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Abstract  

The enthesis is a mechanically graded attachment that distributes load between soft 

connective tissue and bone across a severe stiffness mismatch without causing catastrophic 

stress concentration, making it essential for joint function. Although various structural and 

material features of the enthesis have been studied, their relative importance to stress 

redistribution remains unclear. This gap limits the design of durable replacements that 

reproduce enthesis mechanics.  To address this issue, this study applied Cotter’s method 

within a finite element framework to identify the features that significantly influence stress 

management. 

Two-dimensional finite element models of the enthesis were generated with ligamentous, 

uncalcified fibrocartilage, calcified fibrocartilage, and subchondral bone regions. Twenty 
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structural and material parameters were varied across relevant ranges, and their influences 

were ranked using outputs measured at the ligamentous-UFC interface, tidemark, and 

cement line under tensile, shear, and combined loading. The results revealed that enthesis 

stress redistribution is governed by a limited but non-minimal subset of features. Amongst 

the features, the interfacial geometry at ligamentous-UFC interface was especially 

influential, influencing stress results both locally and distally.  

These findings demonstrate that enthesis mechanics depend on coordinated interactions 

amongst the properties across regions. They provide a quantitative foundation for selecting 

design elements in enthesis repair and biomaterial replacement techniques. Overall, the 

study shows that the proposed technique provides a reliable and efficient framework for 

determining influential parameters in heterogeneous tissue mechanics. 
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Statement of Significance 

This study introduces a novel approach to identifying key contributors to mechanical 

functions in the meniscal enthesis, a heterogenous tissue critical for knee joint stability. 

This study introduces a protocol utilizing a statistical sensitivity analysis tool on 

meticulously controlled Finite Element systems to quantitatively rank, from within a list of 

potential parameters, their relative influence on a particular output function, such as stress 

dispersion. By using this protocol on a simplified but physiologically relevant finite 
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element models, our approach provides a robust and cost-effective means of improving 

understanding of parameter interactions in complex heterogeneous tissues. The findings 

contribute to a better knowledge of meniscal enthesis function, which helps with soft tissue 

mechanics and biomaterial design for optimal replication. 

Introduction 

The enthesis is a graded fibrocartilaginous structure that anchors the soft connective 

tissues in the body (tendon, ligament, meniscus etc.) to the bone [1,2].  Entheses critical 

for joint motion and stability and serve a critical role in the function of the attached soft 

tissue under different types of loading [3–5], which is evident in reattachment surgeries 

where preserving even partial remnants of native entheses improve fixation compared to 

full removal [6]. Despite the large range of clinical reattachment approaches, to date, no 

approach has been effective in replicating the long-term durability of normal entheses, with 

most failing within ten years [7–10].  These failures suggest that while current methods 

provide anchorage, they are unable to reproduce key attributes of enthesis function [11,12].  

In order to create more durable treatments for soft tissue injury, we need greater 

understanding of how the enthesis structure contributes to mechanical function. 

To fill this knowledge gap, extensive experimental work has been performed to 

characterize the structural and material heterogeneity of the enthesis, with a particular focus 

on the areas around the tidemark, which is a visually striking representation of the transition 

from soft tissue to hard tissue.  These studies [2,13–15] have produced important 

qualitative and quantitative information about enthesis features such as collagen fiber 

orientation, fiber disorganization, fiber stiffness, mineralization gradients, and stiffness 
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variations.  Conventionally, structural and material properties of ligamentous region have 

generally been inferred from adjacent tendons or ligaments, despite the known differences 

in cellular, microstructure, and extracellular matrix compositions [16,17].  While these 

efforts provide essential insight, they do not establish the relative importance of individual 

structural features for mechanical function. 

 

 

Figure 1:(Top): Schematic of a general enthesis structure with superior direction normal to view, with subregions and 

inter-regional interfaces distinguished with the arrows in the medial-anterior plane. (Bottom): Description of scale in 

terms of units and representative features in each scale. 
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Multiscale structural and material heterogeneity has been shown to influence 

enthesis mechanics. Mesoscale type I collagen fiber sliding and reorientation occur during 

the outset of tensile loading before load transfer through the fibrocartilaginous regions [15] 

which increases macroscale tensile strength. Mesoscale collagen type II collagen fiber 

disorganization in the UFC has been associated with increased tensile toughness, 

independent of graded mineralization  [18–20]. At the microscale, age-related changes 

ECM composition further influences mechanics. Ruptured collagen type I fibers are 

progressively replaced by collagen type III fibers in the uncalcified regions, reflecting a 

shift from strength-dominance to increased toughness associated organization in the 

material structure [21].  Collectively, these findings indicate that multiple material and 

structural phenomena contribute to enthesis function at multiple length scales.  However, 

despite extensive characterization of enthesis structural and material properties, the relative 

influence of individual features on enthesis function, particularly stress dispersion, has not 

yet been defined. Identifying a subset of features that are most essential to enthesis function 

would more clearly define structure-function relationships and provide a quantitative basis 

for prioritizing design criteria for biomaterial and tissue engineering strategies aimed at 

restoring native enthesis mechanics.   

 In this study, we quantify the relative influence of twenty distinct enthesis structural 

and material features on stress magnitude and stress concentration at enthesis sub-region 

interfaces under multiple loading conditions. A detailed finite element model of the 

enthesis was developed and parameterized across the twenty features across 
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physiologically relevant ranges.  Using Cotter’s method, the parameters describing the 

features were systematically varied and ranked according to their influence on stress 

distributions under tensile, shear, and combined loading conditions.  The underlying 

hypothesis is that enthesis function is strongly governed by a limited subset of parameters 

that exert first-order control over stress redistribution. 

Methods 

 

Figure 2:Comparison between two variations of the TS1 test set, to highlight macroscale geometric differences of the 

models used 

Finite Element Model of the Meniscal Enthesis  

All simulations were conducted in Abaqus/CAE 2019. The enthesis was 

represented as a two-dimensional, idealized, multi-region continuum composed of 

ligamentous, uncalcified fibrocartilage, calcified fibrocartilage, and subchondral bone 

regions.  Regions were defined to represent experimentally reported transitions in 
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composition and mechanical behavior rather than reproducing a specific anatomical 

specimen, enabling systematic analysis across the parameter variations.  Interfaces between 

adjacent regions were defined explicitly within the model and as part of the mesh.  In some 

model variants, geometric perturbations were introduced at the interfaces between regions 

as a part of sensitivity analysis.   

Models were implemented as two-dimensional shell models symmetric about the 

midline. This simplification was chosen because enthesis thickness is relatively constant 

the meniscal entheses in the superior-inferior direction, and major macroscale geometric 

changes are in the medial-anterior planes [27]. Thus, the 2D representation captures the 

primary macroscale and microscale features relevant to load transfer while reducing 

computational cost. 

All regions were modeled using the Holzapfel-Gasser-Odgen (HGO) constitutive 

formulation available in Abaqus [22,26], enabling explicit control over the orientation and 

dispersion of fiber strands via the inclusion of terms in the anisotropic contribution in the 

strain energy functions. Spatial variation of material parameters within regions was 

implemented with temperature-dependent material properties linked to the prescribed 

thermal gradients.  Meshes were generated using adaptive meshing and manually inspected 

to ensure stability.  Nodes were either repositioned or removed to correct instability.  

Mechanical Loading and Boundary Conditions 

All models were subjected to three loading conditions: pure tension, pure shear, and 

combined tension-shear (termed complex loading).  Rigid boundary conditions were 

applied to the outer edge of the ligamentous region. Loading was applied as a linearly 
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increasing surface traction to the undeformed outer edge of the subchondral bone region, 

oriented at 0⁰, 90⁰, and 45⁰ relative to the model length for tensile, shear, and complex 

loading, respectively.  All simulations were performed using a static, explicit step with 

nonlinear geometry enabled and solved using a direct equation solver with full Newton 

iteration for each simulation.   

Computational Output Measures  

Mechanical response to loading was quantified using two primary stress-based 

measures: average stress and stress concentration, derived from the equivalent (von Mises) 

stress.  Stress values were taken at nodes located along internal interfaces (the LIG/UFC 

interface, the tidemark, and the cement line).  At each interface, minimum (Ni) and 

maximum (Hi) nodal stresses were recorded. Average stress was defined as the mean of the 

nodal value stress at a given interface: 

𝐴𝑖 =
(𝐻𝑖 + 𝑁𝑖)

2
 (1) 

Stress concentration was defined based on the difference between min and max nodal stress 

values at the interface, capturing local stress amplification associated with interface 

geometry and material properties: 

𝐽𝑖 = |𝐻𝑖 + 𝑁𝑖| (2) 

For each model and loading condition, both average stress and stress concentration were 

computed at each internal interface.  
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Sensitivity Analysis  

Sensitivity analysis was used to quantify how systematic variations in structural and 

material features influence the stress based output measures defined above.  A global 

screening sensitivity approach was used to rank a relatively large number of features while 

remaining computationally manageable. Cotter’s method was selected as the screening 

framework for this reason. 

Parameter Definition and Test Set Design 

Twenty distinct structural and materials features (henceforth parameters) were 

assessed for their influence on the stress dispersion function of the enthesis. These 

parameters were selected based on prior experimental and computational literature relevant 

to enthesis mechanics. Parameter ranges were chosen to span physiologically relevant 

values and are summarized in Table 1 and Table 2.    

To ensure meaningful application of the statistical analysis using Cotter’s method, 

the parameters were organized into four testing sets. A validation set (VS) was used to 

confirm that the presence of fibrocartilaginous regions produced stress responses 

consistent with prior computational and experimental observations [5,23] [28,29].  Testing 

set 1 (TS1) focused on macroscale geometric and structural parameters (Table 1).  Testing 

set 2 (TS2) assessed structural parameters while excluding macroscale geometry. The 

geometry of this set was taken as an internal portion of the model in TS1 that existed in 

both variations concerning Macroscale geometry.  Testing set 3 (TS3) evaluated the 

influence of material parameters while maintaining TS2 geometry (Table 2). Interdigitation 
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geometry was included in TS3 to enable qualitative assessments between TS2 and TS3.  

Across all sets, a total of 82 enthesis model variations were generated. 

Application of Cotter’s Method 

Cotter’s method was used as the analytical tool to determine the influence of each 

parameter (subscript i, for total n parameters) on the stress-based output measured define 

above.  To enable screening-based sensitivity analysis, parameters were evaluated using a 

binary ON/OFF formulation, where OFF and ON corresponded to the low-end and high-

end values of each parameter within its prescribed range, respectively. For parameters 

defined by feature presence, these states corresponded to absence (OFF) and presence 

(ON). 

For each parameter i, sensitivity was assessed use outputs from four reference states 

in the screening design: 1) all the parameters investigated have OFF value (V0), 2) only 

parameter in question has ON value(Vi), 3) only parameter in question has OFF value 

(Vn+i), and 4) all parameters have ON value (V2n+1). From there, three Cotter’s values can 

be obtained [24].  Cotter’s odd order effect was defined as: 

𝐶𝑂𝑖 =
(𝑉2𝑛+1 − 𝑉𝑛+𝑖) + (𝑉𝑖 − 𝑉0)

4
 (3) 

representing the cumulative odd-order contributions of parameter i.  Cotter’s even order 

effect was defined as 

𝐶𝐸𝑖 =
(𝑉2𝑛+1 − 𝑉𝑛+𝑖) − (𝑉𝑖 − 𝑉0)

4
 (4)  
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And captures even-order contributions associated with co-dependent effects.  Cotter's order 

magnitude was defined as: 

𝑀𝑖 = |𝐶𝑂𝑖| + |𝐶𝐸𝑖| (5) 

Providing a measure of the overall influence of parameter i on the selected output measure.   

To compare relative parameter influence within each test set, order magnitudes 

were normalized as following: 

𝑁𝑖 =
𝑀𝑖

∑ 𝑀𝑖
𝑛
𝑖=1

 (6) 

With the exception of overall macroscale geometry which was excluded due to the outlier 

magnitude.   

  

Identification of Influential Parameters 

To establish the global distribution of influence across model features, normalized 

influence values from the Cotter sensitivity analysis were examined across all mechanical 

outputs. Influence was evaluated for two stress measures (average stress and stress 

concentration) at three interfaces (LIG–UFC, tidemark, and cement line) under three 

loading regimes (tensile, shear, and complex), yielding 18 output conditions. Influence 

values were pooled across outputs and ranked by cumulative contribution, and a Pareto-

like threshold was used to identify features accounting for the majority of influence. This 

global assessment was used to distinguish dominant influencing features from those with 
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negligible contributions and to provide context for subsequent interface- and loading-

specific analyses. 

To provide for a more condensed outlook on the parameters, a third assessment was 

done by averaging the results of equation (5) for all the interfaces for a particular loading 

case and stress-related output. This averaged value was then normalized in accordance to 

equation (6) to form an averaged relative parameter influence. While this approach 

introduces some errors due to influence on each interface being distinct, it provides a more 

accessible representation of the global influence of the parameters. 

Validation and Verification 

Direct experimental validation is challenging for this study because the relative 

influence of parameters in the enthesis has not been investigated and, in many cases, cannot 

be performed experimentally. However, verification and limited validation were 

performed. The validation set was used to confirm inclusion of fibrocartilaginous regions 

matched prior computational studies [5,23] and experimental studies [28,29]. Verification 

was performed by repeating simulations for all loading cases for each model with at least 

3 different mesh sizes. Average stress along the tidemark probe was used for verification. 

A model was considered to be verified either when there was clear convergence as mesh 

size was decreased.  
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Parameter Name  Abaqus Input High Value Low Value Reference 

Overall Geometry  2D shell in Sketch Irregular Hourglass-

like shape based on 

bovine meniscal 

enthesis 

Equivalent rectangle to 

the bovine meniscal 

enthesis 

[27] 

Fiber orientation 

Ligamentous region  

Material orientation 

for HGO  

25⁰ with respect to 

horizontal direction of 

enthesis 

45⁰ with respect to 

horizontal direction of 

enthesis 

[14] 

Fiber disorganization 

in ligamentous region  

Kappa value of HGO  

material  

(1/15)   (1/30) [14,30] 

Fiber orientation UFC 

region 

Material orientation 

for HGO  

52⁰ with respect to 

horizontal direction of 

enthesis 

48⁰ with respect to 

horizontal direction of 

enthesis 

[31] 

Fiber disorganization 

in UFC region  

Kappa value of HGO  

material 

(1/15)   (1/18) [30,31] 

Fiber orientation CFC 

region  

Material orientation 

for HGO  

42⁰ with respect to 

horizontal direction of 

enthesis 

46⁰ with respect to 

horizontal direction of 

enthesis 

[31] 
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Parameter Name  Abaqus Input High Value Low Value Reference 

Fiber disorganization 

in CFC region 

Kappa value of HGO 

material 

(2/15)   (8/75) [30,31] 

Intra-fiber dispersion 

ligamentous region  

k2 value of HGO 

material 

35   5 [22] 

Intra-fiber dispersion 

UFC region  

k2 value of HGO 

material 

35  5 [22] 

Geometry of Cement 

line  

Section separation via 

sketch  

Sinusoidal  

 

Straight Modified 

recreation [31] 

Geometry of Tidemark  Section separation via 

sketch 

Sinusoidal  

 

Straight Modified 

recreation [31] 

Presence of UFC and 

CFC  

Inclusion of UFC and 

CFC region in the 

model  

Included  Excluded Validation 

assumption 

Geometry of LIG/UFC 

interface 

Section separation via 

sketch 

Sinusoidal  

 

Straight Assumption 

Table 1: Details and Justifications of sets VS,TS1 and TS2 
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Parameter Name  Abaqus Input High Value Low Value Reference 

Ligamentous region 

Ground matrix stiffness 
C10 value 5MPa 10 MPa 

[31] 

Ligamentous region fiber 

stiffness  
K1 value 100MPa 120MPa 

[32] 

UFC region Ground 

matrix stiffness Gradient 

C10 value changed over length 

using temperature gradient 

2-8MPa starting from 

LIG/UFC interface to 

Tidemark  

2-14MPa starting from 

LIG/UFC interface to 

Tidemark 

[31] 

UFC region Fiber stiffness 

magnitude  

 

K1 value 80MPa 60MPa 

[32,33] 

UFC region fiber 

disorganization gradient 

Kappa value changed over 

length using temperature 

gradient 

(1/30) to (1/15) starting from 

LIG/UFC interface to 

Tidemark  

(1/30) to (1/10) 

starting from 

LIG/UFC interface to 

Tidemark  

[15] 

CFC region Ground 

matrix stiffness Gradient  

C10 value changed over length 

using temperature gradient 

150-600MPa starting from 

tidemark to cement line 

150-1050MPa starting 

from tidemark to 

cement line 

[31,34] 

CFC region Fiber rate of 

crystallization  

K1 value changed over length 

using temperature gradient 

80-3900MPa starting from 

tidemark to cement line  

80-7720MPa starting 

from tidemark to 

cement line  

[31,34] 

SB region stiffness 

magnitude   

C10 and K1 value (virtual fiber 

assumed) 
3900MPa   7720MPa 

[[35] with 

adjustment] 
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Parameter Name  Abaqus Input High Value Low Value Reference 

CFC region Ground 

matrix stiffness Gradient  

 

C10 value changed over length 

using temperature gradient 

150-600MPa starting from 

tidemark to cement line 

150-1050MPa starting 

from tidemark to 

cement line 

[31,34] 

CFC region Fiber rate of 

crystallization  

 

K1 value changed over length 

using temperature gradient 

80-3900MPa starting from 

tidemark to cement line  

80-7720MPa starting 

from tidemark to 

cement line  

[31,34] 

SB region stiffness 

magnitude   

C10 and K1 value (virtual fiber 

assumed) 
3900MPa   7720MPa 

[[35] with 

adjustment] 

 

Table 2: Details and justification of parameters in Set TS3 
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Results  

Validation and verification 

The validation study (VS) demonstrated that inclusion of graded fibrocartilaginous 

regions has a significant effect on both average stress and stress concentration at the 

tidemark under loading. This finding is consistent with prior experimental studies [28,29], 

in which comparisons among biphasic enthesis constructs, enthesis replicants with graded 

regions, and native entheses, showed that the presence of graded regions produce stress 

concentration patterns distinct from those of a pure biphasic scaffold. All loading cases 

were verified using a minimum of three mesh densities per loading scenario. Mesh 

convergence was assessed at tidemark region for each loading case to ensure consistency 

across simulations. Detailed validation and verification results are provided in the 

supplemental information. 

Global examination of influential features 

The aim of this initial analysis was to identify which individual enthesis features 

contribute meaningfully when influence is aggregated across all functional outputs, 

including stress magnitude and stress concentration, all loading regimes, and all interfacial 

locations. This global examination was not intended to localize effects or infer 

mechanisms, but rather to establish whether influence is broadly distributed across 

parameters or organized hierarchically prior to more focused analyses. 

First, in simulation sets examining macroscale geometry, this feature exhibited 

dominant global influence, with a mean normalized Cotter’s index excess of 0.95 in most 
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test cases.  Across simulation spaces, global influence was not evenly distributed. In the 

structural organization space (TS2), influence was concentrated in a subset of parameters 

associated with interfacial geometry and fiber orientation. Interdigitation at the UFC–

ligamentous interface exhibited the largest mean normalized influence (0.240), followed 

by interdigitation at the cement line (0.177) and tidemark (0.165). Among fibrous 

parameters, ligamentous region fiber orientation (0.138) and UFC fiber orientation (0.106) 

were the most influential, whereas fiber dispersion and intrafiber dispersion parameters 

contributed comparatively little. In total, seven of eleven structural parameters accounted 

for more than 90% of cumulative global influence, indicating a clear hierarchy in structural 

contributions within these parameters. 

A similar pattern was found in the material property gradient space (TS3), although 

the dominant features differed. Ligamentous region ground matrix stiffness magnitude 

exhibited the largest global influence (0.312), with additional contributions from ground 

matrix stiffness gradients in the calcified fibrocartilage (0.136) and UFC regions (0.101). 

Interdigitation at the UFC–ligamentous interface (0.103) and tidemark (0.133) also 

contributed substantially, while fiber stiffness, crystallization gradients, and fiber 

disorganization gradients had relatively minor influence. Here, six of eleven parameters 

accounted for over 90% of cumulative global influence. 

Together, these results show that enthesis stress outcomes are governed by a limited 

but non-minimal subset of features, characterized by a small number of dominant 

contributors and some features that demonstrate weak effects. This hierarchical structure 
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motivates subsequent examination of how these dominant features influence stress 

management at specific interfaces and under distinct loading regimes. 

Interface specific patterns of feature influence 

To examine how stress outcomes vary locally, influence was next aggregated by 

interface, pooling all loading regimes and stress measures. This interface-specific 

perspective reveals systematic differences in which features contribute most strongly to 

stress magnitude and stress concentration, while also highlighting a small number of 

contributors that remain influential across interfaces. 

At the tidemark, influence was concentrated in parameters associated with interfacial 

geometry and material transitions (FIG 3,4). In the structural organization space (TS2), 

tidemark interdigitation accounted for the largest share of cumulative influence, 

accompanied by consistent contributions from ligamentous and UFC fiber orientation, 

which remained among the most influential fibrous parameters. Fiber dispersion and 

intrafiber dispersion parameters contributed minimally. A similar hierarchy was observed 

in the material property gradient space (TS3), where tidemark interdigitation, ligamentous 

ground matrix stiffness magnitude, and stiffness gradients within the calcified 

fibrocartilage and UFC regions together accounted for the majority of influence. 

At the LIG-UFC interface, influence was more tightly localized to the immediately 

adjacent regions (FIG 3,4). Structurally, LIG-UFC interdigitation exhibited the greatest 

influence, with ligamentous and UFC fiber orientation again contributing prominently, 

while parameters associated with the calcified fibrocartilage were negligible. In the 
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material space, ligamentous ground matrix stiffness magnitude dominated influence, with 

secondary contributions from the UFC stiffness gradient and interdigitation at the interface.   

At the cement line, dominant contributors shifted toward features associated with the 

calcified fibrocartilage and subchondral bone (FIG 3,4). Structurally, cement line 

interdigitation accounted for the largest share of influence; however, ligamentous and UFC 

fiber orientation continued to contribute non-negligibly, whereas dispersion-related 

parameters remained minor. In the material space, stiffness magnitude of the subchondral 

bone and stiffness gradients within the calcified fibrocartilage were the most influential 

parameters for this set.   

Collectively, these results show that dominant features differ systematically by 

interface, with stress regulation governed by interfacial geometry at transition zones and 

by regional material properties proximal to the interface.  Regardless of interface location, 

fiber orientation exerts significant influence in stress management. 

Stress management across loading regimes 

To determine whether dominant stress management mechanisms persist across 

loading directions or are activated conditionally, influence was evaluated separately under 

combined (complex), tensile, and shear loading, and parameters contributing to the primary 

influencing features were identified for each loading regime.  Under complex loading, 

functional outputs of the enthesis were most influenced by interfacial geometry, 

ligamentous and UFC fiber orientation, and ligamentous ground matrix stiffness 

magnitude. In the structural organization space, LIG-UFC, tidemark, and cement line 

interdigitation together accounted for a substantial fraction of cumulative influence, 
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accompanied by ligamentous and UFC fiber orientation. In the material property gradient 

space, ligamentous ground matrix stiffness magnitude, stiffness gradients in the UFC and 

calcified fibrocartilage, and subchondral bone stiffness magnitude were retained within the 

dominant feature set.  Under tensile loading, this core set was largely preserved; however, 

additional parameters associated with the calcified fibrocartilage, including fiber 

orientation, fiber dispersion, and stiffness gradients, entered the dominant feature set. 

These parameters were not retained under combined loading, indicating loading-activated 

sensitivity to fibrocartilaginous organization under axial loading.  Under shear loading, 

influence shifted toward parameters associated with ligamentous fiber dispersion and 

disorganization, which were retained within the dominant feature set under shear but not 

under combined or tensile loading. Interfacial geometry and ligamentous ground matrix 

stiffness magnitude remained influential, but the relative contribution of fiber orientation 

decreased compared to dispersion-related parameters.  

Across all loading regimes, a consistent set of dominant influencing features were 

identified, including interfacial geometry at the LIG–UFC, tidemark, and cement line 

interfaces; mean fiber orientation in the LIG and UFC regions; and LIG ground matrix 

stiffness magnitude. 
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Figure 3: Heatmap for relative influence of parameters in TS3, with parameters considered to be significant highlighted in blue. 
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Figure 4: Heatmap for relative influence of parameters in TS2, with parameters considered to be significant highlighted in blue  
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Figure 5: Heatmap of parameters from TS2 (right) and TS3 (left), with relative influences averaged and normalized of all 3 interfaces for each loading case 
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Parameter Name 

Significant in 

Tensile 

Loading 

Significant in 

Shear loading 

Significant in 

Combined loading 

Overall Geometry    

Fiber orientation Ligamentous 

region 

   

Fiber disorganization in 

ligamentous region 

   

Fiber orientation UFC region    

Fiber disorganization in UFC 

region 

   

Fiber orientation CFC region    

Fiber disorganization in CFC 

region 

   

Intra-fiber dispersion 

ligamentous region 

   

Intra-fiber dispersion UFC 

region 

   

Geometry of Cement line    

Geometry of Tidemark    

Geometry of LIG/UFC interface    

Ligamentous region Ground 

matrix stiffness 
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Table 3: Binary chart summarizing parameters influential (Colored green) in each of the loading cases 

 

Discussion  

The objective of this study was to identify which structural and material features of the 

enthesis had the most significant influence on the stress dispersion function under physiologically 

relevant loading.  Using finite element modeling combined with Cotter’s method, we quantified 

Ligamentous region fiber 

stiffness 

   

UFC region Ground matrix 

stiffness Gradient 

   

UFC region Fiber stiffness 

magnitude  

   

UFC region fiber 

disorganization gradient  

 

   

CFC region Ground matrix 

stiffness Gradient  

   

CFC region Fiber rate of 

crystallization  

 

   

SB region stiffness magnitude  
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the relative influence of twenty parameters across several enthesis inter-regional interfaces and 

loading conditions. The findings showed that not all aspects of the enthesis contribute equally to 

its stress management function.  

Heterogenous properties of enthesis and impact on stress management 

The enthesis is a heterogenous structure, with numerous aspects that determine its functions. One 

of the primary goals of this study was to evaluate the relative influence of these parameters on the 

ability of the enthesis to distribute stress. This understanding is essential not only for clarifying the 

mechanical basis of stress dispersion, but also for guiding the design of replacement systems with 

comparable functional performance. A fundamental finding from this study is that enthesis 

function is connected to a smaller number of structural and material features that act as first order 

regulators of load transfer. 

Among all parameters considered, macroscale geometry had the most significant influence on 

stress management. This study provides the first quantitative comparison demonstrating that 

geometry plays a critical role in stress dispersion. Its importance has been noted in clinical 

observations  [1,28,36–38], but it has not yet been purposefully incorporated into design strategies. 

Based on the assumptions guiding Cotter’s method, modifying the macroscale geometry changes 

the relative size of the enthesis subregions and consequently affects the contribution of the 

remaining parameters in the set. To gain a more accurate understanding of these influences, the 

remaining structural parameter sets were examined in a second set of analyses where macroscale 

geometry was kept constant, enabling a clearer assessment of their relative influence. 

At the smaller structural scale, gradients in fiber orientation spanning the ligamentous area, UFC, 

and CFC had a significant impact on stress management [2,15]. The simulations showed that 
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disrupting these gradients impairs the overall stress distribution capability of the enthesis [39,40]. 

All transitions between the subregions were found to be significantly influential as well. Between 

the three interfaces, the tidemark has received the most attention [1,2,15,28,41], followed by the 

cement line [5]. However, the interface between the ligamentous region and UFC has received far 

less attention. This could be because, unlike the tidemark and cement line, it lacks a well-defined 

visual or compositional border. The results of the present study provide quantitative rationale for 

renewed attention to this interface. Notably, variations in ligament–UFC interfacial geometry 

influenced stress outcomes not only locally, but also at the tidemark and cement line. In contrast. 

changes to the other two interface geometries primarily affected stress outcomes at their respective 

locations. This nonlocal sensitivity suggests that the ligament–UFC interface plays a 

disproportionate role in stress distribution across the enthesis, despite its relatively subtle 

morphological appearance. 

From the compositional based parameter test sets, the stiffnesses of the ground matrices in all 

subregions had a significant influence on stress dispersion. The gradient of the material stiffness 

is supported by the prior mechanical testing, which has led to prototyping efforts which focused 

on this aspect [42–50]. Of particular interest is the finding that it is only the stiffnesses of the 

ground matrices that were significant in each subregion: the stiffnesses of the fibers in each of the 

subregions were not found to be significantly influential, when compared to fiber orientations or 

ground matrix stiffnesses. This finding suggests that stress dispersion is handled by ground 

matrices and fibers under different mechanisms. 

While this study identified the key parameters influencing stress dispersion, these factors alone do 

not fully explain the mechanical response of the enthesis. The overall stress management capability 

is derived from the interaction of several aspects rather than from any single parameter. In this 
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respect, effective stress dispersion mainly depends on the coordination of the identified structural 

and material properties. 

Hierarchical organization of enthesis stress management – context dependent stress 

management strategies 

The enthesis stress management function is governed by a subset of the present structural and 

compositional aspects. A consistent trend was observed in which significant parameters were 

continuous across the enthesis. This observation suggests that stress dispersion is influenced more 

inter-regional interactions rather than isolated material or structural features. Particularly, gradients 

in mean fiber orientation within the ligamentous and fibrocartilaginous regions, together with 

gradients in ground matrix stiffness had comparable influences on stress distribution, not one of 

the parameters overpowering the others in terms of influence. This finding aligns with previous 

studies showing that all four enthesis subregions contribute collectively to mechanical 

performance [28,29]. The results also propose a functional hypothesis of collagen fibrous tissues. 

Under this hypothesis, collagen fibers serve more as a stress vector than a stress resistor when 

implanted in a softer ECM environment. This is complemented by their stiffening during their 

mineralization in the harder subregions, where they then act as stress resistors. Future research on 

this topic could include modified HGO models. Such models can include a fiber activation term 

in the isotropic stiffness term, which activates the anisotropic stiffness terms only when a certain 

threshold value is exceeded.  The results simulation of the modified model can then be compared 

with previous simulation results and experimental outcomes. This will result in a better knowledge 

of how collagenous tissue functions in general. 
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The interface-specific analyses show that enthesis stress regulation is spatially localized and 

context-dependent. Different interfaces use distinct combinations of geometric, structural, and 

material features to manage stress, reflecting the varying mechanical environments experienced 

across the enthesis. At mineralized transitions, material stiffness gradients play a more prominent 

role, whereas at soft tissue interfaces, tissue compliance and fiber alignment are dominant.  This 

observation may explain why attempts to replicate enthesis function using a single design 

rationale, such as mineral gradients alone, have had limited success in restoring enthesis function.  

Therefore, a multi-faceted approach of replicating key stress dispersion pathways should be 

prioritized: the findings from the current work suggest the following categorization in Figure 8. 

 

Figure 6: Visualization of influential parameter groups. From a design perspective, 2c loses priority as it can be dependent on 2a 

and 2b 

Another key contribution of this work is the differentiation between robust stress management 

features (across all loading regimes) and loading activated mechanisms.  Some aspects have a 

consistent influence regardless of loading conditions, indicating that they form a stable mechanical 

backbone of the enthesis. Other aspects only become influential under specific loading conditions, 

implying that the enthesis engages additional mechanisms in response to the particular loading 

conditions.  This organization provides a useful framework for understanding how the enthesis 
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accommodates complex, multiaxial loading in vivo. Rather than relying on different mechanisms 

for different loads, the enthesis appears to integrate a constant foundation mechanism with context-

sensitive mechanisms that modulate stress dispersion under special circumstances. 

Implications for Enthesis Characterization, Repair, and Biomaterial Design 

From an enthesis repair and replacement perspective, these results clarify which design features 

are critical for restoring mechanical function. Most importantly, effective constructs must 

reproduce the macroscale geometry and dimensions of the native attachment, since these aspects 

establish the global mechanical context. Within this framework, stress management is governed 

primarily by gradients in mean fiber orientation within the ligamentous and fibrocartilaginous 

regions and by ground matrix stiffness gradients, rather than by fiber stiffness itself. Therefore, the 

first two gradients gain preference in replication consideration over the last aspect.   

The limited influence of fiber disorganization gradients suggests that replicating it may not be 

necessary for mechanical performance, but this effect may be underestimated due to modelling 

simplifications. Overall, the results suggest that fiber orientation should receive greater priority 

than fiber disorganization or individual fiber stiffness when designing mechanically functional 

replacements. Another crucial consideration is the shape of the ligamentous-UFC interface. Its 

discovered influence encourages future exploration of this interface and emphasizes the 

importance of high-resolution control over heterogeneous material properties in order to duplicate 

interfacial geometry. 

More broadly, the findings indicate that the enthesis' features act in a continuous manner across 

subregions. A fundamental implication is that the replication of heterogeneous structures may 

require a shift away from evaluating influential parameters in isolation. Instead of focusing only 
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on individual influential parameters, future design approaches should identify which properties 

serve as the primary routes of stress transfer between the sub-regions, thus allowing the full 

heterogeneous structure to operate as an integrated system. 

In practice, the findings suggest that material strategies incorporating material stiffness gradients, 

such as those imitating mineralization gradient [51] continue but should not be seen as a standalone 

solution. Strategies emphasizing orientational guidance and matrix-level stiffness transitions are 

likely to be more effective than approaches focused solely on compositional mimicry. A 

prospective replicant can use fiber composite hydrogels [52], in which the fiber strands are mixed 

in the hydrogel mixture and their general orientation controlled before the hydrogel mixture is set. 

Methodological considerations of Cotter’s method 

A primary motivator for the effort to understand and duplicate the diverse entheses of the human 

body is their ability to disperse produced stress from a location with a significant discrepancy in 

material stiffness [2,15]. To date, work has been focused on characterizing a specific parameter, 

incorporating the characterized in a material model or replicating the parameter in an artificial 

replacement, and examining whether stress dispersion and increased toughness are achieved.  This 

study demonstrates the benefits of using screening-based sensitivity analysis to help disentangle 

complex structure–function relationships in biological tissues.   

Cotter’s method provides a computationally efficient means of identifying dominant contributors 

without requiring exhaustive parameter sweeps [24]. The method is useful for both initial 

parameter screening and for guiding more focused investigations into how significant parameters 

act independently or in combination. Cotter’s method was chosen for its systemic reproducibility, 

ability to further distinguish the nature of influence, robustness to variable changes, and a relatively 
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small number of required test cases. Alternative screening approaches considered included 

Plackett-Burman [53], Taguchi [54], Sobol’s [55] and Morris factorial [56] methods; however, 

Cotter’s method offered the most efficient and consistent framework for comparative studies in 

which interactions among enthesis features are a central focus.  While experimental 

implementation of such methods remains challenging [57,58], finite element modeling offers a 

controlled environment in which relative influence can be assessed reproducibly for more accurate 

understanding [59–61]. 

The accuracy of parameter identification is highly dependent on the model's complexity and the 

composition of the testing sets. Cotter’s method assumes that varying one input parameter or 

system condition does not change how the other evaluated parameters influence the output. 

Therefore, when strong interactions exist among parameters within the testing sets, the method 

may be less effective for identifying their relative importance. To accommodate for this, the 

structural and compositional parameters were evaluated in separate sets, ensuring that 

compositional aspects within a subregion did not influence structural aspects and vice versa.  

For this work, several modeling simplifications were necessary, including the use of two-

dimensional geometry and hyperelastic material models. Such choices limit direct quantitative 

comparison with experimental stress magnitudes but do not generally undermine the hierarchy of 

influence identified here. One probable exception to this is the fiber disorganization gradient: the 

results suggest that this parameter set is not sufficiently significant to enthesis stress dispersion 

properties. This contradicts expectations set from previous investigations [2,15,27,39,62]. One 

possible explanation is that the influence of fiber disorganization was reduced in the current study 

because it was compared relative to mean fiber orientation within the same testing set. A second 

possibility is that fiber disorganization has additional effects under poroelastic conditions that 
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hyperelastic modeling alone cannot account for. For example, increased disorganization within the 

fibrocartilaginous region may create greater matrix openings, leading to higher fluid-matrix 

interactions under mechanical loading in UFC compared to ligamentous region. Future studies 

should incorporate three-dimensional architecture and poroviscoelastic behavior [61,63–71] to 

reexamine these findings. These studies will also help to clarify the structure-function relationships 

of the enthesis and other heterogeneous tissues in general.  

From a broader perspective, Cotter’s sensitivity analysis method proved to be a reliable tool for 

finding influential factors and directing more extensive research of the independent and co-

dependent impacts of relevant variables. In this investigation, a simplified model was intentionally 

used to allow key properties to be identified from a large pool of candidate parameters. As a result, 

identification accuracy is primarily limited by the complexity of the model and the selection of 

parameters within each testing set. Despite these constraints, the study successfully identified the 

key mechanical parameters and ranked their relative influence on stress dispersion. These findings 

provided insights into several mechanisms associated with the structure-function behavior of the 

enthesis as well as implications for replacement design. While the uncertainty surrounding fiber 

disorganization may be due to the simplifying assumptions used in the model, the overall hierarchy 

of stress-dispersion properties remains meaningful. Therefore, this work provides a solid 

foundation for future investigations into the independent and co-dependent influences that govern 

the enthesis structure-function relationship. 

Conclusion 

In this work, sensitivity analysis was performed across multiple finite element models to 

identify parameters that significantly influence average stress and stress concentration at 
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subregional interfaces of the meniscal enthesis. The findings reaffirm the significance of some 

previously examined traits, while also emphasizing features that have gotten relatively little 

attention. In particular, the geometry of the ligamentous–UFC interface was found to influence 

stress outcomes not only locally, but also at distal interfaces, emphasizing the necessity for further 

concentrated research into this transition region.  More broadly, the findings indicate that effective 

stress dispersion in the meniscal enthesis depends on the combined contribution of structural 

organization, through collagen fiber orientation and disorganization, and compositional properties, 

through regional ground matrix stiffness. These findings emphasize the importance of considering 

these aspects simultaneously in future replacement designs. 

This study also demonstrates the utility of combining Cotter’s method with finite element 

analysis as a framework for interrogating complex biological systems. The approach provides a 

reliable and computationally efficient means of identifying influential parameters in multivariable 

systems where direct experimental exploration would be impractical due to temporal and fiscal 

constraints. While the method relies on assumptions of parameter independence and constancy of 

non-variable inputs, it nevertheless offers a powerful, quantitative basis for prioritizing tissue 

properties that are most crucial for recreating the intended mechanical performance, especially in 

heterogenous structures. 
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