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Abstract. With the rapid development of digital research in
clinical orthopedics, the efficacy and safety of splint fixation
can be better evaluated through biomechanical analysis based
on a three-dimensional (3D) finite element model. It is essential
to address the current gap in understanding the biomechanical
implications of anatomical splint fixation for Colles frac-
tures. By employing advanced 3D finite element analysis, the
present study aimed to provide a comprehensive evaluation,
offering valuable insights that can contribute to enhancing
the effectiveness of anatomical splint fixation in the clinical
management of Colles fractures. The 3D finite element models
of the forearm and hand were constructed using Mimics 15.0
according to data from computed tomography of a patient with
a Colles fracture. After the validity of the model was veri-
fied, the corresponding material properties of the models were
adjusted to simulate a Colles fracture. Subsequently, the reduc-
tion functions, such as radial inclination and ulnar deviation,
of the simulated fracture were completed and the mechanical
changes of the tissues surrounding the fracture were calcu-
lated. Anatomical splints were then placed on the surfaces of
the 3D finite element models of Colles fractures at various
positions to analyze the changes in the stress cloud diagram,
such as for the soft tissue and anatomical splints. In the present
study, the constructed 3D finite element models were accurate
and valid. The maximum stress of the anatomical splints and
soft tissues was 2.346 and 0.106 MPa in pronation, 1.780 and
0.069 MPa in median rotation and 3.045 and 0.057 MPa in
supination, respectively. Splint stress reached the highest
level in supination and soft tissue stress achieved the highest
level in pronation. The peak of splint stress occurred during
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supination, which contrasts to the peak of soft tissue stress
observed in pronation, suggesting splint fixation median rota-
tion can effectively avoid compression of the local soft tissue.

Introduction

Colles fractures, which are usually caused by low-energy inju-
ries, refer to fractures that occur within 3 cm of the articular
surface of the distal radius. As one of the most commonly
occurring fractures, Colles fractures account for 90% of distal
radius fractures (1). They are characterized by the displacement
of the distal radius and dorsal, as well as the proximal volar
displacement (2). There are several causes of a Colles fracture;
the most common is a metacarpus landing after an accidental
fall and most occur in elderly individuals aged >60 years (3).
At present, most treatments for Colles fractures are conserva-
tive and include manual reduction followed by splint fixation,
which can achieve satisfactory results for simple and stable
extra-articular fractures and some intra-articular fractures (1).
Anatomical splints are an effective method for the fixation and
healing of Colles fractures (4).

In recent years, computational biomechanics analysis
technology has gradually been integrated into the clinical
application and basic research of medicine. Notably, finite
element analysis (FEA) is the most widely applied tool in the
field of orthopedics (5). FEA was first proposed by Professor
Clough in 1960 as an effective method to calculate the discrete
value (6) and analyze the structural stress and deformation.
Specifically, FEA can reduce complex problems into simple
ones, thereby solving complex clinical or experimental prob-
lems using simple methods (7). In 1972, Rybicki et al (8) and
Brekelmans er al (9) applied FEA in the field of orthopedic
biomechanics research. Currently, advances in computer
technology have facilitated the rapid development of
FEA. Specifically, FEA modeling has developed from the
two-dimensional (2D) to the three-dimensional (3D) and the
material properties have progressed from linear to nonlinear.
In addition, the methods to construct the finite element mesh
models have evolved from simplified modeling by computer
alone to the introduction of computed tomography (CT) or
magnetic resonance imaging (MRI).

With the increasing development of digital research in clin-
ical orthopedics, FEA has been applied in plastic surgery, spinal
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limbs, articular cartilage and bone microstructure research. In
addition, FEA has also played a role in high-simulation data
models associated with ligament muscles, joint capsules and
other soft tissues (10). 3D finite element analysis, with its
inherent advantages for biomechanical research (11), surpasses
the limitations of traditional experiments and is gradually
being used in the research of knee joint problems. The efficacy
and safety of splint fixation can be better evaluated through
biomechanical analysis based on a 3D finite element model.
Therefore, the present study explored the biomechanical distri-
bution in various positions with stable efficiency to maintain
the Colles fractures for anatomical splint fixation through the
establishment of a 3D finite element model of Colles fractures.

Materials and methods

Ethics statement. The present study was conducted in accor-
dance with the Declaration of Helsinki (as revised in 2013). It
was approved by ethics the committee of The Third Affiliated
Hospital of Guangzhou University of Chinese Medicine and
oral informed consent was obtained from the patient.

Materials. The Toshiba CT machine was obtained from
Canon Medical Systems Corporation. The bones were defined
as having isotropic homogeneous elastic material proper-
ties, ligaments served as the shell elements and the various
components are presented in Table I. Mimics 15.0 software
(Materialise NV) was used to construct the 3D models.
ANSYS Workbench software (ANSYS Inc.) was used to create
the 3D finite element model. Imageware 5.0 (Siemens AG) was
used for smoothing, denoising, paving and other modifications
to refine and optimize the model.

Establishment of a 3D finite element model of the forearm.
Clinical CT data was obtained from a patient with a Colles
fracture [male; aged 34 years; Arbeitsgemeinschaftfiir
Osteosynthesefragen (AO) classification (12) of fracture: A2]
and without other soft tissue or bone disorders. In addition
to the fracture end, the anatomy of the patient, except for
the fractured region, was anatomically consistent with the
uninjured side. To acquire detailed anatomical information,
a 64-slice spiral CT scanning procedure was performed using
the Toshiba CT machine. The patient assumed a supine posi-
tion with spontaneously drooping arms during the scan. The
scanning range included the proximal forearm to the distal
finger, with the parameters set at a slice thickness of 0.6 mm
with a total of 1,000 slices. Subsequently, the obtained CT data
were saved in DICOM3.0 format (13).

The collected data were then processed using Mimics
15.0 software (Materialise NV) to construct the 3D models
(Fig. 1). The segmentation and reconstruction of the bone
structure in the image and the adjustment of the connection
between the joints, such as between the radius and wrist,
were performed so that they were in a fusion state. At the
same time, digital models of soft tissues in the different parts
were established using the aforementioned methods. The bone
structure and soft tissue model were imported into Imageware
5.0 (Siemens AG) for smoothing, denoising, paving and other
modifications to refine and optimize the model. The opti-
mized model was inputted into PRO/E software (version 5.0;

Table I. Tissue parameters of various parts of the human body.

Material Elastic modulus  Poisson's ratio
Compact bone 13.3 GPa 0.30
Cancellous bone 0.69 GPa 0.30
Cartilage 10 MPa 045
Ligament 0.3 GPa 0.40
Interosseous membrane 0.95 GPa 045
Soft tissue 0.15 MPa 0.49
Fracture line 50 kPa 0.05

Data from Wang Yijin and Wang Jielin, Orthopaedic Biomechanics,
First Edition, Beijing: People's Army Medical Press, 1986.

Parametric Technology Corporation) for assembly. Based on
the anatomical locations described in the literature (14-16), the
appropriate components were selected from the parts library
of the software and structures such as ligaments, cartilage and
fibrocartilage were added to obtain a 3D model of the forearm
and hand. This model was inputted into ANSYS Workbench
software (ANSYS Inc.) to construct the 3D finite element
model of the forearm and hand (Fig. 2).

Validation of the 3D finite element model. Contact relation-
ships within the model were established in accordance with
current literature. Specifically, the bone-to-bone and interior
of the bones were designated as ‘Contact’, while bone-to-soft
tissue interactions were defined as ‘Tie’. The friction coefficient
within joints was intentionally disregarded. To simulate real-
istic conditions, the radius and proximal ulna were constrained
using full degree of freedom fixation. Subsequently, a 100 N
axial compression load was applied to the second and third
metacarpals, according to established protocols (17-22). To
validate the model, it was subjected to loading in different
directions to ensure that the generated stress patterns were
consistent with the expected biomechanical responses. The
material properties of the model were fine-tuned to simulate
the conditions of a Colles fracture. Reduction functions and
mechanical changes around the simulated fracture site were
incorporated into the model to enhance realistic conditions.
This validation approach ensured the fidelity of the 3D finite
element model and its suitability for biomechanical analysis
and it adhered to the established methodologies in the field.

Finite element analysis

Load configuration and boundary constraint. The degrees of
freedom of all nodes (displacement and rotation in three direc-
tions) for the upper radioulnar notch of the proximal section of
the 3D finite element model were defined as 0. For the loading
under a dynamic state, the compressive force of the body was
assumed to occur from the proximal to the distal forearm; the
vertical upward component was received by the surface of the
wrist, radius and ulna joints was set as 100 N; and the tensile
component as 100 N. When simulating the internal rotation of
the forearm, the stress on the radius arose from the internal
rotation; the loaded torsional moment was 1 Nm; and vertical
moments were applied to the medial and lateral distal radius
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Figure 1. Construction of 3D models. 3D, three-dimensional.

Figure 2. Construction of 3D finite element model of Colles fracture. (A) 3D model of forearm bones; (B) 3D model of forearm skin; (C and D) 3D model of
fixation with small splints; (E) Loads configuration and boundary constraints; and (F) Mesh convergence. 3D, three-dimensional.
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to simulate the working condition of the distal radius under
torsional stress.

The boundary constraints for the finite element model of
a Colles fracture are the restrictions on the radius and ulna.
The full degree of freedom fixation method was applied
to constrain the radius and ulna, thus simulating their basic
positions to keep them relatively stationary in the model. For
the conditions for the ligaments and soft tissues, the mate-
rial properties and geometric shapes of the ligaments and
soft tissues were considered to simulate their behavior under
physiological conditions. This involved treating the ligaments
as shell elements and assigning appropriate properties based
on previously reported data (Table I).

Mesh convergence. Mesh convergence was performed for
all the obtained bone structure and soft tissue model using
3-matic (v5.1, Materialise company, Belgium). To generate
the finite element model of the volume meshes, the models
were imported into ANSYS.13.0 (ANSYS Inc.) and meshed
using the SOLID72 element type. SOLID72 is an element
that is defined by four nodes, each of which has six degrees
of freedom: displacement in the axis x, y and z directions, as
well as rotation around the axis x, y and z directions. The finite
element mesh model is shown in Fig. 2F.

Simulation and calculation of anatomical splint fixation
state. The models were inputted into the ANSYS Workbench
software (ANSYS Inc.) and through the automatic block func-
tion of the software, higher-order tetrahedron models were
selected for the model segmentation. In the segmented model,
fixation constraints for the full degrees of freedom for the
proximal radius and ulna were determined. A load of 28 N was
applied uniformly to each splint, the surface perpendicular to
the splint was considered the center and the calculation started
from the moment of contact with the skin and ended when
mechanical stability was achieved between the splint and
skin (23). Under a 28 N load, the body surface stress cloud
diagrams and peak values of the anatomical splints in the three
different positions (pronation, median rotation and supination)
were measured. The measurement indicators mainly included
stress distributions in the different parts (e.g., tendons, ulnar
head and thenar muscles) as well as the bone surface stress
diagrams and peaks. As for the simulation for lateral rotation,
the stress on the radius was from lateral rotation; the loaded
torsional moment was defined as 1 Nm; and vertical moments
were imposed on the medial and lateral distal radius to simu-
late the working conditions of the distal radius under torsional
stress. Finally, the aforementioned boundary conditions and
loading were imported into the ANSYS Workbench software
(ANSYS, Inc.) and the stress distribution was then analyzed
via a 3D finite element model.

Statistical analysis. By using computational tools such as
Mimics 15.0 (Materialise NV), Imageware 5.0 (Siemens AG),
PRO/E (Parametric Technology Corporation) and ANSYS
Workbench (ANSYS Inc.), the present study ensured the
accuracy and validity of the 3D models. The loaded 3D finite
element model was then assessed in various directions and its
validity was confirmed through stress analysis. Data of stress
and displacement were expressed as the mean + standard devi-
ation. Student's t test (unpaired) was used to compare stress
and displacement between the anatomical splints and soft

tissue. All tests were two-tailed and P<0.05 was considered
to indicate a statistically significant difference. All statistical
analyses were performed using SPSS 26.0 (IBM Corp.).

Results

Verification of the forearm model. The radiocarpal tissue
stress was calculated according to the present finite element
model. The results of the present study indicated that the stress
distribution of the radiocarpal tissue was not uniform; the
maximum stress was located in the scaphoid and lunate fossae
of the articular surface of the distal radius. Furthermore,
the maximum contact stress at the wrist joint surface was
9.57 MPa. According to a previous report (4), the maximum
contact stress was ~9 MPa and the stress was mainly distrib-
uted in the scaphoid and lunate fossae of the joint surface of
the distal radius, which is consistent with the results of this
study. Similar simulation results were reported in other litera-
ture (24,25). Therefore, the forearm model was determined to
be accurate and effective.

Distribution of soft tissue stress and displacement in different
body positions

Soft tissue stress distribution in pronation. The stress distribu-
tion was consistently uniform across the various radial fracture
positions and encompassed critical anatomical structures such
as the thenar muscles, radial styloid process and ulnar head.
During pronation, the absolute stress of anatomical splints
was 0.491+0.346 MPa, reaching a maximum of 2.346 MPa,
whereas soft tissues exhibited significantly lower values with
0.012+0.006 MPa and a maximum of 0.106 MPa (P<0.001;
Table II). In addition, the anatomical splints and soft tissue
exhibited the similar absolute displacement (4.676+1.220 vs.
4.210+1.531, P>0.05), but the soft tissues had bigger displace-
ment in x-axis than the anatomical splints (-2.450+1.462 vs.
-3.490+2.929; P=0.007; Table II). The distribution pattern of
the anatomical splints and soft tissue stress during the prona-
tion position is visually presented in Fig. 3, which provides
detailed insight into the biomechanical response in this
specific configuration.

Soft tissue stress distribution in median rotation. In Fig. 4,
the stress distribution within the radial fracture displayed a
relatively dispersed pattern, with a notable concentration
observed in the dorsal wrist, hypothenar, radial styloid process
and other relevant anatomical regions. During median rota-
tion, the absolute stress of anatomical splints was 0.409+0.211
MPa, reaching a maximum of 1.780 MPa, whereas soft tissues
exhibited significantly lower values with 0.012+0.007 MPa
and a maximum of 0.069 MPa (P<0.001; Table II). in addi-
tion, the anatomical splints and soft tissue exhibited a similar
absolute displacement (8.117+2.542 vs. 7.908+3.143; P>0.05),
but the soft tissues had bigger displacement in z-axis compared
with the anatomical splints (-1.883+0.943 vs. -2.329+0.986,
P=0.023; Table II).

Soft tissue stress distribution in supination. The stress
distribution within a radial fracture exhibited a systematic
pattern, with the stress concentration notably centered around
the key anatomical landmarks, including the wrist joint, radial
styloid process, ulnar head and thenar region. During supina-
tion, the absolute stress of anatomical splints was 0.562+0.456
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Figure 3. Distribution of soft tissue stress in pronation. (A) Soft tissue and (B) anatomical splint stress distributions; (C) palmar and (D) dorsal palmar.

MPa, reaching a maximum of 3.045 MPa, whereas soft tissues
exhibited significantly lower values with 0.013+0.007 MPa and
a maximum of 0.057 MPa (P<0.001; Table II). In addition, the
anatomical splints and soft tissue exhibited a similar absolute
displacement (4.595+0.672 vs. 4.532+1.078, P>0.05), but soft
tissues had bigger displacement in z-axis than the anatomical
splints (-2.154+0.602 vs. -2.356+0.225, P=0.029; Table II).
A comprehensive visualization of this stress distribution and
intensity is presented in Fig. 5, offering a detailed depiction
of the biomechanical response in the context of radial fracture
conditions.

Discussion

Biomechanical research is usually not widely conducted
because of technical and ethical restrictions. The tissue attri-
butes of human specimens are unstable and the replication
of their physiological environment is challenging; however,
biomechanical research relies almost exclusively on the
instrumental testing, thus incurring extremely high costs (26).
Biomechanical FEA is generally performed via a 3D model
that is similar to the human body. Specifically, the 3D model

is constructed based on, for example imaging data, material
properties, loads, and boundary conditions and the local
regional information can be acquired after the simulation of
the structure, parameters and loads of the 3D model (4). In
general, biomechanical FEA is distinguished by its cost-effec-
tiveness, swift calculation cycle, high simulation accuracy
and excellent reproducibility. In recent years, FEA has been
increasingly applied to bone and joint stress analysis, fracture
risk prediction, internal fixator design and surgical treatment
guidance. A previous study established a 3D finite element
model of Colles fractures for the first time, thus providing a
reference for clinical work (27).

Colles fractures are a relatively common disorder that
are mainly caused by indirect violence and can result in
joint deformity, limited mobility, pain and swelling and are
usually treated conservatively (28,29). Presently, the outcomes
of fixation differ based on the materials employed in clinical
practice. Compared with traditional fixation with a gypsum
plate, fixation with small splints is more flexible and condu-
cive to blood reflux, movement and distraction of soft tissues
around the fracture (30). Under actual physiological conditions,
tissues such as bone, cartilage, ligaments and interosseous
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Figure 4. Stress distribution of soft tissue in median rotation. (A) Soft tissue and (B) anatomical splint stress distributions; (C) palmar and (D) dorsal palmar.

membranes do not fully exhibit elastic, linear and isotropic
behavior. This is because biomaterials may exhibit complex
nonlinear responses under external effects, which are influ-
enced by various factors, including deformation rate, loading
history and humidity (31). In the present finite element model,
elastic, linear and isotropic properties were chosen mainly
to simplify the model, to improve computational efficiency
and make it easier to interpret. However, in biomechanical
research, understanding the true performance of biological
tissues is crucial. In reality, materials such as bones, cartilage
and ligaments may exhibit nonlinear, time-varying, or aniso-
tropic behavior under different load conditions. This may be
influenced by the complex structure and diversity of biological
tissues, as well as their interactions with the surrounding
environment (32). To simulate these nonlinear behaviors
more accurately, it is necessary to use more complex material
models, such as hyperelastic models and progressive failure
models, for an improved reflection of the true performance of
biomaterials (33). However, such a model can also increase
computational complexity and resource requirements. The
present study made compromises in model selection to ensure
a preliminary simulation of the fracture situation, but it was
also realized that this is a simplification that requires further
exploration in actual biomechanical research.

There are a few reports on FEA for fractures fixed by
splints. Hua et al (4) explored the biomechanics of splint fixa-
tion of distal radius fractures using three different materials
by 3D FEA and analyzed the cloud diagrams of the stress
distribution in the soft tissue and bone joints from the forearm
to the wrist joint. CT scans were used to obtain the models in
that study. As the constitutive equation of various tissues of the
human body cannot be provided through relevant mechanical
experiments or basic research, the heterogeneity and anisot-
ropy of the tissue material of the human body were assumed
to be homogeneous and isotropic linear elastic materials in the
present study. According to the model and calculation results,
the stress distribution of the limb soft tissue was uniform and
the stress of easy entrapment sites such as the apophysis and
thenar region was small. Furthermore, maximum stress of the
anatomical splints and soft tissues was 2.346 and 0.106 MPa in
pronation, 1.780 and 0.069 MPa in median rotation and 3.045
and 0.057 MPa in supination, respectively. Therefore, the
stress on the median rotation was minimal, providing a reliable
biomechanical basis for the clinical application of anatomical
splints. A notable departure is the examination of positions
such as pronation, median rotation and supination, shedding
light on diverse stress patterns. However, as in Hua et al (4),
the present study assumed the tissue material of the human
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Figure 5. Stress distribution in radial fractures. (A) Soft tissue and (B) anatomical splint stress distributions; (C) palmar and (D) dorsal palmar.

body to be homogeneous and isotropic linear elastic materials
due to the unavailability of constitutive equations through
relevant mechanical experiments or basic research. In contrast
to the emphasis on distal radius fractures in Hua et al (4), the
present study focused on Colles fractures, revealing distinct
stress distribution characteristics in anatomical splints and
soft tissues across different positions.

According to the FEA results, it can be observed that the
stress at the fracture site is minimal in the neutral position,
indicating the highest stability of the fracture. This conclu-
sion is drawn based on experimental findings. The forearm
is composed of two bones, the ulna and radius, along with
the interosseous membrane between them. The interosseous
membrane is a dense connective tissue that not only serves to
connect and transmit forces between the two bones but also
provides stability, thus limiting the maximum rotational move-
ment of the forearm. Previous research, including anatomical
studies, suggests that the interosseous membrane is most relaxed
in the neutral position, where it exerts the least traction on the
bones and contributes to the overall stability of the fracture
site (34-36). Additionally, using a splint for external fixation
after a fracture, with the forearm fixed in the neutral position,
promotes functional recovery (37). This approach is advanta-
geous because fixing the forearm in pronation or supination

positions is less stable than fixing it in the neutral position. In
addition, after removing the splint, restoring the supination posi-
tion is more challenging than restoring the neutral position if it
was initially fixed in pronation and vice versa. The 3D FEA of
the biomechanics revealed that anatomical splints maintained
the palmar tilt and ulnar deviation fixation in Colles fractures.
As a rotating limb, different positions of the forearm could
cause changes to the mechanical structure (38). Additionally,
the stress analysis of Colles fractures fixed with anatomical
splints indicated that the maximum soft tissue stress was in
pronation and the maximum splint stress was in supination.
Taken together, the application of anatomical splints to fix the
limb in neutral position can effectively avoid local soft tissue
compression and facilitate the healing of the fracture.

In the present study, a finite element model of Colles
fractures was precisely designed, considering the various
contact interactions crucial to simulate the realistic biome-
chanical responses. The model incorporated distinct contact
types: ‘Bone-to-Bone Contact’ for interactions between
different bone structures such as the radius and ulna;
‘Interior of Bones’ to represent the internal bone interac-
tions; and ‘Bone-to-Soft Tissue Contact’ which specified
connections between the bones and soft tissues, such as
ligaments. The decision to set the friction coefficient within
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the joints as negligible aimed to simplify the model while
focusing on the primary factors influencing the stability and
stress distribution in Colles fractures. This approach aligns
with the established biomechanical models, which ensures
a comprehensive understanding of the intricate interactions
within the finite element model and enhances the reliability
of the simulation results.

However, there were still some limitations. The finite
element model used in this study was relatively simple. In addi-
tion, the model in this study neglects the intrinsic influence of
dynamic structures such as muscles and tendons and is unable
to simulate the stress of various materials in functional training.
In addition, FEA also has some limitations. For instance, the
finite element model can only approach the real situation but
cannot fully replicate the actual environment. Therefore, the
authenticity and validity of the above results need to be verified
through additional experiments. Further study can be focus on
conducting a long-term follow-up study is imperative to assess
the sustained efficacy and potential complications associated
with anatomical splint fixation for Colles fractures. This
longitudinal investigation will provide crucial insights into the
enduring effectiveness of the treatment and its impact on key
clinical indicators. Furthermore, comparative studies should
be undertaken to juxtapose anatomical splint fixation with
alternative treatment modalities such as traditional fixation
methods or surgical interventions. Through a comprehensive
comparison of the biomechanical effects and clinical outcomes
of different therapeutic approaches, a clearer understanding of
the advantages and disadvantages of anatomical splint fixation
can be elucidated. In addition, patient stratification studies are
essential to evaluate the effects of anatomical splint fixation
across diverse patient subgroups, considering varying char-
acteristics of Colles fractures or pertinent medical histories.
This stratified approach will facilitate the assessment of treat-
ment efficacy in different patient cohorts, thereby contributing
to personalized treatment strategies and the optimization of
therapeutic interventions.

The present study revealed that the apex of splint stress
occurred during supination, which contrasts with the peak of
soft tissue stress observed in pronation. When scrutinizing the
tissue and splint stress through a 3D finite element model of
Colles fracture during pronation, median rotation and supina-
tion, notable findings emerged. Consequently, it is deduced
that anatomical splint fixation during median rotation proves
efficacious in averting the localized compression of soft tissue.
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