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Abstract

Computational studies of chondrocyte mechanics, and cell mechanics in general, have typically 

been performed using single cell models embedded in an extracellular matrix (ECM) construct. 

The assumption of a single cell microstructural model may not capture intercellular interactions or 

accurately reflect the macro-scale mechanics of cartilage when higher cell concentrations are 

considered, as may be the case in many instances. Hence, the goal of this study was to compare 

cell level response of single and eleven cell biphasic finite element (FE) models, where the latter 

provided an anatomically based cellular distribution representative of the actual number of cells 

for a commonly used 100 μm edge cubic representative volume in the middle zone of cartilage. 

Single cell representations incorporated a centered single cell model and eleven location corrected 

single cell models; the latter to delineate the role of cell placement in the representative volume 

element. A stress relaxation test at 10% compressive strain was adopted for all simulations. During 

transient response, volume averaged chondrocyte mechanics demonstrated marked differences (up 

to 60% and typically greater than 10%) for the centered single versus the eleven cell models, yet 

steady-state loading was similar. Cell location played a marked role, due to inhomogeneity of the 

displacement and fluid pressure fields at the macroscopic scale. When the single cell 

representation was corrected for cell location, the transient response was consistent while steady-

state differences on the order of 1–4% were realized, which may be attributed to intercellular 
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mechanical interactions. Anatomical representations of the superficial and deep zones, where cells 

reside in close proximity, may exhibit greater intercellular interactions, but these have yet to be 

explored.

Keywords

multiscale; computational modeling; finite element; cartilage; chondrocyte; poroelastic; biphasic; 
tissue mechanics; cell mechanics; homogenization

2. Introduction

Among many other factors, including genetic, environmental and soluble mediators, 

mechanical loading influences articular cartilage maintenance through the balance of growth 

and degradation [1]. Within the cartilage, the mechanical environment of chondrocytes, the 

sole resident cell type, has been shown to be a contributor to cellular activity and, in turn, 

tissue health. The surrounding microstructural and multi-physical nature of cartilage dictate 

cellular loading, with demonstrated depth- and location-dependent differences [2], [3]. 

Chondrocyte density, including shape and arrangement, and collagen fiber orientation have 

been shown to vary across stages of development, physical locations on the articular surface, 

and species [4], [5]. Within a given region, the extracellular microstructure, the pericellular 

and cellular regions, and the surrounding fluid, nearly-immobile proteoglycan molecules, 

and mobile ions interact to dictate the biomechanical response of the chondrocytes [1].

Experimental modalities have been vital to understand the mechanics of cartilage as well as 

the underlying chondrocyte mechanobiological response. Joint level load sharing and the 

functional response of cartilage has been studied, with cartilage playing an integral role at 

this spatial scale [6], [7]. These multiscale chondrocyte mechanics have been investigated 

through laser scanning microscopy coupled to mechanical testing systems in situ [8]–[10] 

and in vivo [11]. Additional measures of chondrocyte mechanobiology have been inferred 

through the observation of calcium signalling in response to tissue-level applied mechanics 

[12], [13]. With regards to material behavior, basic mechanical properties have been 

quantified and provide context to the micro-mechanical and chemical environment of the 

cells [14], [15]. As they provide controlled conditions, tissue explant samples, whether 

acquired from biological sources or engineered constructs, have offered much of the 

available information on chondrocyte mechanical response [16].

Computational simulations of chondrocyte mechanics have provided both information 

complimentary to experimentation, detailing the underlying mechanics, and an avenue to 

investigate fundamental aspects of cartilage and chondrocyte mechanics that are infeasible to 

capture experimentally [3], [7], [17]. Simulation offers a unique mechanical evaluation 

strategy utilizing metrics such as the local stress, strain, fluid flow, and pressure. Often 

hypothesis-driven and at times performed in a parametric fashion, such studies have looked 

at cell deformation within the context of the tissue microstructure [18]. In particular, depth 

dependent simulations including singular or combined mechanics of the collagen fibrillar 

network (extracellular matrix, ECM), pericellular matrix, and chondrocytes have been 

developed [19], [20]. Especially when the influence of the surrounding aqueous solution is 
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included, as accounted for through biphasic theory [21], such studies have highlighted the 

potential for complex, time dependent loading of chondrocytes [3], [17], [22].

In previous chondrocyte simulation studies, representation of the cells within a neighboring 

volume were limited to a single cell embedded in an cubic ECM volume, commonly with an 

edge size of 100 μm [17], [18]. Typically, deformations predicted from a homogeneous 

tissue model were used to drive such simulations. Implicit in this setup are: i) the assumption 

of the equivalence of macrostructural (tissue) constitutive response and average stress-strain 

response of the microstructural (cellular) model, ii) the ability of simplified data passing 

approaches from the macro- to cell-scales to reflect embedded cell response, iii) the cell 

representation in extracellular matrix, which commonly relies on the model of a single, 

centered cell within in the micro-scale geometric representation of the extracellular matrix, 

and iv) the neglection of mechanical interaction between cells. To overcome assumption i, 

this study adopted an embedded model, where the representative volume element (RVE) was 

directly modeled within a homogeneous ECM construct. Likewise, circumventing 

assumption ii an embedded model eliminates the need for a data passing approach. Recent 

work highlighted important considerations for data passing when a post-processing approach 

is used for prediction of chondrocyte mechanics [23]. This study found that if metrics other 

than cellular aspect ratio are of interest, higher order data passing schemes or direct coupling 

of micro- and macrostructural models, as was performed in this study, should be considered. 

Regarding assumption iii, while computational models of single cells have provided 

invaluable insight into the chondrocyte mechanical environment, articular cartilage, 

especially at early stages of development and for certain zonal regions, can exhibit much 

higher cell concentrations than previously assumed [5]. The predictions of chondrocyte 

mechanics as obtained from a single cell assumption may not be adequate for cartilage with 

high chondrocyte density, due to misrepresentation of the true volume fraction of the cells in 

the ECM (assumption iii) and the potential to overlook cellular interactions (assumption iv). 

Hence, the goal of this study was to compare the mechanical response of chondrocytes in 

single and physiologically based eleven cell [5] biphasic finite element (FE) models. The 

driving questions behind this goal are whether potential intercellular mechanical interactions 

can be delineated and whether the mechanics of cells change as a result of neighboring cells.

3. Methods

3.1 Models

A 100x100x100 μm3, the commonly assumed RVE, cell-scale finite element model was 

embedded in a 1x1x1 mm3 (tissue-scale) hexahedral mesh construct, which approximated a 

layer of cartilage in the middle or transitional zone (Figure 1). All models were meshed with 

linear hexahedral elements using TrueGrid (XYZ Scientific Applications, Inc., Livermore, 

CA). In following, relevant features of the model are summarized. For a more detailed 

description, the reader is encouraged to refer to Sibole et al., 2013 [23].

For the RVE, two general cases were considered: a single (centered) cell and an eleven cell 

randomly distributed configuration (Figure 1). For the given RVE size, eleven cells represent 

an anatomically based volume fraction of cells in mature human cartilage [5]. During 

random placement, minimum pericellular-to-pericellular and pericellular-to-tissue-edge 
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spacing was enforced at 2.5 μm and 1.25 μm, respectively[24]. The cells had radii of 5 μm 

and were surrounded by a layer of pericellular matrix with a thickness of 2.5 μm [25].

A biphasic constitutive model was utilized, with a nonlinear elastic (Neo-Hookean) solid 

component and the fluid component modeled with Darcy’s Law with strain invariant 

permeability [26]. FEBio version 1.5.0 was used as the simulation software [20] where in a 

biphasic analysis the Cauchy stress was defined as:

T = − pI + Te (1)

where p is the interstitial fluid pressure and Te is the stress from the porous Neo-Hookean 

elastic matrix material. The Neo-Hookean material was implemented in FEBio using the 

following strain energy function:

W = μ
2 I1 − 3 − μlnJ + λ

2 lnJ 2 (2)

where I1 is the first invariant of the right Cauchy-Green deformation tensor, J is the 

determinant of the deformation gradient tensor, and μ and λ are material coefficients that are 

related to the Young’s modulus and Poisson ratio [20]. Darcy’s law was used to relate the 

hydraulic permeability, k, to the volumetric flux, w, of the fluid relative to the solid,

w = − k · ∇ p (3)

where k did not vary as a function of strain. The mixture momentum balance for quasi-static 

conditions (no external body forces),

divT = − ∇ p + divTe = 0, (4)

and the mixture mass balance,

div vs + w = 0 (5)

defined the governing equations. Note that vs was the solid velocity and div was the 

divergence. Additional detail on the material model can be found in the FEBio user’s 

manual. For the described biphasic material, constitutive parameter values were adopted 

from [25] for the middle zone cartilage depth. The extracellular matrix had a Young’s 

modulus of 1.0 MPa, a Poisson’s ratio of 0.125, and a hydraulic permeability of 0.002 

mm4/N-s. For the pericellular matrix these were 0.043 MPa, 0.125, and 0.002 mm4/N-s and 
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for the cell(s), 0.001 MPa, 0.4, and 0.001 mm4/N-s. The larger block, in which the single 

cell and eleven cell RVEs were embedded, was given the same properties as the ECM.

The interface between the RVE and the tissue-scale models contained hexahedral transition 

elements, which allowed for node-to-node merging of the two meshes and a more coarse 

mesh for the tissue scale model, and eliminated the need for enforcement of any coupling 

constraint, i.e., a data passing regime [23]. The embedded models contained 147,768 and 

152,868 elements for single cell and eleven cell cases, respectively. In the tissue-scale region 

of the models the approximate average element edge length was 3 μm, while the elements in 

the embedded RVEs had edge lengths of approximately 0.2 μm. A mesh convergence study 

was not conducted for the multi-scale construct models as these were near the upper bound 

of the available shared memory architecture computational resources. However, a mesh 

convergence study was previously conducted on the single cell RVE model. Models of lower 

mesh density (25,889 elements) than those employed in this were shown to converge in 3rd 

principal stress, strain, and total fluid flux for the single cell case [24]. Due to the need to 

satisfy strict element density ratios at the transition interfaces, the converged meshes had 

their element densities further refined, but since the meshes were of higher density, these 

were also assumed to be converged.

The tissue-cell scale constructs were subjected to 10% nominal compressive strain (−0.1 

mm), ramped over 0.1 seconds and held constant for an additional 99.9 seconds. Confined 

compression boundary conditions were defined, which allowed for zero expansion and fluid 

flux normal to the lateral faces. For the top and bottom surfaces, two fluid drainage cases 

were considered: Case A) zero fluid pressure boundary conditions, which allowed free-

draining of fluid, were prescribed to both the top and bottom faces; and Case B) zero fluid 

pressure was prescribed for only the top face and the bottom face was non-draining. 

Simulations were conducted for compressive strain in a single direction, for both cases A 

and B.

While comparison of the 11 and single cell simulation results offered a means to observe 

mechanical differences, the cause of those differences may be due to multiple factors, 

namely, cell position and intercellular mechanical influence. To understand the potential for 

position dependence, additional simulations were conducted where the material assignments 

of the 11 cell model were adjusted such that only one chondron (the chondrocyte and its 

surrounding pericellular matrix) at a time was represented, by replacing all other chondron 

materials with ECM. This was performed for each of the 11 cells and both Case A and B 

boundary conditions, resulting in a total of 22 simulations. The results for each of the 

location specific single chondrocyte simulations could then be compared to the 

corresponding chondrocyte in the 11 cell simulation. With this method, the position of the 

cell is the same in both scenarios, but intercellular mechanical influence could only occur in 

the 11 cell simulations. To summarize and delineate the results, for both Case A and B 

boundary conditions, the simulations consisted of centered single cell (CSC), eleven cell 

randomly distributed (EC), and a series of 11 location corrected single cell (LCSC) analyses. 

A custom Python script was used to post-process FEBio version 1.5.0 [26] result files for 

chondrocyte mechanical metrics: volume-averaged effective stress and strain, volume-

averaged maximum shear strain, volumetric strain, net mass exchange rate, and change in 
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aspect ratio. These were calculated as outlined in a previous study [23]. For visual 

representation, cell metrics were plotted throughout the simulations. To provide quantitative 

comparison, percent differences as a function of time were calculated between 1.) the CSC 

and each cell in the EC simulation and 2.) the LCSC results and the corresponding cell in the 

EC simulation using the following:

% Difference m, i, t =
Celli m, t − ECi m, t

ECi m, t ∗ 100 (6)

where m is a given mechanical metric (outlined above), t is time, Celli is a given cell (i = 1 

to 11 for the LCSC and i = 1 for the CSC results), and ECi are each of the eleven cells in the 

EC simulation (i = 1 to 11). Finally, to further understand the potential for cellular 

mechanical interaction, root mean square (RMS) values for all metrics throughout the cycle 

were calculated between the EC and LCSC results using:

RMS m, i =

1
n ∑

t = 0

n
Celli m, t − ECi m, t 2

max ECi m, t − min ECi m, t
(7)

where t was discretized into n = 30 data points throughout the loading cycle [23].

Due to the high computational cost of the large degree of freedom biphasic analyses, 

simulations employed the Oakley cluster at Ohio Supercomputer Center (https://

www.osc.edu). Each compute node contained 2 Intel Xeon x5650 CPUs. Simulations 

utilized either 4 or 12 threads and 24 GB of RAM per node.

4. Results

For both loading cases (A and B), the eleven cell representation resulted in wider ranges of 

predicted cell metrics when compared to the CSC model, especially during the first 20 

seconds of the analyses (Figures 2 and 3). Case B resulted in increased transient variability 

in cell response, as compared to Case A, with 2 to 5 times higher peak values for effective 

strain, effective stress, maximum shear strain, and mass exchange rates (Figure 2 versus 3). 

Percent differences typically ranged from 20 to 40% during early loading between the CSC 

and eleven cell analyses (Figures 4 and 5) and were as high as 60% (Figure 5, blue region). 

Change in aspect ratio and volumetric strain for Case A loading were the lone exceptions, 

with differences under 5% (Figure 4). While transient response, likely driven by loading 

induced fluid flow, was variable, steady-state percent differences (at 100 seconds) between 

the CSC and eleven cell simulations were less than 4% for all metrics (Figures 2–5).

For the LCSC analyses, when compared to the corresponding EC results, maximum percent 

differences were less than 4% (Figures 4 and 5, red area). As a function of the entire loading 

cycle LCSC analyses demonstrated a nearly identical spread as the eleven cell model 

(Figures 2 and 3) with RMS values (Equation 1) under 0.02. Both percent change as well as 
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the RMS values between EC and LCSC results indicate the effects of mechanical influence 

from neighboring cells (Figures 6).

For reference and considering the utilized computational resources (see Methods), 

computational cost was also documented. The single cell analysis required 3.33 hours of 

wall clock time (106.5 CPU hours) while the 11 cell case required 3.9 hours (125.17 CPU 

hours).

5. Discussion

This study successfully highlighted potential differences in transition zone cell mechanics 

between single and anatomically based eleven cell representations. Concerning aspects of 

cell health and function, results indicate that for a given point in the cartilage the choice of 

cell location, as predicted by the anatomically realistic representation of chondrocyte 

distribution, had a profound effect on transient cell mechanics. Specifically, regarding the 

choice between a CSC analysis and the random EC distribution, metric specific differences 

were typically up to 20% yet also as high as 60% (Figures 4 and 5). This was especially 

evident in the non-symmetric Case B boundary conditions and during the transient response. 

Regarding the LCSC results, when compared to the corresponding cell in the EC model, 

normalized RMS values on the order of 0.01 to 0.02 were realized, which captured 

differences throughout the loading cycle (Figure 6 and Equation 2). While RMS differences 

were relatively small, the percent difference started small and rose steadily to around 2–4% 

for all output metrics except mass exchange rate, which was even smaller (Figures 4 and 5). 

This behavior held up across loading cases A and B. Within the context of this region 

specific anatomically based cell distribution, realizing the potential for cellular interaction, 

even if on the order of 4%, highlights an important finding. Current results indicate this 

observation was a direct result of mechanical cellular interaction, as comparison of the 

LCSC results with the corresponding cell in the EC simulation offered this possibility.

While the embedded RVE in this biphasic simulation was somewhat shielded from the initial 

load application, volume averaged cellular strains were highly variable for the 11 cell case, 

exhibiting both higher and lower strains than the CSC analyses, especially during the 

transient response (Figures 2 and 3). This somewhat contradicts our previous results, which 

showed volume averaged cellular strains were lower for an 11 cell versus a single cell RVE 

[27]. As opposed to the biphasic materials used in this study, hyperelastic material properties 

representative of instantaneous behavior were adopted in Sibole and Erdemir [27] to predict 

chondrocyte deformation as a function of joint level loading. The current findings 

corroborate previous work that highlighted the potential chondroprotective role of the fluid 

as well as the transient effects of fluid flow though a section of deformed ECM [28], [29]. 

Another interesting observation, the variability of cell mechanics for the EC and LCSC 

simulations demonstrated the potential value in quantifying multiple cell level metrics. 

Gross cellular shape metrics such as aspect ratio are commonly reported in the literature; 

however, understanding chondrocyte mechanics may be bolstered through the use of 

additional volume averaged metrics, such as those covered in this study. Still, qualitative 

comparison with previous work is possible where similar time-dependent behavior was 

reported for cell level strain values in Guilak and Mow (2000) [25], though that study 
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modeled unconfined compression. Of note, much longer relaxation times for cell level 

mechanics have been reported [3], [20]. These studies employed a strain-dependent 

hydraulic permeability, which would slow relaxation time when the material is compressed. 

Due to the already high computational burdens of this study, this additional level of realism 

was not included. Beyond the application of stress relaxation boundary conditions, 

numerous studies were expanded to include analysis depending on loading frequency [17], 

[30], which is also possible in an anatomically based multi-cell simulation framework. Such 

a study could clarify, especially when performed in conjunction with strategies for in-depth 

sensitivity analysis [25], [31], when elastic based predictions of chondrocyte mechanics are 

acceptable.

Comparison with previous work should not be limited to simulation based studies, though 

the difficulty in measuring chondrocyte mechanics could be inferred by the absence of 

available experimental data, especially if multi-cellular response is considered. Still, 

comparisons are warranted. One experimental study that utilized unconfined compression 

tests found engineering strain in a transition zone cell of approximately 0.2 for 10% 

compressive strain on a cartilage sample [32]. Steady state response in this study yielded a 

similar result, with an average of 0.25 effective strain across all cells and for both loading 

cases. While the presented gross mechanical cell level response favorably compares with 

previous work, as new measurement techniques emerge, the presented study could also help 

design the setup of new experiments. For instance, if transient chondrocyte mechanical 

responses for a population could be measured, Case B loading indicates delineation between 

cells would be more pronounced than Case A. In turn, such experiments would offer ideal 

data to help establish corresponding modeling capabilities.

Cell placement was found to have a strong influence on the observed transient response of 

chondrocyte mechanics, as indicated by the variability in cell metrics for the LCSC and EC 

results (see Results). To test this finding, two additional random cell distributions were 

evaluated by simply reorienting application of the boundary conditions through the 

remaining faces of the cartilage mesh, effectively resulting in two additional cell 

distributions. Results from these post-hoc analyses indicated minimal effect of three separate 

cases of chondrocyte distributions on the predicted cell mechanics (Figure 7). One 

exception, a shift was found for change in the aspect ratio, which showed a larger potential 

range of predicted chondrocyte aspect ratios (Figure 7 versus Figure 3). This finding was 

found to be driven by the orientation of the mesh in one loading direction, i.e. a mesh effect 

due to the location of nodes, and the corresponding calculation of the initial cell aspect ratios 

for this particular direction (Figure 7, see Change in Aspect Ratio (L3:L1)). Similar results 

were found for Case A loading.

Numerous study assumptions should be considered for further interpretation of our results. 

Representation of the complexity in the cartilage microstructure, including depth dependent 

collagen alignment along with cell shape and distribution, was foregone in the interest of a 

focused study using the transitional region architecture. Unlike the superficial or deep zones, 

the transitional zone exhibits random collagen fiber alignment and spherical cell shapes, thus 

justifying the use of simplified geometries and isotropic material models Another 

consideration is that the anatomically based eleven cell model represents relatively mature 

Halloran et al. Page 8

Biomech Model Mechanobiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human cartilage and may not apply to developing tissue, which typically exhibits higher cell 

concentrations [5]. Finally, deterministic representations of material behavior will not 

capture the influence of known uncertainties [33]. Probabilistic analysis is one approach to 

address these uncertainties[34] and automated pipelines are necessary to rapidly create 

desired features at the microstructural level. Such features include parametric definitions of 

material behavior, cellular shape, orientation and distribution as well as automated post-

processing of important cell level mechanical metrics. Related efforts are ongoing [35] and 

future studies will evaluate complexities such as preferential orientation of collagen fibers, 

osmotic loading, strain dependent permeability, and non-spherical and non-homogenous 

chondron distributions, as are found in other regions of the cartilage.

From a technical perspective, multiscale coupling approaches targeting prediction of cell 

deformations from tissue and/or organ level loading will likely benefit from this 

investigation while balancing computational demand with accuracy requirements. An 

embedded construct results in a model with high degrees of freedom, but is attractive due to 

its coupling between the tissue and micro-scales without abstraction. While acceptable for a 

test problem, this relatively inefficient setup is not computationally feasible to relate 

biphasic joint level loading with predictions of location specific chondrocyte mechanics 

[27]. For the presented biphasic simulation, RVE model convergence was one consideration 

that drove the choice to develop an embedded construct. Likely more beneficial, however, is 

that direct coupling (through shared nodes) of the RVE and the surrounding tissue ensures 

mechanical consistency between the scales. Ongoing efforts, which consider concurrent 

multiscale coupling of cartilage (macrostructural) and chondrocyte (microstructural) 

mechanics, will benefit from a problem able to evaluate scale coupling assumptions, as 

presented here. Our recent work indicates the possibility to couple simulation of 

macrostructural cartilage behavior to chondrocyte mechanics with second order passing 

schemes [23], but questions remain on the applicability to other cartilage regions and cell 

densities.

The specific goals of this study coincide with the long term vision toward development of 

physically meaningful body level simulations focused on the underlying cell vitality and 

mechanobiology. It is well established that cell mechanics depend on their surrounding 

medium [4], and that cellular processes can be regulated by mechanical input [1]. This study 

illustrates that an anatomical representation of cell distribution may be necessary, especially 

if one is interested in anatomically based representation of a chondrocyte population, which 

includes the potential for cellular interactions. Across metrics of cell mechanics for the 

specialized case of transitional zone of cartilage, the effect of neighboring cells was found to 

influence steady-state cell mechanics on the order of 4%. At the chosen level of complexity, 

this study realized marked differences in the transient cellular strains and fluid flow behavior 

between CSC and EC models. That stated, results from both the EC the LCSC simulations 

indicate the importance of cell location and the potential for cellular mechanical interaction. 

These findings address the efficacy of predicting cellular response from a homogenous 

macrostructural model (e.g. transitional zone cartilage), where predictions of cell mechanics 

may benefit from an explicit representation of cell distribution [36]. While cell density and 

tissue complexity may play a role in this regard, it is also recognized that homogeneous 

constitutive models at the tissue scale, representative of underlying cell distribution and 
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mechanics, may also be feasible if accurate data passing schemes are adopted [23]. From a 

functional perspective, implications also include, among others, development of an 

evaluation tool able to address mechanobiological aspects of chondrocyte mechanics, all 

within the context of tissue-scale loading.
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Figure 1. 
1x1x1 mm3 finite element mesh construct with the embedded 100 x 100 x 100 μm3 

representative volume element (RVE) cell-scale models. Close-ups of the (b) single cell and 

(c) eleven cell model are highlighted. Note the spheres in subplots b and c represent the 

chondron (chondrocyte plus the pericellular matrix).
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Figure 2. 
Cell results as a function of time for Case A boundary conditions (10% strain stress-

relaxation, confined compression, free draining top and bottom surfaces). Centered single 

cell (CSC) results are represented by the solid red line while the ranges of eleven cell (EC) 

and location corrected single cell (LCSC) results are shown in the blue and red shaded 

regions, respectively. Note the zoomed in view for maximum shear strain (bottom left) 

highlights the bounds for both the eleven cell and LCSC results. Effectively, the bounds for 

the EC and the LCSC were coincident. This behavior was typical across all metrics.
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Figure 3. 
Cell results as a function of time for Case B boundary conditions (10% strain stress-

relaxation, confined compression, free draining top surface only). Centered single cell (CSC) 

results are represented by the solid red line while the ranges of eleven cell (EC) and location 

corrected single cell (LCSC) results are shown in the blue and red shaded regions, 

respectively. Note the zoomed in view for maximum shear strain (bottom left) highlights the 

bounds for both the EC and LCSC results. This behavior was typical across all metrics.
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Figure 4. 
Percent difference throughout the Case A loading history between the centered single cell 

(CSC) and each of the eleven cells (blue region) as well as the location corrected single cells 

(LCSC) and its corresponding cell in the eleven cell (EC) simulation (red region). Each 

metric was plotted individually and correspond to the metrics presented in Figures 2 and 3.
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Figure 5. 
Percent difference throughout the Case B loading history between the centered single cell 

(CSC) and each of the eleven cells (EC, blue region) as well as the location corrected single 

cells (LCSC) and its corresponding cell in the EC simulation (red region). Each metric was 

plotted individually and correspond to the metrics presented in Figures 2 and 3.
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Figure 6. 
RMS values (Equation 2) for all cells and metrics between the eleven cell (EC) and location 

corrected single cell analyses (LCSC) for both Case A (top) and Case B (bottom) boundary 

conditions. Including all eleven cells shows the cell specific results as well as the visual 

comparison between all simulations. Note that cell number 11, in terms of physical location, 

was closest to the single cell model.
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Figure 7. 
Cell results for three random cell models, as achieved by changing the loading direction for 

the presented eleven cell (EC) model (Figure 1), as a function of time for Case B boundary 

conditions.
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