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ABSTRACT 

Background: Despite the common association between bilateral retinal hemorrhage and shaken baby syndrome (SBS), 

unilateral retinal hemorrhage does not necessarily exclude this diagnosis. This study used computational simulations to 

elucidate the biomechanical phenomena within the eye under asymmetrical shaking forces. 

Methods: Finite element analysis (FEA) incorporating the vitreous, vitreoretinal interface, retinal layers, and retinal vessels 

was performed under asymmetrical shaking conditions. To assess the stress-strain response at the preretinal, intraretinal, 

and subretinal locations, we divided the retinal mesh into three equally spaced layers with an element height of 0.083 mm. 

The remaining space within the retina was filled with the vitreous humor and attached to it via the main retinal vessels 

extracted from a standard fundus image. The resulting changes in shear stress and intraocular pressure (IOP) were 

quantified. 

Results: The FEA model demonstrated that increasing the rotational radius from 10 cm to 14 cm or 17 cm led to a significant 

increase in shear stress and IOP across the vitreoretinal interface and within the retinal layers. Specifically, shear stress in the 

preretinal layer increased by 70.2% (8.0 kPa vs. 4.7 kPa), in the intraretinal layer by 20.0% (5.4 kPa vs. 4.5 kPa), and in the 

subretinal layer by 6.1% (3.5 kPa vs. 3.3 kPa). Simultaneously, IOP in the central region increased by 157.5% (39.4 mmHg vs. 

15.3 mmHg) and in the posterior region by 162.3% (41.7 mmHg vs. 15.9 mmHg) when the rotational radius was increased 

to 17 cm from 10 cm. Increasing the rotational radius to 17 cm led to more pronounced changes in peak IOPs, with the central 

region showing a change of 39.4 mmHg and the posterior region a change of 41.7 mmHg. These results indicate a direct 

correlation between the rotational radius and the magnitude of IOP changes in the vitreous. 

Conclusions: These findings highlight the critical impact of rotational radius on the biomechanical forces exerted within the 

eye during asymmetrical shaking events, leading to variations in shear stress and IOP that could contribute to unilateral 

retinal hemorrhage in SBS. These insights reveal the complexity of diagnosing SBS and emphasize the need for careful 

consideration of the biomechanical evidence in patients presenting with asymmetrical or unilateral retinal hemorrhage. 
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INTRODUCTION 

Retinal hemorrhage in infants has long been a crucial diagnostic indicator of suspected child abuse, particularly shaken 

baby syndrome (SBS). Originally described by Caffey in the 1970s, SBS is predominantly associated with bilateral retinal 

hemorrhages [1-4]. This bilateral manifestation has been the cornerstone of clinical evaluation and legal deliberations 

concerning child abuse. However, recent clinical observations indicate that the presence of unilateral retinal hemorrhages 

does not necessarily exclude SBS [5, 6]. Understanding these occurrences is vital because misinterpretation may lead to 

diagnostic and judicial misjudgments. 

The prevalence of unilateral retinal hemorrhage in SBS cases, although less common than in bilateral presentations, is 

not negligible. Previous studies have documented that 14%–21% of SBS cases present with unilateral retinal hemorrhages 

[7-9]. This poses a challenge to the accurate diagnosis of SBS, complicating both clinical and legal assessments. This 

complexity is further heightened by the myriad causes of retinal hemorrhages, ranging from benign conditions to more 

severe traumatic events [10]. This ambiguity necessitates a deeper exploration of the biomechanical underpinnings of such 

events.  

Retinal hemorrhages resulting from abusive head trauma increase the odds of various long-term visual and ocular 

complications, including amblyopia, strabismus, and cortical visual impairment [11]. Biomechanical computational 

analyses can reveal the mechanistic details of how abusive head trauma can lead to not only unilateral retinal hemorrhage 

but also ocular structural compromise that predisposes the eye to downstream complications [1, 2].  

By employing a finite-element model of the eye [2], this study meticulously replicated the conditions of asymmetrical 

shaking forces, a scenario hypothesized to underlie cases of unilateral retinal hemorrhage in SBS [2]. The simulation 

focused on delineating the changes in pressure and tension within the retinal vasculature, thereby offering insights into 

the potential mechanisms underlying such clinical presentations. The etiology of unilateral retinal hemorrhage in SBS 

remains largely speculative because of the absence of a detailed biomechanical analysis. This study aimed to bridge this 

gap using a computational approach. 

 

METHODS 

Computational Simulation of Unilateral Shaking 

The unilateral shaking scenario [2] was reproduced through a finite element analysis (FEA) using Abaqus/Explicit 2023 

(Dassault Systemes Simulia Corp., Providence, RI, USA), as detailed in the Abaqus licensing documentation [12]. A 

simplified eye model was generated to evaluate the shear forces acting on the vitreoretinal interface during shaking. The 

model included important ocular structures such as the sclera, vitreous, and retina (Figure 1A). The sclera and retina were 

modeled as spherical shells with outer diameters of 26 mm and 24.5 mm, and thicknesses of 0.8 mm and 0.25 mm, 

respectively (Figure 1A-C) [12].  

To assess the stress-strain response at the preretinal, intraretinal, and subretinal locations (Figure 1C), we divided the 

retinal mesh into three equally spaced layers with an element height of 0.083 mm. The remaining space within the retina 

was filled with the vitreous humor and attached to it via the main retinal vessels extracted from a standard fundus image 

[13], as shown in Figure 1B. The sclera and the retina were connected using tie constraints at their interfaces to prevent any 

relative motion between them. A surface-based tie constraint was applied at the interface between the vitreous and retinal 

surfaces, including elements corresponding to the retinal arteries. This constraint ensures that all degrees of freedom at the 

interface move together, preventing any independent motion and thereby accurately mimicking the anatomical 

attachment between the retinal vessels and the vitreous. This constraint also facilitates the creation of two independently 

generated meshes with varying levels of refinement, without the need to share nodes at the interface.  

Regarding the simulation’s nature, both the simulation and the shaking scenario are dynamic, as indicated by the use 

of the Abaqus/Explicit solver package [12], which inherently supports dynamic simulations. In contrast, the vitreous was 

attached to the posterior retina via the main retinal vessels (Figure 1B). A general contact formulation was considered for 

vitreoretinal regions without adhesions. Weaker adhesive forces in the vitreoretinal regions outside the vessel locations 

justify the omission of this behavior. A total of 17 856 linear hexahedral elements with reduced integration (C3D8R) were 

adopted in the eye model to ensure accurate results. The constitutive models of these tissues, along with their respective 

material properties, were adopted from our earlier studies on mechanical tests of sheep eyes [14]. Weaker adhesive forces 

in the vitreoretinal regions outside the vessel locations justify the omission of this behavior. An in-depth description of the 

experimental procedure can be found in Song et al. study [14]. The material properties are listed in Table 1. 
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Figure 1. Simplified finite element analysis (FEA) model. (A) Ocular components of the model, including 

vitreous, retina, and sclera. (B) Retinal mesh and node attachments to the vitreous humor. (C) Retinal layers 

including the preretinal, intraretinal, and subretinal layers. 

Table 1. Summary of material properties for the ocular tissues 

Ocular tissue Constitutive model Material parameters 

Sclera Isotropic hyperelastic: 2nd order polynomial Uniaxial test data [14]  

Retina Isotropic linear elastic 𝐸 = 20 𝑘𝑃𝑎, 𝑣 = 0.49 

Vitreous humor Isotropic linear elastic with Prony-type viscoelasticity 
𝐸 = 0.03 𝑃𝑎, 𝑣 = 0.5, 𝑔𝑖 = 0.97, 𝑘𝑖 = 0, 𝜏𝑖 =
0.07 

𝑬, Young’s modulus; 𝒗, Poisson’s ratio;𝒈𝒊, 𝒌𝒊, and 𝝉𝒊, Coefficients defining the Prony series for the viscoelastic responses. 

Note: The vitreous humor was modeled as a viscoelastic material, incorporating both elastic and time-dependent viscous 

behavior. To capture this response, the Prony series was employed to represent the material’s viscoelastic properties. 

However, because the viscoelastic formulation inherently depends on an underlying elastic response, an isotropic linear 

elastic constitutive model was also defined. This elastic component is essential for simulating the long-term or quasi-

static behavior of the vitreous and is required by the solver to enable the time-dependent viscoelastic analysis. 

 

The proposed mechanism responsible for the asymmetric loadings in the eye lies in the generated rotational 

movement of the child’s head by either stronger shaking of the preparer’s hand preference or secondary lateral 

rotations of the neck [15]. In this analysis, the rotational movement of the eye structure (including the sclera, retina, 

and vitreous) was simulated by applying acceleration boundary conditions consistent with pendulum-like motion, 

as determined by the distance between the eyes and the center of head rotation. No additional static constraints are 

imposed. The shear stresses observed in the retina emerged solely because of dynamic acceleration, confirming that 

these boundary conditions were sufficient to capture the stress distribution under the modeled shaking scenario. 

The acceleration affecting the eyes owing to these rotational movements is closely tied to the distance between the 

eyes and the center of rotation of the head. Therefore, we hypothesized that eyes situated farther from this pivotal 

point would encounter significantly greater forces than those positioned closer to the pivot point. To substantiate 

this hypothesis, we conducted three shaking simulations in which the eye was subjected to pendulum-like 

movements with rotation radii of 10, 14, and 17 cm, to assess the increase in stress across the vitreoretinal interface 

(Figure 2). A radius of 10 cm approximates the distance between the proximal eye and the perpetrator’s hand, 

whereas a radius of 14 or 17 cm reflects the distance between the distal eye and the perpetrator’s hand, accounting 

for variations in infant size (Figure 2). The variation in angular position is given by a sinusoidal motion: 

𝜃(𝑡) = 𝜃𝑚𝑎𝑥 sin(2𝜋𝑓𝑡) (1) 

where 𝜃𝑚𝑎𝑥 is the maximum head rotation, 𝑓 is the shaking frequency, and 𝑡 is the time. Both shaking scenarios 

were designed to reproduce full rotation of the neck, with a maximum value of 90°. We assumed that the shaking 

motion followed a pendulum-like trajectory [16], as represented by the equation This reproduces the oscillatory 

behavior of the shaking motion, which is well known from experimental measurements. 
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A shaking frequency of 1 Hz was selected to mimic moderate agitation of the head. Variations in the maximum 

shear stress imparted to the retina and increases in intraocular pressure (IOP) within the vitreous were continuously 

monitored throughout a complete shaking cycle. 

 

Figure 2. Rotational shaking of the eye is implemented in the finite element analysis (FEA) model. 𝜽(𝒕) represents the 

change in angular position, 𝒓𝒊 the rotation radius, and 𝒗(𝒕) the velocity vector. Note: The rotational radii of 14 cm, 17 cm, 

and 10 cm represent the estimated distances from the rotational hinge point at the hip to the corresponding positions of 

the eyes in the modeled scenarios. These values were used to define the arc lengths through which the head and eyes 

would travel during simulated whole-body rotational motion. 

RESULTS  

Distribution of Stress in the Vitreoretinal Interface, Retina, and Retinal Vessels under Different Rotational Radii  

Head rotation involving both the dominant and non-dominant hands leads to varying radii of rotation exerted on the eye. 

We hypothesized that eyes positioned further from the pivot point would encounter greater forces and stress than those 

positioned closer. To evaluate this, three different rotation radii (10, 14, and 17 cm) were used to assess the stress across the 

vitreoretinal interface using FEA. Higher shear stresses related to tangential forces acting on the retina were generated with 

a rotational radius of 14 or 17 cm than with 10 cm (Figure 3). The distribution of von Mises stress is directly related to the 

shear action exerted by the vitreous on the retina. Although the shear-stress components can be reported individually, their 

values depend on the orientation of the coordinate system, which complicates direct comparisons across different 

simulation setups. Therefore, the von Mises stress was used as a scalar measure to evaluate the mechanical response 

because it is invariant to coordinate transformations and effectively captures the shear-dominated state of stress. This 

makes it suitable for assessing shear effects, particularly under conditions in which the stress tensor may approach a pure 

shear state. Angular acceleration generated the maximal stress along the retinal vasculature (Figure 3). 

 
Figure 3. The distribution of von Mises stress in the vitreoretinal interface, retina, and retinal vessels under different 

rotation radii. (A) Stress distribution with a rotation radius of 10 cm. (B) Stress distribution with a rotation radius of 14 

cm. (B) Stress distribution with a rotation radius of 17 cm.  
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Figure 4. Maximum shear stress changes in the retinal layers at different time points under different rotation radii. (A) 

Maximum sheer stress distribution with a rotation radius of 10 cm. (B) Maximum sheer stress distribution with a 

rotation radius of 14 cm. (C) Maximum sheer stress distribution with a rotation radius of 17 cm.  

 

 
Figure 5. Intraocular pressure (IOP) changes at the central and posterior vitreous. (A) IOP changes with a rotational 

radius of 10 cm. (B) IOP changes with a rotational radius of 14 cm. (C) IOP changes with a rotation radius of 17 cm. 

 

Changes in Maximum Shear Stress Across Retinal Layers at Different Rotational Radii 

The FEA model was used to assess the changes in the maximum shear stress across the retinal layers, revealing distinct 

stress profiles under varying rotational radii (Figure 4). At a rotational radius of 10 cm, the maximum shear stresses 

observed in the preretinal, intraretinal, and subretinal layers were 4.7, 4.5, and 3.3 kPa, respectively. When the rotational 

radius increased to 14 cm, the maximum shear stresses in these layers were 5.6, 4.5, and 3.6 kPa, respectively. An increase 

in the rotational radius to 17 cm resulted in a substantial increase in shear stress within these layers, with values of 8.0, 5.4, 

and 3.5 kPa, respectively. The most pronounced difference was observed in the preretinal layer, exhibiting a 70.2% increase 

(8.0 kPa vs. 4.7 kPa), followed by the intraretinal layer with a 20.0% increase (5.4 kPa vs. 4.5 kPa), and the subretinal layer 

with a 6.1% increase (3.5 kPa vs. 3.3 kPa) when the rotation radius increased from 10 to 17 cm. In addition, the FEA model 

was used to measure the average retinal stress over time. An increase in the rotational radius from 10 to 14 cm resulted in 

increases of 88%, 58%, and 79% in the average retinal stress in the preretinal, intraretinal, and subretinal layers, respectively. 

Similarly, an increase in the rotational radius of 17 cm led to increases of 173%, 95%, and 146%, respectively, in these layers. 

These findings demonstrate the significant impact of longer rotational radii on shear stress distribution across the 

vitreoretinal interface and within different retinal layers. 
 

Intraocular Pressure Variations in Response to Different Rotational Radii  

The FEA model was utilized to investigate the changes in IOP associated with different rotational radii, demonstrating the 

impact on IOP variations within the vitreous (Figure 5). At a rotational radius of 10 cm, the maximum change in IOP in the 

central region was 15.3 mmHg, and the posterior regions closer to the optic nerve showed a change of 15.9 mmHg. At a 

rotational radius of 14 cm, the maximum changes in IOP were 19.5 and 19.9 mmHg. Increasing the rotational radius to 17 

cm led to more pronounced changes in peak IOPs, with the central region showing a change of 39.4 mmHg and the 

posterior region a change of 41.7 mmHg. The increase to a 17 cm rotational radius resulted in a 157.5% increase (39.4 mmHg 

vs. 15.3 mmHg) in the central region and a 162.3% increase (41.7 mmHg vs. 15.9 mmHg) in the posterior region compared 

to the 10 cm rotational radius. These results indicate a direct correlation between the rotational radius and the magnitude 

of IOP changes in the vitreous. 

 

DISCUSSION  
 

This study highlights the ocular structures that require long-term monitoring for proper development and function from 

childhood to adulthood. This study is pivotal in advancing our understanding of SBS, particularly in patients presenting 

with atypical unilateral retinal hemorrhage. The results of this study have the potential to inform and refine diagnostic 
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criteria, assist in the accurate interpretation of clinical findings, and contribute to more informed judicial proceedings in 

suspected cases of child abuse. By elucidating the biomechanical aspects of unilateral retinal hemorrhage, this study adds 

a critical dimension to the existing knowledge of SBS, thereby enhancing both clinical and forensic practice in this domain. 

Child abuse is highly likely to be involved in cases of retinal hemorrhages [17, 18]. Although most retinal 

hemorrhages in SBS occur bilaterally, there have been multiple cases of unilateral hemorrhage with a confirmed history 

of abusive trauma by shaking [2, 15, 17]. The findings of this study provide significant insights into the biomechanical 

factors contributing to unilateral retinal hemorrhage in SBS.  

Investigations into these biomechanics using FEA visually depict high-risk sites for ocular structural injury. The 

neurovascular compromise demonstrated in our study shows a pattern of injury that can render the affected eye more 

susceptible to long-term visual or ocular complications such as amblyopia, strabismus, or cortical visual impairment [11]. 

Our study highlights the potential need to monitor the affected eye for proper ocular development and retinal function 

using a variety of testing modalities, including microperimetry, Humphrey visual field test, refraction tests, and cover 

test [19-21]. 

Our investigation using the FEA model provides a comprehensive understanding of stress distribution and IOP 

variations within the vitreous, vitreoretinal interface, retinal layers, and retinal vessels under different rotational radii. 

These biomechanical analyses are crucial for elucidating the etiological underpinnings of unilateral retinal hemorrhage 

in patients with SBS. Although the nature of abusive shaking is not necessarily documented in cases of SBS-associated 

unilateral retinal hemorrhage [2], our results demonstrate the contribution of rotational forces in the differential stresses 

sustained by the retinal vasculature of each eye. The application of three distinct rotational radii—10, 14, and 17 cm—in 

our simulations highlighted the critical role of the rotational radius in the generation of shear stresses and variations in 

the IOP. Notably, the increase in rotational radius to 17 cm resulted in significantly higher shear stresses across the 

vitreoretinal interface and within the various retinal layers, as well as marked increases in IOP. These results support the 

hypothesis that the eye positioned further from the pivot point, thereby simulating the effect of shaking with both hands, 

encounters greater forces, leading to higher stress and IOP changes in the central and posterior vitreous regions. 

The pronounced increase in shear stress and IOP with longer rotational radii clearly demonstrates the heightened 

risk of tissue damage and hemorrhage under such conditions. This biomechanical evidence supports the assertion that 

unilateral or asymmetric retinal hemorrhages in SBS [22] may indeed result from asymmetrical force application, a 

scenario that can occur when an infant is shaken at varying intensities or angles of force exerted by the dominant and 

non-dominant hands. Additionally, the complexity of the injury could be exacerbated if shaking involves direct physical 

contact of the infant’s head with a hard surface. The association of unilateral retinal hemorrhage with SBS is further 

supported by the presence of ipsilateral cerebral hemorrhage or infarct in multiple clinical cases of reported abusive 

trauma [5, 15]. Our results on differential shear stresses dependent on the rotational radius help elucidate the mechanism 

for ipsilateral presentation of both cerebral and retinal hemorrhages from shaking [2, 22]. 

Furthermore, the significant differences observed in the shear stress profiles within the retinal layers between the 

two rotational radii highlighted the importance of the mechanical aspects of shaking in the diagnosis and understanding 

of SBS. The data from this study contribute to a more nuanced understanding of the biomechanical mechanisms 

underlying unilateral retinal hemorrhage, offering a pathway toward refining the diagnostic criteria for SBS. This is 

particularly relevant in cases in which retinal hemorrhage deviates from the traditionally expected bilateral pattern, 

thereby challenging the conventional diagnostic framework [23]. These results are consistent with the clinical 

observations of SBS-related retinal hemorrhages with multilayer involvement extending from the preretinal to the 

subretinal layer [18, 22]. 

The elevation in shear stress and IOP directly contributes to the pathophysiology of retinal hemorrhage, as 

demonstrated by the simulation results. The FEA model revealed that the angular acceleration generated maximal shear 

stress along the retinal vasculature [24]. Shear stress can disrupt the integrity of the retinal vasculature, particularly in 

delicate capillary networks, leading to vascular compromise and subsequent superficial and deep intraretinal 

hemorrhages. Similarly, acutely elevated IOP can cause a direct mechanical insult to retinal vessels, exacerbating vascular 

fragility and promoting leakage or rupture. Paradoxically, an increased IOP may exert a tamponading effect, preventing 

further bleeding [24]. The FEA model demonstrated that the eye farther from the pivot point was subjected to a higher 

acceleration, thereby generating increased shear stress at the vitreoretinal interface. This effect is attributed to the 

tangential forces acting on the retina, with the shear motion of the vitreous against the retina playing a pivotal role in 

stress development. Notably, the analysis revealed elevated stresses in the anterior retinal layer compared with those in 
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the posterior layer, highlighting the critical influence of vitreous shear in facilitating retinal hemorrhage. Additionally, 

elevated stress at the vitreoretinal interface can facilitate vitreous traction, which in turn can lead to retinal detachment 

and hemorrhage. These mechanical stresses, when applied asymmetrically, as our model suggests, can result in unilateral 

retinal hemorrhages observed in some SBS cases, providing a biomechanical explanation for these clinical findings [22]. 

Although this study provided valuable insights into the biomechanical aspects of unilateral retinal hemorrhage in 

SBS through computational simulations, it is important to acknowledge its limitations. The simulations were performed 

based on specific rotational radii, which, although offering important insights, may not encompass the full range of forces 

or scenarios encountered in real-life SBS cases. Additionally, certain complexities of the human eye and the dynamic 

nature of shaking forces may not be fully captured by the model. Owing to the complexity of the computational models, 

each simulation required up to 48 h for completion, indicating a significant investment in time and computational 

resources. The potential effects of variations in material properties and shaking conditions on retinal stress were not 

assessed because of the computational expense required to gather adequate data. Further controlled experiments with 

dummy dolls should be performed to capture the acceleration variance between the eyes and validate these findings. 

Additionally, a retrospective analysis of clinical data is required to validate these results. Notwithstanding these 

limitations, the findings from this study contribute significantly to our understanding of the biomechanical forces at play 

in the etiology of unilateral retinal hemorrhages and underscore the need for further experimental and clinical research 

to validate and expand upon these computational results. 

 

CONCLUSIONS 

This study underscores the need for a multidisciplinary approach to investigate SBS, integrating biomechanical analyses 

with clinical observations to enhance diagnostic accuracy. The insights gained from our computational simulation 

emphasize the variability in injury mechanisms and underscore the complexity of accurately diagnosing SBS based solely 

on the bilateral, asymmetrical, or unilateral presentation of retinal hemorrhages. Our findings advocate the inclusion of 

biomechanical evidence in forensic and clinical evaluations of suspected child abuse cases, potentially leading to more 

informed judicial proceedings and improved outcomes for affected individuals. Our mechanistic study depicts the 

pattern of neurovascular injury and highlights the need for continued monitoring of the affected eye to ensure proper 

ocular development and retinal function. This is crucial for preventing complications that can result in permanent vision 

loss. By addressing the biomechanical aspects of unilateral retinal hemorrhage, this study adds a critical dimension to the 

existing knowledge of SBS, contributing to the enhancement of both clinical and forensic practice in this domain. Further 

research is warranted to explore the full spectrum of biomechanical factors involved in SBS to facilitate the development 

of comprehensive diagnostic and therapeutic strategies. 
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