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Valgus deformity of the distal femur affects the 
biomechanics of the lower extremity by creating 
an unfavorable mechanical alignment.[1] It is more 
common in women and it usually originates from 
a hypoplastic lateral femoral condyle. Its correction 
is indicated in patient where lateral compartment 
symptoms dominate the clinical picture.[2]

Distal femur lateral opening wedge (LOW) 
osteotomy or distal femur varus osteotomy (DFVO) 
is a common surgical technique used in the treatment 
of valgus malalignment of the distal femur.[3] Medial 
hinge fracture is one of the complications of this 
technique. As with other opening wedge osteotomies, 
the preservation of the hinge is critical for the stability 
of the osteotomy. Winkler et al.[4] recently classified 
medial hinge fractures in which the fracture line 

Objectives: This study aims to investigate quantitatively the 
protective effect of a 1.6-mm or a 2.5-mm Kirschner wire 
(K-wire) on the medial hinge at different gap distances through 
finite element analysis (FEA) and to establish whether using 
a 2.5-mm K-wire can offer benefits compared to a 1.6-mm in 
preventing medial hinge fractures.
Materials and methods: Between June 2024 and July 2024, 
three different models simulating a lateral opening wedge (LOW) 
osteotomy of the distal femur were created from a femoral 
computed tomography (CT) scan of a 36-year-old male patient: no 
K-wire (Model I), 1.6-mm K-wire (Model II), and 2.5-mm K-wire 
(Model III). Finite element analysis was performed to simulate 
7- to 13-mm gaps at the osteotomy site. Loads, principal stress, 
strain, and equivalent stress were analyzed around the medial 
hinge.
Results: Model I required 123.0±5.2 N, Model II required 
181.7±12.2 N, and Model III required 228.7±13.6 N (p<0.001). 
Cracked shell elements were the lowest in Model II and the 
highest in Model I. While the average equivalent/yield stress 
ratio was not significantly lower in Model II compared to Model 
III (87.0±10.9% vs. 92.7±12.1%), the maximum equivalent/yield 
stress ratio values in Model II were significantly lower than both 
Model I and Model III (1206.2±138.3% vs. 1836.2±165.4% and 
1689.1±404.0%, respectively), suggesting a superior dispersion 
of forces.
Conclusion: Using a 1.6-mm K-wire during LOW osteotomy 
of the distal femur provides a balance between structural 
reinforcement and stress distribution, significantly improving 
stability and reducing the risk of medial hinge fractures compared 
to a 2.5-mm K-wire or no K-wire. The 1.6-mm K-wire optimizes 
stress dispersion, making it the preferred choice for surgical 
planning in lateral opening wedge distal femoral osteotomy. 
Keywords: Biomechanics, distal femoral osteotomy, finite element 
analysis, hinge fracture, protective K-wire.
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type 1 is an extension of the osteotomy, type 2 is a 
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directed extension.
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Some biomechanical research has been 
published recently regarding the effects of 
osteotomy parameters such as inclination, end-
point and gap distance on the hinge fractures.[5] 
Similar to opening wedge high tibial osteotomy 
(OWHTO),[6] one suggested method for preventing 
hinge fractures is using protective Kirschner 
wires (K-wires). A recent study by Mereb et al.[7] 
investigated the effect of high and low speed 
distraction with or without K-wires concerning 
maximum displacement, maximum breaking-point 
force and maximum time to fracture in 
three-dimensional (3D)-printed femora. To the best 
of our knowledge, no further biomechanical or 
finite element analysis (FEA) research has been 
carried out on this subject regarding the effects of 
various K-wire diameters, as well as quantitative 
analysis on the hinge region during osteotomy 
opening.

The finite element method (FEM) is a technique 
used for simulating the physical behavior of structures 
under load. It involves breaking down a complex 
problem into smaller, simpler parts called finite 
elements called nodes, and creating a mesh that 
represents the physical shape of the object or area 
under study. By incorporating known properties 
and conditions into this mesh, FEM allows for the 
calculation of factors such as stress, strain, and 
displacement within the structure.[8]

In the present study, we aimed to investigate 
quantitatively the protective effect of a 1.6-mm or 
a 2.5-mm K-wire on the medial hinge at different 
gap distances through FEA and to establish 
whether using a 2.5-mm K-wire could offer benefits 
compared to a 1.6-mm in preventing medial hinge 
fractures.

MATERIALS AND METHODS

This experimental study was conducted at İstanbul 
Physical Therapy and Rehabilitation Training and 
Research Hospital, Department of Orthopedics and 
Traumatology between June 2024 and July 2024. 
A written informed consent was obtained from 
the patient. The study protocol was approved by 
the İstanbul Physical Medicine and Rehabilitation 
Training and Research Hospital Institutional Review 
Board (IRB) (date: 28.05.2024, no: 2024-35). The study 
was conducted in accordance with the principles of 
the Declaration of Helsinki.

A previously obtained distal femoral computed 
tomography (CT) scan with 1-mm cuts of a 
36-year-old male patient, performed for trauma 
investigation purposes unrelated to the current study, 
was used for the model. Mechanical Finder version 
12.0 (Research Center for Computational Mechanics, 
Tokyo, Japan) was used to segment the CT scan and 
create the bone mesh. Mesh convergence test suggested 
2.0-mm mesh size for the bone model to be optimal for 
this study, consistent with the literature.[9] The outer 
surface of the mesh consisted of triangular elements, 
whereas the inside consisted of tetrahedral elements. 
The average number of nodes was 46,807, shells 
22,333, and solids 226,082. A shell with a thickness 
of 0.3 was added to the surface. The Poisson’s ratio 
for each element was set at 0.4. A rectangular chisel 
with a thickness of 2 mm, as well as 1.6- and 2.5-mm 
K-wires were designed in SpaceClaim R17.0 software 
(ANSYS) with a mesh size of 0.8 mm.

The chisel was placed starting approximately 
3 cm above the lateral femoral epicondyle and angled 
medially and distally toward the base of the medial 
femoral condyle, just above the medial epicondyle. 

FIGURE 1. (a) Base osteotomy model. (b) Osteotomy model with a 1.6-mm K-wire. (c) Osteotomy model with a 2.5-mm K-wire.

(a) (b) (c)
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A 1-cm medial bone bridge was maintained for 
stability. The intersection area between the chisel and 
the bone was extracted from the model to simulate 
the osteotomy (Model I) (Figure 1a).[10] Two additional 
models with 1.6 mm (Model II) and 2.5 K-wires 
(Model III) were, then, prepared in the same manner 
with K-wires (Figure 1b and c). The K-wires were 
positioned in the middle of the anteroposterior plane 
and directed craniocaudally, through the center of the 
hinge and exiting distal to the medial epicondyle.[7,11] 
The material properties of the K-wires were assigned 
with Poisson’s ratio of 0.3, and Young’s modulus 
of 186.400 MPa.[12] The average ash density for each 
bone element was determined based on the mean 
ash density of the voxels within that element.[13] The 
Young’s modulus and yield stress for each isotropic 
tetrahedral element were derived using the formulas 
suggested by Keyak et al.[14,15]

BMD (g/cm3)=(CT value [H.U.] + 1.4246) ¥ 0.001/1.058

Figure 2 shows the density map of the distal femur 
on laid on the CT scan.

Loading and boundary conditions were set by 
fixing the model 15 cm proximal to the joint line and 
applying the load at the lateral cortex at a 90-degree 
angle, in a similar fashion to an osteotomy distractor 

(Figure 3). Different loads were empirically applied 
to deform the models so that 7- to 13-mm gaps 
(in addition to the gap caused by the chisel) were 
created. The Drucker-Prager equivalent criterion 
was adopted for the yield of the elements.[16] After 
the simulation, volumetric and surface analysis 
were done at the medial hinge region (Figure 4), by 
extracting the maximum and average values in the 
region of interest regarding maximum principal 
stress, maximum principal strain, equivalent 
stress, maximum principal/critical stress (%) and 
equivalent/yield stress (%). The values from the 
nodes representing the K-wire were omitted during 
this analysis.

Statistical analysis

Statistical analysis was performed using the IBM 
SPSS version 27.0 software (IBM Corp., Armonk, 
NY, USA). Descriptive data were expressed in 
mean ± standard deviation (SD), median (min-max) 
or number and frequency, where applicable. The 
distribution of variables was checked using the 
Kolmogorov-Smirnov test. Independent samples 

FIGURE 2. Graphical representation of Young's modulus 
of the individual elements on top of the corresponding 
computed tomography slice.

FIGURE 3. Loading and boundary conditions. Distal 
femur was fixed at the proximal end and load was applied 
perpendicularly at the osteotomy site.
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t-test and Mann-Whitney U test were used for the 
comparison of quantitative data. A p value of <0.05 
was considered statistically significant.

RESULTS

The mean maximum and average solid principal 
stresses were 210.9±63.3 MPa and 3.83±0.59 MPa, 
while the mean maximum and average solid principal 

strains were 0.53±0.46 and 0.02±0.01. For shell 
elements, the mean maximum and average principal 
stresses were 515.9±153.1 MPa and 22.0±3.1 MPa, and 
the mean maximum and average principal strains 
were 0.38±0.30 and 0.01±0.00, respectively.

The mean force required to open the osteotomy 
site significantly differed among model types, with 
Model I requiring 123.0±5.2 N, Model II requiring 
181.7±12.2 N, and Model III requiring 228.7±13.6 N 
(p<0.001). The mean percent of cracked shell elements 
was the lowest in Model II (1.01±0.13%) and the 
highest in Model I (1.63±0.17%). Similarly, cracked 
solid elements were significantly different among the 
models, with Model I showing the least (1.07±0.14%) 
and Model III the most (1.95±0.19%). Additionally, the 
number of plastic and crushed solid elements was 
significantly lower in type 1 compared to Model II 
and III (p<0.001) (Table I).

Stress and strain analysis of solid elements 

Significant differences in solid principal stress, 
strain, and equivalent stress were observed among 
the model types (Table II).

The mean maximum solid principal strain 
was the highest in Model II (0.64±0.80) and the 
lowest in Model III (0.38±0.07) (p=0.012), while 
the average solid principal strain was the highest 
in Model III (0.0195±0.0046) and the lowest in 
Model I (0.0111±0.0019) (p=0.001). The maximum 
solid principal stress was the highest in Model 
III (264.1±62.9 MPa) and the lowest in Model I 
(152.0±21.7 MPa) (p=0.004). The average solid principal 
stress was the highest in Model III (4.22±0.32 MPa) 
and the lowest in Model II (3.09±0.25 MPa) (p<0.001) 
(Figude 5a). The average solid principal/critical 
stress percentage showed significant differences, 

FIGURE 4. Region of interest at the hinge area to extract 
biomechanical data.

TAbLE I
Comparison of finite element analysis results for shell and solid elements across models

Model I (Base) Model II (1.6 mm K-wire) Model III (2.5 mm K-wire)

n Mean±SD Median n Mean±SD Median n Mean±SD Median p

Nodes 39142 42993 50621

Shells 22166 22153 22513

Solids 189784 207996 244168

Force (MPa) 123.0±5.2 123.5 181.7±12.2 183.01 228.7±13.6 229.01 <0.001†

Cracked shells (%) 1.63±0.17 1.63 1.01±0.13 1.001 1.19±0.15 1.191 <0.001†

Cracked solids (%) 1.07±0.14 1.07 1.95±0.19 1.951 1.70±0.15 1.701 <0.001†

Plastic solids (%) 0.16±0.03 0.16 1.36±0.03 0.161 1.22±0.16 1.221 <0.001†

Crushed solids (%) 0.09±0.03 0.09 0.71±0.14 0.711 0.70±0.14 0.701 <0.001†

SD: Standard deviation; 1 Difference with Model I group p<0.05; † ANOVA test.
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TAbLE II
Comparison of strain and stress results for solid elements across models

Model I1 Model II2 Model III3

Mean±SD Median Mean±SD Median Mean±SD Median p

Solid principal stress (MPa)
Max 152.0±21.7 143.432 216.6±39.1 225.2 264.1±62.9 274.6 0.004‡
Ave 4.17±0.26 4.19 3.09±0.25 3.0731 4.22±0.32 4.34 <0.001†

Solid principal strain
Max 0.57±0.09 0.572 0.64±0.80 0.35 0.38±0.07 0.381 0.012‡
Ave 0.0111±0.0019 0.01232 0.0188±0.0037 0.0186 0.0195±0.0046 0.0190 0.001†

Solid principal/critical stress ratio
Max 679.4±172.3 793.8 552.2±163.2 497.2 575.0±104.2 636.3 0.299‡
Ave 34.9±2.1 34.73 37.2±1.5 36.93 42.2±2.2 42.6 <0.001†

Solid equivalent stress (MPa)
Max 195.4±27.5 183.632 267.7±46.3 284.2 320.6±75.5 330.9 0.005‡
Ave 8.7±0.5 8.73 8.4±0.7 8.33 11.2±0.8 11.4 <0.001†

Solid equivalent/yield stress ratio
Max 1836.2±165.4 1800.3 1206.2±138.3 1220.713 1689.1±404.0 1792.0 0.001†
Ave 53.8±4.3 54.823 87.0±10.9 86.3 92.7±12.1 93.9 <0.001†

 SD: Standard deviation; † ANOVA test; ‡ Kruskal-Wallis (Mann-Whitney U test); 1 Difference with Model I group p<0.05; 2 Difference with Model II group p<0.05; 
3 Difference with Model III group p<0.05.
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FIGURE 5. Results for solid elements. (a) Average principal stress at each gap distance. (b) Average principal/critical stress 
percent at each distance. (c)Average equivalent stress at each gap distance. (d) Average equivalent/yield stress percent at each 
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with Model III having the highest percentage 
(42.2±2.2%) and Model I the lowest (34.9±2.1%) 
(p<0.001) (Figure 5b). The maximum solid equivalent 
stress was the highest in Model III (320.6±75.5 MPa) 
and the lowest in Model I (195.4±27.5 MPa) (p=0.005), 
with the average solid equivalent stress being the 
highest in Model III (11.2±0.8 MPa) and the lowest 
in Model II (8.4±0.7 MPa) (p<0.001) (Figure 5c). 
Finally, the maximum solid equivalent/yield stress 
percentage was the highest in Model I (1836.2±165.4%) 
and the lowest in Model II (1206.2±138.3%) 
(p=0.001), while the average solid equivalent/yield 
stress percentage was the highest in Model III 
(92.7±12.1%) and the lowest in Model I (53.8±4.3%) 
(p<0.001) (Figure 5d).

Shell elements analysis

Significant differences in shell principal 
stress, strain, and equivalent stress were 
found among the model types (Table III). The 
maximum shell principal stress was the highest 
in Model III (683.3±83.4 MPa) and the lowest in 
Model II (402.9±110.0 MPa) (p<0.001), with the 
average shell principal stress being the highest 
in Model I (24.7±2.0 MPa) and lowest in Model II 
(18.3±1.7 MPa) (p<0.001) (Figure 6a). The maximum 
shell principal/critical percentage showed no 
significant differences among models (p=0.519), but 

the average shell principal/critical percentage was 
significantly lower in Model II (14.7±1.2%) compared 
to Models I and III (p<0.001) (Figure 6b). The 
maximum shell principal strain showed significant 
variation, with Model III exhibiting the highest 
(0.39±0.11) and Model II the lowest (0.38±0.53) 
(p=0.029). Although the average shell principal 
strain did not show significant differences (p=0.202), 
the maximum shell equivalent stress was notably 
the highest in Model III (922.7±118.1 MPa) and the 
lowest in Model II (542.2±131.2 MPa) (p<0.001). The 
average shell equivalent stress was the highest in 
Model III (85.0±1.7 MPa) and the lowest in Model 
I (79.9±1.2 MPa) (p<0.001) (Figure 6c). Additionally, 
the maximum shell equivalent/yield stress 
percentage was significantly the highest in Model III 
(443.3±56.6%) and the lowest in Model II (260.5±62.9%) 
(p<0.001), with the average shell equivalent/yield 
stress percentage being the highest in Model III 
(57.2±3.1%) and the lowest in Model I (46.2±2.1%) 
(p<0.001) (Figure 6d).

DISCUSSION

Lateral opening wedge distal femoral osteotomy 
(LOWDFO) is a useful procedure for correcting the 
mechanical alignment of the lower extremity in 
valgus malalignment. Conserving the medial hinge is 

TAbLE III
Comparison of strain and stress results for shell elements across models

Model I1 Model II2 Model III3

Mean±SD Median Mean±SD Median Mean±SD Median p

Solid principal stress (MPa)

Max 461.5±89.7 439.73 402.9±110.0 399.93 683.3±83.4 652.5 <0.001†

Ave 24.7±2.0 25.7 18.3±1.7 18.413 23.1±0.8 23.0 <0.001†

Solid principal strain

Max 0.37±0.06 0.352 0.38±0.53 0.183 0.39±0.11 0.43 0.029‡

Ave 0.01±0.00 0.01 0.01±0.00 0.00 0.01±0.00 0.01 0.202†

Solid principal/critical stress ratio

Max 135.6±44.9 128.4 113.4±17.1 100.0 107.2±11.6 105.0 0.519‡

Ave 18.0±0.4 18.0 14.7±1.2 14.413 16.2±0.7 16.41 <0.001†

Solid equivalent stress (MPa)

Max 612.6±127.5 587.43 542.2±131.2 555.23 922.7±118.1 882.0 <0.001†

Ave 79.9±1.2 79.632 81.0±0.9 81.23 85.0±1.7 84.9 <0.001‡

Solid equivalent/yield stress ratio

Max 294.4±61.3 282.23 260.5±62.9 266.73 443.3±56.6 424.1 <0.001†

Ave 46.2±2.1 46.93 48.6±3.2 49.03 57.2±3.1 57.0 <0.001†

 SD: Standard deviation; † ANOVA test; ‡ Kruskal-Wallis (Mann-Whitney U test); 1 Difference with Model I group p<0.05; 2 Difference with Model II group p<0.05; 
3 Difference with Model III group p<0.05.
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critical to ensure the stability of the osteotomy.[1] The 
medial hinge fracture is a recognized complication of 
the procedure and a protective K-wire at the hinge site 
is a proposed solution to this problem.

In the current study, we investigated the protective 
effect of a 1.6-mm or a 2.5-mm K-wire on the medial 
hinge at different gap distances through FEA. Our 
study results demonstrated significant differences in 
the force required to open the osteotomy site among 
various models, with Model III requiring the highest 
force. This is expected, since thicker K-wires make the 
construct stiffer. Similarly, the increased shell element 
failures observed in Model III can be attributed to the 
higher forces required to distract the osteotomy.

Examining both principal and equivalent 
stresses provides a better understanding of the 

stress distributions and potential failure points 
within the bone and the protective K-wires. Principal 
stress analysis highlights the maximum normal 
stresses which are crucial for identifying areas 
prone to fracture. Equivalent stress, on the other 
hand, combines the effects of all stress components, 
offering a holistic view of the material’s response 
to complex loading conditions. If the equivalent 
stress is greater than the yield stress, the element 
gets plastic deformation. Figure 7 illustrates visually 
the dispersing of equivalent stress around the 
hinge with a K-wire. The principal/critical stress 
ratio helps to identify areas prone to fracture by 
focusing on maximum normal stresses, while the 
equivalent/yield stress ratio provides an overall 
view of the risk of plastic deformation by combining 
all stress components.

FIGURE 6. Results for shell elements. (a) Average principal stress at each gap distance for shell elements. (b) Average principal/
critical stress percent at each distance shell elements. (c) Average equivalent stress at each gap distance shell elements. 
(d) Average equivalent/yield stress percent at each distance shell elements.
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A higher principal/critical percentage indicates 
that the material is under greater stress relative to its 
capacity to withstand that stress without yielding. 
Furthermore, a ratio exceeding 100% suggests the risk 
of hinge fracture.[17] In inhomogeneous materials, the 
equivalent/yield stress ratio can be a more reliable 
indication than scalar units.

Shell elements were used in this study to 
accurately study the surface stresses. Unlike solid 
elements, which have tetrahedral shapes, shell 
elements are two-dimensional (2D) triangles with 
pre-determined thicknesses placed on the surface 
solid. They help to compensate for the CT resolution 
at regions with thin cortices, such as the distal 
metaphyseal region.

Our results indicate that with a thicker K-wire, 
more force is required the open the osteotomy site. 
The 1.6-mm K-wire model required on average 58.7 N 
more force than the base model, and the 2.5-mm 
K-wire model required on average 105.7 N more force 
than the base model. However, by analyzing the 
cracked shell elements, the results were surprising 
in the sense that the 1.6 K-wire model had decreased 
percent of cracked shells compared to the base 
model, and the 2.5-mm K-wire model was not 
superior to the 1.6 K-wire model in decreasing 
cracked shell elements. Indeed, the number of 
cracked shells was on average greater in 2.5-mm 
K-wire model. We suggest that this may be due to the 
increased force required to open the osteotomy site. 

The K-wire protects the hinge at the midsagittal part 
of the distal femur, with increased force to open the 
osteotomy site, the increase in tensile forces anterior 
and posteriorly may offset the advantages gained by 
using a thicker K-wire.

For the tetrahedral elements, the FEA data 
revealed that the 1.6-mm K-wire model exhibited 
advantages in terms of lower principal stress than 
other models and similar average principal/critical 
stress percent compared to the base model. In terms 
of the equivalent stress, the 1.6-mm K-wire model 
had similar average equivalent stress values to 
the base model. More intriguingly, increasing the 
K-wire thickness to 2.5 seems to offer no advantages 
in terms of decreasing principal and equivalent 
stresses, and the results in significantly more average 
principal/critical stress percent ratios across the 
board.

Review of the literature reveals several studies 
investigating the role of protective K-wires in reducing 
hinge fractures in tibial osteotomies. A study by 
Gulagaci et al.[18] demonstrated that positioning a 
K-wire to intersect the cutting plane at the theoretical 
lateral hinge location significantly reduced the 
occurrence of perioperative hinge fractures during 
medial OWHTO. The authors reported that patients 
with a K-wire had a lower lateral hinge fracture 
(LHF) rate (16.7%) compared to those without a 
K-wire (43.3%). Similarly, Didier et al.[19] investigated 
the impact of K-wires in high tibial osteotomies, 

FIGURE 7. Visualization of the protection of a K-wire at the hinge site. (a) Tensile forces are dispersed around the wire. (b) No 
K-wire results in concentrated stresses. (c) Tensile stresses on the K-wire.

(a) (b) (c)
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noting their protective benefits during the osteotomy 
procedure. Their study showed that the presence of 
a K-wire significantly increased the load to failure 
and maximum displacement, indicating enhanced 
stability and resistance to fracture. Regarding femoral 
osteotomies, a recent study by Mereb et al.[7] reported 
biomechanical data on the protective effect of a 
K-wire. Notably, only a single K-wire size was used 
(2 mm) and 3D-printed femurs were used for this 
study. The authors also simulated the trabecular 
and cortical bone by printing the fibers at certain 
orientations; however, FEA as in this study using CT 
data may be a more favorable representation of the 
actual bone quality, since the mechanical properties 
of the bone are assigned at a voxel-by-voxel basis.

Nonetheless, there are some limitations 
to this study. The main limitation is related to 
the generalizability of the results in the broader 
orthopedic context due to the use of a single CT scan 
of a healthy adult, as well as the lack of validation 
studies of this model in cadaver studies. With regards 
to the use of a single CT scan, FEA offers a significant 
advantage in drawing meaningful conclusions with 
small sample sizes, as it allows testing the same 
model under various conditions, in this case using 
21 different models (7 for each model). On the other 
hand, while other cadaveric validation studies of CT 
based FEA analysis using Mechanical Finder were 
performed on proximal femur,[20] femoral shaft,[13] 
distal radius[21] and vertebrae,[22] and to the best of our 
knowledge, there is no study to validate a specific 
distal femoral osteotomy model.

On the other hand, our results indicate that a 
K-wire may be protective in preventing medial 
hinge fractures. This is the first study to examine 
quantitatively the effects and studying different-sized 
K-wires.[23]

In conclusion, our study results showed 
significant differences in the equivalent/yield stress 
ratio among models of LOWDFO using K-wires of 
varying diameters. Based on these findings, we 
suggest that, despite similar average equivalent/
yield stress ratio values, Model II disperses the 
forces acting on the medial hinge more effectively, 
as indicated by its significantly lower maximum 
equivalent/yield stress ratio values. This balance 
provides structural reinforcement while mitigating 
the risk of localized plastic deformation, making 
Model II a viable option for enhancing stability 
in clinical applications. Further large-scale, well-
designed studies are needed to draw more reliable 
conclusions on this subject.
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