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fractures: a finite element analysis
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Abstract

Background: The traditional strategy for fixing intra-articular distal humerus fractures is double plating placed in an
orthogonal configuration, based on posterior approach. With a combined medial and lateral approach, a novel con-
figuration of plating (combined anteromedial and anterolateral plating) has been used. In this study, we investigated
the biomechanical properties of the novel plating by comparing it with some traditional strategies.

Methods: Based on the 3D morphology of a healthy subject’s humerus, models of three types of intra-articular distal
humeral fractures were established using a variety of different internal fixation methods: (a) treatment of a simple
intra-articular fracture of the distal humerus with the novel double plate and a traditional orthogonal plate; (b) treat-
ment of a comminuted fracture of the lower distal humerus with the novel double plate, a traditional orthogonal
plate and a traditional orthogonal plate combined with distally extended tension screws; (c) treatment of a coronal
shear fracture of the distal humerus with the novel double plate, a traditional orthogonal plate and the intra-articular
placement of three screws. The material properties of all plates and screws were isotropic and linearly elastic. The Pois-
son ratio of the implant and bone was 0.3, and the elastic modulus of the implant was 114,000 MPa. The axial loading
is 200 N, the bending loading is 30 N and varus rotation is 7.5 Nm in the longitudinal direction.

Results: A simple model of intra-articular fracture of the distal humerus (AO C1 type) was established. Under all
experimental conditions, the novel double plate showed greater stiffness than the orthogonal double plate. The axial
straightening, bending compression and varus torsion increased by 18.00%, 16.00% and 44.00%, respectively. In the
model of comminuted fracture of the lower distal humerus, the novel double plate showed the best stiffness under
three experimental conditions (163.93 N/mm, 37.97 N/mm, 2697.84 N mm/°), and the stiffness of the traditional
orthogonal plate combined with the distally extended tension screws was similar to that of the traditional orthogonal
plate (121.21 N/mm, 32.61 N/mm, 1968.50 N mm/®). In the model of coronal shear fracture of the distal humerus, the
novel double plate showed the best stiffness under all test conditions (194.17 N/mm, 38.46 N/mm, 2929.69 N mm/°),
followed by the traditional plate (153.85 N/mm, 33.33 N/mm, 2650.18 N mm/°), while the stiffness of the three screws
was the smallest (115.61 N/mm, 28.30 N/mm, 2180.23 N mm/°).

Conclusions: In terms of biomechanics, compared with other internal fixation methods, the novel combined antero-
medial and anterolateral anatomical locking double-plate showed less stress, less displacement and greater stiffness.
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The novel double-plate method can be used to treat not only simple intra-articular fractures of the humerus but also
complex comminuted fractures of the lower distal humerus and coronal shear fractures of the distal humerus, with a
better effect than current traditional internal fixation methods.

Keywords: Distal humeral fracture, Capitellum, Trochlea, Biomechanics, Finite element analysis, Internal fixation

Introduction

Clinically, distal humeral fractures are difficult to treat,
especially intra-articular fractures of the distal humerus,
which are one of the most difficult fractures to treat [1].
The most effective treatment for intra-articular fractures
of the distal humerus is open reduction and internal
fixation (ORIF) [2]. When open reduction is performed,
anatomical reconstruction of the articular surface of the
distal humerus should be achieved. Internal fixation must
be firm and stable, which is a key factor for good func-
tional recovery after surgery [3]. Adequate exposure of
the joint surface of the distal humerus is a prerequisite
for good anatomical reduction and internal fixation [4].
A number of surgical approaches can be used to treat
intra-articular fractures of the distal humerus to obtain
good articular exposure, including the olecranon osteot-
omy approach [5], the triceps-reflecting anconeus pedicle
(TRAP) approach [6], the triceps-splitting approach [7],
the extensor mechanism-sparing paratricipital poste-
rior approach [8], and the combined medial and lateral
approach [9].

Because the olecranon osteotomy approach can fully
expose the articular surface of the distal humerus, it
is still the most commonly used surgical approach for
intra-articular fractures of the distal humerus [10, 11].
However, it is also associated with many complications,
such as bone nonunion, delayed union, heterotopic ossi-
fication, secondary surgery after internal fixation failure,
and ulnar nerve palsy [11, 12]. Xie et al. [9] demonstrated
that a medial and lateral approach to the elbow joint
combined with medial and lateral incisions in the elbow
joint could provide good exposure of the distal humeral
articular surface and avoid olecranon osteotomy and
ulnar nerve prepositioning, with fewer complications.
Wei et al. [13] demonstrated that compared with the
olecranon osteotomy approach, the approach consisting
of combined medial and lateral incisions in the elbow
joint mainly provided exposure of the humeral trochlea
and capitellum in front of the distal humerus. For this
approach, they designed a novel double-plate internal fix-
ation method, with one plate placed on the anteromedial
and the other on the anterolateral aspect. Finite element
studies show that this novel fixation method was stronger
than the orthogonal double-plate method and did not
increase the stress, making it a feasible choice [14]. How-
ever, their combined anteromedial and anterolateral

double plates were designed for the treatment of simple
intra-articular fractures of the distal humerus. Complex
comminuted fractures of the capitellum and trochlea and
coronal shear fractures of the distal humerus were rarely
involved. Fractures of the capitellum and trochlea of the
humerus are most commonly displaced upward, and
malunion can occur anterior to the distal humerus. This
causes mechanical obstruction of the radial head and
the trochlea when the elbow is bent, resulting in limited
elbow movement. Furthermore, the displacement of frac-
ture block, resulting in articular plane steps, can eventu-
ally lead to traumatic arthritis and severely impair elbow
function [15]. Therefore, it is necessary to pay sufficient
attention to this kind of injury and actively treat it in the
clinic.

Due to the rarity of lower distal humeral fractures,
there is still a lack of research on the specific clini-
cal characteristics of and treatment strategies for lower
distal humeral fractures. In particular, there is a lack of
reports on the treatment of fractures of the capitellum
with severe displacement of the trochlea and posterior
condyle. Thus far, fractures of the capitellum, including
coronal fractures of the humeral capitellum; fractures of
the trochlea, including coronal fractures of the humeral
trochlea; and intercondylar comminuted fractures of
the humerus, have been without proper internal fixation
instrumentation. A reconstruction plate is usually applied
after bending, but it is difficult to bend, and the adhesion
is poor; conventional locking plates are fixed with only
one or two extended screws in the distal joint and cannot
provide good treatment results. With a combined medial
and lateral approach (Fig. 1A, B), we designed a novel
combined anteromedial and anterolateral anatomical
locking double plate for fractures of the distal humerus
(Fig. 1C, D), in order to maximize the preservation and
restoration of joint function and reduce complications
and sequelae. The new plate not only holds well but also
allows for more extended screws to be inserted at the
distal end, thus providing better stability and greater
fixation strength for more types of intra-articular frac-
tures than conventional plates. In this study, the biome-
chanical properties of the novel double-plate method and
other internal fixation methods were compared by finite
element analysis. Firstly, three intra-articular fracture
models of the distal humerus were established based on
clinical work, including simple intra-articular fracture of
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With a combined medial
and lateral approach, we

designed a novel fixation
system.
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Fig. 1 The concise experimental strategy of present study. A, B The combined medial and lateral approach. C, D A novel combined anteromedial
and anterolateral anatomical locking double plate for fractures of the distal humerus designed by us. E Simple intra-articular fracture of the distal
humerus (AO C1 type). F Comminuted fracture of the lower distal humerus. G Coronal shear fracture of the distal humerus

displacement
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the distal humerus (AO C1 type) (Fig. 1E), comminuted
fracture of the lower distal humerus (Fig. 1F), and coronal
shear fracture of the distal humerus (Fig. 1G). Secondly,
we collected material data and establish different inter-
nal fixation system models, which mainly include novel
double-plate, conventional orthogonal double-plate,
orthogonal double-plate and distally extended lag screw
and conventional three screws. Thirdly, the experimental
and control groups were simulated by the finite element
analysis under axial loading or anterior deflection, bend-
ing or posterior deflection and lateral or varus loading.
Finally, the biomechanical properties (stress, displace-
ment and stiffness) of the novel double plate and other
internal fixation methods for intra-articular fractures of
the distal humerus were compared. The results showed
that the novel double plate can not only be used to treat
simple intra-articular fractures but also be of great help
in the treatment of complex comminuted fractures of the
lower distal humerus and coronal shear fracture of the
distal humerus.

Materials and methods
Research materials
This study was conducted at the Provincial Hospital Affil-
iated with Shandong First Medical University in Jinan,
Shandong Province, China, with the permission of the
hospital ethics committee. Before recruiting participants
for this study, the authors obtained consent from the
patients.

Computed tomography (CT) scans of implants were
obtained (Siemens, Germany). The medial plate of the
traditional orthogonal anatomical locking plate (Synthes,
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Shanghai, China) was 90 mm in length and 4.0 mm in
thickness; the 4 proximal screws were 3.5 mm in diam-
eter; the 2 distal screws were 2.7 mm in diameter. The
dorsolateral plate was 120 mm in length and 4.0 mm in
thickness; the 4 proximal screws were 3.5 mm in diame-
ter; and the 5 distal screws were 2.7 mm in diameter. The
novel anatomical locking double plate (Double, Xiamen,
China) consisted of a medial plate 110 mm in length and
4.0 mm in thickness, with 4 proximal screws 3.5 mm in
diameter and 3 distal screws 2.7 mm in diameter, as well
as a lateral plate 90 mm in length and 4.0 mm in thick-
ness, with 4 proximal screws 3.5 mm in diameter and 3
distal screws 2.7 mm in diameter.

Establishment of an internal fixation model

for intra-articular fractures of the distal humerus

The raw CT data of the volunteers and implants in
the first part of the study were imported into Mim-
ics Research 19.0 in DICOM format. The geometry was
reconstructed using the Mimics (Materialise Belgium)
and 3-matic Medical 12.0 (x 64) software packages.

In this study, the team constructed three models of
intra-articular distal humeral fractures. The novel ana-
tomical locking double plate and conventional orthogo-
nal anatomical locking plate and fully threaded screws
were modelled. (1) Simple intra-articular fracture of
the distal humerus (AO C1 type): One plate was placed
anteromedial to the distal humerus, and the other was
placed anterolaterally to establish a novel model of ana-
tomical locking double-plate internal fixation (Fig. 2A).
A traditional orthogonal double-plate model was estab-
lished by placing one plate on the medial column and the

coronal shear fracture with three screws

Fig. 2 Models of intra-articular fractures of the distal humerus. A Novel double-plate fixation of a simple intra-articular distal humeral fracture. B
conventional orthogonal double-plate fixation of a simple intra-articular distal humeral fractures. C Novel double-plate fixation of a distal humeral
comminuted fracture. D Conventional orthogonal double-plate fixation of a distal humeral comminuted fracture. E Conventional orthogonal
double-plate and distally extended lag screw fixation of a distal humeral comminuted fracture. F Novel double-plate fixation of a distal humeral
coronal shear fracture. G Conventional orthogonal double-plate fixation of a distal humeral coronal shear fracture. H Fixation of a distal humeral
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other on the posterior aspect (Fig. 2B). (2) Comminuted
fracture of the lower distal humerus: As shown in Fig. 2C,
D, E, a fracture line was made along the upper edge of
the trochlea and the capitellum, and then, the trochlea,
the capitellum and part of the medial epicondylar were
separated into four parts to form four similar fracture
fragments, simulating comminuted fracture of the capi-
tellum and trochlea. A plate was placed anteromedial to
the lower distal humerus, and another was placed ante-
rolaterally to establish a novel model of anatomical lock-
ing double-plate internal fixation (Fig. 2C). A traditional
orthogonal double-plate model was established by plac-
ing one plate on the medial column and the other on the
posterior aspect (Fig. 2D). Internal fixation with the tra-
ditional orthogonal dissection of the locking plate and
distally lengthened lag screws (orthogonal plate and lag
screws) was modelled (Fig. 2E). (3) Coronal shear frac-
ture of the distal humerus (Dubberley classification type
3 fracture): One plate was placed anteromedial to the
distal humerus, and another was placed anterolaterally
to establish a novel model of anatomical locking double-
plate internal fixation (Fig. 2F). A traditional orthogonal
double-plate model was established by placing one plate
on the medial column and the other on the posterior
aspect (Fig. 2G). In addition, a group consisting of inter-
nal fixation with three screws was added (Fig. 2H).

The profile of the placed plate was moulded according
to the shape of the distal humerus. The distal end of the
plate was fixed with a fully threaded extension screw to
ensure that the fracture was firmly fixed. The plate hole
was left empty above or near the fracture line. The screw
was perpendicular to the plate and was adjusted to the
appropriate length to ensure that it break through the
contralateral cortex. For the interaction, the contact area
of the plate and the screw are connected to each other,
and the screw is inserted into the bone.

According to the bone segmentation function of Mim-
ics 19.0 (Materialise, Belgium), mesh division of the
model was performed using a 10-node quadratic tetra-
hedral element (C3D10) (Fig. 3A). To simplify the model,
the threads of the locking screws were omitted. (1) Sim-
ple intra-articular fracture of the distal humerus (AO C1
type): The novel anatomical locking double-plate model
contained a total of 178,577 elements and 255,958 nodes;
the traditional orthogonal anatomical locking plate model
contained a total of 199,884 elements and 286,339 nodes.
(2) Comminuted fracture of the lower distal humerus:
The novel anatomical locking double-plate model con-
tained a total of 197,519 elements and 285,805 nodes; the
traditional orthogonal anatomical locking plate model
contained a total of 206,709 elements and 298,183 nodes;
the distal humerus orthogonal plate and lag screw model
contained a total of 203,846 elements and 293,907 nodes.
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Fig. 3 A Finite element meshing. B Axial compression load diagram.
C Load diagram under bending test conditions. D Varus torsion load
diagram

(3) Coronal shear fracture of the distal humerus (Dubber-
ley Classification type 3): The novel anatomical locking
double-plate model contained a total of 251,342 elements
and 362,897 nodes; the traditional orthogonal anatomical
locking plate model contained a total of 203,262 elements
and 291,668 nodes; the three-screw model contained a
total of 106,228 elements and 140,629 nodes. Element
sizes were selected based on mesh convergence analysis
of displacement and von Mises stresses using a complete
humeral model.

Finite element biomechanical analysis

The experimental and control groups were simulated by
the finite element method under axial, transverse and
bending loads.

Finite element analysis was performed in Abaqus
6.14 (3DS, Waltham, MA). The finite element software
ABAQUS 6.10-1 (Dassault Systemes, France) was used
for the simulation. Each model was 180 mm long and
limited at the proximal end. The material properties of
all plates and screws were isotropic and linearly elastic.
The Poisson ratio of the implant and bone was 0.3, and
the elastic modulus of the implant was 114,000 MPa.
Cortical bone and cancellous bone were distinguished.
The elastic modulus of cancellous bone was 2000 MPa,
and the elastic modulus of cortical bone was 3400 MPa
for axial compression, 1150 MPa for post-flexion, and
660 MPa for varus loading [16-21]. In the three dis-
tal humeral fracture models, the proximal humerus was
defined to be completely fixed on the X, Y and Z axes in
the loading module of the software. The interaction rela-
tionship between the models of the humerus and plate
was defined using the interaction module of the soft-
ware. The contact interaction between the bone and plate
was defined using surface-to-surface finite sliding with a
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coefficient of friction of 0.3 [22]. The contact relationship
between the screw and plate and between the screw and
surrounding bone was defined as binding. All contact
elements were defined as deformable elements.

Based on a biomechanical study of distal humeral
fractures [23-25], the total load was divided between
the radial and ulnar columns at a ratio of 60-40% of the
total load, respectively. The loading and position of the
humerus were as follows [23, 24, 26]: axial loading or
anterior deflection in which the upper arm was placed at
a flexion angle of approximately 5° in relation to the lon-
gitudinal axis of the humeral diaphysis; bending or pos-
terior deflection with the upper arm flexed at an angle
of 75° in relation to the longitudinal axis of the humeral
diaphysis; lateral or varus loading in which the load was
applied laterally on the radial condylar surface, with the
humerus placed horizontally. According to some litera-
ture reports [13, 18], plastic deformation of the model
can be avoided when the axial loading is 200 N, the bend-
ing loading is 30 N and varus rotation is 7.5 Nm in the
longitudinal direction. As shown in Fig. 3B-D, these
loads were applied to the surface of the model.

Evaluation criteria

ABAQUS 6.14 finite element software (Dassault Syste-
mes Simulia Corp, USA) was used for static simulation.
Different distal humeral fracture internal fixation meth-
ods were compared among the three fracture models
under different mechanical loading conditions in terms
of the following parameters: (1) the stress distribution
of the internal fixation instrumentation, including the
maximum stress; (2) the displacement distribution of
the distal humeral fracture block; and (3) stiffness, which
was calculated by dividing the load by the displacement
or torque of the interaction point and of different units
under compression and torsion conditions. Statistical
methods were not used.

Results

Simple intra-articular fracture of the distal humerus (AO C1
type)

Under the three test conditions, the influence of von
Mises stress was weaker on the novel plate than the
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traditional orthogonal plate (Table 1). This shows that
the novel plate could disperse the stress better in the
treatment of simple intra-articular fractures of the dis-
tal humerus (AO C1 type) (Fig. 4).

Under the three test conditions, the displacement
and rotational angle of the traditional orthogonal plate
model were larger than those of the novel plate model
(Fig. 5); the values are shown in Table 2. Similarly,
under all experimental conditions, the stiffness of the
novel double plate was greater than that of the orthogo-
nal double plate. The axial straightening, bending com-
pression and varus torsion increased by 18.00%, 16.00%
and 44.00%, respectively (Table 3). The largest differ-
ence was found in internal rotation. This shows that the
novel plate has greater stability, with the best resistance
to varus torsion.

Comminuted fracture of the lower distal humerus

Under the three test conditions, compared with the
other two internal fixation methods, the novel double-
plate method showed lower von Mises stress (Table 4),
demonstrating a certain advantage over traditional
internal fixation in terms of stress dispersion in the
treatment of comminuted fractures of the lower dis-
tal humerus (Fig. 6). At the same time, under the axial
compression condition, the stress of fixation with
orthogonal plates and lag screws was lower than that of
orthogonal plates, but under the other two test condi-
tions, the stress of both internal fixation methods was
similar. This shows that for comminuted fractures of the
lower distal humerus, fixation with orthogonal plates
and lag screws could disperse the stress better than that
with orthogonal plates under axial compression.

Under the three test conditions, the displacement and
rotational angle of the novel plate model were smaller
(Fig. 7), while the displacement of the orthogonal plate
and lag screw model was similar to that of the orthog-
onal plate model. The values are shown in Table 5.
Under all experimental conditions, the stiffness of the
novel plate model was the best, and the stiffness of the
orthogonal plate and lag screw model was similar to
that of the traditional orthogonal plate model (Table 6).

Table 1 Maximal von Mises stresses of simple intra-articular fracture of the distal humerus models under different testing conditions

Configuration Part Axial (MPa) Bending (MPa) Rotational
torsion (MPa)
Novel plating Bone 9.67 4.70 39.25
Plate and screw 104.60 27.83 34440
Orthogonal plating Bone 28.67 16.11 45.11
Plate and screw 3109 47.67 3739
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Fig. 4 Maximum von Mises stress of the implant in a simple intra-articular fracture model of the distal humerus under different test conditions. A
Stress of novel plating configuration under axial straightening. B Stress of novel plating configuration under bending compression. C Stress of novel
plating configuration under varus torsion. D Stress of orthogonal plating configuration under axial straightening. E Stress of orthogonal plating
configuration under bending compression. F Stress of orthogonal plating under varus torsion
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Fig. 5 Implant displacement in a simple intra-articular model of the distal humerus under different test conditions. A Displacement of the
novel plating configuration under axial straightening. B Stress of novel plating configuration under bending compression. C Stress of novel
plating configuration under varus torsion. D Stress of orthogonal plating configuration under axial straightening. E Stress of orthogonal plating
configuration under bending compression. F Stress of orthogonal plating configuration under varus torsion

U, Magnitude
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Coronal shear fracture of the distal humerus

Under the condition of axial compression, the von Mises
stress of the traditional orthogonal plate model was the
highest, followed by that of the novel plate model and
the three-screw model. Under the condition of bending

compression, the von Mises stress of the traditional
orthogonal plate model was the highest and that of the
novel plate model was the smallest. Under the condi-
tion of rotational torsion, the von Mises stress of the
novel plate model was the largest, followed by that of the
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Table 2 Displacement of simple intra-articular fracture of the
distal humerus models under different testing conditions

Configuration Axial (mm) Bending (mm) Rotational
torsion (°)

Novel plating 1.40 0.79 2.64

Orthogonal plating 1.65 0.92 381

Table 3 Stiffness of simple intra-articular fracture of the distal
humerus models under different testing conditions

Configuration Axial (N/mm) Bending (N/mm) Rotational
torsion
(N mm/°)
Novel plating 142.86 37.97 2840.91
Orthogonal plating  121.21 3261 1968.50

traditional orthogonal plate model and the three-screw
model (Table 7). This shows that the novel plating con-
figuration has a certain advantage over orthogonal plat-
ing configurations in terms of stress dispersion in the
treatment of comminuted fractures of the distal humerus
(Fig. 8). Additionally, for coronal shear fractures of the
distal humerus, the three-screw fixation method has a
certain advantage over the other two internal fixation
methods in terms of stress dispersion.

Under all the test conditions, the displacement and
rotational angle of the novel plating configuration were
smaller (Fig. 9) than those of the traditional orthogonal
plating configuration, while the displacement and rota-
tional angle of the three-screw configuration were the
largest, as shown in Table 8. Similarly, under all experi-
mental conditions, the stiffness of the novel double-plate
method was the best, followed by that of the traditional
plate method, while the stiffness of the three-screw fixa-
tion method was the smallest (Table 9).

Discussion

Distal humeral fractures account for approximately 15%
of intra-articular fractures, and distal humerus coro-
nal plane fractures account for approximately 80% of
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fractures of the capitellum and trochlea [15, 27, 28].
Orthogonal double-plate internal fixation is often pre-
ferred for the treatment of intra-articular fractures of the
distal humerus [29] because it is generally considered to
be the strongest form of internal fixation [30]. In clini-
cal work, we found that it was difficult to achieve good
results using traditional plates for the fixation of complex
distal humeral fractures, such as coronal fractures of the
capitellum and trochlea and distal humeral low commi-
nuted fractures. A combined medial and lateral approach
to the elbow exposes the anterior articular surface of the
trochlea and capitellum. The novel plate is designed for
use in a combined medial and lateral approach to the
elbow, providing not only anteromedial and anterolat-
eral support but also more extended screw placement
at the distal end to better fix the intra-articular fracture.
For coronal fractures, anterior fractures, and unilateral
fractures, this method can provide greater stability and
fixation strength than conventional fixation with poste-
rolateral and medial plates. In this study, medical imag-
ing and computer-aided virtual modelling software were
used to establish the geometrical shape and material
mechanical properties of the implants (plates and screws)
and bone. The biomechanical advantages of the novel
plating configuration under multiple loads were verified
by finite element analysis.

Finite element analysis is a very valuable test method
that is equivalent to experimental biomechanical
research [20]. It can be used to solve a wide variety of
problems in the fields of mathematics, physics, engineer-
ing, biology and orthopaedics [8]. Using finite element
analysis, Wei et al. [13] showed that for simple intra-
articular humeral fractures, combined anteromedial and
anterolateral reconstruction with double plates resulted
in less displacement and greater stiffness during axial
compression, varus torsion, bending torsion and external
rotational torsion than internal fixation with orthogonal
double plates, with the greatest improvement in stiffness
against varus torsion. In this study, loads were applied in
the position of humeral flexion (75°) and extension (5°)
with regard to the longitudinal humeral axis. The applied
loads were within the physiological limits of loads in

Table 4 Maximal von Mises stresses of comminuted fracture of the distal humerus models under different testing conditions

Configuration Part Axial (MPa) Bending (MPa) Rotational
torsion (MPa)

Novel plating Bone 12.74 593 102.60

Plate and screw 85.99 2862 334.70
Orthogonal plating Bone 4266 6.08 60.26

Plate and screw 147.40 44.39 211.10
Orthogonal plating with lag screws  Bone 36.73 6.87 53.49

Plate and screw 116.0 44.38 21140
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orthogonal plating and lag screw configuration under varus torsion

Fig. 6 Maximum von Mises stress of the implant in a comminuted distal humeral fracture model under different test conditions. A Stress of

novel plating configuration under axial straightening. B Stress of novel plating configuration under bending compression. C Stress of novel

plating configuration under varus torsion. D Stress of orthogonal plating configuration under axial straightening. E Stress of orthogonal plating
configuration under bending compression. F Stress of orthogonal plating configuration under varus torsion. G Stress of orthogonal plating and lag
screw configuration under axial straightening. H Stress of orthogonal plating and lag screw configuration under bending compression. I Stress of
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everyday activity during the postoperative rehabilitation
period, and we avoided applying loads that would cause
permanent plastic deformation of the implants. In addi-
tion to bending and axial loading, special attention was
given to lateral or varus loading, as a previously neglected
type of loading with pronounced clinical significance.
Namely, the force of gravity, which acts on the long lever
arm (the forearm) while the elbow is flexed and extended
during activities apparently requiring minimal use,
leads to repeated varus stresses in the elbow. As stud-
ied by O'Driscoll SW [31], pseudoarthrosis of the distal
humerus usually occurs in the region at the metaphyseal
and supracondylar level of the radial column due to varus
torsion.

In the simulated biomechanical study, the novel dou-
ble-plate internal fixation method showed greater stift-
ness. The main body of the plate and the screws are the
key parts of the overall stability. The placement of screws
across the fracture line can integrate adjacent fracture

fragments and fix them together. Through the com-
bined use of the screws and plate, the implant can fix all
the fragments to the plate and then fix the plate to the
humeral axis to form a relatively rigid structure. The
profile of the bending part of the plate is consistent with
the shape of the distal humerus, and this part is a weak
link of stress conduction. The change in displacement
was opposite to the change in stiffness, so the displace-
ment data also prove the superior stability of the whole
configuration. Compared with the traditional orthogonal
plate, in the simple intra-articular fracture model of the
distal humerus, the novel double plate showed obviously
smaller effects of stress. This means that the novel double
plate is effective in distributing high loads of stress. Under
all the test conditions, the novel double plate showed less
displacement and greater stiffness, which indicates that
the novel double plate has more biomechanical advan-
tages in the treatment of simple intra-articular fractures
of the distal humerus (AO C1 type). In the comminuted
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Fig. 7 Implant displacement in a comminuted distal humeral fracture model under different test conditions. A Displacement of novel plating
configuration under axial straightening. B Displacement of novel plating configuration under bending compression. C Displacement of novel
plating configuration under varus torsion. D Displacement of orthogonal plating configuration under axial straightening. E Displacement of
orthogonal plating configuration under bending compression. F Displacement of orthogonal plating configuration under varus torsion. G
Displacement of orthogonal plating and lag screw configuration under axial straightening. H Displacement of orthogonal plating and lag screw
configuration under bending compression. I Displacement of orthogonal plating and lag screw under varus torsion
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Table 5 Displacement of comminuted fracture of the distal
humerus models under different testing conditions

Configuration Axial (mm) Bending (mm) Rotational
torsion (°)
Novel plating 122 0.79 2.78
Orthogonal plating 1.39 0.89 3.14
Orthogonal plating 1.39 0.89 3.14

with lag screws

Table 6 Stiffness of comminuted fracture of the distal humerus
models under different testing conditions

Configuration Axial (N/mm) Bending (N/mm) Rotational

torsion

(N mm/°)
Novel plating 163.93 3797 2697.84
Orthogonal plating  143.89 33.71 2388.54
Orthogonal plating  143.89 3371 2388.54

with lag screws

fracture of the lower distal humerus model, including
lengthened screws in fixation with the traditional orthog-
onal plate reduced the axial compressive stress of the tra-
ditional orthogonal plate. However, there was no obvious
advantage in the stress under the other test conditions or
in terms of displacement, rotational angle or stiffness. On
the other hand, the novel double plate showed less dis-
placement, a smaller rotational angle and greater stiffness
under all loading conditions. This proves that the novel
plating configuration has a better biomechanical effect
than traditional configuration for comminuted fractures
of the distal humerus. In the coronal shear fracture of the
distal humerus model, fixation with three screws showed
certain advantages over the other two internal fixation
methods in terms of stress dispersion. Under all the test
conditions, the displacement and rotational angle of the
novel plating model were the smallest, and the stiffness
was the best, which indicates that the novel plating con-
figuration has excellent stability in the treatment of coro-
nal shear fractures of the distal humerus.
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Table 7 Maximal von Mises stresses of coronal shear fracture of the distal humerus models under different testing conditions

Configuration Part Axial (MPa) Bending (MPa) Rotational
torsion (MPa)
Novel plating Bone 2352 5.71 48.36
Plate and screw 62.97 2681 33530
Orthogonal plating Bone 11.87 7.06 4547
Plate and screw 87.63 4325 21240
Three screws Bone 11.84 6.10 47.07
Plate and screw 5257 3247 46.90
?Ayg':s 75%) ?A:‘::s;im)
s A |Fim B [, C

+1.214e-03

+1.663¢-04

2114900
136070000
12856403

S, Mises
(Avg: 75%)
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S, Mises
(Avg: 75%)
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[1]

other two internal fixation methods in terms of stress dispersion

+2.250e-03

5, Mise
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e
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Fig. 8 Maximum von Mises stress of the implant in coronal shear fracture of the distal humerus models under different test conditions. A Stress
of novel plating configuration under axial straightening. B Stress of novel plating configuration under bending compression. C Stress of novel
plating configuration under varus torsion. D Stress of orthogonal plating configuration under axial straightening. E Stress of orthogonal plating
configuration under bending compression. F Stress of orthogonal plating configuration under varus torsion. G Stress of three-screw configuration
under axial straightening. H Stress of three-screw configuration under bending compression. I Stress of three-screw configuration under varus
torsion. The results show that for coronal shear fractures of the distal humerus, the three-screw fixation method has a certain advantage over the

The optimal approach for treating lower distal humeral
comminuted fractures and coronal shear fractures has
not yet been determined because they are complex intra-
articular fractures with a low incidence [32]. Because
the trochlea and olecranon form a semi-enclosed joint
without soft tissue attachment and protection, lower
distal humeral comminuted fractures and coronal shear

fractures of the distal humerus are often displaced, with
free fragments in the articular cavity. If left untreated,
displacement and necrosis are likely to occur, leading to a
poor clinical prognosis [33]. To better treat comminuted
fractures of the lower distal humerus and coronal shear
fractures of the distal humerus, we designed a novel com-
bined anteromedial and anterolateral anatomical locking
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three-screw fixation model were the largest

Fig. 9 Implant displacement in coronal shear fracture of the distal humerus models under different test conditions. A Displacement of novel
plating configuration under axial straightening. B Displacement of novel plating configuration under bending compression. C Displacement of
novel plating configuration under varus torsion. D Displacement of orthogonal plating configuration under axial straightening. E Displacement
of orthogonal plating configuration under bending compression. F Displacement of orthogonal plating configuration under varus torsion. G
Displacement of three-screw configuration under axial straightening. H Displacement of three-screw configuration under bending compression.
| Displacement of three-screw configuration under varus torsion. Under all the test conditions, the displacement and rotational angle of the novel
plating model were smallest, followed by those of the traditional orthogonal plate model, while the displacement and rotational angle of the

B U, Magnitude
+1.289¢+00

+3.623¢-03

U, Magnitude
+1.27740

U, Magnitude

H +1.3626400 I

[1]
[1]

Table 8 Displacement of coronal shear fracture of the distal
humerus models under different testing conditions

Table 9 Stiffness of coronal shear fracture of the distal humerus
models under different testing conditions

Configuration Axial (mm) Bending (mm) Rotational
torsion (°)

Novel plating 1.03 0.78 2.56

Orthogonal plating 1.30 0.90 283

Three screws 173 1.06 344

double plate. In this study, we investigated the biome-
chanical properties of this novel fixation method for the
treatment of distal humeral intra-articular fractures by
finite element analysis and compared it with other inter-
nal fixation methods for the treatment of comminuted

Configuration Axial (N/mm) Bending (N/mm) Rotational
torsion
(N mm/°)
Novel plating 194.17 3846 2929.69
Orthogonal plating  153.85 3333 2650.18
Three screws 115.61 2830 2180.23

fractures of the distal humerus and coronal shear frac-
tures of the distal humerus. The study showed that the
novel plating configuration has biomechanical advan-
tages, with less stress, less displacement and greater
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stiffness, and is a better internal fixation method for
lower distal humeral comminuted fractures and coronal
shear fractures of the distal humerus.

In addition to suitable biomechanics, the novel double-
plate internal fixation method has shown feasibility for
use in clinical practice. First, the anteromedial and ante-
rolateral sides of the distal humerus provide a relatively
flat attachment condition for the plate. Second, due to
the protrusion of the internal epicondyle of the humerus,
it is difficult to pass the screw transversally through
the capitellum to the trochlea when using a traditional
orthogonal plate. Screws coming from the medial side,
more often than not, proceed dorsolaterally and end
between the medial and lateral columns, with only partial
holding of the capitellum and trochlea; thus, the extra use
of lag screws would sometimes be necessary. Notably, the
lateral epicondyle curves more slightly than the medial
epicondyle. The lateral plate fits the shape of the lateral
column and can be placed distally more easily. Moreover,
the novel double-plate internal fixation method includes
more distal transverse screws than the traditional orthog-
onal double-plate internal fixation method, which allows
for more solid intra-articular fixation of distal humeral
fractures, in turn allowing early postoperative exercise
and promoting rapid postoperative recovery.

The novel combined anteromedial and anterolateral
anatomical locking double-plate has not been used in
clinical practice, and the finite element analysis in this
study has some limitations. First, the study did not use
a large sample size but only a humerus with a standard
morphology. Second, this study did not consider factors
such as soft tissue insertion and bone destruction, so the
results may overestimate the stiffness of internal fixa-
tion. Third, the study did not simulate other methods of
internal fixation, such as lag screws, headless screws, and
Kirschner wires, which could complicate the analysis and
malke the results less reliable.

Conclusion

When used for the treatment of simple intra-articular
fractures of distal humerus, comminuted fractures of
the lower distal humerus and coronal shear fractures
of the distal humerus, in terms of biomechanics, the
novel combined anteromedial and anterolateral ana-
tomical locking double-plate fixation method exhibited
less stress, less displacement and greater stiffness than
other internal fixation modalities. The novel double-
plate can be used not only to treat simple intra-artic-
ular fractures of the humerus but also to treat complex
comminuted fractures of the lower distal humerus and
coronal shear fractures of the distal humerus and has
a better effect than current traditional internal fixation
methods. In the future, after further biomechanical
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and clinical studies, this method may be widely used in
the treatment of intra-articular fractures of the distal
humerus.
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