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Background: Pediatric supracondylar humeral fractures present considerable surgical challenges due to the difficulty of achieving proper fracture alignment and stable fixation while avoiding injury to the ulnar nerve. This study assesses the biomechanical performance of a novel Kirschner wire (K-wire) fixation device (KFD), designed to enhance stability and reduce complications linked to traditional K-wire configurations.Methods: Using finite element analysis (FEA), we evaluated four fixation strategies for treatment of pediatric supracondylar humeral simple transverse fractures: crossed pin fixation, crossed pin fixation with KFD, two lateral pin fixation, and two lateral pin fixation with KFD, under various mechanical loads. The analysis focused on the stress and strain experienced by the K-wires at the fracture site during torsional and bending forces.Results: FEA revealed that the KFD significantly reduced the stress and strain on the K-wires in all configurations. In both crossed pin and two lateral pin fixation methods, the addition of the KFD showed lower stress and strain levels compared to setups without the KFD.Conclusion: This study demonstrates the potential of the KFD to enhance fracture stability and reduce mechanical stress at the fracture site, suggesting a promising improvement in the treatment of pediatric supracondylar humeral fractures. This innovation may contribute to safer and more reliable outcomes in pediatric orthopedic surgery.Keywords: Kirschner wires, pediatric supracondylar humeral fracture, external fixation device, torsion, bending, finite element analysis
1 INTRODUCTION
Supracondylar humeral fractures represent the most prevalent type of elbow fractures in children, with their management posing significant clinical challenges (Houshian et al., 2001; Farnsworth et al., 1998). These fractures are commonly classified according to the Gartland system, which categorizes them into three types: Type I (non-displaced), Type II (hinged with intact posterior cortex), and Type III (completely displaced without cortical contact) (Gartland, 1959). Standard treatment protocols recommend closed reduction and internal fixation using percutaneous Kirschner wires (K-wires) for Type II and III fractures (Prashant et al., 2016; Kocher et al., 2007; Skaggs et al., 2004; Gaston et al., 2010; Omid et al., 2008). Despite the widespread application of this method, optimal K-wire configurations remain a subject of debate. While crossed pin fixation is noted for its biomechanical stability, it risks compromising the ulnar nerve (Larson et al., 2006; Marsland and Belkoff, 2014; Lee et al., 2002; Zionts et al., 1994). Alternative method, such as all lateral-entry pin fixation, reduce the risk of ulnar nerve injury and demonstrate comparable clinical outcomes (Kocher et al., 2007; Skaggs et al., 2004; Brauer et al., 2007).
Amidst this backdrop of clinical and biomechanical concerns, the Kirschner wire fixation device (KFD), a novel invention by the senior author Hsuan-Kai Kao, emerges as a potential game-changer. The KFD, detailed in U.S. Patent No. US 10,052,133 B2, offers an innovative approach by securing K-wires in adjustable configurations that potentially enhance stabilization and reduce common complications, such as pin site infection, loss of reduction, loss of fixation associated with traditional methods. In this study, we intent to improve the complication of loss of fixation stability by fixation with K-wires alone. This study utilizes finite element analysis (FEA) to evaluate the biomechanical performance of the KFD, particularly focusing on its efficacy in pediatric supracondylar humeral fractures treated under various K-wire configurations.
2 MATERIALS AND METHODS
2.1 Generation of the 3-D intact humerus solid model
A commercially available synthetic model of pediatic humerus (Model: #1052, Pacific Research Laboratory Inc., Vashon Island, WA, United States) was used to create the finite element (FE) model (Figure 1). Three-dimensional (3D) solid models of a standard humerus were generated using computed tomography (CT) images. The CT images of the intact humerus were captured at 1.25 mm intervals in the transverse plane, starting from the distal end, using a GE Hi-speed scanner (General Electric, Milwaukee, WI, United States). Each CT image had a resolution of 512 by 512 pixels, with a field of view of 320 mm and a pixel size of 0.625 mm/pixel. The obtained cross-sectional images were transferred to an automatic contouring program to delineate the contours between the cortical and cancellous bone. These parallel-stacked contours were then imported into SolidWorks CAD software (SolidWorks Corp., Boston, MA, United States) to reconstruct a 3D solid model of the intact humerus. The solid models of the fixation devices were created based on the dimensions measured from the actual devices (KFD and K-wire).
[image: Figure 1]FIGURE 1 | The artificial pediatric humerus bone.
The KFD, constructed from 316L stainless steel, measured 18.7 mm in height 8.0 mm in width, and 6.0 mm in length, with holes having diameter of 2.0 mm (Figure 2). The K-wire was also made of 316L stainless steel and had a diameter of 2.0 mm.
[image: Figure 2]FIGURE 2 | (A) Photo and (B) schematic of the K-wire fixation device with dimension.
2.2 Definition of humerus fixation models
This study aims to evaluate the effect of the KFD in various K-wire configurations, including crossed pin fixation (C), crossed pin fixation with KFD (C-KFD), two lateral pin fixation (L), and two lateral pin fixation with KFD (L-KFD) (Figure 3).
[image: Figure 3]FIGURE 3 | The model of (A) crossed pin fixation, (B) crossed pin fixation with KFD, (C) two lateral pin fixation, (D) two lateral pin fixation with KFD.
The fracture gap was 1.5 mm, located 16.5 mm from the lateral epicondyle. In the crossed pin configuration, one K-wire was inserted at a 30-degree angle and the other at a 15-degree angle. These angles were measured relative to a vertical line drawn perpendicular to the axis connecting the medial and lateral epicondyles. (Figure 4A). In the two lateral pin fixation model, the K-wires were inserted at angles of 15° and 40° with the vertical on the lateral epicondyles and capitulum, respectively (Figure 4B). For both fixation methods, the distance from the bone to the KFD was 20 mm (Figure 5).
[image: Figure 4]FIGURE 4 | The model of (A) crossed pin fixation; and (B) two lateral pin fixation.
[image: Figure 5]FIGURE 5 | The model of (A) crossed pin fixation with KFD, (B) two lateral pin fixation with KFD.
2.3 Generation of the 3-D finite-element model
Four finite element (FE) models simulating different humerus fixation techniques (C, C-KFD, L, L-KFD) were created by modifying the intact model. The previously established solid models were imported into a commercial finite element software package (Ansys 12.0, Ansys, Inc., Canonsburg, PA, United States). This resulted in a total of four distinct finite element models representing two fixation techniques (C and L) combined with the use of KFD. The element type used for all materials in the FEA model was a 10-node, isoparametric tetrahedral element. All material properties were modeled as a homogeneous linear elastic continuum exhibiting isotropic properties. All contact surfaces between the cortical bone, cancellous bone, and Kirschner wires were modeled as fully bonded.
2.4 Loading and boundary conditions
The von Mises stress and strain of the K-wires at the fracture site were compared across all finite element models subjected to torsion and bending external loads. For the torsion analysis, a torque of 4,000 N-mm was applied along the center axis of the humerus shaft. In the bending analysis, a vertical force of 30 N was applied to the humerus shaft at a point 11 mm from the condyle (Figure 6). The Poisson’s ratios used for cortical bone, cancellous bone, and the fixation devices were 0.4, 0.3, and 0.28, respectively, and their moduli of elasticity were 7,000 MPa, 500 MPa, and 205 GPa, respectively (Yu-yong et al., 2008).
[image: Figure 6]FIGURE 6 | The loading configuration of generated 3-D finite meshes for the (A) torsion; and (B) bending analysis.
2.5 Convergence test of the FE models
The convergence of the finite element models in this study was validated by examining the total strain energy of the structure. Six different models with average element lengths of 5, 4.5, 4, 3.5, 3, and 2.5 mm were created, containing 24,014, 25,330, 27,187, 30,551, 35,746, and 43,469 elements, respectively. The total strain energies for these models were 214, 303, 329, 338, 343, and 347 mJ, respectively. The percent differences in total strain energy compared to each nearest model were 29% (5 mm vs. 4.5 mm), 8% (4.5 mm vs. 4 mm), 2.8% (4 mm vs. 3.5 mm), 1.3% (3.5 mm vs. 3 mm), and 1.16% (3 mm vs. 2.5 mm). These percent differences progressively decrease, indicating a converging trend. Based on the convergence test results for these six different mesh refinements and the computational resources required, the model with an average element size of 3.5 mm was selected as the base model for creating the post-operative models. This procedure demonstrated the validity and convergence of the FEA model. The flow chart of the study is shown in Figure 7.
[image: Figure 7]FIGURE 7 | The flow chart of the study.
3 RESULTS
Stress distribution of K-wires at fracture site: For both crossed pin fixation and two lateral pin fixation, the application of KFD can reduce the stress of the K-wires at the fracture gap under both torsion and bending condition.
The stress of the medial pin and the lateral pin in torsion and bending analysis are as shown in Figures 8, 9 respectively.
[image: Figure 8]FIGURE 8 | The stress of medial pin and lateral pin at fracture site for various fixation configurations in the torsion analysis.
[image: Figure 9]FIGURE 9 | The stress of medial pin and lateral pin at fracture site for various fixation configurations in the bending analysis.
Strain distribution of K-wires at fracture site: For both torsion and bending analysis, the strain of the K-wires in the fracture gap decreases with the KFD applied in both crossed pin fixation and two lateral pin fixation configurations.
The strain of medial pain and lateral pin at fracture site in torsion and bending analysis are as Figures 10, 11 respectively.
[image: Figure 10]FIGURE 10 | The strain of medial pin and lateral pin at fracture site for various fixation configurations in the torsion analysis.
[image: Figure 11]FIGURE 11 | The strain of medial pin and lateral pin at fracture site for various fixation configurations in the bending analysis.
Our stress distribution model revealed that KFD enhances fixation stability by altering the stress distribution along the K-wires. This is particularly evident in the torsion analysis, where the application of the KFD results in increased stress on the exposed portion of the K-wire, as illustrated in Figure 12. Conversely, the stress on the K-wire at the fracture site diminishes. The primary factor contributing to this effect is the KFD’s ability to create a stable structure between two K-wires, effectively concentrating stress on the exposed sections of the wires.
[image: Figure 12]FIGURE 12 | The stress distribution of K-wires of (A) crossed pin fixation; (B) crossed pin with KFD; (C) two lateral pin fixation; and (D) two lateral pin with KFD at exposed and fracture sites in the torsion analysis.
4 DISCUSSION
To increase the credibility of the result, the biomechanical properties of each material should be as close to reality as possible. We separately set the Young’s modulus and Poisson’s ratio of 316L stainless steel (the material of K-wire and KFD), cortical bone, and cancellous bone. The Young’s modulus of bones in children can vary based on factors such as age, bones from different parts of the body, and the specific area of the bone being examined. Generally, the Young’s modulus of cortical bone in children can range from approximately 5,000–25,000 MPa. Cancellous bone typically has a Young’s modulus ranging from around 10–500 MPa in children (Semaan et al., 2019; Wu et al., 2018). However, these values can vary depending on individual factors. Therefore, in this study the Young’s modulus of cortical bone and cancellous bone are set to be 7,000 MPa and 500 MPa, respectively (Semaan et al., 2019; Wu et al., 2018). The Poisson’s ratio of child bone is also vary based on factors such as age and bone type. Generally, for cortical bone in children, the Poisson’s ratio falls within the range of approximately 0.2–0.4. Cancellous bone typically has a Poisson’s ratio ranging from around 0.15 to 0.3 in children. Thus, in this study the Poisson’s ratio of cortical bone and cancellous bone are set to be 0.4 and 0.3, respectively (Yu-yong et al., 2008; Semaan et al., 2019; Wu et al., 2018; Hoffmeister et al., 2000; Öhman et al., 2011; Watanabe et al., 2000).
External fixation stabilizes fractures by inserting pins or wires into the bone and connecting them to an external frame, allowing adjustable alignment and load distribution, thus reducing stress at the fracture site (Fernando et al., 2021; Hadeed et al., 2024; Fragomen and Rozbruch, 2007; Aronson and Harp, 1992). The addition of KFD can significantly improve postoperative stability in several ways. By connecting the K-wires, the KFD transforms the fixation into a more robust external skeletal system. This configuration reduces both stress and strain on the K-wires at the fracture site during torsional and bending forces. The KFD also cleverly redistributes stress along the wires, concentrating it on the exposed parts while decreasing it at the crucial fracture area. This redistribution creates a more stable overall structure that’s better equipped to resist various types of forces, including compression and shear. The enhanced stability provided by the KFD likely decreases the relative excessive movement between fractured fragments at the fracture site, which is beneficial for bone healing. It also addresses common complications associated with traditional K-wire fixation, such as loss of reduction, pin migration, and loss of fixation. These improvements mean that the fracture is held more securely in place, reducing the risk of fixation failure that might require additional surgery. In essence, the KFD takes the standard K-wire fixation method and enhances its biomechanical performance. By providing a more stable environment for the fracture to heal, it has the potential to improve clinical outcomes in the treatment of pediatric supracondylar humeral fractures.
Our study utilized finite element analysis to evaluate the biomechanical efficacy of a novel KFD in pediatric supracondylar humeral fractures. The results demonstrate significant potential for improving fracture stability and reducing mechanical stress on K-wires. These findings have several important clinical implications: 1). Reduced risk of loss of reduction: By providing a more robust fixation, the KFD may decrease the likelihood of post-operative loss of reduction, a complication that often necessitates revision surgery. 2). Lower rates of pin migration: The decreased stress on K-wires could potentially reduce the risk of pin migration, a common complication that can lead to loss of fixation and compromise patient outcomes. 3). Improved bone healing: The more stable environment created by the KFD may promote better bone healing by limiting excessive movement between fractured segments at the fracture site. In conclusion, our biomechanical analysis suggests that the KFD has the potential to significantly improve the management of pediatric supracondylar humeral fractures. By enhancing stability and reducing stress on K-wires, this novel device may lead to better clinical outcomes, reduced complication rates, and improved patient experiences. However, clinical validation and long-term studies are necessary to fully understand its impact and optimal application in pediatric orthopedic practice.
This study has several limitations. First, the FEA model simplifies the complexity of biological tissues, excluding elements such as muscles, tendons, and nerves. Although this may introduce some error, it enables a more focused investigation of bone and fixation mechanics. Future models could incorporate soft tissue properties to improve the accuracy of FEA results. Second, the interfaces between cortical bone, cancellous bone and K-wires were modeled as “bonded.” While this approach simplifies the simulation, it may introduce biases compared to reality. More realistic modeling of these interfaces, such as accounting for potential loosening, would capture important clinical factors. Future studies could implement frictional contact or cohesive zone models to simulate the bone-wire interface more accurately. Third, the actual loads acting on bone are multidirectional. This study focused on torsion and bending to investigate critical fracture stresses. The KFD technique enhances traditional K-wire fixation by creating semi-triangular structures, potentially increasing overall stability and reducing wire migration. This configuration likely improves the K-wires’ resistance to compression and shear forces. Although this research focused on torsion and bending, future studies that incorporate axial and shear forces would provide a more comprehensive biomechanical evaluation.
5 CONCLUSION
The findings of this study suggest that KFD may improve fracture stability and lessen the mechanical load on K-wires, potentially leading to better outcomes in treating pediatric supracondylar humeral fractures.
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