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Abstract. Sagittal craniosynostosis affects the normal development of the infant skull due to the premature fusion
of the sagittal suture. This study proposes a methodology for the biomechanical modeling of the infant skull with
sagittal craniosynostosis, focusing on the mechanical characterization of the cranial suture. To this end, two
geometric models were developed: a simplified one to simulate three-point bending tests and another based on
tomographic reconstruction of the complete skull. Through inverse analysis, the elastic modulus of the sagittal
suture was estimated. In addition, simulations with different mechanical properties were performed using the finite
element method to evaluate the effect of tissue stiffness on stress and deformation distribution. This methodology
contributes to a better understanding of the biomechanical role of fused cranial sutures in bone development and
lays the foundation for future studies with experimental validation and more advanced modeling.
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1 Introduction

The human skull is composed of five main bones: two frontal bones, two parietal bones, and one occipital
bone. These bones are responsible for protecting the brain and providing structural support to the head [1]. They
are joined together by four sutures, which are anatomical structures made up of bands of fibrous connective tissue,
and two fontanelles, which are membranous regions of soft tissue present during early development [2]. The
sutures allow the ossification of the flat bones and enable the dynamic growth of the skull during the early years
of life, acting as zones of controlled bone expansion. The fontanelles provide additional flexibility to the newborn's
skull and gradually close as ossification progresses [3]. Brain development occurs in conjunction with skull
growth, which is accelerated during the first years of a child's life. During this period, the sutures remain open to
allow brain expansion and ensure an ideal intracranial volume [4]. Any alteration in this physiological process can
compromise both the shape of the skull and the neurological function of the patient.

An atypical case occurs in about 1 in every 2,000 births, in which one or more sutures fuse prematurely,
known as craniosynostosis, which is the second most common craniofacial anomaly [2][8]. This condition restricts
normal skull growth and can result in morphological, physiological, and functional abnormalities; as well as cause
intracranial hypertension, horizontal strabismus, cognitive deficits, and other neurological problems [4][8]. The
most common type of craniosynostosis is scaphocephaly, which occurs when the sagittal suture fuses [5]. The
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diagnosis of this condition is primarily made through clinical and imaging examinations, especially computed
tomography scans (TC). The most common treatment is surgical intervention, which involves opening the affected
suture and remodeling the skull. This procedure corrects deformities and prevents neurological consequences [7].
Due to the limited information available about this condition, different researches have been conducted over the
past decade to expand knowledge about craniosynostosis. The goal of these investigations is to provide relevant
information to clarify the origin of the condition and contribute to improving the treatments offered in medical
centers [8], [9], [10].

Several studies have employed experimental and computational techniques to investigate cranial bones and
sutures, providing valuable insights into the behavior of the infant skull. Experimentally, various authors have
analyzed how changes in the speed and position of the three-point bending test affect the mechanical properties of
both the parietal bone and the suture, concluding that these two parameters significantly influence the results
obtained [9], [11]. Other studies conducted microstructural characterization of the parietal bone using
nanoindentation, observing that the mechanical strength of infant bone is up to three times lower than that of adult
bone [10], [12]. In terms of computational modeling, different investigations have used the finite element method
to understand how the premature fusion of sutures affects skull development and shape, enabling the identification
of regions with higher concentrations of stresses and strains [13], [14], [15]. Finally, the existing literature reveals
a wide dispersion in the values of the mechanical properties of cranial tissues, which can be attributed to variations
in age, sex, tissue type, and testing conditions [4], [16], [17], [18].

This study proposes a methodology for modeling the infant skull using a suture elastic modulus calculated
from three-point bending tests of the bone suture bone interface reported in the literature [8], [9], under the
assumption of Hookean behavior. To this end, two computational models were developed. The first was designed
to determine the mechanical properties of the suture tissue through an inverse analysis using the finite element
method. In the second analysis, both the elastic modulus obtained in the first simulation for the suture and the
elastic modulus reported in the literature for the bones were employed to assess their influence on the
biomechanical response of the finite element model. This approach allows for the analysis of the model’s
sensitivity to variations in suture stiffness and highlights the importance of accurate mechanical characterization.
The following sections describe the methodology adopted for geometric reconstruction, material property
assignment, and computational simulation, followed by the presentation of the main results and their discussion.

2 Methodology

2.1 Obtaining the Geometric Models

Two distinct geometric models were developed for the biomechanical study of craniosynostosis. The first
model corresponds to a sample used in the three-point bending test from the study conducted by P. Swider et al.
(2021) [18]. The geometry was created based on the dimensions reported for the central specimens of the stenotic
sagittal suture (length: 30 mm, width: 6 mm, and thickness: 2.5 mm). This model was designed using Autodesk
Inventor® software (Autodesk, California, USA) and consists of three differentiated layers: cortical bone,
trabecular bone, and the sagittal suture. In this study, cortical and trabecular bone were distinguished with the aim
that, in future research, this information will allow the independent analysis of each tissue’s contribution to the
elastic modulus. This model is shown in Figure 1A.

The second model corresponds to the tomographic reconstruction of the skull, sutures, and fontanelles, which
was generated from a high-resolution computed tomography scan of an infant under one year of age diagnosed
with sagittal craniosynostosis. The medical image processing was performed using Materialise Mimics and
Materialise 3-Matic software (Materialise, Leuven, Belgium). In Mimics, the main anatomical structures were
segmented: frontal, parietal, and occipital bones, as well as the sutures (metopic, coronal, and lambdoid). Due to
the low mineralization of the sutures at this age, they could not be directly segmented. Therefore, 3-Matic software
was used to manually reconstruct these tissues based on anatomical reference points derived from the visible bone
contours. The final reconstruction model includes both fused and non-fused regions, allowing analysis of areas
affected by synostosis as well as regions with normal physiological development. This reconstruction is shown in
Figure 1B.
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Figure 1. Geometric models. A. geometric model of the three-pint bending test, B. Reconstruction of a complete
skull from a CT scan for the biomechanical analysis.

2.2 Numerical Simulation Using Finite Element Analysis

The finite element analysis was performed using Ansys Workbench 17.0 software (Ansys, Canonsburg,
USA). Two independent simulations were developed, corresponding to the previously described geometric
models.

For both models, bone and suture were modeled as linear, homogeneous, and isotropic materials [8], [10],
[19] and the Poisson’s ratio values were taken from the literature [17], [21]. For the first model, an effective elastic
modulus of 940 MPa was used, as reported in the literature [18]. These values correspond to a sample composed
of bone-suture-bone. Using these values and Euler-Bernoulli beam theory, a displacement of 0.919 mm was
obtained, corresponding to the displacement measured in the three-point bending test. The general expression was
rearranged to calculate the displacement, as shown below:

FI3 1
" 4E;:bh3 )

In this formulation, F represents the applied load, L the span length between supports, b the width of the
sample, h its thickness, 3 the displacement corresponding to the load F, and E the elastic modulus.

Subsequently, the proportion of the elastic modulus corresponding to cortical and trabecular bone was
estimated. Since no studies explicitly reporting this distribution in multilayer models were found, a volume-based
rule of mixtures was used to estimate the contribution of each material to the effective elastic modulus. Based on
previous studies, it was assumed that the elastic modulus of trabecular bone is approximately 30% lower than that
of cortical bone [20]. For the suture, a value of 30 MPa was assigned for the elastic modulus, according to reports
in the literature on infant cranial connective tissue [4], [21]. The sample has a volume of 450 mm?, distributed as
205.2 mm? of cortical bone (45.6% of the total volume), 222.3 mm? of trabecular bone (49.4% of the total volume),
and 22.5 mm? of suture (5.0% of the total volume). These values were obtained through the geometry created in
Autodesk Inventor. From this configuration, Equation 2 was solved to determine the elastic modulus of cortical
and trabecular bone.

é

Egp =V *E + Vi *xE + Vs x Eg
Epp — Vs * Es @)
V. +07x*V,

In this equation, Egp is the effective modulus, E, is the elastic modulus of cortical bone, E; is the elastic
modulus of trabecular bone, Ej is the elastic modulus of the sagittal suture, V. is the volume fraction of the cortical
layer, V; is the volume fraction of the trabecular layer, and V; is the volume fraction of the sagittal suture.

Obtaining values of 1170.4 MPa for cortical bone and 819.3 MPa for trabecular bone, these were used as
input data in the finite element simulation to obtain the directional displacement along the y-axis as output data.
To reproduce the three-point bending test, two supports were employed: one with a fixed constraint and the other
restricted only along the y-axis, in addition to a concentrated load of 12 N applied at the center of the geometry
[18], as shown in Figure 2A. The displacement obtained in the simulation was compared with the displacement
calculated using Equation 1, and inverse analysis was initiated. For this analysis, the elastic moduli of cortical and
trabecular bone were kept fixed, while the elastic modulus of the suture was varied, since this tissue is the least
rigid component and therefore has the greatest influence on the total deformation of the domain. This process was
repeated until a value of the suture’s elastic modulus was found that allowed the maximum displacement obtained
through FEM to match the theoretically calculated displacement.

EC:
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Four versions of the second model (complete skull) were created, varying the elastic modulus values of both
the suture and the bone. For the first case, the material properties obtained from the first simulation were used.
Since the geometry does not have a sandwich structure of cortical and trabecular bone, the volume-based rule of
mixtures was used to obtain an average elastic modulus value for both tissues [18], employing Equation 3 and the
same data presented earlier. The modulus obtained was 985.4 MPa. For the suture, the elastic modulus obtained
through the inverse analysis method was used.

* *
Eprom = W (3)
c t

For the other three versions, elastic modulus values for cortical bone, trabecular bone, and sagittal suture
reported in the literature were used. This was done in order to assess the model’s sensitivity to different mechanical
properties. The values used are summarized Table 1.

Table 1. Mechanical properties obtained from literature sources for cranial tissues at different ages.

Simulation Bonﬁ\;[r;’oa(}ulus Sutur[i/[ngz]d ulus Age group Reference
Case 2 1103,01 408,12 1-2 years old [11]
Case 3 783,8 4,2 11 months [17]
Case 4 9870 1100 6 years old [22]

For the boundary conditions, a fixed support was applied at the foramen magnum [23], and an intracranial
pressure of 2660 Pa, simulating intracranial hypertension, was applied to the inner surface of the skull [24], [25],
as shown in Figure 2B. To ensure the accuracy of the results, a convergence criterion based on the model's total
deformation was employed. The mesh was progressively refined until the differences between successive solutions
were less than 10% in terms of total deformation, resulting in a model composed of 544,107 nodes and 293,440
elements. In this simulation, total deformation and maximum stress were analyzed.

Static Structural
Time: 1, s

Static Structural B Fixed Support
Time: 1, s Bl Pressure: 2,66e-003 MPa

A Bl Fixed Support
Displacement
. Force: 12, N

Figure 2. Boundary conditions, A. forces and constraints, first model, B. forces and constraints, second model.

3  Results

3.1 Numerical Simulation Using Finite Element Analysis

Through the iterations of the inverse analysis mentioned in the methodology, an elastic modulus of 61.2 MPa
was obtained for the suture. Figure 3A shows the final simulation with the calculated theoretical displacement, and
Figure 3B illustrates the evolution of the elastic modulus, the values are the deformations obtained with those
Young’s modulus. Additionally, the relative contribution of each tissue to the overall elastic modulus of the model
was calculated. This analysis allowed quantifying how each component influences the total mechanical behavior
of the system. The results showed that cortical bone contributes approximately 56.8% of the effective modulus,
trabecular bone contributes 43%, and the sagittal suture represents only 0.2%.
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Directional Deformation

Type: Directional Deformation(Y Axis)
Unit: mm
Global Coordinate System
Time: 1

0,47714Max
A 0,32198
0,16682
0,011654
-0,14351
-0,29867
-0,45384
-0,609
-0,76416
-0,91933 Min

Young's Modulus (MPa)

Iteration

Figure 3. Convergence, A. Y-axis directional deformation, B. convergence to the calculated deformation.

For the second model, the results of total deformation and maximum principal stress obtained for the four
simulated cases were as follows: in Case 1, the maximum total deformation was 0.05947 mm, located at the
anterior fontanelle, while the maximum principal stress was 0.35912 MPa, found at the junction of the parietal
bone and the right squamosal suture; in Case 2, the maximum total deformation was 0.03031 mm, located in the
right parietal bone, and the maximum principal stress reached 0.31971 MPa, concentrated in the lower region of
the same bone; in Case 3, the maximum total deformation was 0.30373 mm, located at the anterior fontanelle and
at the junction of the parietal bone with the left squamosal suture, while the maximum principal stress was 0.44194
MPa, located at the junction of the parietal bone and the right squamosal suture; and Case 4 showed the lowest
total deformation, with a value of 0.0047432 mm at the anterior fontanelle, and the maximum principal stress was
0.34176 MPa, located at the junction of the parietal bone and the squamosal suture. Figure 4 presents the final
simulation results for each of the four cases, as well as for each of the analyzed variables.

rmation
Total Deformation

Total Deformation

Total Deformation
Type: Total Deformation

73
030373 Max

laimum Principal Stress
Type. Maximum Principal Stress

© i

C
0,16169
021183 Min

Case 1 o Case 2 Case 3 ) Case 4

Figure 4. Comparison of Maximum Deformation and Stress per Simulation Case

4 Discussion

The results obtained through numerical simulation provide insight into how tissue mechanical
characterization influences the biomechanical behavior of the infant skull with craniosynostosis, both in terms of
deformation and stress distribution. This was evidenced by the variation in the elastic modulus of the different
tissues composing the geometry.

In the first model, the iterative adjustment of the effective elastic modulus made it possible to reproduce the
central displacement of 0.919 mm, which corresponded to an effective modulus of 940 MPa. The elastic modulus
results for cortical and trabecular bone align with literature reports, where the elastic modulus of infant cortical
bone shows greater stiffness compared to trabecular bone [4], [12], [26].

Additionally, it was found that the elastic modulus of the suture is 61.2 MPa, a value that falls within the
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ranges reported in other studies [11], [18]. It is noteworthy that, in this model, the suture represented only 5% of
the total sample volume, and its contribution to the effective modulus was just 0.2%. This highlights the relatively
low stiffness of this tissue compared to the surrounding bone, reinforcing its role as a biomechanical transition
zone.

In Cases 1 and 3, where the elastic moduli of both bone and suture were lower, it was observed that the
maximum deformations occurred in the anterior fontanelle, with a wider distribution of stresses in the junction
regions between bone and suture. This is consistent with studies that conclude that open sutures act as mechanical
damping zones, capable of absorbing energy and reducing the load on adjacent bones [27].

On the other hand, in Cases 2 and 4, which had higher stiffness in their mechanical properties, the models
tended to concentrate stresses in specific bone connection areas, with smaller and more localized deformations.
However, it was noted that the maximum principal stress did not decrease proportionally with the increase in
stiffness, demonstrating that greater stiffness does not guarantee a reduction in stress nor does it lead to a more
favorable load distribution [28].

In all cases, it was observed that both the anterior fontanelle and the junction of the parietal bone with the
squamosal suture act as stress concentrators, supporting the hypothesis that sagittal craniosynostosis significantly
alters the internal distribution of stress. This is because the premature fusion of the sagittal suture severely restricts
perpendicular skull growth, preventing uniform brain expansion. These findings are consistent with other studies
using FEM [29], [30], [31]. Finally, the analysis of the suture showed that this tissue has a strong impact on the
final morphology of the skull, as fused (stiffer) sutures generate higher stresses, which explains the deformations
characteristic of this condition.

5 Conclusion

The present study demonstrated that the methodology used to determine the elastic modulus of the suture is
valid. Regarding the results, it was observed that variations in the elastic modulus of the tissues that compose the
skull significantly influence deformation patterns and stress distribution in infant skulls with sagittal
craniosynostosis. Although sutures are the least predominant tissue in the skull, they play a fundamental role in
the redistribution of mechanical loads. It was found that a model with higher stiffness leads to localized stress
concentrations, whereas lower mechanical properties allow for greater deformation and better stress dissipation.
These results highlight the importance of accurately characterizing the mechanical behavior of sutures,
suggesting the need for further mechanical testing that takes into account variables such as the type of
craniosynostosis and other morphological characteristics.
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