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ARTICLE INFO ABSTRACT

Keywords: Background: The fracture of bone plate can cause considerable pain for the patient and increase the burden on the
Biomechanical performance public finances. This study aims to explore the failure mechanism of 49 plates retrieved from revision surgery and
Bone plate

introduce pure magnesium (Mg) block to improve the biomechanical performance of the plate via decreasing the
stiffness and to stimulate the biological response of the plate potentially by the degradation of Mg block.
Methods: The morphological analysis and component analysis of the plates were conducted to determine the
fracture reason of the plates combining the clinical data. According to the structural feature, the 49 retrieved
plates were divided into: traditional plate (TP), asymmetrical plate (AP), reconstructive plate (RP) and central
enhancement plate (CEP), and their structure features are normalized in a commercial plate, respectively. The
biomechanical performance of the plates was evaluated using a validated femoral finite element model. A block
of pure Mg with a thickness of 1 mm, 1.5 mm and 2 mm was also incorporated into the CEP to be assessed.
Results: The results indicated that the retrieved plates mainly failed due to fatigue fracture induced by delayed
union or nonunion (44/49), and using pure titanium plates in weight-bearing areas increased the risk of fracture
compared with Ti alloy plates when the delayed union or nonunion occurred. The TP demonstrated the highest
compression resistance and bending resistance, while CEP had the highest rotational resistance. As the thickness
of the Mg block was increased, the stress on the plate in compression decreased, but the stress in rotation
increased. The plate with a 1.5 mm Mg block demonstrated excellent compression resistance, bending resistance
and rotational resistance.

Conclusion: Fatigue fracture resulting from the delayed union or nonunion is the primary failure reason of plates
in clinic. The incorporation of Mg block into plate improves the biomechanical performance and has the potential
to promote bone healing. The plate with a 1.5 mm Mg block may be suitable for use in orthopaedics.

The translational potential of this article: This study assessed the failure mechanism of retrieved bone plates and
used this data to develop a novel plate incorporating a 1.5 mm block of pure Mg block at the position corre-
sponding to the fracture line. The novel plate exhibited excellent compression resistance, bending resistance and
rotational resistance due to the alleviation of stress concentrations. The Mg block has the potential to degrade
over time to promote fracture healing and prevents fatigue fracture of plates.
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1. Introduction

Violence and long-term cumulative damage from strain are common
causes of bone fractures [1]. Fracture of long bones due to trauma has
the highest incidence with a rate of 3.21 per thousand persons [2]. Bone
plates are often used to connect and reconstruct the broken bones and
play a critical role in securing the bone fracture so the patient can place
limited weight on the bone to promote fracture healing. However,
fracture of bone plates is not uncommon and can lead to considerable
pain for the patient and place a burden on public finances.

The survivorship of the plate is highly dependent on the material,
structure, and trauma-based application [3]. Stress or strain states
related to the bearing capacity are used to predict the failure of the plate.
Clinical experiments have shown that the maximum stress on the plate is
mainly concentrated near the fracture line of the bone [4], and empty
hole (without positing screw) of the plate is the main fracture site due to
the presence of holes weakening the strength of the plate [5]. Opti-
mizing the material and design of the plate can improve the strength and
alleviate stress concentrations to reduce the risk of fracture.

Stainless steel, titanium (Ti) and Ti alloys are the most common
materials for bone plates, while degradable polymers and metals that
can stimulate specific cell responses to accelerate fracture healing are
gaining ground and can potentially avoid the need for a second surgery
to remove the implant [6]. Equally important, the structural features of
the plate fixation system can have a considerable impact on the
longevity and success of the implant, including the shape of the plate,
the distribution of the holes, and the position of the screws. Plate fixa-
tion systems has experienced the dynamic compression plate (DCP),
limited contact-DCP, less invasive stabilization system, and formed the
universal locking compression plate (LCP) [7]. LCP, which combines
compression holes and locking holes, gives surgeons the choice to use
either compression screws or locking screws during the surgery, ac-
cording to the specific fracture. Limited by the shape of the plate
matched the bone, LCP combined width of the holes equaled the width
of the plate is developed, which is known as the reconstructive plate [8].
So far, LCPs are classified as either broad plates (asymmetrical holes) or
narrow plates (symmetrical holes), with different distributions of holes
aimed to accommodate different fracture types. Firoozabadi et al. re-
ported that filling the unused combination locking/compression holes in
the bridging osteosynthesis does not increase the stiffness and fatigue
lifetime of the plate fixation system [9]. However, the integrated design
without reserving the empty hole of LCP corresponding to the bone
fracture area induces more uniform stress distribution and smaller peak
stress on the plate [10]. Aside from the design of the plate, the placement
of the screws in the plate during the fixation is also nonnegligible for
stability [11]. Ei Maraghy et al. [12] found that when screws were
inserted into the screw holes at both ends of the plate, the torsional
stiffness of the plate was significantly improved. The screw density
should be less than 40 %~50 % of the plate when the plate is used for
internal fixation [13]. At the same time, to alleviate stress concentra-
tions on the plate near the fracture line, 2-3 empty holes should be left
near the fracture line during surgery to reduce the risk of plate fracture
[14]. However, an insufficient number of screws can lead to an unstable
fixation and require revision. Though numerous plates have been used in
clinical settings over several decades, the effect of structure features on
failure is still lacking overall understanding and novel material to pro-
mote bone fracture healing is also needed.

This study aims to explore the failure mechanism of 49 retrieved
bone plates from revision surgery and, using the data collected, propose
a new design with Mg block to protect the plate from fracture. The
clinical data was collected and morphology analysis was conducted to
distinguish the fracture reasons of the retrieved plates. According to the
distribution of the holes and the feature of the plates, 49 retrieved plates
were divided into 4 types: traditional plate (TP), asymmetrical plate
(AP), reconstructive plate (RP), central enhancement plate (CEP), and
their structural features were normalized in a commercial plate,

Journal of Orthopaedic Translation 49 (2024) 1-10

respectively. The biomechanical performance of the plates was assessed
in a validated femoral finite element model. Finally, the magnesium
(Mg) block was introduced to the CEP to improve the biomechanical
performance and potentially accelerate bone healing.

2. Materials and methods
2.1. Clinical data collection

This study investigated 49 bone plates retrieved from revision sur-
gery at local hospitals (Beijing and Xi’an), which collected by Beijing
Municipal Medical Products Administration. There were 32 male pa-
tients and 17 female patients with an age range of 16-92 (average + SD:
49.16 + 15.80). The survivorship of the plates was no more than 3
months (average + SD: 2.2 + 1.10) in 5 cases, between 3 months and 6
months (average + SD: 4.43 + 0.53) in 7 cases, and longer than 6
months (average + SD: 20.94 + 14.79) in 37 cases. The implanted sites
of plates covered the tibia, fibula, femur, clavicle, humerus, cubitus and
radius. The fracture sites were classified by the fracture line (Fig. 1A),
working length (the distance between the two screws closest to the
fracture site) excluding the fracture line (Fig. 1B), and hole posited
screw (Fig. 1C). The 49 plates were categorized into 4 types according to
the distribution of screw holes and the shape of the plate. According to
the screw hole distribution, the plates can categorize as either sym-
metrical plates, with holes laid out along the center line of the long axis
of the plate, or asymmetric plates (AP) with holes laid out on both sides
of the center line of the plate. Symmetrical plates with locking or
compression holes were identified as ‘TP’ in this study, plates without
holes near the fracture site were identified as ‘CEP’, and if the combined
width of the holes equaled the width of the plate this was identified by
‘RP’ (Table 1). Examples of the retrieved bone plates are shown in
Fig. 1D-G, and some typical clinical cases associated with these failures
are as follows.

Case 1 (TP): The patient suffered an open comminuted fracture of the
left tibia and fibula caused by an accident, and underwent open reduc-
tion and internal fixation (ORIF) with allograft bone grafting. Weight-
bearing began 3 months after the operation, and the plate fracture
was identified by radiography at 5 months and diagnosed as non-union.
The fractured plate was retrieved during revision surgery (Fig. 1D).

Case 2 (AP): The patient fractured the right femur due to a fall and
received ORIF. Postoperative radiographs showed good alignment of the
fracture, stable internal fixation, and postoperative incision healing.
One month after the injury, the patient complained of swelling, defor-
mity and pain in the right femur. X-ray examination indicated a fracture
of the plate. The fractured plate was retrieved during revision surgery
(Fig. 1E).

Case 3 (RP): The patient injured the right forearm and complained of
pain, swelling and limited movement. The diagnosis was a right ulnar
fracture which was treated with ORIF. At approximately 4 months after
operation, bone nonunion was identified and the internal fixation was
found to have failed. The fractured plate was retrieved during revision
surgery (Fig. 1F).

Case 4 (CEP): The patient suffered a fracture of the left tibia caused
by an accidental collision while running and received surgical treat-
ment. Seven months later, the patient felt the fracture site moved
slightly. X-ray examination showed postoperative changes in the left
tibial fracture and the internal fixation was found to have failed
(Fig. 1G).

2.2. Fracture morphological analysis of the retrieved plates

An analysis of the fracture morphology was performed to identify the
failure mode of the plates. The fractured part region of the plates was cut
and cleaned with distilled water. Subsequently, the samples were eval-
uated by a field emission scanning electron microscope (FESEM, Zeiss
ULTRA PLUS, Germany) in a vacuum environment of argon with an
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Fig. 1. X-ray of patients and retrieved bone plates. (A) Plate failed at the fracture line (B) Plate failed within the working length (C) Plate failed at the hole posited the
screw (D) Traditional plate (E) Asymmetric plate (F) Stress dispersed plate (G) Central enhancement plate.

Table 1
Information on patients and the retrieved plates.

Classification Magnitude

Gender Male 32
Female 17

Age/Year 49.16 + 15.80

Survivorship/Month <3 (average + SD: 2.2 + 1.10) 5
3-6 (average + SD: 4.43 + 0.53) 7
> 6 (average + SD: 20.94 + 14.79) 37

Implanted site Tibia 12
Femur 19
Clavicle 5
Humerus 6
Cubitus 4
Radius 2
Fibula 1

Fractured site Fracture line 26
Working length exclude fracture line 9
Hole posited screw 14

Type of plate Traditional plate, TP 21
Asymmetric plate, AP 10
Reconstructive plate, RP 11
Central enhancement plate, CEP 7

acceleration voltage of 10 kV. Energy disperse spectroscopy (EDS) was
then used to distinguish the chemical components of the plates.

2.3. Normalization of the fractured plates and biomechanical analysis

After extracting the structural features of the fractured plates, this
study selected a common TP as the basic plate (control group) (Naton,
Beijing, China) to normalize the parameters of the fractured plates. The
basic plate had dimensions of 240 x 18 x 4.5 (L x W x H) mm and 13
holes with a diameter of 5.5 mm, and the distance between the holes was
18 mm (Fig. 2Aa). The locking screws were 7 mm long and had a
diameter of 5 mm. For simplification, the screw threads were removed.
Measurements for the plate and screws were gathered by reverse engi-
neering and were then reconstructed in SolidWorks 2014 (Dassault
Systemes S.A, France). Another three structures of the fractured plates
used in this study were also developed. Except for the different topo-
logical features, all other parameters, such as length, width and thick-
ness, were the same (Fig. 2Ab-d) to control the variables. The inserted
positions of the plates and screws on the femur was guided by a senior
surgeon and the implantation process was achieved by a Boolean
operation between the implants and bone (Fig. 2B).

The femoral finite element model was constructed from a healthy
volunteer with approval from the Institutional Review Board
(K2021066), which had been validated in our previous research ac-
cording to the strain and displacement gauged by the strain gauge [15,
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Fig. 2. (A) The structure of the simulated plates: a. traditional plate (TP) b. asymmetric plate (AP) c. reconstructive plate (RP) d. central enhancement plate (CEP),
(B) Assembly model of the bone and fixation system (C) Compression model and rotation model (D) Four-point bending model from lateral side to medial side (E)
Improvement of plate with a block of pure Mg, e. cross section of the plate. A cross-sectional view (et te) of the improved plate shows the interface of plate and

Mg block.

16]. Mesh size and convergence analysis were performed, where the
element size was gradually reduced (4 mm, 3 mm, 2 mm and 1 mm) until
the maximum Von Mises stress converged at 2 mm. A biomechanical
simulation was conducted in Abaqus 2016 (Dassault Systemes Simulia
Inc, France). The material properties of the bone were assigned in
Mimics 17.0 (Materialise, Leuven, Belgium) according to the gray values
of the bone from CT images. The material properties of the bone were
assigned in Hounsfield units (HU) using the following equations
[17-19]:

Pegn=10"% (ax HU — b) (g / cm®) @
Pash =1.22 p g +0.0523 (g / cm®) (2
Ecore = 10200 x p29' (MPa) 3
Epab = 5307 pyg, + 469 (MPa) 4

Peqm and pgsp are the equivalent mineral density of bone and the ash
density of the bone, and E.ot and Egqp are the Young’s moduli of the
cortical and trabecular regions, respectively. The parameters a and b in
equation (1) were determined by phantoms in the CT images. The plate
and screws were made of Ti alloy (TicAl4V) with a Young’s modulus of
110 GPa and Poisson’s ratio of 0.3. A 3 mm bone gap was created at the
center of the femur to simulate a fracture [20]. Four fixation systems
(plate and screws) were inserted in the femur to assess their biome-
chanical performance. A reference point was set at the center of the
femoral head and coupled with the surface of the femoral head as the
point of force application. The distal femur was constrained in all de-
grees of freedom during the compression and rotation tests. The pa-
tient’s body weight was assumed to be 60 kg and compression loads of
600 N and 1500 N (2.5 times body weight) were applied to the femoral
head from the proximal end of the femur to the distal end of the femur

along the axis of the femur, respectively [21] (Fig. 2C). A torque of 10
Nm was also applied to the femoral head to test the rotation properties of
the plate fixation system [22] (Fig. 2C). To assess the bending behavior,
a force of 1000 N was applied along the direction from the lateral femur
to the medial femur [23]. The proximal femur and distal femur were
fixed with the span of length of plate (240 mm), and the force was
conducted at the middle of the plates with a span of 128 mm (half of the
plate length add a distance between two holes) during the bending
simulation (Fig. 2D). The following friction coefficients were applied to
contact surfaces: 0.3 between the bone and LCP [24], 0.46 for bone-
—bone interactions [25], and 0.23 between the screws and LCP [26].
Bone-screw interfaces were assumed to be tied. The biomechanical
performance of the plate and screws were recorded when the plate fix-
ation system was placed under compression, rotation and bending.

2.4. Improvement in plate design and biomechanical analysis

Combining with the clinical data and the structural features of the
plates, a block of pure Mg was inserted into the center of the CEP cor-
responding to the fracture area under the ideal condition to reduce its
modulus. The degradation of the Mg aimed to adjust the synthesis and
release of the calcitonin gene-related peptide around of the trauma area
to accelerate fracture healing [27]. The length of the block corresponded
to the width of the plate (18 mm), and the block had a width of 10 mm.
The thickness of the block would have a direct effect on the stability of
the plate fixation system. To determine the optimal thickness, three
different values (1 mm, 1.5 mm and 2 mm) were assessed. The upper and
lower surfaces of the block coincided with the back profile of the plate
(Fig. 2E). In fact, the Mg block was inserted into the interspace of the
plate and these devices were separated to manufacture and experienced
the cutting and milling. To achieve the stable bonding between the plate
and Mg block, the interference fit was set, which means that the size of
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Mg block is larger than the interspace of the plate by around 0.2 mm. In
the finite element model, the Mg block was bonded to the plate to
simulate the interference fit between the Mg block and plate and avoid
the fall off of the Mg block during the operation. The biomechanical
analysis was conducted using the method previously described.

3. Results
3.1. Assessment of retrieved plate

As shown in Table 2, 44 of the retrieved plates had fractured due to
delayed union or nonunion. In particular, one case with bowing of the
femur affected the stability of the plate fixation system and caused
nonunion. With respect to the materials, 38 plates were made of pure Ti,
6 plates were made of TigAl4V, and the rest plates were made of stainless
steel. The tensile strength of pure Ti is 240-550 MPa [28], much lower
than that of TigAl4V, which increases the fracture risk when used in the
weight-bearing bones, such as the femur and tibia. The fracture modes of
the retrieved plates were fatigue fracture and quasi-cleavage fracture.

3.2. Fracture morphology of the retrieved plates

Fatigue fracture occurred in 46 cases, and the remaining 3 cases
failed by a quasi-cleavage fracture (Table 2). Fig. 3 shows the typical
fracture morphology of plates made of stainless steel (316L), TigAl4V
and Ti. The morphology of stainless steel indicated the features of quasi-
cleavage fracture, which contained a river line, cleavage facets, tear
edges and a ligulate pattern. Though TigAl4V also showed a river line,
the fatigue striations had a distinct direction. During crack propagation,
the micropore coalescence formed a dimple and it was classified as a
fatigue fracture. The morphology of pure Ti plates all exhibited dis-
tinguishing features of fatigue fracture, including fatigue striations and
secondary cracks.

3.3. Biomechanical performance of the normalized retrieved plate
fixation systems

Fig. 4 shows the stress distribution on the plate fixation systems.
Under a load of 600 N, the maximum stress on AP and TP appeared at the
position corresponding to the fracture line, while the maximum stress on
RP occurred at the 6th hole. Similarly, for CEP, the fracture line area was
reinforced by the solid region of the plate and the position of the empty
hole (6th hole) carried the maximum stress. The red arrow in Fig. 4A
indicates the specific location of maximum stress, and the maximum
stress on AP, RP and CEP increased by 0.53 %, 14.00 % and 3.95 %,
respectively, in comparison to TP. Increasing the load to 1500 N resulted
in the maximum stress on all plates shifting to the femoral proximal 5th
hole (Fig. 4B). The maximum stress on AP, RP and CEP increased by
8.00 %, 21.78 % and 4.42 %, respectively, in comparison to TP. Whether
loaded with 600 N or 1500 N, the RP model displayed the highest stress
of all plates and TP had the lowest stress (Fig. 4C). The CEP had a better
carrying capacity at higher loads than AP and RP. From the stress dis-
tribution of the screws, the S4 and S5 screws at both ends of the working
length were subjected to greater stress, and the stress on the proximal

Table 2
Failure reasons of retrieved plates from revision surgery.
Failure information Magnitude
Healing status Delayed union 7
Non-union 37
Others 5
Materials Pure Ti 38
TigAlV 6
Stainless steel 5
Fracture mode Fatigue fracture 46
Quasi-cleavage fracture 3
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screw (S4) was higher than the distal screw (S5). The stress on S4 was
approaching that of S5 for AP, indicating a more stable fixation around
the fracture line. Meanwhile, S2 and S7 had lower stress under the load
of 600 N. The construct stiffness of CEP was highest among the retrieved
plates, with a stiffness of up to 84.85 N/mm (Table 3). The RP yielded
the lowest construct stiffness, with a value of 70.85 N/mm. To summary,
the TP demonstrated the great compressive properties.

Fig. 5 shows the stress of the plates when placed in rotation and
bending. The CEP bore the lowest stress in rotation, followed by TP, AP,
and RP, indicating that the CEP had excellent torsional resistance. Under
bending, when the load was applied from the lateral side to the medial
side, the TP model carried the lowest force and AP carried the highest
force. In general, the TP displayed the best performance in bending,
while RP and CEP had similar bending resistance.

3.4. Biomechanical performance of the improved plate fixation system

Fig. 6 shows the biomechanical performance of the plate incorpo-
rating the pure magnesium block (Mg-CEP). Replacing a section of the Ti
alloy plate with pure magnesium reduced the maximum stress on the
plate when placed in compression (Fig. 6A). As the thickness of the Mg
block increased, the maximum stress on the plate tended to decrease.
When the thickness of the Mg block was 1.5 mm, the stress on the plate
was 1.13 % and 0.52 % greater than the TP when placed under 600 N
and 1500 N loads, respectively. Increasing the thickness of the Mg block
to 2 mm resulted in a stress that was 99.9 % and 98.6 % of the TP.
However, the stress on the plate in rotation increased with the thickness
of the Mg block. Compared with the 1 mm Mg block, the 1.5 mm Mg
block resulted in an increase in stress of 0.72 %, while the 2 mm Mg
block increased the stress by 22.04 %. When loaded with a lateral to
medial force, the stress on the Mg-CEP was lower than all of the other
plate including retrieved plates and improved plates. It is worth noting
that the plate with a thickness of 1.5 mm had the lowest stress in
bending, reaching 44.77 MPa (Fig. 6B). Under the load of 1500 N, the
compressive stress was transferred from the proximal femur to the plate
fixation system and return to the distal femur (Fig. 6C). In the region of
positing the screws, the bone and screws carried the load together, while
the plate bore the primary force in the working length. Fig. 6D shows the
stress distribution on the Mg block with various thicknesses under
compression (1500 N) and rotation. The stress on the Mg block increased
with its thickness. In compression, when the thickness was set to 1 mm,
the stress was mainly distributed at the longitudinal edge, indicating
that the Ti alloy regions of the plates were the main bearings. Increasing
the thickness of the Mg block to 1.5 mm and 2 mm caused the maximum
stress to shift to the transverse edge, indicating that the Mg block was
squeezed by the Ti alloy plate. In particular, the block was subjected to
greater stress in rotation, illustrating the intense interaction between the
plate and the block. The plate bore almost all stress in rotation at the
location of working length (Fig. 6E).

Table 3 shows the construct stiffness of the improved Mg-CEP fixa-
tion system. The introduction of the Mg block reduced the construct
stiffness of the plate fixation system in comparison to the CEP. As the
thickness of the Mg plate increased, the construct stiffness tended to
decrease, reaching 80.19 N/mm, 78.45 N/mm and 77.75 N/mm for the
1 mm, 1.5 mm and 2 mm plates, respectively. The construct stiffness of
the plate with a 1.5 mm Mg block was similar to the plate with a 2 mm
Mg block, but was 7.54 % lower than the strongest retrieved plate (CEP).

4. Discussion

This study aimed to investigate the failure mechanism of bone plates
retrieved during revision surgery and, with this knowledge, introduced
the pure Mg block to improve the biomechanical performance and
stimulate the bone healing potentially. The results indicated that the
retrieved plates mainly suffered fatigue fracture induced by delayed
union or nonunion (44/49) and pure Ti plates used in weight-bearing
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Fig. 3. Typical fracture morphology of plates.
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Table 3
The construct stiffness of the plate fixation systems.

Plate types Stiffness (N/mm)
TP 71.35
AP 73.51
RP 70.85
CEP 84.85
Mg-CEP-1 mm 80.19
Mg-CEP-1.5 mm 78.45
Mg-CEP-2 mm 77.75

areas increased the risk of fracture compared with Ti alloy plates when

the delayed union or nonunion occurred. The TP was found to have
favorable compression resistance and bending resistance, while the CEP
was better able to resist rotation. As the thickness of the block increase,
the stress on the plate in compression decreased, while the stress in
rotation increased. The plate with a 1.5 mm Mg block demonstrated
excellent compression resistance, bending resistance and rotational
resistance, indicating the potential application in orthopaedics to bear
the weight and promote bone healing conceptually.

Analyzing retrieved plates is important for understanding the failure
mechanism and improving the design. In emergency trauma situations,
the choice of implant is limited by what the hospital has in stock, while
the treatment options and surgical approach are determined by the
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surgeon [29]. Regardless of the plate used, the aim should be to bear the
majority of the load until bone union is achieved. Bone union may be
influenced by many aspects, including the physiological condition of the
patient, the biomechanical environment, and post-operative complica-
tions such as infection [30]. Delayed union is described as a lack of
radiographic evidence of healing at 3-6 months after injury, while
non-union may be diagnosed after 6 months and then verified after
another three months, according to the FDA definition. The occurrence
of non-union depends on the fracture location: tibial fractures have the
highest incidence (0-15 %), followed by humeral fractures (0-13 %) and
femoral fractures (1-11 %) [31]. In this study, 75.51 % (37/49) of cases
displayed nonunion and 14.29 % (7/49) displayed delayed union. These
percentages are higher than the clinical statistic results because the
plates had cracked and delayed union or nonunion was a crucial reason
for plate fracture. Previous studies have similarly reported that 75 % of
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implant failures occur within 3 months of operation and 50 % occur after
6 months due to plate fatigue, secondary to delayed union, and
continuous movement of the fracture site [32].

To simulate the delayed union and nonunion, the transverse fracture
was developed in this study and the fracture gap was 3 mm. The geo-
metric shape of fracture surfaces significantly affects the stress distri-
bution on the plates [33]. The individualized natural fracture models
could provide more accurate results for internal fixation strategy in
clinics [34]. However, the plates in this study were expected to bear the
physical load under uncertain fracture. Previous research investigated
the effect of facture topology on the stress distribution on plate and
indicated that the acute angle of 76° (long oblique fracture) resulted in
lower von Mises stress on the plate compared with the obtuse angle of
146° (short oblique fracture) [35]. The stress of the transverse fracture
(90°) used in this study was within the range of long and short oblique
fractures. In addition, the gap size also plays a significant role in the
stability of fracture fixation systems and higher gap sizes lead to less
stable fixation constructs [36]. The 3 mm bone gap used in this study is
commonly adopted in previous literature [37]. In the plate-fixation
system, as the body weight is transmitted through the plate, this cau-
ses greater stress on the plates and eventual implant failure. Pure Ti is
commonly used in implants due to its excellent mechanical properties
and biocompatibility. However, the tensile strength of pure Ti is lower
than Ti alloys and the fatigue mechanism of pure Ti has been associated
with intense secondary intergranular cracking (brittle fracture) (Fig. 4).
Implants made of pure Ti are susceptible to breakage if bone consoli-
dation is delayed [38].

The 49 retrieved plates assessed in this study could be categorized
into 4 design types (TP, AP, CEP, RP) and extracted the features and
normalized them against a commercial plate. The mechanical perfor-
mance of the 4 plates designs was assessed using finite element analysis.
When loaded with a 600 N compression force, the maximum stress was
located close to the fracture line with the TP and AP, which is also
consistent with the fracture sites in cases 1 and 2 detailed in section 2.1.
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Fig. 6. The biomechanical performance of the improved plate fixation system (Mg-CEP). (A) Maximum stress on the Mg-CEP in various loading conditions (B) Stress
distribution on the Mg-CEP with a 1.5 mm block (C) Stress distribution on plate fixation system with a 1.5 mm Mg block in compression of 1500 N (D) Stress
distribution on the Mg block with various thicknesses under the condition of compression and rotation (E) Stress distribution on plate fixation system with a 1.5 mm

Mg block in rotation.
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Stoffel et al. [39] also investigated the performance of a locking
compression bone plate and found that the peak stress on the bone plate
was located at the inner screw hole near the fracture line. Due to the
nonunion, the plates bore the impact load over a prolonged period
which eventually caused failure by fatigue fracture. However, the RP
model showed the maximum stress at the screw hole in the working
length excluding the fracture line. This was likely due to the lower
stiffness of the RP construct (Table 3). Under the same loading condi-
tion, the RP was more flexible with a gap between the fractured bone
surfaces, and transmitted the stress to the adjacent hole to induce the
maximum stress. A retrospective cohort study found that the incidence
of reoperation with RP was higher than other plate designs due to its
lower strength [40]. Due to the absence of screw holes near the fracture
line, the maximum stress on the CEP model transferred to the hole
closest to the fracture line, which corresponded to the description of case
4. Under a load of 1500 N, the maximum stress all presented in working
length exclude fracture line, similar to the Fig. 1B. This may be
explained that the bilateral fracture bones were contacted under the
load of 1500 N and the greater load deforming the plates to transfer the
maximum stress to adjacent vulnerable sites. The TP model demon-
strated better compression resistance and bending resistance than the
other plates depending on structural characteristics in this study.
Muthusamy et al. [41] revealed that plates with offset holes, similar to
AP, increased the plate stress by 8.08 % compared with plates with
combi holes (TP). Moreover, the fatigue life of plates is significantly
decreased with offset holes.

The retrieved plates showed that the plates failed predominantly at
the screw hole near the fracture line and the fracture mode was fatigue
fracture. Removing the screw holes around the center of the plate to
make a solid region was of great significance to improve the fatigue
strength of the plate. Of the retrieved plates, 7/49 were CEPs which
failed because the local enhancement of the plate in CEP caused the
weaker site in the CEP fixation system. Homogenizing the stress in CEP
under the different loading conditions and promoting bone healing were
the optional strategy. This study incorporated a block of pure Mg into
the CEP to reduce the structural modulus at the area of the fracture line
and reduce the construct stiffness of the plate fixation system to alleviate
stress concentrations (Table 3). As the thickness of the block was
increased, the stress on the plate in compression decreased, while the
stress in rotation increased. Increasing the thickness of the block also
reduced the stiffness of the working length which resulted in stress
transferring from the proximal portion to the distal portion, thus
lowering the maximum stress on the plate. In rotation, the reinforced
region of the plate acted as the bearing zone, and reducing the stiffness
of the plate increased the maximum stress. Using a 2 mm Mg block
noticeably reduced the rotational resistance (Fig. 6A) which would
likely increase the risk of fracture. The Mg-CEP with a 1.5 mm Mg block
(33.33 % of the plate thickness) balanced the stress distribution in
compression and rotation, while the maximum stress increased by 1.13
% and 0.52 % under the loads of 600 N and 1500 N, respectively, and
decreased by 4.95 % and 10.41 % in rotation and bending comparing
with the TP. Except for the plate design in this study, the porous struc-
ture is also the potential choice to reduce the stress shielding. Takizawa
et al. [42] proposed a porous Ti fiber plate with similar elastic modulus
to bone cortex. The bone tissue would grow into the porous structure to
achieve the integration between the plate and adjacent bone without a
secondary operation for implant removal. Therefore, the porous struc-
ture of plate incorporating magnesium ions may achieve the same
outcome.

The Mg block not only improved the stress distribution on the CEP
model, but would also be beneficial for promoting bone healing as the
block degrades over time [43]. Mg is the fourth most prevalent mineral
in the human body, with about 60 % of the content stored in bones and
about 30 % in muscles to maintain functionality of the musculoskeletal
system [44]. Previous studies have shown that the release of Mg ions
promotes the substantial generation of local neuronal calcitonin
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gene-related polypeptide to accelerate bone-fracture healing [45].
Meanwhile, Mg ions also induce neurite outgrowth in a
concentration-dependent manner via the PI3K/Akt signaling pathway
and Sema5b to promote nerve regeneration [46]. Chow et al. [47] used
an Mg implant to fix a transverse fracture and found that the degrada-
tion of the Mg implant improved new bone formation and strengthened
the mechanical properties of the repaired bone. In this study, the
transverse fracture was conducted to test the stability of the plate fixa-
tion system and the degradation of Mg block would also achieve the
same healing outcome. Despite of the satisfactory healing effect of Mg
implants, the strength of Mg is not enough to support a stable fixation at
the bearing site due to the rapid degradation after insertion. This study
incorporated the Mg block into the solid part of the plate with a thick-
ness of 1.5 mm to exert the unique superiority of stimulating new bone
formation, while the plate fixation system could support the body
weight to achieve stable fixation. Similarly, researchers have also pro-
posed using hybrid magnesium-titanium cannulated screws to achieve a
stable fixation in vertical femoral neck fractures [48]. Tian et al. adopted
Mg screws and Ti fixators to fix a fractured rabbit tibia and found a
larger bone callus in the group containing the Mg screws, and the re-
generated bone was stronger [49]. Therefore, the CEP with an Mg block
proposed in this current study has the potential to accelerate bone
fracture healing and reduce stress concentrations on the plate, which
would shorten the service time of the plate and reduce the risk of fatigue
fracture. In addition, the plate and block are processable and contact
stably with the design of interference fit, which supports the orthopaedic
translation of this fixation system.

There are some limitations to this study. Only 49 plates were
collected in this study and a wider sample size with greater variation
would be beneficial to strengthen the findings. In this study, only one
fracture type and one screw placement status were studied, and the re-
sults may not be completely applicable to the various fracture types
observed in clinical practice. The influence of the fracture type and
screw positioning on the stress distribution of the plate needs to be
further studied. In addition, the degradation of Mg block has the po-
tential to promote bone healing, while the in-vivo test needs to be
conducted in the future.

5. Conclusion

This study analyzed the failure mechanism of 49 bone plates
retrieved from revision surgery and proposed a novel design with Mg
block to promote better bone union. The retrieved plates primarily
suffered fatigue fracture induced by delayed union or nonunion, and the
pure Ti plates used in weight-bearing areas increased the risk of fracture
compared with Ti alloy plates when the delayed union or nonunion
occurred. The AP demonstrated favorable compression resistance and
bending resistance, while the CEP had better rotation resistance.
Incorporating a block of pure Mg improved the compression resistance
and bending resistance of the CEP. The CEP with a 1.5 mm Mg block
demonstrated excellent compression resistance, bending resistance and
rotational resistance and the potential ability to promote bone healing,
indicating its promising application in orthopaedics.
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