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Supracondylar fractures account for 15% of pediatric 
fractures and are most commonly seen in children 
aged five to seven years.[1,2] The majority of these 
fractures are extension-type fractures (97 to 98%) 
caused by falls onto an outstretched hand.[3,4] In 
the treatment of displaced supracondylar fractures, 
the main strategy is closed reduction and pinning 
with Kirschner wires (K-wires), but debates are 
still ongoing regarding the use of only lateral 
pins versus both medial and lateral cross-pin 
configurations.[5-7] Cross-pin configurations are 
proposed to increase rotational stability compared 
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to lateral pin configurations.[8,9] However, the use 
of medial pinning has significant disadvantages, 
including a three-fold increased risk of iatrogenic 
ulnar nerve injury and potential aesthetic issues due 
to the incision made for medial pinning.[10]

Various biomechanical studies have 
investigated the effect of different pin 
configurations on stability across multiple 
scenarios.[11-14] In recent years, the impact of 
fracture type such as obliquity and fracture level 
on postoperative outcomes for supracondylar 
fractures has been investigated; however, in 
studies utilizing finite element analysis (FEA), the 
effect of pin configurations on stiffness at different 
fracture levels has not been investigated.[15-19] 
Identifying the optimal pin configuration according 
to the fracture level could significantly contribute 
to daily practice in the management of pediatric 
supracondylar fractures.

In the present study, we aimed to evaluate 
the stiffness in flexion, extension, varus, valgus, 
internal rotation, and external rotation of three pin 
configurations, applied using the ideal techniques 
described in the literature,[17,20,21] in scenarios of 
transverse supracondylar humerus fractures at 
different fracture levels.

MATERIALS AND METHODS

The study was conducted between January 2025 
and March 2025. The mechanics of different 
pinning configurations in the fixation of transverse 
supracondylar humerus fractures were investigated 
in child’s humerus using the FEA. The generation 
of the bone model, fracture locations, pinning 
configurations, and the settings of the FEA are 
explained in detail below. This study did not require 
ethical approval as it was based on previously 
obtained and anonymized computed tomography 
(CT) data, and no human or animal intervention 
was performed. 

The generation of the bone model

The distal humerus used in this study includes 
the cortical and cancellous bone, ossific nucleus, 
and cartilage (Figure 1a). Computed tomography 
data of a six-year-old male child were used to 
generate the humerus bone model. This CT was 
taken in emergency service for a soft tissue trauma 
to exclude a bone fracture. The radiology CT report 
confirmed no signs of a fracture and indicated 
normal bone structure and alignment. Scanning 
was performed using a Siemens SOMATOM Force 
CT scanner (Model ID: 792CT75819, Serial No: 

75819; Siemens Healthineers, Forchheim, Germany), 
as confirmed by institutional service records. The 
imaging parameters were as follows: slice thickness: 
1.0 mm, slice interval: 0.5 mm, tube voltage: 120 kV, 
tube current: 200 mA, bone window settings; width 
1,500 HU, level 300 HU. These settings provided 
sufficient image quality for three-dimensional 
(3D) segmentation of cortical and cancellous bone, 
ossific nucleus, and cartilage structures, allowing 
FEA reconstruction.

The DiCOM images were taken from the CT 
in JPEG format and inserted into SolidWorks 
(Dassault Systems SolidWorks Corp., Waltham, 
MA, USA), which is a 3D CAD modeling software. 
The JPEG images were arranged layer by layer from 
proximal to distal in SolidWorks just as in the CT. 
Inner and outer borders of the cortical bone were 
drawn in each layer. By using the “loft” command, 
a solid body was generated with the guidance 
of the outer borders in each layer. Another solid 
body intersecting with the first body was also 
generated with the guidance of the inner borders, 
using the same approach. Then, the latter one was 
subtracted from the former one, which eventually 
resulted in two separate bodies representing the 
cortical and trabecular bones. The ossific nucleus 
was also generated by using the cortical borders. 
The cartilage was modeled appropriately, encasing 
the bones and ossific nucleus, again with the help 
of the CT data. Written informed consent was 
obtained from the parents of the patient for the 
use of imaging data for academic and research 
purposes.

Fracture locations and pinning configurations

Following the generation of the humerus model, 
fractures and pinning configurations were created 
in SpaceClaim (Ansys Inc., Canonsburg, PA, USA), 
which is another 3D CAD modeling software. Four 
fracture types at different levels were generated on 
the humerus, designated as low, transolecranon, 
high, and ultrahigh (Figure 1b). The classification 
of fracture levels was adapted from the criteria 
described by Kang et al.[16] To determine the level of 
fracture, a reference line was defined:

On the sagittal plane, at the isthmus of the distal 
humerus, and on the anteroposterior (AP) plane, 
as a line connecting the medial epicondyle, the 
olecranon fossa, and the lateral epicondyle.

• High fractures were defined as those located 
entirely above this reference line.

• Low fractures were defined as those 
involving or below the line.



Jt Dis Relat Surg650

• Transolecranon fractures were those 
traversing the midpoint of the olecranon 
fossa.

• Ultrahigh fractures were defined as those 
more than 15 mm proximal to the reference 
line, approaching the metaphyseal-diaphyseal 
junction.

These fractures were fixed with various lateral 
capitellar and cross-pinning configurations using 
1.6 mm K-wires (Figure 1c). Additionally, the 
lateral capitellar pinning has two configurations: 
one performed with two wires and the other with 
three. Thus, each of the four fractures had three 
pinning configurations, resulting in a total of 
12 models. For lateral pinning groups, all proximal 
pins were placed parallel to the lateral metaphyseal 
flare as described by Hamdi et al.[22] For the entry 
point, proximal pins were placed posterolateral 
to the ossific nucleus of the capitellum (ONC) for 
maximum divergence, as described by Ji et al.[20] 
and Wang et al.[21] Ji et al.[20] also found that in the 
eight zones of the distal humerus, lateral pinning 
mainly exited between the –2 zone and the +1 
zone (94.4%).[20] Therefore, to achieve maximum 
divergence, the +1 zone was targeted as the exit 
zone for proximal pins. Cross pins were placed 
from the middle of the medial epicondyle and at 
the same level on the lateral side, as described 
by Kamara et al.[17] The pinning trajectory and 
exit points for distal capitellar pins were altered 
accordingly for fractures. For lateral pins, each pin 
was aimed to intersect with the lateral 1/3 part of 
the fracture line to achieve maximum divergence. 

In contrast, for cross pins, each pin was aimed to 
intersect with the medial 1/3 part of the fracture 
line to achieve the maximum distance to the 
fracture apex. For the sagittal plane, a divergent 
sagittal pin configuration described by Pothong et 
al.[23] was used for all possible pin configurations, 
with the exception being the distal pins of the 
capitellar group, which pass directly through the 
middle of the ONC to achieve maximum stability 
according to Kamara et al.[17]

Finite element analysis

The FEAs were carried out in ANSYS Workbench 
(Ansys Inc., Canonsburg, PA, USA). The material 
properties for the cortical bone of a six-year-old 
child, cancellous bone, ossific nucleus, cartilage, 
and pins are provided in Table I.[17,24,25] The 316L 
stainless steel was used for the pins. It was 
assumed that all materials exhibited linear elastic 
and isotropic material behavior under loading. 

FIGURE 1. (a) The CAD model of the distal humerus and (b) the locations of the four fractures. (c) The fracture locations and 
pinning configurations.
CAD: Computer-aided design.

(a) (b) (c)

TABLE I

Material properties of the cortical and cancellous bones, 
ossific nucleus, cartilage, and pins, including MPa and 

poisson’s ratio

MPa Poisson’s ratio

Cortical bone 11670 0.28

Cancellous bone 70 0.2

Ossific nucleus 70 0.2

Cartilage 15 0.45

K-wires (316L SS) 200000 0.33

MPa: Modulus of elasticity.
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Appropriate contact conditions were defined 
to maintain numerical accuracy and achieve 
convergence of the simulation. Bonded contact 
was assigned between the cortical and cancellous 
bones, resulting in an inseparable connection. At 
the interface between the pins and cortical bone, 
bonded contact was also used, as the cortical 
bone tightly holds the pins, and slipping of the 
pin from the bone is generally not possible under 
physiological loading. On the other hand, at the 
interfaces between the pins and cancellous bone 
and between the pins and ossific nucleus, sliding 
was allowed by using frictional contact, as the 
cancellous bone and ossific nucleus are not as stiff 
as cortical bone and can be deformed by the pins 
under physiological loading, allowing for a small 
amount of sliding. This sliding is particularly 
likely around the fracture level. At the interfaces 
between the pins and the cancellous bone, as well 
as between the pins and the ossific nucleus, a 
frictional contact with a static coefficient of 0.3 was 
applied.[26] The contacts between the bone segments 
above and below the fracture line were assigned as 
frictional with a static friction coefficient of 0.46.[27]

The mesh model is crucial in FEA simulations, as 
two different mesh models of the same structure can 
cause significant differences in numerical results. 
In the present study, second-order tetrahedral and 
hexahedral elements were used. In the meshing 

procedure, a finer mesh model provides more 
accurate results and converges better to experimental 
data compared to a coarser mesh model. To improve 
the mesh model, continuously increasing the 
number of elements beyond a certain limit does not 
change the results; on the contrary, it increases the 
computational load and processing time. Therefore, 
convergence analysis was performed in this study 
to determine the ideal number of elements. In the 
convergence analysis, if the difference between the 
strain energies (mJ) obtained from the subsequent 
three analyses was less than 1%, the results were 
considered converged. The mesh model for a distal 
humerus and pinning configuration can be seen in 
Figure 2.

Setting the boundary and loading conditions is 
a critical step in correctly mimicking physiological 
conditions. In the present study, the upper end of 
the model distal humerus was fixed in all degrees 
of freedom, and its displacement was restricted. The 
loading was applied through two circular loading 
surfaces created on the cartilage (Figure 3a). The 
reason for using two circular areas for loading is to 
ensure that the load is distributed over a larger area 
on the joint surface, similar to physiological loading. 
While this approach does not directly model soft 
tissue attachments (e.g., the biceps brachii tendon or 
collateral ligaments), it allows for standardized and 
reproducible force application in line with previous 

FIGURE 2 The mesh model of a distal humerus and pinning configuration. The whole model is shown on the left, 
the model without cartilage in the middle, and a cross-section of the model on the right.
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FEA studies.[17,28] Six loading conditions-four 
translations with a 30 N load in the medial, 
lateral, anterior, and posterior directions, and two 
rotations with 1.5 Nm of torque in the inward and 
outward directions-were carried out separately 
in this study (Figure 3b). There were six loading 
conditions for each of the 12 pin configurations; 
therefore, 72 different analyses were conducted in 
total.

Interpretation of the results

The translational stiffness and rotational 
stiffness were used to compare the mechanical 
behaviors of the pinning configurations. The 
translational stiffness (N/mm) was calculated as the 
ratio of the applied load to the displacement of the 
distal bone fragment in the loading direction. The 
rotational stiffness (N.mm/degree) was calculated 
as the ratio of the applied torque to the angular 
displacement of the distal bone fragment in the 
torque direction.

RESULTS

Results of the convergence analysis

The result of the convergence analysis is shown in 
Figure 4. This figure illustrates the curve of total 
strain energies changing with respect to different 
numbers of elements. It also shows the percentage 
errors (e) in the total strain energies between the 
different numbers of elements. As can be seen, 
the percentage error decreased with increasing 
numbers of elements, and the subsequent errors 
between the models with 109,476 and 124,821 
elements, as well as between the models with 
124,821 and 132,596 elements, were below the 1% 
limit. Therefore, it can be said that the model 
converged with 109,476 elements. However, the 
mesh settings for the model with 124,821 elements 
were used in all subsequent analyses to guarantee 
the accuracy of results for the analyses of all 
pinning configurations. The element sizes in the 
converged model are 1 mm for the cortical bone, 

FIGURE 3. (a) The boundary conditions and, (b) the loading conditions.

(a) (b)
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cancellous bone, and ossific nucleus, and 0.3 mm 
for the pins and the bone-pin interface.

Results of stiffness under loading conditions

The translational and rotational stiffness values 
for each pin configuration at varying fracture levels 
under specific loading conditions are presented in 
Table II and Figure 5.

Under valgus loading, the 1-1M configuration 
demonstrated the highest stability in ultrahigh 

fractures (3289 N/mm), outperforming the 2-1C and 
1-1C configurations. For low and transolecranon 
fractures, the 2-1C configuration provided the 
greatest valgus and varus stability.

In extension loading, the 1-1M configuration 
yielded the highest stiffness for transolecranon 
and high fractures (up to 8530 N/mm), while 2-1C 
performed best for low and ultrahigh fractures 
(5455 N/mm and 6522 N/mm, respectively).

FIGURE 4. Results of the convergence analysis, showing the relationship between the number of elements and 
total strain energy.
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TABLE II

Translational and rotational stiffness (N/mm and N·mm/°) for different pin configurations (1-1M, 1-1C, 2-1C) across four fracture 
levels (low, transolecranon, high, and ultrahigh) under various loading conditions

Configuration Varus/medial 
(N/mm)

Valgus/lateral 
(N/mm)

Entension/posterior 
(N/mm)

Flexion/anterior 
(N/mm)

Inward rotation 
(N*mm/°)

Outward rotation 
(N*mm/°)

Low

1-1M 4854 13274 4491 2295 9175 11035

1-1C 6287 9317 853 2595 5594 3767

2-1C 7614 15228 1115 3311 5770 4121

Transcolecranon

1-1M 3851 2660 1765 5300 2564 2498

1-1C 14181 7143 2320 3236 12817 8104

2-1C 23899 8850 2676 4021 13870 8684

High

1-1M 3135 2522 3521 8065 2151 1877

1-1C 8475 3209 2410 3534 9706 8629

2-1C 19501 6843 3394 5455 11130 9391

Ultrahigh

1-1M 3836 3289 3722 5515 392 754

1-1C 7198 859 726 2492 1216 887

2-1C 15997 2197 1375 6522 1270 1107
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FIGURE 5. (a) Rotational stiffness (N·mm/degree) in inward and outward rotation for different pin configurations 
(1-1M, 1-1C, 2-1C) across four fracture levels (Low, High, Transolecranon, and Ultrahigh). (b) Translational 
stiffness (N/mm) in different loading directions (varus/medial, valgus/lateral, extension/posterior, 
flexion/anterior) for various pin configurations (1-1M, 1-1C, 2-1C) across four fracture levels.

(a)

(b)
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During flexion loading, the 1-1M configuration 
showed superior stability in transolecranon and 
high fractures (5300-8065 N/mm), whereas 2-1C 
offered the highest resistance in low and ultrahigh 
fractures.

For rotational loading, the 1-1M configuration 
delivered the highest inward and outward 
rotational stiffness in low-level fractures 
(9175 N·mm/degree and 11035 N·mm/degree, 
respectively). In contrast, in ultrahigh fractures, 
the 2-1C configuration provided greater rotational 
stability than both 1-1C and 1-1M. To support the 
stiffness results with a visual representation, von 
Mises stress contour plots were generated for the 
1-1M, 1-1C, and 2-1C configurations under posterior 
extension loading in high-level fractures (Figure 6). 
These plots highlight areas of stress concentration 
on the K-wires, particularly around the pin 
entry points and fracture interface, reinforcing 
the mechanical interpretation of the fixation 
stability. The 1-1M configuration appeared less 
prone to failure due to lower stress values under 
several loading conditions, while rotational forces 
consistently produced the highest stress across all 
fracture types and fixation methods.

DISCUSSION

Our study is the first to investigate the fixation 
stability of different pin configurations placed 

ideally according to various fracture heights in 
supracondylar fractures using FEA. The primary 
finding of this study is that there is no single ideal 
option for different fracture scenarios and that 
different configurations should be evaluated based 
on the type of fracture.

In low fractures, the 1-1M configuration proves 
to be a logical choice for extension-direction 
unstable fractures, given its highest stiffness 
against rotational forces and distinctively high 
stiffness for extension force compared to other 
configurations. For transolecranon fractures, 
considering the potential ulnar nerve injury, 
it might be prudent to avoid the 1-1M configuration 
due to its low stiffness in varus-valgus and 
internal and external rotational forces. Due to its 
low stiffness against rotational and varus-valgus 
forces in high fractures, the 1-1M configuration 
has been found to be less than ideal. The most 
optimal option for high fractures is the 2-1C 
configuration. However, the 1-1C configuration also 
provides similar results to 2-1C under rotational 
and flexion-extension forces in high fractures. 
Therefore, this configuration may be used for 
fractures with a low probability of varus-valgus 
translation to reduce anesthesia time, radiation 
exposure, and potential physeal damage.[29] In 
ultrahigh fractures, the 1-1M configuration fails to 
provide sufficient stability against rotational forces, 

FIGURE 6. Von Mises stress distribution on K-wires for (a) 1-1M, (b) 1-1C, and (c) 2-1C configurations under posterior extension 
loading in a high-level transverse supracondylar humerus fracture. Warmer colors indicate higher stress concentrations, particularly 
around pin entry points and along the fracture interface.

(a) (b) (c)
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and the 1-1C configuration is inadequate against 
extension-flexion and valgus forces. Considering the 
instability of such fractures, the 2-1C configuration 
may be the most prudent choice.[16,28] In light of 
these findings, as the fracture level becomes more 
proximal, it may be advisable to move away from 
the 1-1M configuration to avoid potential ulnar 
nerve damage. With a comprehensive evaluation 
that considers the unique nature of each fracture, 
the 1-1C configuration could be recommended. 
However, in cases where sufficient rigidity is a 
concern, the use of the 2-1C configuration should 
not be disregarded.

Kamara et al.’s study,[17] which evaluated the 
stiffness of different configurations in extension-
type fractures originating from the transolecranon 
region using FEA, observed that the 2-lateral, 
1-medial pin configuration provided the highest 
stability in all directions. In these fractures, the 
configuration with a third pin passing through 
the olecranon fossa showed increased stiffness in 
flexion and extension, while the configuration with 
the third pin passing laterally showed increased 
stability in varus and valgus compared to the 2-pin 
configuration. In our study, however, there was 
no significant difference in stability, except for 
varus, between the 1-1C and 2-1C configurations 
in transolecranon fractures. One key reason for 
this discrepancy is that Kamara et al.'s study.[17] 
investigated a single transverse fracture level at 
the olecranon fossa, whereas our study analyzed 
four distinct fracture levels. We found that the 
relative stability of each pin configuration varied 
significantly depending on the vertical location of 
the fracture, especially in ultrahigh and low-level 
fractures.

Additionally, differences in mesh construction, 
boundary conditions, and pin modeling strategies 
may have contributed to variation in stiffness 
values. Kamara et al.[17] also evaluated more diverse 
3-pin arrangements, while our study focused on 
consistent 2- and 3-pin patterns across multiple 
heights. Despite these methodological differences, 
both studies demonstrate the importance of pin 
trajectory and pin number in achieving optimal 
fixation stability.

In a study by Liu et al.[28] which conducted a 
FEA on metaphyseal-diaphyseal junction fractures, 
a configuration with two lateral and one medial 
K-wire provided the best stability against rotational, 
flexion, and varus forces, while a configuration 
with three divergent lateral K-wires offered the best 
stability against extension and valgus forces. In our 

study, the 2-1C configuration demonstrated higher 
stiffness values than the 1-1M configuration against 
varus, flexion, and rotational forces, but was less 
stiff than the 1-1M configuration in extension and 
valgus forces. The hypothesis that loss of reduction 
following lateral pinning begins with rotation, and 
the fact that fractures with internal rotation are 
particularly more unstable, suggest that the role 
of medial pinning in such fractures should be 
reconsidered by the surgeon.[13,30]

A recent FEA study by Bozoğlan et al.[19] 
compared multiple fixation methods across 
transverse and oblique high supracondylar 
fractures in a pediatric model, highlighting that 
optimal pin configurations vary significantly by 
fracture morphology and loading direction. Their 
findings further emphasize the importance of 
individualized fixation strategies, consistent with 
the conclusions of our study.

One of the main limitations to this study is 
the exclusive creation of transverse fractures in 
the models, thereby excluding the assessment 
of oblique or comminuted fractures. The pin 
configurations investigated in the study are 
considered ideal according to the literature. 
Future studies should aim to incorporate dynamic 
loading conditions and simulate soft tissue forces, 
such as those exerted by the biceps brachii and 
collateral ligaments, to more accurately represent 
physiological biomechanics. Addit ionally, 
evaluating oblique, comminuted, and flexion-type 
supracondylar fractures, as well as the effects 
of imperfect pin placement, would enhance the 
clinical applicability of FEA models. Validation 
with cadaveric or in vivo  biomechanical data is also 
warranted to strengthen the translational value of 
simulation findings.

In conclusion, these results highlight the 
importance of evaluating each supracondylar 
fracture individually, both pre- and intraoperatively, 
with consideration of fracture level. Our findings 
suggest that low-level fractures may benefit from 
cross-pinning for improved stability, whereas 
ultrahigh fractures are more successfully managed 
with three lateral pins to minimize the risk of 
ulnar nerve injury. These results offer orthopedic 
surgeons valuable guidance on selecting additional 
lateral or medial pinning strategies according to 
fracture height.

Data Sharing Statement: The data that support the 
findings of this study are available from the corresponding 
author upon reasonable request.
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