatomical study by Shah et
al. [20, 23], revealed an inverse correlation between tra-
becular density and vascularity in the proximal femur of
canines, with higher trabecular density being associated
with lower vascularity. This warrants further investiga-
tion in humans, focusing on dynamic microcirculation,
to provide additional insights into this relationship.

In addition, Ward’s triangle serves as a diagnostic indi-
cator of bone quality and strength in clinical settings. Its
widening has been associated with an increased fracture
risk in osteoporosis [8], while its adaptability to mechani-
cal loads highlights its role in load transmission [6]. The
P45 plastinated sections revealed that the superome-
dial boundary is formed by the primary vertical group
and two primary horizontal groups, while the inferolat-
eral boundary is formed by the secondary vertical group
(Fig. 1A, G, H). Ultimately, the medial and lateral tra-
becular systems are separated by Ward’s triangle. FEA
suggests that its medial boundary primarily accommo-
dates compressive forces, while the superior and lateral
boundaries manage tensile forces. These observations
clarify the precise trabecular boundaries, their functions,
and the location of this structure, further expanding the
descriptions provided in previous studies [6-8, 11, 24,
36]. Therefore, implants designed to align with the tra-
becular framework of these spaces could enhance inte-
gration, stability, and load distribution.

Optimizing proximal femoral implants

Existing proximal femoral implants, such as the Corail
hip stem, Exeter femoral stem, and proximal femoral
locking plates (PFLP), are designed to restore biome-
chanical function but have notable limitations [1, 37, 38].
A major issue is stress shielding, caused by the stiffness

(2025) 20:370

Page 8 of 11

mismatch between the implant and native bone, which
leads to adaptive bone resorption and compromises long-
term stability [4, 5, 39]. Moreover, these implants may
not fully replicate the anisotropic mechanical properties
and trabecular microarchitecture of the proximal femur,
resulting in suboptimal load distribution and altered
stress trajectories [16, 37, 38]. Recent studies on implant-
bone interactions have shown that traditional implants,
primarily designed to manage compressive forces only,
can disrupt the natural trabecular pattern, leading to
stress shielding, implant loosening, and delayed healing
3, 4, 16].

Clinical reports on recently developed proximal femo-
ral bionic nails (PFBN) to treat intertrochanteric frac-
tures have shown promising effects in fracture healing
and early recovery [30, 40]. However, they also have
shortcomings, such as prolonged operation time and the
unfamiliar location of their supporting screws [30], high-
lighting the need for further design refinement. Given
that the trabecular architecture of the proximal femur
handles complex forces, PFBN design should account for
both compressive and tensile stresses while preserving
the trabecular anatomy. Areas of maximum stress, such
as Ward’s triangle, the intertrochanteric region, the sub-
trochanteric region, and the greater trochanter, which
contains the lateral trabecular system and the pathway
of the primary horizontal groups, are particularly vulner-
able. These areas represent critical targets for enhancing
PEBN designs to minimise stress shielding and improve
bone-implant integration [1, 3].

Based on the anatomical and biomechanical obser-
vations of trabeculae in current study, refinements in
implant design are suggested to prioritise targeted screw
placement to minimise excessive drilling. Focus is rec-
ommended on areas with high calcar strength and opti-
mal cancellous bone density, such as the intersections of
medial and lateral trabecular systems. Likewise, slight
adjustments in the angle and location of supporting
screws to preserve the inferolateral boundary of Ward’s
triangle are advised. Additionally, materials with elas-
tic properties similar to bone, combined with porous or
bioactive surfaces, are proposed to enhance osseointegra-
tion, particularly in osteoporotic patients [5]. Preserving
the natural trabecular distribution is also equally impor-
tant for vascularisation and efficient load transfer.

To reduce biomechanical inefficiencies, advanced
designs, such as 3D-printed trabecular metal implants
and biomimetic femoral stems, integrate lattice structures
and finite element-driven optimisation to enhance physi-
ological load transfer and improve bone-implant inter-
face mechanics [16, 41, 42]. Patient-specific 3D-printed
implants have the potential to replicate trabecular archi-
tecture, providing a biomechanically optimised solution
for orthopaedic procedures [42, 43]. Utilising additive
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manufacturing techniques such as selective laser melting
(SLM) or electron beam melting (EBM), these implants
can be personalised to match a patient’s bone morphol-
ogy and mechanical properties [42, 44]. Moreover, these
implants feature controlled porosity to support vascu-
lar infiltration, osteointegration, and load distribution.
By mimicking the anisotropic mechanical behaviour of
native trabeculae, they optimise load transfer, reduce
stress shielding, and lower the risk of implant loosening
and periprosthetic bone loss [42]. Computational model-
ling, including the FEA, further refines their design for
optimal biomechanical compatibility [45].

Further studies are needed to establish standardised
reporting of clinical outcomes and to explore the long-
term efficacy and safety of these implants [45, 46]. These
advancements can significantly lower the risk of implant
failure and reduce the need for revision surgeries, ulti-
mately improving long-term patient outcomes. Future
research should focus on elucidating vascular distribu-
tion within the trabecular part of the proximal femur to
further optimise surgical techniques and implant designs.

Limitations

This study has several limitations. The trabecular archi-
tecture was not analysed with respect to sex, occupation,
race, or age. Due to the small sample size, the data cannot
be generalised to a broader population. Moreover, quan-
titative morphology was not included. Additionally, the
assumptions for the FEA model under static and dynamic
loads were simplified, and extreme conditions such as
jumping, running, stretching, or ligament support, which
are relevant to certain clinical scenarios, were not simu-
lated. Despite these limitations, the current study pro-
vides a novel perspective on the functional morphology
of the proximal femoral trabecular system in a systematic
and simplified manner. Future studies will incorporate
morphometric and 3D reconstruction-based FEA of tra-
beculae and intraosseous blood vessels to optimise surgi-
cal techniques.

Conclusion

The human proximal femur comprises medial and lat-
eral trabecular systems, formed by primary and second-
ary trabecular groups, essential for resisting medial and
lateral bending forces. The primary horizontal trabecu-
lae, consisting of two distinct groups, play a key role in
managing tensile forces along with the secondary hori-
zontal group, while the primary vertical group handles
compression. Secondary vertical and oblique groups
counteract muscular loads at the greater trochanter,
whereas small trabecular groups maintain the contour
of the femoral head. The strength of the proximal femur
relies on dense cortical bone, the calcar femorale, trabec-
ular systems, and the greater trochanter. Potential weak
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zones, including Ward’s triangle, the intertrochanteric
region, and the anterolateral and posterolateral walls of
the femoral neck, serve as key pathways for primary hori-
zontal trabeculae managing shear bending forces dur-
ing static and dynamic loads. PFBN and patient-specific
3D-printed implants should align with these physiologi-
cal load patterns, reconstructing both compressive and
tensile trabecular groups to reduce post-operative com-
plications. Integrating these insights into clinical practice
can improve long-term outcomes for patients undergoing
hip arthroplasty, particularly those with osteoporosis.
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