| r I \
Vol.68: €25250245, 2025 BAB

https://doi.org/10.1590/1678-4324-2025250245

ISSN 1678-4324 Online Edition Brazilian Archives of Biology
and Technology

Article - Biological, Medical and Health Technologies

Finite Element Analysis of a Novel Implant Designed for
Soft Tissue Protection in Proximal Ulna Fracture
Fixation: An In Silico Comparative Study

Carlos Henrique Ramos'*
https://orcid.org/0000-0002-5616-4288

Bertoldo Schneider Junior?!
https://orcid.org/0000-0002-7240-9652

tUniversidade Tecnolégica Federal do Parana, Departamento Académico de Eletrénica; CPGEI - Engenharia Elétrica
e Informatica industrial, Curitiba, Parand, Brasil

Editor-in-Chief: Paulo Vitor Farago
Associate Editor: Andressa Novatski

Received: 17-Apr-2025; Accepted: 03-Sep-2025

*Correspondence: chramos5673@gmail.com; Tel.: +55-41-999575004 — (C.H.R.).

HIGHLIGHTS

¢ Introduces a novel Y-plate implant for proximal ulna fracture fixation.

¢ Aims to reduce reoperations by enhancing soft tissue protection.

¢ Finite Element Analysis confirms Y-plate's stability, comparable to current systems.

e Promises cost reduction and surgical simplification for improved patient care.

Abstract: Osteosynthesis of multifragmentary proximal ulna (PU) fractures often requires a second surgery
to remove the implant due to discomfort. This in silico study presents a novel implant, the Y-plate, aimed at
improving soft tissue protection, reducing costs, and simplifying the surgical procedure. The methodology
involved the creation of 3D digital models of the PU along with four plate and screw fixation systems (LCP,
Synthes®, A+B, and the Y-plate). This was followed by a stability comparison between the systems through
simulations using the finite element method (FEM). Relative displacements were evaluated under maximum
loads at different elbow flexion angles (0°, 45°, and 90°), applying forces of 50 N, 100 N, and 500 N. As a
result, all systems showed satisfactory stability, with displacements below 2 mm with the A+B plate fixation
demonstrating the greatest displacement under the maximum load of 500 N in all positions. We concluded
that the Y-plate represents a promising proof of concept, combining the advantages of lateral and posterior
fixations in a single implant, better soft tissue protection, and potential cost reductions. Despite the limitations
of the in silico study, our findings provide a robust basis for developing a physical prototype. This will be used
in future in vitro and clinical validations, aiming to improve the treatment of multifragmentary PU fractures.
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INTRODUCTION

Ulna fractures in adults involving the proximal forearm region account for approximately 20% of arm
bone fractures [1]. They are considered complex injuries, as most involve fragments displaced from the
articular surface, making correct treatment fundamental to prevent sequelae such as joint stiffness, instability,
chronic pain, and arthrosis, among others. Treatments include anatomical joint reconstruction and stable
osteosynthesis in order to quickly regain joint mobilization. In multifragmentary fractures (MFF), these
treatments are more challenging, depending on bone quality, size and/or number of fragments, and the types
of implants available [2]. Among existing implants, the most commonly used are plates fixed with metal
screws or tension band wiring with steel wires. The latter has shown efficiency over the years, but its use is
restricted to simple trace fractures. For MFF, the most commonly used and highly recommended implants
are plates and screws [3]. In both techniques, implant adaptation is performed on the posterior aspect of the
proximal ulna (PU), which has little soft tissue coverage, potentially causing local discomfort due to the friction
caused by the metals rubbing against the soft tissues. For this reason, a second procedure to remove the
implant is common, with incidences ranging between 15% and 56% [4]. This high rate of surgical
reintervention represents a significant burden for patients and healthcare systems, highlighting the need for
innovative solutions. The inadequate design of older plates (straight, non-anatomical, thicker profile, and
larger diameter screws) has led to a rethink of their modeling as well as improving their placement within
patients. Recent modifications have been proposed, such as anatomically shaped, thinner plates,
demonstrating stability comparable to older ones, but these plates still often require removal after the injury
has healed [5]. Using plates on the lateral and medial aspects of the PU has been presented as a good
alternative, mitigating this complication and maintaining biomechanical efficiency, but this requires two
implants and a greater number of screws, significantly increasing costs. Therefore, a method that provides
good stability without causing soft tissue friction and at an affordable cost is still desired and the subject of
several recent studies [6—8]. The objective of this study is to present a novel implant and compare its stability
with the three models already used currently. The new design was evaluated in silico by the finite element
method (FEM) as an initial study to judge its feasibility before more complex in vitro and clinical trials.

MATERIAL AND METHODS

The methodology accepted by the Research Ethics Committee (CAAE: 82249924.3.0000.5218,
Decision: 7.069.183) followed three stages. Initially, two bone models of the PU were created in a three-
dimensional (3D) digital file: one of a normal bone and another simulating an MFF. This process used original
images from a computed tomography (CT) scan of a normal adult left elbow without signs of osteoporosis as
a DICOM file, containing 257 images (weighted for soft tissues) with a thickness of 1.25 mm each. Images
were obtained with a General Electric Healthcare™ (USA) 128-Resolution CT scanner, 120 Kv, up to 440
mA. Segmentation and 3D reconstruction were obtained using the InVesalius® software (version 3.1.1,
Brazil), with cleaning and defect correction done using the Autodesk® Meshmixer™ software (version 3.3.15,
USA), without altering the original bone scale and format. From the normal PU, the ulna with an MFF was
created by removing 10 mm of bone in the articular region, starting at 5 mm proximal to the coronoid process,
with the two bone fragments maintaining contact, as shown in Figure 1.

Figure 1. Images showing the proximal ulna models created using Autodesk® MeshmixerTM software (version 3.3.15).
In (a): intact bone; (b): bone with simulated bone defect corresponding to a multifragmentary fracture. Source: the
authors
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The second stage involved computational models of plate and screw fixation designed using the
Rhinoceros® CAD software (version 5.5.2, 5F85, licensed), maintaining the original format and scale. Three
were based on physical models of plates already used in medical practice: a straight locking compression
plate (LCP) 3.5 mm thick with six threaded locking holes (LCP™ System, DePuySynthes®); a 3.5 mm
anatomical locking plate with four distal holes (LCP™ System, DePuySynthes®); two plates 1.6 mm thick for
medial and lateral fixation, with seven holes and a locking system (Aptus Elbow, Medartis®, Switzerland);
and three types of screws (2.0 mm, 2.8 mm, and 3.5 mm in diameter), with varied lengths according to the
plate model used and the application site. The new plate proposed, referred to as the Y-plate throughout the
study, had a thickness of 2.0 mm with 2.0 mm holes for fixation with 2.0 mm non-locking screws. The fixations
were modeled with their respective implants, creating four systems: LCP, Synthes®, A+B, and Y, as shown
in Figure 2.

software (version 5.5.2, 5F85). In (a): LCP; (b): Synthes®; (c): A+B; (d): Y. Source: the authors

At the third and final stage, the stability of the above systems was tested using FEM simulations. All solid
models (fractured bone and implants) underwent a process of simplification and the creation of finite element
meshes, reducing the number of faces. The solid bodies were made using the Autodesk® Meshmixer™ and
SolidWorks® software (version Premium 2022 SP0.0, USA). Based on previous studies, a cylinder of 20 mm
in diameter by 20 mm in length was modeled in SolidWorks® and positioned in the articular region of the PU
to simulate contact with the humeral condyle, as shown in Figure 3 [9—-11].

Figure 3. Image showing the final assembly of the Y plate system after the creation of the cylinder (arrow) to simulate
the distal humerus, using SolidWorks® software (Premium version 2022 SP0.0). Source: the authors
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The CAE program Ansys® (USA, version 2023 R1 23.1, licensed) was used for structural simulation
using FEM, following these steps:

- Ansys® Workbench Interface: selection of the type of static structural simulation to evaluate the relative
bone displacement in relation to the maximum possible efforts in a critical situation.

- Definition of the mechanical properties of the materials: the implants were defined as cold-rolled AlSI
316 steel and the bone as cortical and isotropic, with linear elastic and homogeneous properties. The
mechanical properties of cortical bone and metal are shown in Tables 1 and 2 [12-14].

Table 1. Mechanical properties of cortical bone

Properties — Cortical Bone

Elastic Modulus 17900*
Poisson's Ratio 0,3
Tensile Stress 115¢
Ultimate Tensile Stress 1821
Compressive Stress 133t
Ultimate Compressive Stress 195t

Source: Adapted from Martin [12]. *MPa

Table 2. Mechanical properties of metal (AISI 316L steel)

Properties AISI 316L steel
Elastic modulus 193000*
Poisson's ratio 0,3

Yield stress 310t
Ultimate tensile strength 620!

Source: Adapted from Callister and Arcam [13,14]. *MPa

- Boundary conditions and contacts: real-world scenarios were created by defining the area for force
application by the triceps brachii muscle tendon on the PU. The contacts between the surfaces were defined
as fixed (bonded) between screws, plate, and bone. For non-locked screws (only in the Y-plate), the bonded
definition was only applied in the thread region, defining the frictional contact between screws and plate. A
friction coefficient of 0.46 was used for plate-bone contacts and 0.37 for bone-bone contacts [13,14]. The
distal end of the ulna and the distal humerus cylinder were defined as fixation points. For load application,
three modules were evaluated in three different directions (0°, 45°, and 90° relative to the axial axis of the
ulna), corresponding to the same degrees of elbow flexion, with loads of 50 N, 100 N, and 500 N, applied
sequentially over time (1, 2, and 3 seconds, respectively). Forces were based on values exerted by the triceps
brachii muscle on the elbow during basic daily activities, with the highest risk (500 N) related to the act of
standing up from a chair by supporting oneself with the upper limb [15]. Figure 4 illustrates an example of the
schematization of force direction analyzed for the Y-plate system at 0° flexion, represented in B (red).
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Figure 4. Image showing the application and direction of Force (B, red arrow) on the Y plate system at 0° elbow flexion,
in Ansys® software. Source: the authors

- Mesh configurations: for the mesh geometry, a tetrahedral configuration was used, following Wittek and
coauthors™ recommendations for in silico simulations of irregular elements, ensuring the necessary quality
for study precision [16].

- Collection of relative displacements: to define relative displacements, four pairs of points around the
fractured region were selected: A1 and A2 (located on the superior portions of the proximal and distal ends
of the medial ulna, respectively); B1 and B2 (located on the superior portions of the proximal and distal ends
of the lateral ulna, respectively); C1 and C2 (located on the inferior portions of the proximal and distal ends
of the medial ulna, respectively); and D1 and D2 (located on the inferior portions of the proximal and distal
ends of the lateral ulna, respectively), as shown in Figure 5.

Figure 5. Images in Ansys® software, showing in (a) and (b): points A1 and A2 (red) on the upper portions of the
proximal and distal ends of the medial face of the ulna, respectively; in (c) and (d): points B1 and B2 (yellow) on the
upper portions of the proximal and distal ends of the lateral face of the ulna, respectively. Source: the authors

Finally, computational simulations were performed. The parameter used to define system failure was a
displacement greater than 2 mm between points, as according to the literature [15].
The statistical analysis was performed by Analysis of Variance (ANOVA) with a significance level of p < 0.05.
Post-Hoc analysis was performed with Tukey's test to identify which systems had differences among
themselves [17,18]. Subsequently, the analysis of von Mises stress distributions was performed to
demonstrate failures in the fixation systems as well as show areas of greater stress and overload.
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RESULTS

All simulations demonstrated satisfactory stability, with displacements (D) of less than 2 mm. At 45°
flexion, the systems showed similar performances, with no statistical difference, at the smallest load of 50 N
(p=0.138). At the higher loads of 100 and 500 N, the Synthes® plate demonstrated greater resistance
(p=0.009 and p=0.04, respectively). At these loads, the LCP and Y plates had the second-best performance,
and the A+B plate the worst. At 90°, all the plates showed equivalent D at loads of 50 N and 100 N (p=0.073
and p=0.044, respectively). However, at 500 N, the A+B plate showed a worse performance (p=0.002). Table
3 presents the mean D of the four systems after applying 50 N, 100 N and 500 N, at 0°, 45°, and 90° of elbow
flexion. The A+B plate had a greater D value relative to the others at 500 N at all angles (p=0, 0.009 and
0.002, respectively). The largest D observed with the A+B plate was at 0°, which corresponds to the elbow
being fully extended (4.9% on average).

Table 3. Displacement of reference points with the elbow at different degrees of flexion

Plates Average Displacement (mm)
0° of flexion 450 of flexion 90° of flexion
50N 100N 500N 50N 100N 500N 50N 100N 500N
A+B 0,041 0,087 0,446 0,019 0,022 0,058 0,024 0,028 0,065
Synthes® 0,006 0,012 0,039 0,008 0,010 0,020 0,008 0,010 0,024
LCP 0,009 0,032 0,042 0,010 0,014 0,032 0,009 0,010 0,026
Y 0,016 0,048 0,098 0,007 0,010 0,035 0,006 0,007 0,028

Source: the authors

The graphical demonstration of D values in the systems at 0°, 45° and 90° subjected to a force of
500 N are shown in Figures 6, 7 and 8, respectively.
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Figure 6. Box-plot graphic showing statistical analysis of displacement differences between fixation systems, with the
elbow at 0° of flexion, subjected to load of 500 N. Source: the authors
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Figure 7. Box-plot graphic showing statistical analysis of displacement differences between fixation systems, with the
elbow at 45° of flexion, subjected to load of 500 N. Source: the authors
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Figure 8. Box-plot graphic showing statistical analysis of displacement differences between fixation systems, with the
elbow at 90° of flexion, subjected to load of 500 N. Source: the authors

In addition to quantitative evaluation, visual assessment of D showed similar patterns across all models.
At 0°, system movement was greater in the posterior region of the PU. At 45° and 90°, the largest D was
observed in the lateral portion of the proximal fragment, next to the plate segment. An example with the LCP

system is shown in Figure 9.
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Figure 9. Visual representation of the area of greatest displacement in mm (red) of the LCP-type fixation system (a): 0°
flexion, medial vision; (b): 45° flexion, lateral vision. Source: the authors

Regarding the analysis of von Mises stress distributions, the highest stresses were observed in Y and
A+B, mainly at 0° (5344 MPa and 3200.5 MPa, respectively), but only in small areas, suggesting localized
stress concentrations. All fixation systems demonstrated satisfactory minimum safety coefficients, suggesting
a good safety margin before deforming. The maximum von Mises stress values and minimum safety
coefficients for each system are shown in Table 4.

Table 4. Values of maximum von Mises stresses (MPa) and minimum safety factors (Min. Factor) observed in all fixation
systems at various flexion positions.

Plates 0° of flexion 45° of flexion 90° of flexion
von Mises Min. Factor von Mises Min. Factor von Mises Min. Factor
A+B 3200,5 0,097 3149,7 0,098421 3142,9 98634
Synthes® 140,42 1,9829 64,274 0,60789 93,637 5503
LCP 196,04 1,5741 92,53 0,4706 105,04 458
Y 5344 0,041198 5329,7 0,040913 5327,7 40784

Source: the authors

In A+B, stress overload was observed mainly in the proximal portion of the lateral plate, at the transition
between the second and third screws, as shown in Figure 10.

3142,9
2900
2480
2060
1640
1220
800
400
0,035035

Figure 10. Distribution of von Mises stresses on the A+B plate, with concentration on the proximal lateral portion
(between the second and third screws), with the elbow at 90° (red arrow — Max Stress: 3142.9 MPa). Source: the
authors
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Plates applied to the posterior aspect of the ulna (LCP and Synthes®) had the lowest stress distributions,
with the stress transferred to the proximal screws at 0° and 90° positions, especially to the first screw. At 45°,
the overload in both systems concentrated on the more distal screws. In Y, stress distribution followed the
same behavior at all three positions, concentrating on the posterolateral segment of the implant, similar to
the lateral plate of the A+B system, as shown in Figure 11.
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Figure 11. Lateral view of Y system, showing distribution of von Mises stresses, demonstrating overload in the proximal
lateral segment (between the second and third screws), with the elbow at 90° (red arrow — Max Stress: 5327.7 MPa).
Source: the authors

DISCUSSION

The use of plates for fixation of PU fractures has become increasingly common, especially in cases of
MFF, with biomechanical evidence demonstrating a solid, stable, and reliable fixation. For this reason, plate
and screw fixation is still considered the gold standard for these types of fractures. Despite this, discomfort
caused by friction between the metal implant and soft tissues is still the most common complication and
reason for implant removal [4]. King and coauthors suggested using only one plate for better soft tissue
protection and reducing discomfort. In that study, straight, 3.5 mm thick plates, originally designed for pelvic
fracture fixation, demonstrated a stability equivalent to posterior plates [19]. The proposal of double plating
on the lateral aspects of the PU, such as the A+B system here, has shown increased soft tissue protection;
however, it is substantially more expensive due to the need for two implants [7]. The central innovation of the
Y-plate was focused on combining important concepts: improved soft tissue protection, characteristic of
lateral plates, and the proven biomechanical efficiency of posterior plates in a single implant. This
combination potentially leads to lower costs and simplifies the surgical procedure. Another design
consideration was to ensure that the implant did not interfere with the insertions of the medial and lateral
collateral ligaments in the PU. Furthermore, as suggested by Hackl and coauthors, a lower profile plate, as
demonstrated by the Y-plate, allows its placement medially under the origin of the flexor carpi ulnaris and the
supinator muscles laterally, which provides better plate coverage and less friction with the soft tissues [8].

The results of our FEM trial quantitatively demonstrated the stability efficiency of the new design
compared to the other three models. Gordon and coauthors, using double fixation with molded 3.5 mm thick,
straight DCP plates, showed that the double plate demonstrated inferior resistance compared to the posterior
plate. This was suggested to be due to using thicker plates and screws, with fewer implants in the small
proximal ulna fragment. Another reason could be that posterior plates are positioned in the tension area of
the fracture, providing greater stability compared to lateral ones [6]. Rochet and coauthors published
satisfactory clinical results with the use of two 3.5 mm semi-tubular plates, managing to insert twice as many
screws in the proximal fragments and coronoid process [7]. More recent biomechanical studies have
confirmed equivalent stability between thinner implants (1.6 mm plate and 2.8 mm screws) and posterior
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plates [8,10]. The lateral portions of the Y-plate followed these parameters, with a smaller thickness (2 mm)
and a greater number of holes. In addition to allowing the insertion of a greater number of screws, 2 holes
were created at the metaphysis level to insert screws into the coronoid process, which represents a region
of good bone stock. Another possible feature is the insertion of 2 long screws through the most proximal
holes, entering through the posterior cortex of the PU to reach the anterior cortex of the coronoid process,
uniting the proximal fragment with the distal one. Previous tests have shown that system stability increases
with bicortical fixation by placing a greater number of screws in the coronoid or inserting intramedullary
screws through the plate [6,20]. This detail may explain the inferior resistance of the A+B system, as the most
proximal screws did not reach the coronoid process as in the other systems.

High von Mises stress values were found in small, localized areas of the lateral portion of the plate,
between the first and third screws. However, this does not necessarily mean compromising the overall
resistance of the implant, as observed in A+B and Y (3200.5 MPa and 5327.7 MPa respectively), but it may
suggest high-risk regions at higher loads. Future modifications to address this may include increasing the
thickness and width of this region.

Cyclic traction is considered the most faithful model to reproduce the repetitive loads applied during the
implant’s lifetime. These loads can generate fatigue and gradual fixation failure in the long term [6,10,15,19—
22]. Our test only simulated scenarios with single movements that could put the fixation at risk in the initial
postoperative period, representing early catastrophic failures clinically observed within the first two weeks
[23]. According to the literature, the maximum load applied to the elbow by the triceps brachii muscle when
getting out of a chair is approximately 500 N, and thus determined our maximum force applied [15]. Isometric
contraction exercises of the same muscle to prevent muscle atrophy, for example, could be safely initiated in
the first days after surgery, as they exert a load of approximately 11.5 N on the elbow [24]. Estimated loads
of 150 N (for basic personal care functions close to the body, such as answering the phone, extending the
elbow against gravity, or hair combing) could also be exerted with a good safety margin [25—-27]. However,
depending on the postoperative rehabilitation protocol, especially if cyclic repetitive movements are applied,
this situation may vary. Therefore, our study is limited in only considering static forces to the implant. Another
limitation of our study refers to the variations in the parameters used in the methodology. To simplify
computational calculations, we considered the PU as a normal cortical bone, without osteoporosis, with a
higher Young's modulus compared to trabecular bone (16 GPa and 0.55 GPa, respectively), factors that
could alter the results [14]. Similarly, the computational model did not consider the actions of the other
muscles and ligaments surrounding the elbow joint. The use of bone models without soft tissues is a common
practice in most in vitro and in silico biomechanical tests, due to the difficulty of faithfully replicating complex
anatomy in laboratory and computational tests. Some authors consider this factor as a methodological
advantage, as the prevalence of this approach in the scientific literature establishes a more uniform standard,
facilitating comparison and validation of the results between different studies [15]. In most published studies
involving FEM evaluation, the only soft tissue structure maintained in the model was the insertion of the
triceps brachii muscle in the PU for load application. Although some variations were observed in traction
vectors, the 90° flexion position was the only common measure in all analyzed studies, simulating the initial
elbow support position during the movement of standing up from a chair. However, when various angles are
considered, the 90° flexion position still demonstrates the highest value of fixation failure in the postoperative
period [22]. We included 0° and 45° positions, expanding the simulation of other daily functions (eating,
dressing, etc.), as suggested by other authors [10]. Regarding traction vectors, we applied them only in the
sagittal plane, also standardized by most authors, but we did not include the rotational resistance test, which
can be included as another limiting factor of our methodology [11]. Additionally, another limiting factor was
the construction of the bone model with the creation of the cylindrical object to simulate the distal humerus,
based on the methodology demonstrated by other authors [9—11]. Its presence or absence can interfere with
the results, including whether or not to apply different friction coefficients between the bone contacts of the
PU and distal humerus. Civan and coauthors did not use the cylinder, claiming this as a limiting factor due to
the difficulty of reproducing the cartilage surface and the presence of synovial fluid in the real situation, which
would make the simulation unreliable [11]. However, it has been used in other studies such as in Greenfield
and coauthors [9].

This in silico study represents a fundamental and initial step in the development of a new implant,
providing crucial insights into its biomechanical performance before more complex tests. Despite the
increasing use of FEM with results increasingly equivalent to in vitro tests, most studies consider validation
through laboratory biomechanical testing essential, citing this as one of FEM’s limitations [11,28,29]. Better
modeling of the original anatomy is still a big challenge but is improving with the use of CT/MRI images.
These advances contributed to the improvements in reproducibility and approximation of results between
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computational and mechanical tests, with the margin of error being reduced to 3-5% [30]. Thus, computational
modeling and simulation techniques are among the most promising solutions to replace animal testing in the
medical implant industry, offering safety through databases and in silico models [31]. It is crucial to emphasize
that, as a purely in silico study, our results provide a robust theoretical basis but do not replace experimental
validation. The absence of in vitro, in vivo, or clinical tests prevents direct confirmation of the implant’s
behavior in a real biological environment, where factors such as tissue response, bone healing, and individual
variability can influence performance. To strengthen the translational relevance of this research, a concrete
plan for future validation will include: in vitro biomechanical tests (with synthetic or cadaveric bone models);
preclinical in vivo studies (in animal models to evaluate biocompatibility, bone integration, and long-term
implant response); culminating in clinical studies to evaluate safety and efficacy in patients, considering
outcomes such as comfort, reoperation rate, and functional results.

CONCLUSION

The proposed novel implant for MFF fixation of the PU showed stability equivalent to the three existing
methods after computational analysis by FEM. The A+B type plate fixation demonstrated greater deviation
compared to the others when subjected to the maximum load of 500 N in all positions. The highest
concentration of von Mises stresses occurred in the proximal lateral blade of the Y-plate, demonstrating a
possible area of fragility. In addition to satisfactory stability, the innovative advantages of the Y-plate
compared to available implants are multifaceted, as its design offers superior soft tissue protection. This is
crucial to prevent cutaneous complications and reduce the need for additional operations to remove the
implant. Additionally, it has significant potential to reduce treatment costs and simplify the surgical procedure,
as it is a single implant that integrates the best characteristics of lateral and posterior approaches. This in
silico study serves as a proof of concept and a robust guide for the development of a physical prototype. After
validation by in vitro biomechanical tests and, subsequently, clinical studies, the implant could be considered
for use in the treatment of MFF of the PU.
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