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ABSTRACT

Background and objective: Treating geriatric osteoporotic distal femur fractures has always presented challenges, but developing biodegradable
materials has brought new opportunities for therapeutic intervention. Despite this progress, there currently needs to be more evidence-based
biomechanical guidelines for using dual plate fixation and biodegradable materials in treating osteoporotic comminuted distal femoral fractures.
In this study, finite element analysis was conducted to evaluate the mechanical effectiveness of different implant materials (titanium alloys,
biodegradable materials, and combinations of both) in the fixation of physiological and osteoporotic distal femoral fractures.

Methods: We constructed finite element models of 33-C2 fractures and three types of plates: the Lateral Less Invasive Stabilization System (LISS)
plate, the titanium-alloy medial plate (TAP), and the biodegradable plate (BP). To evaluate the biomechanical advantages in both physiological
femur (PF) and osteoporotic femur (OF) conditions, three scenarios were developed: LISS + TAP, LISS + BP, and double biodegradable plates
(DBPs). Five loading conditions were applied to measure structural stiffness, fracture micromotion, and implant stress: medio-lateral four-point
bending, antero-posterior four-point bending, axial loading, torsional loading, and sideways falling. Several parameters were examined, including
peak Von Mises Stress (VMS) of the femur and lateral plate, maximum displacement, bending angle, torsional angle of fracture, and risk of fracture.
Results: In four-point bending tests, the lateral plate of the DBPs group exhibited a slightly lower peak VMS compared to the LISS + TAP and LISS +
BP groups. When subjected to axial loading, the stiffness values of the LISS + TAP (OF) were 1.42 times and 1.86 times higher than LISS + BP (OF)
and DBPs (OF) groups, and the peak VMS of lateral plate of DBPs (OF) construct was approximately 2% and 16% lower than that of the LISS + TAP
(OF) and LISS + BP (OF) constructs. Under torsional loading, DBPs (OF) demonstrated rotational stiffness that was respectively 2% and 52% greater
than that of LISS + TAP (OF) and LISS + BP (OF). Regarding the peak VMS of femur, the values of DBPs (OF) were almost 8% and 15% lower than
those of LISS + TAP (OF) and LISS + BP (OF).

Conclusions: The use of DBPs at 11.33 GPa facilitated early mobilization of load-bearing joints but exhibited limited ability to support full weight-
bearing activities. Though LISS + TAP met practical strength requirements, one should consider the potential biological irritation and stress
shielding. Thus, employing a combination of biodegradable and metal internal fixation is a valid approach to effectively treat weight-bearing joint
fractures in clinical practice.
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1. Introduction

Distal femur fractures comprise around 3-6% of all fractures in the femur [1,2], ranking as the second most prevalent fractures in
the femur, following proximal fractures [3]. These fractures are prevalent in young patients with high-energy trauma or geriatric
individuals due to low-velocity injuries [4]. However, about 15-20% of distal femur fractures may result in complications, such as
osteonecrosis, infection, and even mortality [5-7]. The rising incidence of these fractures places a growing social and economic burden
on society [8]. Elderly patients, in particular, are prone to poor bone quality, which can attributed to systemic illnesses, osteoporosis,
or stress shielding caused by prostheses, which can contribute to complications such as prosthetic loosening, prosthetic removal,
nonunion, or malunion [9,10]. It is noted that the mortality rate in elderly patients who undergo distal femoral fracture surgery can
reach 30% within the first year [3,11], which may be related to a lack of postoperative weight-bearing training.

Although locking plates are the preferred choice for internal fixation in fractures of the comminuted and osteoporotic metaphysis
[12,13], complications are not considerably decreased. To address this, physicians and scholars have explored and embraced the
theory and clinical utilization of dual plates. Matthew and colleagues [14] discovered that the use of double-plate fixation in
comminuted distal femur fractures significantly improved union rates and reduced the need for revision surgery. Nevertheless, the
materials of implants commonly are non-biodegradable, such as titanium alloy, stainless steel, and cobalt-chromium alloy [15]. These
implants could interact with the physiological environment over time and lead to adverse effects [16]. Additionally, after the healing
process is complete, most patients require secondary surgery to remove or replace the implants, which adds further discomfort.
Significant advancements have been made in developing biodegradable implants, including materials like Mg alloy, biopolymers, and
bioceramics to address these challenges.

During the process of bone healing, biodegradable materials play a crucial role in offering initial mechanical support, gradually
degrading as time passes. This degradation enables the bone to recover its original strength [17,18]. Especially bioresorbable com-
posites have the advantage of promoting healing through the dissolved composition. Mechanical stability that resists the effect of
compression, shear, and torsion is still critical to biodegradable materials [19], particularly in the application of fracture repair in
weight-bearing joints. To date, none of the existing biodegradable materials have successfully combined high biocompatibility with
optimal mechanical properties.

In order to improve the clinical management of fractures occurring in the distal femur and to provide guidance in the advancement
of biodegradable materials, this study utilized finite element analysis to compare the mechanical effects of titanium-alloy implants and
biodegradable implants in fixing physiological and osteoporotic distal femur fractures.

2. Materials and methods
2.1. Geometry and material properties

In order to establish a comprehensive 3D model of the femur, we conducted a scan on a left fourth-generation synthetic femur
(3406#, Pacific Research Laboratories, Vashon, WA). This particular composite femur, widely utilized in biomechanical tests as an
alternative to human bones, consisted of the cancellous bone made of polyurethane foam and the cortical bone comprised of e-glass
fiber reinforced epoxy. Subsequently, we proceeded to create a fracture model following the AO/ASIF type 33-C2 specifications. This
involved introducing a fracture gap measuring 1.5 cm, strategically positioned 6.5 cm to the joint line [20]. To integrate all the
necessary components for the 3D representation, including implants and bones, we utilized the 3-matic software for assembly. We then
used HyperMesh 11.0 (Altair Engineering, Inc., USA) to mesh these components, and nigraphics NX 8.5 (Siemens PLM) to reconstruct
plates and screws. Finally, the fully assembled 3D models were imported into ANSYS software to generate the desired finite element
models for analysis.

The fixation system included a prototype lateral plate that served as a reference for the LISS plate, as well as a medial plate modeled
after the Proximal Humerus Internal Locking System (PHILOS) plate and the corresponding screws. All the implants were made of two
kinds of material, titanium alloy (Ti-6AL-4V) and biodegradable material (Polylactide-based composites), which was developed for
weight-bearing joints, and had an elastic modulus of 11.33 GPa and a Poisson ratio of 0.3 (Fig. 1). To explore different fixation
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Fig. 1. Three-dimensional (A) plates, (B) AO/ASIF type 33-C2 fracture model.
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scenarios, three models were constructed: LISS + TAP, LISS + BP, and DBPs, three-dimensional of fixation models of which were
showed in Fig. 2(A-C). Both the plates and connecting screws shared the same material properties. Additionally, the femoral strengths
were simulated under two conditions: physiological femur (PF) and osteoporotic femur (OF). In the OF model, Young’s modulus of the
cortical bone was reduced by 32%, while the cancellous bone’s Young’s modulus was decreased by 66% compared to the PF model
[21]. The values of elastic modulus and Poisson’s ratio are detailed in Table 1.

The fracture internal fixation model consisted of six components: cortical bone, trabecular bone, the lateral plate (LISS), the medial
plate, screws of LISS, and screws of the medial plate. To create a mesh with a size of 1 mm, we utilized 187 tetrahedral solid elements.
The determination of this grid size was based on mesh convergence testing. The meshes were segregated into five groups comprising
grid sizes of 0.5 mm, 1 mm, 2 mm, 3 mm, and 5 mm. Ultimately, the difference in equivalent stress of the femoral and plate between the
1 mm and the 0.5 mm mesh was less than 5%, meeting the convergence criteria. Given considerations of computational efficiency and
cost, a mesh size of 1 mm was selected. Table 2 presents the number of nodes for each component unit. It is crucial to emphasize that
the number of elements and nodes in the three internal fixation models has no correlation with the material properties of the implants.
Furthermore, frictional contact interactions between different parts of the model are assumed. The friction coefficient between
simulated bones was set to 0.46, and the friction coefficient between bones and internal fixation was set to 0.3 [22,23].

2.2. Four-point bending

In order to assess the resistance of various models to forces exerted in a medio-lateral direction, we conducted two loadings with a
downward tension of 350 N, simulating lateral loading of the physiological femur [24]. They were simultaneously applied at two
distinct points: point A situated near the lesser trochanter, and point B located at distal femur, constrained by point C and point D at the
quarter lengths of the femur with no displacement, representing medio-lateral four-point bending test (Fig. 3A). Similarly, two
downward pulling forces of 350 N were vertically exerted on the model from the same two points on the anterior side of the coronal
surface, and the fixation constrained from C’and D/, creating an antero-posterior four-point bending scenario (Fig. 3B). Moreover, we
used three parameters, the peak VMS of lateral plate, the peak VMS and the maximum displacement of femur, to assess the perfor-
mance of the different models under the applied loadings.

2.3. Axial loading

In order to evaluate the stability and strength of the fixation models, a load of 1500 N was applied to the middle of the femoral head
to simulate typical walking loading forces, which were approximately 238% of 60 kg body weight [25]. T Fig. 4 presents the vector’s
orientation with an 8° inclination in the sagittal plane and a 13° inclination in the coronal plane in relation to the femoral shaft axis,
and the distal femur was constrained with no further displacement. Furthermore, we measured five parameters to assess the effec-
tiveness, including the axial stiffness, the peak VMS of the lateral plate, the bending angle in the coronal plane of the fracture, the peak
VMS and the maximum displacement of femur (Fig. 5).

Fig. 2. Three-dimensional of fixation models (A) LISS + TAP, (B) LISS + BP, (C) DBPs.
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Table 1
Material properties used in the study.
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Material properties

E(GPa)

Poisson’s ratio

physiological bone [21]

cortical bone

E; =E;=11.5E3 =17

Viz = 0.58,V53—V13 = 0.31

cancellous bone E=213 V=03
osteoporotic bone [21] cortical bone E; = E; =7.82,E3 = 11.56 Vi2 = 0.58,V53—V13 = 0.31
cancellous bone E =0.724 V=03
titanium alloy [22] Ti-6AL-4V 105 0.35
biodegradable material Polylactide-based composites 11.33 0.3
Table 2
Parameters of the FE models.
FE models Elements Nodes
Cortical bone 101299 170587
Trabecular bone 128394 190341
Lateral plate (LISS) 67608 103964
Medial plate 25924 44461
Screws of LISS 19748 34380
Screws of medial plate 7294 13623

A

Fig. 3. Schematic diagram of (A) medio-lateral four-point bending and (B) antero-posterior four-point bending [20].

1500N

Fig. 4. The axial loading of 1500 N at the femoral head [20].
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\Bending Angle

Fig. 5. Schematic diagram of the bending angle in the coronal plane of the fracture.

2.4. Torsional loading

In order to replicate the physiological transition from sitting to standing, the model underwent torsional loading of 150 Nm at the
centre of the femoral head, while preventing displacement at the end of the femur. It’s worth noting that the simulation disregarded the
influences of several muscle groups (Fig. 6). In addition, we used six parameters to evaluate the patterns’ deformation, including the
torsional stiffness, the peak VMS of lateral plate, the maximum torsional angle of the femoral head, the torsional angle of fracture, the
peak VMS and the maximum displacement of femur (Fig. 7).

2.5. Sideways falling

To study the effect of force transfer on distal femoral fractures, we performed a side-drop experiment in which the femoral neck was
rotated medially by 15° and the femoral shaft was aligned along the horizontal plane by 10° (Fig. 8). Model simulations were per-
formed using methods described in existing literature [26,27], the greater trochanter was held vertically to reestablish the contact
surface during impact and the stationary model was allowed to move in the horizontal plane without rotating around the shaft axis. A
force of 3750 N was exerted on the center of the femoral head’s inferior surface to simulate a fall equivalent to a body weight of 60 Kg.
We borrowed three parameters to present the experimental results: the peak VMS of the lateral plate, the peak VMS and the maximum
displacement of femur.

2.6. Risk of fracture calculation

Fracture has been determined by strain [28]. To assess the risk of fracture, we defined a scalar quantity called Risk of Fracture (RF).

150 Nm

Fig. 6. The 150 Nm torsional loading at the middle of the femoral head [20].
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Torsional Angle

Fig. 7. The torsional angle diagram of the fracture of the bone models [20].

Fig. 8. Schematic diagram of finite element model of sideways falling with the 3750 N loading vector.

RF is computed as the ratio between the maximum principal strain within the femur shaft (compressive or tensile) and the corre-
sponding ultimate strain [29,30].

RF = 8max/ €lim.
€max Stands for the maximum principal strain of the femur; e);y, is the ultimate strain, representing different values for compressive and
tensile conditions. As previous studies [30,31], the ultimate tensile strain (&jjm.Tensile = 0.0073) was taken as 70% of the ultimate

compressive strain (€lim-Compressive = 0.0104), and fundamentally, RF < 1 is the safeguard to prevent fracture. Moreover, Microsoft
Office Excel 2013 was utilized to create all the statistical diagrams.

Medio-lateral four point bending text
MLISS+TAP (PF) M LISS+TAP (OF) | LISS+BP(PF) M LISS+BP(OF) M DBPs (PF) u DBPs (OF)
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Fig. 9. The peak VMS of femur (MPa), the maximum displacement (mm), and the peak VMS of lateral plate (MPa) were demonstrated in the medio-
lateral four-point bending test, with the different colors representing different scenarios. The maximum displacement values have been multiplied
by 100 to make them comparable.
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3. Results
3.1. Medio-lateral four-point bending test

Except for DBPs, the values of all three parameters were virtually greater in the osteoporotic femur than in the physiological femur.
The peak VMS of femur and the maximum displacement of DBPs were all the highest among all three types of fixation models,
regardless of whether it was a physiological or osteoporotic femur. Specifically, the values of the peak VMS of femur in the DBPs (PF)
and DBPs (OF) groups were approximately 1.5 times greater measurements compared to the remaining groups. Moreover, the peak
VMS of lateral plate values of the LISS + BP group was slightly higher than the LISS + TAP and DBPs groups. Notably, the maximum
displacement of DBPs (PF) was 5 times greater than that of LISS 4+ TAP (PF), and the value of DBPs (OF) was more than 4 times higher
than that in the LISS + TAP (PF) (Fig. 9). Furthermore, it is worth noting that the maximum displacement occurred in the femoral
condyle and head region, and the peak VMS of both lateral plates and femurs values were concentrated in the defect area.

3.2. Antero-posterior four-point bending test

Among all the configurations, DBPs patterns provided the highest values for the peak VMS of femur and the maximum displacement
while exhibiting the lowest peak VMS of lateral plate. Specifically, for the normal bone condition, the peak VMS of femur in DBPs was
2.33 times and 2.88 times higher than LISS + TAP and LISS + BP constructs and 2.1 times and 2.22 times for the osteoporotic bone.
Moreover, under both normal and osteoporotic conditions, the maximum displacement of DBPs was respectively over 500% and
almost 300% greater than LISS + TAP and LISS + BP. However, the peak VMS of lateral plate in DBPs (PF) and DBPs (OF) were 37%
and 40% lower than that of LISS + BP (PF) and LISS + BP (OF), respectively, which were almost equivalent to the values in the LISS +
TAP (PF) and LISS + TAP (OF) groups (Fig. 10). Similar to the medio-lateral four-point bending test, the maximum displacement
concentrated in the region of femoral condyle and head, and the peak VMS values were occurred in the defect area, affecting both the
lateral plate and the femur.

3.3. The axial loading test

Fig. 4A illustrated the comparison of axial stiffness among different constructs. The LISS + TAP construct demonstrated signifi-
cantly superior stiffness, with LISS + TAP (OF) values being 1.42 times and 1.86 times greater than LISS + BP (OF) and DBPs (OF)
respectively (Fig. 11A). Additionally, the osteoporotic femur exhibited reduced rigidity compared to the physiological femur. In the
osteoporotic bone, the peak VMS of DBPs construct was 183% and 17% greater than LISS + TAP and LISS + BP respectively, with
maximum stresses consistently observed around the fracture sites (Fig. 11B). And the peak VMS of lateral plate in DBPs (OF) construct
was 2% and 16% lower than LISS + TAP (OF) and LISS + BP (OF), respectively (Fig. 11C). Moreover, parameters of bending angle and
the maximum displacement increased with the number of biodegradable plates and presence of osteoporosis, indicating micromotion
in all fixation models (Fig. 11D). Specifically, for the maximum displacement, the values of DBPs (PF) was respectively 36% and 114%
higher than LISS + BP (PF) and LISS + TAP (PF); DBPs (OF) was respectively 31% and 86% greater than LISS + BP (OF) and LISS + TAP
(OF). What’s more, for the bending angle in the physiological femur, DBPs had values of 25% and 105%, respectively, higher than LISS
+ BP and LISS + TAP. In contrast, in the osteoporotic femur, the values were 13% and 63% higher (Fig. 11E). Moreover, the VMS and

Antero-posterior four point bending test

M LISS4+TAP (PF) M LISS+TAP (OF) H LISS+BP(PF) M LISS+BP(OF) W DBPs (PF) W DBPs (OF)
89.16
20 83.76
80
70
54.99 53.42 451 53.12 53.79
60
43.66
50
40
26.4
56 23.56 20.82 1015 24.8
| 19.6!
20
82 96
43 52
10 pe
0
Peak VMS of femur (MPa) The maximum displacement (mm) Peak VMS of lateral plate(MPa)

Fig. 10. The peak VMS of femur (MPa), the maximum displacement (mm), and the peak VMS of lateral plate (MPa) of the three groups of patterns
under antero-posterior four-point bending. Different colors stand for other models, and the maximum displacement values are all enlarged by
10 times.
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Fig. 11. The results of axial loading of 1500 N. (A) Axial stiffness was measured as the ratio of the applied load to the maximum displacement;
Comparison of the construct axial strength and micromotion of all models with (B) the peak VMS of femur, (C) the peak VMS of Lateral plate, (D) the
maximum displacement, and (E) the bending angle in the coronal plane of the fracture.

displacement of the femur exhibited a gradual decrease from the femoral head, while the femoral condyle experienced minimal strain
and stress. Additionally, the peak VMS of plates was primarily around the defective area of the middle and lower femur.

3.4. The torsional loading test

Similar to axial loading, the application of biodegradable plates significantly impacted the anti-torsional effect of fixation models.
The rotational stiffness of DBPs (PF) was found to be 66% higher than that of LISS 4+ TAP (PF) and 69% higher than that of LISS + BP
(PF). In comparison, the rotational stiffness of DBPs (OF) was 2% higher than LISS + TAP (OF) and 52% higher than LISS + BP (OF)
(Fig. 12A). In terms of the peak VMS of femur, the values of DBPs (PF) and DBPs (OF) were respectively 17% and 8% lower respectively
compared to LISS + TAP (PF) and LISS + TAP (OF), and 23% and 15% lower compared to LISS + BP (PF) and LISS + BP (OF) (Fig. 12B).
Furthermore, when considering the peak VMS of lateral plates, DBPs (PF) and DBPs (OF) were found to be 11% and 6% higher
respectively than LISS + TAP (PF) and LISS + TAP (PF), but 16% and 14% lower respectively than LISS + BP (PF) and LISS + BP (OF)
(Fig. 12C).

Osteoporosis had a significant impact on the micromotion of all fixation constructs under torsional loading. The lowest increase in
displacement was found in LISS 4 BP (from 16.92 mm to 21.79 mm, 129%). The LISS + TAP (from 14.10 mm to 18.76 mm, 133%) and
DBPs (9.74 mm-13.80 mm, 142%) (Fig. 12D). To analyze the variations in torsion at different sites, we examined the maximum
torsional angle of femoral head (Fig. 12E) fracture (Fig. 12F). Notably, DBPs provided the highest torsional angle of the femoral head
(ranging from 4.93° to 8.59°, 174%), contrasting with LISS + TAP (from 8.18° to 8.75°, 107%) and LISS + BP (from 8.35° to 13.07°,
157%). Additionally, DBPs demonstrated the highest torsional angle of the fracture, ranging from 0.04° to 0.18° (467%), in com-
parison to LISS + TAP (from 0.06° to 0.07°, 117%) and LISS + BP (from 0.06° to 0.28°, 441%).

The femoral head was the primary location for the peak VMS and displacement in the femur, distributed in a ladder-like fashion
along the torsion direction throughout the femur. In contrast, the plate experienced peak VMS concentrated in the site of the femoral
defect, and the lateral titanium alloy plate exhibited the smallest range of stress distribution.

3.5. Sideways falling test

Under this loading condition, the parameters of fixation models for osteoporotic femur were consistently higher than those for
normal bone. Regarding the peak VMS of femur (Fig. 13A) and the maximum displacement (Fig. 13B), the results of DBPs (PF) were
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Fig. 12. The results of the torsional loading of 150 Nm. (A) The torsional stiffness was measured as the ratio of the applied load to the maximum
torsional angle of femoral head; (B) the peak VMS of femur and (C) the peak VMS of Lateral plate showed fixation model bearing capacity; (D) the
maximum displacement, (E) the maximum torsional angle of femoral head and (F) the torsional angle of fracture represented the micromotions.
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lateral plate together illustrate the stability of the different fixation models.
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roughly equal to LISS + TAP (PF) and LISS + BP (PF), and those of DBPs (OF) were essentially the same as the other two models for
osteoporotic bone. However, there were notable variations in the values of the peak VMS for lateral plates among different scenarios
(Fig. 13C). Specifically, that of DBPs (PF) construct was approximately 92% and 89% lower compared to the LISS + TAP (PF) and LISS
+ BP (PF) constructs, respectively. Additionally, the peak VMS for the LISS + TAP (OF) construct was 90% and 89% lower compared to
the LISS + TAP (OF) and LISS + BP (OF) constructs, respectively. The peak VMS and displacement for all models consistently occurred
around the greater trochanter.

3.6. Risk of fracture

Fig. 14 presented the RF values of different models across all five tests and compared the maximum RF values between physio-
logical and osteoporotic material models. Overall, osteoporosis significantly increased the risk of fractures for all the scenarios, with
most fixation models tending to fail under axial and torsional loading. In particular, the RF values of LISS + TAP were consistently
lower than those of LISS + BP and DBPs, and an enormous difference was observed in the axial loading test, where the RF values of
LISS + BP (PF) and DBPs (PF) were 152% and 194% respectively larger than LISS + TAP (PF). Contrarily, during torsional stress, the RF
value of DBPs (PF) was 19.6% and 26%, respectively, lower than that of LISS + TAP (PF) and LISS + BP (PF). Notably, the data from the
three fixation models in the sideways failing experiment were the same. However, the RF values of the osteoporosis models were
approximately 70% higher than those of physiological scenarios. Similarly, RF value of DBPs (PF) was found to be 19.6% and 26%
lower than that observed in LISS + TAP (PF) and LISS + BP (PF) in torsional loading test. Furthermore, there were no significant
differences in the data among the three fixation models in the sideways failing experiment, and of course, the RF values of the
osteoporosis models were approximately 70% greater than physiological models.

4. Discussion

In this study, several fixation conditions and material properties configurations were examined to assess their relative outcomes.
The objective was to appraise the structural stability of dual-plate fixations (titanium alloy and biodegradable material) for distal
femur fractures, considering both physiological and osteoporotic cases, with three main categories of indexes: structural stiffness,
fracture micromotion, and implant stress. This will give a theoretical foundation for treating distal femur fractures with osteoporosis
and guide the development of bioabsorbable materials.

4.1. Mechanical analysis of fracture fixations

Regarding structural stability, the osteoporotic scenarios exhibited decreased rigidity and increased micromotion. This can explain
the role of fatigue damage in internal fixation failure, nonunion, and peri-implant fracture. Elkins et al. [32] carried out an exami-
nation using finite element analysis to imitate supracondylar femoral fractures that were treated with fixation using a locking plate,
and they deduced that longitudinal movement encouraged the development of callus while shear motion hindered callus formation.
Generally, the longitudinal strain of the fracture gap should be less than 10% [33] and the displacement between fracture fragments
should be 0.2-1.0 mm [34,35], which are conditions conducive to callus formation. According to these, it can be concluded that double
plates serve as an effective initial fixation method for the treatment of osteoporotic fractures of the distal femur, resulting from bending
angle, torsional angle, and stiffness values. However, too-elastic fixation lacks stability, while overly rigid fixation can suppress callus
formation [36]. Consequently, a thorough understanding of interfragmentary movements during rehabilitation, especially under
partial weight-bearing, can help determine the proper construct that provides optimal healing potential [9]. From another perspective,
developing new fixations with appropriate mechanical strength, like biodegradable plates, is necessary to address these challenges.

Risk of fracture
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Fig. 14. Risk of fracture (RF) of all the configurations with both physiological and osteoporotic femur.
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Based on the sideways falling test, we observed that both osteoporotic and physiological bone models exhibited maximum
displacement and peak VMS of femur concentrated at the greater trochanter, with no discernible force transmission observed at the
distal femur. It is noteworthy that in the torsion test, the overall stiffness of the osteoporosis model was lower, making it more prone to
deformation than the physiological bone model. As a result, the peak VMS observed in the lateral plate and femur were smaller in the
osteoporotic femur compared to the physiological femur. Rather than indicating local variations in axial compression or four-point
bending, we hypothesize that the torsion test provides a more robust prediction of the overall characteristics of the fixation.

4.2. Mechanical analysis of biodegradable implants

The ideal solution is to have biodegradable the implants offer sufficient mechanical support during the entire healing process and
degrade promptly following the completion of healing [19]. Therefore, the initial strength of biodegradable plates plays a crucial role.
Based on the results from the other four mechanical experiments, excluding the torsional test, it can be inferred that in terms of initial
strength, the peak VMS of lateral plates of DBPs did not significantly increase compared to LISS + TAP, while in contrast, the axial and
rotational stiffness of the fixed model decreased along with increased the peak VMS of femur and micromotion of the scenario.
However, in torsional experiments, the DBPs fixation demonstrated even higher structural stiffness and less micro-movement than the
LISS + TAP. In contrast, the mechanical effect of LISS + BP fell between the two aforementioned models. We hypothesize that, unlike
metal implants, which tend to bear the majority of the mechanical stress and preclude shielding the surrounding bone from normal
pressure [37-39], biodegradable ones could contribute to load-stimulated bone remodeling, which would mitigate the effect of
“stress-shielding”.

Some studies on absorbable materials have primarily focused on examining the materials’ properties, degradation rules, biological
activity, engineering preparation, etc., while neglecting to consider the biomechanical strength requirements in the human body. A
comprehensive comprehension concerning the interconnections among the structure, processing circumstances, and ultimate char-
acteristics of Poly (1-lactide-co-D, 1-lactide) PDLA/45S5 Bioglass was revealed by X. L. Andreu et al. [40]. They demonstrated the
biomechanical strength of the biomaterial, like Young’s modulus and stresses, through mechanical analyses using different bioglass
content. While these findings are valuable, it is essential to simulate absorbable materials’ mechanical strength within a fixed model.
This approach would be more beneficial for further material modification and design endeavors.

People who have osteoporosis typically experience reduced bone strength, and the metal implant model demonstrated slightly
higher overall rigidity compared to the internal bioabsorbable-implants fixation model, making it less prone to deformation. To
improve the initial stability of the biodegradable plate (My-alloy), Girish Chandra et al. [41,42] employed an embossed structure with
a semicircular filleted design at the longitudinal center.Our study highlights the importance of fatigue resistance property in addition
to initial strength. Therefore, we recommend combining metal and biodegradable internal fixation, such as LISS + BP, as an effective
strategy to synergize the advantages offered by both materials.

4.3. Risk of fracture

We conducted simulations for five mechanical scenarios, including medio-lateral force, antero-posterior stress, total weight-
bearing walking, movement from sitting to standing up, and sideways falling, to assess the risk of internal fixation failure based on
principal strain, which could be valuable in guiding postoperative rehabilitation programs. Presently, there remains an absence of
established guidelines and consensus regarding the management of postoperative cases related to complicated distal femoral fractures,
particularly concerning the implementation of safe weight-bearing protocols aimed at mitigating both mortality and morbidity rates
[9,11]. For patients undergoing conventional dual plate fixation for type C3 fractures, we do not recommend full weight-bearing,
sitting up, and walking until the defect has adequately healed. During the sideways falling test, the risk of hip fracture was illus-
trated instead of fixation failure in the distal femur, as the stress was primarily concentrated on the greater trochanter.

On the other hand, since soft tissues can attenuate the forces exerted on the femur during a fall, the magnitude of the external force
exerted on the femur may also depend on the direction of impact [27,43], which was neglected to facilitate the investigating of force
transmission across the distal femur. In conclusion, we have demonstrated that unless the distal femur is directly impacted or damaged,
the force will not transfer through the femur to damage the internal fixation system. Moreover, through experimental analysis, we have
strong indications that the absorbable plate with Young’s modulus of 11.33 GPa can sufficiently meet the weight-bearing joints’ early
basic strength requirements.

4.4. Limitations

The study presented in this paper had a few limitations. For instance, the patterns used in the study were constructed using a femur
model made from composite material, which may not fully replicate the complexities of the standard human skeletal structure and its
response to actual fractures; in addition, we did not take degradation and healing process into consideration, which could impact the
stability of fixation models; furthermore, the neglect of soft tissues and ligaments surrounding the fracture, to a certain extent, deviated
from the realistic physiological environment of the fracture.
5. Conclusion

Overall, dual plates exhibited outstanding mechanical efficacy when utilized for the restoration of osteoporotic femurs, rendering
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them a feasible therapeutic alternative for comminuted fractures of the distal femur among elderly individuals. In particular, double
biodegradable plates with 11.33 GPa allowed for early mobilization of weight-bearing joints, although complete weight-bearing
physiological activities may not be recommended. The LISS + TAP technique provided practical strength requirements for the
repair, but it is essential to consider the potential biological irritation and stress-shielding effects associated with this approach. From a
biomechanical and material perspective, combining biodegradable and metal internal fixation is a valid approach for clinically
managing weight-bearing joint fractures.

These biomechanical results have significant implications for improving current clinical treatment strategies and advancing the
field of bioabsorbable materials.
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