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Abstract

Retinal detachments following blunt ocular trauma are challenging to predict due to the
complex and transient biomechanical responses of the globe. This study combines an
in vitro weight-drop experiment and finite element analysis (FEA) to evaluate the mechani-
cal pathways leading to traumatic retinal detachment and to predict the spatial likelihood
of injury. In the in vitro model, a cylindrical weight was impacted onto freshly enucleated
mouse eyes (16 weeks old) supported on a rigid metal plate. Following impact, the eyes
were sectioned and stained using hematoxylin and eosin (H&E) for histological assessment.
A finite element model of a mouse eye, including the cornea, sclera, lens, zonule, vitreous
body, aqueous humor, and retina, was reconstructed from the histological section and used
to simulate the whole sequence of compression and rebound following the blunt impact.
The simulation demonstrated that the lens retained a high momentum. It generated an
alternating compressive (up to −6.57 × 10−3 MPa) and tensile (up to 1.62 × 10−3 MPa)
radial stress at the posterior pole and sustained compressive stress at the peripheral region
(up to −3.12 × 10−3 MPa) and tensile-compressive stress variation at the equatorial region
of the retina. In addition, the regions experiencing tensile stress overlapped with the region
exhibiting retinal detachment in the in vitro experiment. These findings highlight the
spatiotemporal mapping of biomechanical stress to predict traumatic retinal detachment
following blunt impact and provide an understanding of early biomechanical response
following ocular trauma.

Keywords: blunt traumatic eye injury; retinal injury; finite element analysis

1. Introduction
Ocular trauma is one of the leading causes of visual impairment and blindness world-

wide. Epidemiological data estimate that approximately 2.4 million cases of ocular trauma
occur each year in the United States alone [1], with common causes including foreign
bodies, mechanical force, and falls [2]. Unintentional traumatic eye injuries from objects
and machinery are the greatest contributors to ocular trauma in children, accounting for
approximately 30.1% of cases [3]. Blunt ocular trauma, in particular, comprises about

Bioengineering 2026, 13, 431 https://doi.org/10.3390/bioengineering13040431

https://crossmark.crossref.org/dialog?doi=10.3390/bioengineering13040431&domain=pdf&date_stamp=2026-04-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0009-0003-0580-6564
https://orcid.org/0009-0000-9880-9825
https://orcid.org/0000-0001-6448-6351
https://orcid.org/0000-0003-0348-2060
https://orcid.org/0000-0003-2637-0299
https://doi.org/10.3390/bioengineering13040431


Bioengineering 2026, 13, 431 2 of 13

37.8% of all traumatic eye injuries and poses a significant risk for unilateral vision loss and
permanent blindness.

Blunt forces on the eye can cause rapid distortion of the globe, which leads to damage
to multiple regions of the eye, including anterior, lens, and posterior segments. Injury on
the anterior segment is usually due to direct physical or chemical exposure, causing corneal
abrasions, hyphemia, lens dislocation and globe rupture. Posterior segment injury is more
often associated with indirect mechanical forces transmitted through the globe, such as
deformation, pressure waves, traction, or rebound effects, rather than direct exposure, but
is often linked to more severe and permanent vision loss [4], such as commotio retinae,
vitreous hemorrhage, retinal detachment, choroidal rupture, retinal hemorrhage and tear [5].
The pathogenesis of traumatic retinal detachment (TRD) is attributed to acute, transient
vitreoretinal traction and mechanical disruption of the retinal layers from the underlying
retinal pigment epithelium (RPE). Following blunt ocular trauma, rapid globe deformation
produces retinal tears and dialysis, particularly at sites of vitreoretinal adhesion such as
the vitreous base. Once a retinal break forms, liquefied vitreous bodies can pass into the
subretinal space and separate the neurosensory retina from the RPE, leading to progressive
detachment [6,7]. Predicting the specific location and likelihood of retinal detachment
following blunt impact remains a formidable clinical challenge. The difficulty stems from
the complex, dynamic, and rapid biomechanical deformation of the globe, where forces are
transmitted and dissipated through a composite structure of fluids and viscoelastic tissues.

Blunt ocular trauma has been extensively studied using enucleated animal eyes, such
as those from rodents and mammals, due to their anatomical and cellular resemblance to
human eyes, as well as their availability and experimental reproducibility in laboratory
settings [8]. Some prior studies have simulated ocular injury using high-velocity projectiles,
such as modified air guns, to model ocular trauma in porcine eyes [9]. Similarly, the weight-
drop model has been employed as a controlled and repeatable method to induce ocular
trauma and assess the associated structural and tissue responses [10].

Despite the advantages of ex vivo experimentation, the transient structural behavior
during blunt ocular trauma experiments is hard to quantify [11]. While these models enable
histological correlation, they are inherently limited in capturing the full-field, time-resolved
mechanical stress states within the eye during the milliseconds of impact. Therefore, finite
element analysis (FEA) has been widely adopted as a computational tool to investigate
the biomechanical mechanisms of ocular trauma [12]. By constructing a model eye in
silico that integrates realistic anatomical geometry and tissue properties, FEA enables
detailed prediction of stress distribution, tissue deformation, and potential injury sites
under dynamic traumatic conditions [13]. This modeling framework has been successfully
applied in the assessment of sports-related ocular injuries and abusive head trauma [14–16].
For example, Rangarajan et al. developed FEA to investigate the ocular injury mechanism
associated with abusive head trauma [17], and Grey et al. used FEA to simulate the
different parameters of paintball impacts on the eye [18]. Recent studies have highlighted
the importance of combining FEA with experimental support to improve model accuracy.
Chen et al. integrated FEA simulation with an in vitro blunt-impact test on porcine eyes,
achieving close agreement in predicting retinal detachment sites under different impact
conditions [19]. Our study employs a more detailed murine eye model, which can identify
stress patterns surrounding the retina associated with retinal detachment. The murine eye
offers a well-characterized system with significant genetic and anatomical homology to
humans, facilitating precise histological comparison.

In this study, we aim to advance our understanding of vitreoretinal traction and retinal
injury during blunt ocular trauma by mapping the spatiotemporal distribution of biome-
chanical stress in the retina. Tensile stress distribution in the retina from FEA was compared
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with sites of retinal separation from histological analysis following in vitro weight-drop
experiments on enucleated murine eye models. By integrating computational simulation
with in vitro experiments, this study provides a novel framework for investigating the
early biomechanical response following ocular trauma that may cause retinal detachment.

2. Materials and Methods
2.1. Computational Simulation of Weight Drop

An idealized model of a mouse eye was reconstructed using Fusion 360 (Autodesk,
Inc., San Rafael, CA, USA) based on the histological cross-section data from the litera-
ture [20]. This includes the cornea, aqueous humor, zonular fibers, lens, vitreous body,
sclera, and retina (Figure 1). The eyeball diameter is 3.10 mm with cornea, scleral and
retinal thicknesses of 80 µm, 80 µm and 110 µm, respectively. The lens is a near spherical
shape with an axial thickness of 1950 µm and an equatorial diameter of 2200 µm. The
zonule thickness was 120 µm at the lens side and 105 µm at the scleral side. The impactor
was modeled as a rigid cylinder with a diameter of 6 mm. The setup is consistent with
an in vitro weight-drop test. The eye was positioned with the anterior cornea facing up-
ward and supported by a rigid flat substrate under the posterior sclera. The impactor was
assigned an initial velocity of 1.00 m/s, equivalent to a speed reached by a free fall from
60 mm above the cornea.

Figure 1. FEA murine eye model in cross-section view. The model is reconstructed from histological
sectioning. Th.: thickness.

The biomechanical properties of each tissue were obtained from the literature and
are summarized in Table 1. The cornea, sclera, and lens were modeled as hyperelastic
materials, and the zonules were modeled as linear elastic materials, as shown in Table 1.
Aqueous humor and vitreous bodies were defined as Eulerian domains and assigned with
an equation of state material model. The eye model was discretized using tetrahedral
elements (SOLID 187). Based on the mesh-convergence studies, the final mesh was selected
when the successive mesh refinement produced a small change in the maximum von Mises
stress of the model (8.5% in this study). The mesh numbers of all components are listed
in Table 1. Topology sharing was applied at the cornea–sclera, zonule–sclera, lens–zonule,
zonule–retina, and retina–sclera interfaces to enable node sharing between adjacent tissues.
The frictionless contact was defined between the impactor and the cornea and between the
sclera and the substrate.
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Table 1. Mechanical properties in the eye model.

Structure Mesh Number Material Model Material Parameters

Cornea [21] 15,265 Neo-Hookean hyperelastic µ = 0.079 MPa, D1 = 1 × 10−7 MPa
Sclera [22] 144,570 Yeoh’s 3rd hyperelastic C10 = 0.91 MPa, C20 = 19.02 MPa; C30 = −64.73 MPa
Lens [22] 29,843 Neo-Hookean hyperelastic µ = 2.29 MPa, D1 = 1 × 10−7 MPa

Retina [23] 244,564 Neo-Hookean hyperelastic µ = 0.005 MPa, D1 = 1 × 10−7 MPa
Zonules [24] 17,559 Linear elastic E = 0.35 MPa, ν = 0.47
Aqueous [12] Eulerian Shock EOS linear C1 = 1.64 × 106 mm·s−1, S1 = 1.92
Vitreous [12] Eulerian Shock EOS linear C1 = 1.64 × 106 mm·s−1, S1 = 1.92

µ, initial shear modulus; D1, incompressibility parameter; C10, C20 and C30, material constants for Yeoh’s 3rd;
E, elastic modulus; ν, Poisson’s ratio; C1, speed of sound through the material; S1, the coefficient related to the
speed of the shocked material.

The simulation was performed using the explicit dynamic solver in ANSYS 2024R1
(ANSYS Inc., Canonsburg, PA, USA), with a total simulation time of 5 ms, which captured
the entire duration of contact and rebound between the impactor and the eyeball. Normal
stress components along x, y and z axes on the retinal surface were extracted in Cartesian
coordinates at the geometric center of the retinal layer. These values were then transferred
from Cartesian to spherical coordinates to obtain the normal stress components (σr,σθ,σφ),
where r represents the radial axis, θ the polar angle, and φ the azimuthal angle, using the
following equations:

r =
√

x2 + y2 + z2 (1)

θ = cos

(
z√

x2 + y2 + z2

)
(2)

φ = tan
(y

z

)
(3)

and  σr

σθ

σφ

 =

sin θcosφ sin θsin ]φ cos θ
cos θcosφ cos θsinφ −sin θ

−sinφ cosφ 0


σx

σy

σz

 (4)

Radial stress, σr, in the retina was measured to analyze mechanical responses during
impact. Because the eyeball model is asymmetric, this study focused on the spatial variation
of σr with respect to the polar angle θ, which was measured as the distance from the
posterior pole of the retina. For analysis, the retina was divided into three anatomical
regions: the posterior pole, peripheral, and equatorial region. The stress distribution in
the retina was analyzed at two distinct phases: the impact phase and the retraction phase,
which differ according to the lens displacement. The maximum radial stress in these regions
was extracted to further analyze the tensile stress behavior at different time points.

2.2. In Vitro Weight-Drop Test on Mouse Eye and Histological Assessment

The weight-drop tests were conducted on freshly extracted eyes from 16-week-old
mice. Animal care and the protocol were conducted following approval by the Florida
Institute of Technology’s Institutional Animal Care and Use Committee (#2022-04, approval
date 12 February 2025). The extracted eyes were inspected to ensure no visible globe
damage occurred during the extraction process. For the weight-drop group, each eye was
positioned with the cornea facing superiorly, and a cylindrical impactor, with a 5 g mass and
a 6 mm diameter, was released from a height of 60 mm above the cornea. A guide tube was
used to ensure alignment between the drop path and the center of the cornea. The entire
test was recorded using the high-speed camera, FASTCAM Nova S6 (Photron, San Diego,
CA, USA) to verify the impact velocity and impact location (Figure 2). The recordings were
used to verify that the impactor struck the cornea vertically. The eyes impacted off-center
or on the side were excluded from further analysis. Ultimately, three eyes were used for the
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in vitro weight-drop test, and three eyes were in the control group. Following the impact
test, the eyeball was immediately fixed in 4% paraformaldehyde for 2 h then cryosectioned
on the horizontal plane of the eye [21,25]. The middle slice closest to the optic nerves was
selected for hematoxylin and eosin (H&E) staining. Histological analysis of the retinal
layers assessed structural integrity and evidence of retinal detachment. For the control
group, eyes were not subjected to impact testing but were collected and processed under
the same fixation and histological procedures for comparison.

Figure 2. Schematic illustration of the weight-drop impact setup on mouse eye.

3. Results
3.1. Stress Distribution in Retina

The impact normal to the cornea induced sufficient momentum into the eyeball. The
stress concentration was observed in the central cornea and lens at 0.77 ms (Figure 3a). The
lens accelerated and stretched the zonules and ultimately generated a stress concentration
at the joint to the sclera and equatorial retina. The lens maintained a relatively high velocity
(Figure 3d) until it hit the retina at 2.02 ms, which generated stress concentration at the
posterior pole (Figure 3b). Meanwhile, the posterior chamber bulged, and stress was
concentrated at the peripheral region, resulting not only from the lens momentum but
also from compression of the vitreous body. The lens rebounded and re-contacted the
cornea at 3.00 ms (Figure 3c). The posterior bulging retina was slightly subsided, but the
stress remained concentrated in the equatorial region. Figure 3d represents the momentum
transferred between the cornea and the lens. The slightly decreased velocity reflects the
damping effect of the zonules and the aqueous humor. A similar phenomenon occurred
in the posterior chamber, where the vitreous body maintained its bulged shape and likely
transmitted momentum to the retinal tissue, increasing the risk of local detachment due to
pressure fluctuations.

The radial stress, σr, distribution along the r-axis of the spherical coordinate system
was modeled at two critical time points: during the impact phase (t = 1.89 ms) and dur-
ing the retraction phase (t = 3.47 ms), with the origin located at the geometric center of
the retina (Figure 4a,b). These points were chosen because, within each phase, the lens
occupied the same relative position, which allowed a consistent comparison between
the impact and retraction phases. The stress distribution was axisymmetric across the
retinal surface, with positive stress representing a tensile force pulling the retina away
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from the sclera and negative stress representing a compressive force pressing the retina
toward the sclera. During impact, the posterior pole, the peripheral, and the equatorial
region were pressed toward the sclera with radial stresses up to about −7.27 × 10−3 MPa,
−2.29 × 10−3 MPa, and 0.78 × 10−3 MPa at 1.89 ms (Figure 4a). In contrast, the poste-
rior pole was pulled away from the sclera, forming tensile stress concentrations up to
1.45 × 10−3 MPa during the retraction phase. The peripheral and equatorial region re-
mained pressed at −1.50 × 10−3 MPa and 0.98 × 10−3 MPa, respectively (Figure 4b). These
findings suggest spatial discrepancies in retinal injury due to blunt trauma to the eye. In
addition, temporal variation in stress distribution patterns across different regions may
help explain the localized retinal detachment observed in post-impact histological analysis.

Figure 3. Blunt trauma to the murine eyeball. (a) Von Mises stress distribution at 0.77 ms. The stress
concentrated on the central cornea and sclera–zonules junction; (b) von Mises stress distribution
at 2.02 ms. The momentum was transferred into the lens that contacted the retina. The stress
concentrated on the posterior pole and peripheral region of the retina; (c) von Mises stress distribution
at 3.00 ms. The lens rebounded and contacted the cornea again. The stress concentrated on the central
cornea, sclera–zonules junction and retina; (d) variation in velocity of lens and cornea.

Figure 4. Radial stress in retina along the radial axis, r, at (a) 1.89 ms and (b) 3.47 ms during the impact
and retraction phases; the black bands represent the boundary between compressive (negative) and
tensile (positive) stress of the retina; (c) the maximum radial stress in the posterior pole, peripheral,
and equatorial vs. time.
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The maximum radial stress in the posterior pole, peripheral, and equatorial regions is
shown in Figure 4c, where a negative value indicates that the entire corresponding region
is under compressive stress, and a positive value indicates that at least some portions of
the corresponding region are under tension. Over time, the posterior pole exhibited a
greater variation in radial stress of the retina than the other two regions. The posterior
pole sustained a peak compressive pressure of −4.75 × 10−3 MPa during the impact phase,
which was over double that observed in the peripheral region (−2.08 × 10−3 MPa). During
the retraction phase, the posterior pole began to pull away from the sclera, with a tensile
stress in the retina reaching up to 3.11 × 10−3 MPa, followed by fluctuations of radial
stress that pressed the retina once again. In contrast, the equatorial region exhibited a
tensile-compressive stress variation but with relatively low values throughout both phases
compared to peak stresses in the posterior pole.

3.2. Histological Analysis of Retinal Damage

Histological examination of retina following weight-drop impact revealed region-
specific patterns of structural disruption. Representative histological cross-sections of
eyeballs following weight-drop impact are shown in Figure 5. At the posterior pole, distinct
disruption was observed in all three examined eyes (3/3): a clear cleft in the outer nuclear
layer (eyeball I) and stretching or elongation of the photoreceptor layer (eyeball II). At
the equatorial region, similar signs of retinal dialysis were also observed in two of three
eyes (2/3), where disruptions appeared in the photoreceptor layer (eyeball I & II) and
the pigment epithelium (eyeball II). In contrast, the structure at the peripheral region
is generally preserved with only one of three eyes (1/3) showing a small number of
detachments of photoreceptor layer. The representative figures illustrated typical damage
patterns observed across multiple samples. No consistent association was found between
the globe regions and the specific layer affected. The histological comparison between the
control and weight-drop eye is provided in Supplementary S1.

 

Figure 5. (a) Representative histological cross-sections of two mouse eyeballs (I and II) following
weight-drop impact. Dashed boxes indicate regions of interest at the posterior pole, the peripheral
region, and the equatorial region. (b) Localized views of the corresponding regions for each eyeball.
Black arrows mark the sites of retinal detachment or stretching.
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The histological observations and the corresponding FEA-derived stress patterns
across retinal layers are summarized in Table 2. Although the histological variability in the
extent of structural disruption and the specific retinal layer affected was observed across
three eye samples, some common features were observed in the posterior pole, equatorial
region, and peripheral region. In particular, the retinal detachment or stretching was more
frequently observed in the posterior pole and equatorial region. These observations were
compared with the tensile stress distribution in the retina from the simulation. An overlap
was observed between regions experiencing tensile stress in the simulation and regions
exhibiting retinoschisis and detachment on histology. Specifically, both the posterior pole
and equatorial retina exhibited elevated tensile stresses that aligned with the observed
structural disruptions in these regions. In contrast, the peripheral retina experienced com-
pressive stress throughout the impact and exhibited minimal histological alterations. This
correspondence between mechanical loading patterns and retinal tissue injury provided
insight into how mechanical stress induces retinal detachment during blunt ocular trauma.

Table 2. Comparison between FEA-predicted stress distribution and in vitro histological findings
related to detachment across different retinal regions.

Region FEA In Vitro Experiment

Posterior pole Compressive stress during impact; tensile
stress during retraction.

Evidence of retinoschisis or detachment
observed in photoreceptor layers

Peripheral Compressive stress during impact
and retraction

Minimal structural disruption; intact
retinal layers

Equatorial Radial stress variation during impact
and retraction

Detachment observed in pigment epithelium
and photoreceptor layers.

4. Discussion
This study provides a comprehensive biomechanical analysis of retinal injury follow-

ing blunt ocular trauma by integrating finite element analysis (FEA) with a controlled
in vitro murine model. Adhesion between the retinal layers and their supporting tissues is
essential for maintaining retinal attachment. Blunt ocular impact can mechanically disrupt
these interfaces, leading to partial or complete retinal detachment. Our results demon-
strated that the posterior pole is at the greatest risk for vitreoretinal injury following blunt
impact, followed by the equatorial region. The oscillatory stress resulting from alternating
pulling and pushing forces applied to the retinal layer suggests a biomechanical mechanism
underlying the retinal injuries. Previous work by Delori et al. described four sequential
stages of globe deformation after blunt trauma: compression, decompression, overshooting,
and oscillation [26]. Respectively, these phases involve a decrease in axial length, a return to
baseline axial length, an extension beyond the baseline axial length, and fluctuations until
stabilization to the original shape or the eyeball [27]. In our simulation, these phases are
similarly portrayed. The posterior pole experienced the highest compressive radial stress
during the initial compression phase, which subsequently shifted to tensile stress, where
the force pulled the retinal layer from the sclera during the retraction phase. Although
the compressive stress was higher than the tensile stress, the retina’s deformation was
limited by the sclera’s much greater stiffness [28]. Where tensile force pulled the layer to
the center of the vitreous body, the sole adhesive force of retinal pigment epithelium (RPE)
counteracted its effect to detach and tear [13].

The FEA result and histological findings support that the posterior pole is prone to
vitreoretinal injuries not only because of the largest blunt trauma force traveling anterior-
posteriorly but also because of the greatest magnitude of rebound occurring during the
overshooting and the oscillating phase. Disruption of the laminated RPE at the posterior
pole in mouse histology aligns with the predicted stress distribution. A similar pattern
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has been reported in retrospective studies of blunt ocular trauma, in which the incidence
of commotio retinae in the macular region was greater than that in the peripheral region
following blunt ocular injury [29].

Together, these findings reinforce the concept that distinct anatomical zones of the
retina are biomechanically predisposed to injury. Our data on the equatorial region, where
moderate tensile stress from zonular traction corresponded with retinoschisis, underscores
a second injury pathway. This mirrors clinical observations in abusive head trauma, where
vitreoretinal traction during acceleration–deceleration forces leads to characteristic periph-
eral retinal hemorrhages and retinoschisis [30]. The splitting of retinal layers (retinoschisis)
is a recognized precursor to full-thickness retinal detachment. Our model identifies the
posterior pole and equatorial retina as biomechanical hotspots for TRD. This should guide
clinicians to perform a meticulous examination of these regions, even in the absence of
immediate symptoms, which are common in TRD. Enhanced imaging protocols can be
developed based on these risk maps. For instance, wide-field optical coherence tomogra-
phy (OCT) should be prioritized to detect subtle retinoschisis or outer layer tears in the
equatorial region, while high-resolution macular OCT is crucial for assessing photoreceptor
integrity and subclinical detachment at the posterior pole [31].

The momentum of the weight impact is rapidly transmitted into the lens through the
cornea. As shown in the FEA results, the lens obtained a relatively high velocity and rapid
posterior and anterior acceleration during both compression and rebound phases, which
generated substantial stretch on the zonular fibers and the stress concentration on the limbal
region [9,32,33]. In clinical settings, similar mechanics are known to cause lens dislocation,
zonular rupture, and even limbal or globe rupture during severe blunt trauma [34–36].
Unlike the posterior pole that experienced alternating compressive and tensile stress, the
equator was subjected to radial stretching driven by zonular tension and lens displacement.
Correspondingly, the histology of retinoschisis and tear at the equatorial region matches
the zones under tensile loading.

Given that traumatic vitreoretinal injuries are typically diagnosed through patient
history and dilated fundus examination, early recognition of retinal injury could be critical
for timely intervention [37]. However, diagnosis could be delayed due to late symptom
onset, limited visualization of the retinal periphery, and concerns about exacerbating
anterior segment injury with pharmacologic dilation [38]. The concordance between our
FEA and experimental model findings supports the value of controlled trauma models in
elucidating these biomechanical injury pathways, with the goal of improving early detection
and prevention of trauma-induced retinal detachment. Furthermore, these biomechanical
insights can inform the design of protective equipment. For instance, safety goggles could
be engineered not only to prevent penetration but also to absorb and redistribute impact
energy in a way that dampens the damaging oscillatory intraocular pressure and stress
waves identified in this and other studies [39,40].

We acknowledge several limitations that provide avenues for future research. First,
both the FEA and experiment utilized the rigid plate to support the eyeball, which some-
what simplifies the real-world injury scenario. In clinical settings, the surrounding retrob-
ulbar fat and orbital muscle may deform with the eye, which may alter the load transfer
and energy dissipation during blunt trauma [41,42]. The absence of those tissues in our
model may elevate the peak bulging of the globe and lens motion, which therefore exagger-
ates peak compressive and tensile stress, particularly at the posterior pole and equatorial
region. To produce the comparable level of ocular tissue damage under the simplified
setup, we used a relatively low height to impact the eye to reduce energy. The reported
stress value should be interpreted as an upper-bound estimate rather than a direct in vivo
stress evaluation. Nevertheless, our study strengthens the understanding of the spatial and
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temporal pattern of retinal injury following blunt ocular trauma. Second, the murine eye,
while excellent for controlled study, has anatomical differences from the human eye (for
example, a larger lens-to-eye volume ratio) [43]. The next critical step is translating this
framework into a high-fidelity human-eye model that includes orbital anatomy. Moreover,
our FEM model does not fully capture the viscoelastic behavior due to the simplification
in material properties for the immediate blunt trauma scenario where the large, nonlinear
deformation is dominant [44]. Finally, our model did not define tissue injury based on stress
thresholds. Integrating injury criteria based on strain or a combination of stress–strain
metrics and validating them against a broader range of histological outcomes (including
different grades of hemorrhage and photoreceptor damage) would enhance the model’s
predictive power for clinical outcomes.

5. Conclusions
This study combines finite element analysis with an in vitro weight-drop test on the

murine model to elucidate the biomechanical pathways underlying traumatic retinal de-
tachment. The simulations captured the full sequence of globe deformation during blunt
impact, revealing the pronounced compressive–tensile stress oscillation at the posterior
pole, compressive stress at the peripheral region, and minimal compressive–tensile oscil-
lation at the equatorial region. These locations under the tensile stress overlapped with
histological evidence of retinal detachment and structural disruption, indicating the key
role of tensile stress in causing retinal injury during blunt trauma. Together, these findings
reveal how the blunt ocular trauma produces spatially distinct patterns of retinal injury with
region-specific retinal loading. The framework of this study may help improve diagnostic
strategies and enhance early identification of trauma-induced retinal detachment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering13040431/s1, Supplementary S1: Histological
study of impacted eyeballs.
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