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a b s t r a c t 

The meniscal tissue is a layered material with varying properties influenced by collagen content and ar- 

rangement. Understanding the relationship between structure and properties is crucial for disease man- 

agement, treatment development, and biomaterial design. The internal layer of the meniscus is softer 

and more deformable than the outer layers, thanks to interconnected collagen channels that guide fluid 

flow. To investigate these relationships, we propose an integrated approach that combines Computational 

Fluid Dynamics (CFD) with Image Analysis (CFD-IA). We analyze fluid flow in the internal architecture 

of the human meniscus across a range of inlet velocities (0.1 mm/s to 1.6 m/s) using high-resolution 3D 

micro-computed tomography scans. Statistical correlations are observed between architectural parameters 

(tortuosity, connectivity, porosity, pore size) and fluid flow parameters ( Re number distribution, perme- 

ability). Some channels exhibit Re values of 1400 at an inlet velocity of 1.6 m/s, and a transition from 

Darcy’s regime to a non-Darcian regime occurs around an inlet velocity of 0.02 m/s. Location-dependent 

permeability ranges from 20-32 Darcy. Regression modelling reveals a strong correlation between fluid 

velocity and tortuosity at high inlet velocities, as well as with channel diameter at low inlet velocities. 

At higher inlet velocities, flow paths deviate more from the preferential direction, resulting in a decrease 

in the concentration parameter by an average of 0.4. This research provides valuable insights into the 

fluid flow behaviour within the meniscus and its structural influences. 3D models and image stack are 

available to download at https://doi.org/10.5281/zenodo.10401592 . 

Statement of significance 

The meniscus is a highly porous soft tissue with remarkable properties of load transfer and energy ab- 

sorption. We give insight on the mechanism of energy absorption from high resolution uCT scans, never 

presented before, and a new method which combine CFD and image. The structure is similar to a sand- 

wich structure with a stiff outside layer and a soft internal layer made of collagen channels oriented 

in a preferential direction guiding the fluid flow, enabling it to accommodate deformation and dissi- 

pate energy, making it a potentially optimized damping system. We investigate architectural/ fluid flow 

parameters- fluid regimes relationship, which is of interest of the readers working on designing suitable 

biomimetic systems that can be adopted for replacement. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The natural world presents a host of effective dam pers, also 

nown as biological shock absorbers or natural shock absorbers. 

hese are porous structures whose architecture is optimised to dis- 
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t  
ipate or mitigate mechanical shocks, vibrations, or impacts. A few 

f the innumerable adaptations found in nature are: the shock- 

bsorbing spines of hedgehogs [1] , the flexible-protective exoskele- 

on of the Polypterus Senegalus [2] , adaptive adhesion properties 

f a Gecko’s feet [3] and trabecular bone [4] . The spinal struc- 

ure of hedgehogs can be described as having an internal foam- 

ike structure that lines the central section of the spine, bolster- 

ng the fine radial wall, and granting greater levels of flexibility 

ithout breakage. Trabecular bone tissue is another example of an 

pen-cell porous arrangement, allegedly random, capable of bear- 

ng specific local loading [5] at low weights with ease. Whilst the 

tructure-function relationships of hard materials found in the nat- 

ral world are well-studied, soft materials do not receive the same 

evel of investigation, despite their abundant frequency in nature 

6] . The behaviour of a natural hydraulic damper, like any hydraulic 

ystem, is influenced by various factors and parameters. While 

io-inspired technology often looks to natural systems for inspi- 

ation, there are many unknowns about how to effectively repli- 

ate and utilize biological damping mechanisms in human-made 

evices and materials. Some of the key unknowns or variables that 

an affect its behaviour include: the exact mechanical properties 

nd their space-dependency; the properties of the hydraulic fluid 

sed in the damper, such as viscosity, density, and compressibil- 

ty; internal architecture at different scales; loading condition and 

oupled solid deformation and fluid flow, the type and magnitude 

f the load applied to the damper will determine how it responds. 

hile studies based on advanced imaging techniques, mechanical 

esting and models have been devoted to the nano-micro inter- 

al structure (collagen channels) and the functionally graded me- 

hanical material properties [7–13] , no study so far covers: (a) the 

uid flow behaviour (Darcian, non Darcian) and (b) fluid proper- 

ies, such as Reynold’s number inside channels due to a range of 

nlet conditions in the meniscus. (c) Also, no study presents per- 

eability calculations based on micro-computed fluid dynamics 

imulations. The aim of this paper is then to introduce the CFD- 

A method to address (a), (b), (c). 

Advanced imaging techniques, mechanical testing and models 

7–13] have shown that the meniscus, one of the major soft tissues 

resent in the knee joint, presents a through-thickness function- 

lly graded structure consisting of three critical layers: top, middle, 

ottom. The top and bottom are thin layers that are stiffer and less 

ermeable, the middle layer is thicker, more permeable and softer 

 to accommodate deformation and dissipate energy - making it 

n optimised damping system. The way nature has conceived the 

eniscal internal architecture is dependent on a hierarchical net- 

ork of collagen channels that is inhomogeneous and anisotropic, 

hrough which fluid flows. Furthermore, it is the act of fluid pass- 

ng through this network of channels that characterises the time- 

ependent properties of the tissue. Under loading, the morphology 

f these channels and indeed the network changes, resulting in 

ltered permeability defined as a function of channel dimension, 

orosity and tortuosity. This entails that the permeability tensor 

s dependent not solely on pressure, but is also contingent on a 

emporary basis by its spatial location within the meniscus due to 

ocal variation of applied pressure gradients. Recent work on the 

eniscus highlighted the link between biomechanical and physical 

roperties such as fibre orientation, tissue layer, and water content 

14–17] . 

The impact of structure deformation on the permeability (linear 

nd non-linear) of brain tissues [18] is being evaluated through the 

evelopment of macroscopic biphasic or poroelastic models. One of 

he components of poroelastic models is Darcy’s law which is used 

o derive the pore pressure diffusion equation that is needed to be 

oupled with the stress tensor to model the coupling effect of solid 

eformation and pore pressure field (which summarises the role of 

uid flow in the deformation process). It is reported that elevated 
158
eynold’s numbers produce non-linearities in the velocity-pressure 

radient, possible reasons for this deviation have been reported in 

everal works [18] , these include macro-roughness of the pores, 

inetic energy losses due to the changes in the area in the flow 

aths, boundary layer viscous effects, streamline pattern singulari- 

ies and/or micro-scale flow non-periodicity, integral viscous dissi- 

ation due to streamline pattern deformation and flow path inho- 

ogeneity that can produce localised flow accelerations within the 

orous media. The work highlights that due to these factors, sev- 

ral flow regimes dependent on local fluid velocity were observed 

uring the percolation of liquid through the porous space. 

Recently, a multi-scale model was proposed for Convection- 

nhanced Delivery (CED) [18] , considering the deformation of brain 

icro-structure under pressure as a method to evaluate local 

hanges in permeability and porosity. The results suggest that us- 

ge of classical Darcy’s law leads to notable underestimations of 

ydraulic pressure and drug concentration in the brain. Being able 

o model the fluid flow characteristics throughout the meniscus 

tructure is essential in developing an understanding of the biome- 

hanical performance of the tissue. 

Permeation and confined compression tests provide a way to 

xperimentally measure permeability. Advances in this field ap- 

lied to articular cartilage can be found in [19] and for meniscus in 

20] . In [20] the authors report that experiments show that perme- 

bility is higher in the circumferential direction than in the axial 

irection, same was found indirectly in [11,12] . Image-based per- 

eability calculation methods have the advantage of being able to 

apture the elaborate internal morphology found in natural porous 

edia and have the potential for more accurate predictions of fluid 

ow [21] . There are several common methods for modelling fluid 

ow within porous media, including solving Navier-Stokes equa- 

ions [22] , Lattice Boltzmann method [23,24] , pore network mod- 

lling [25] , solving Laplace equation [26] , or a combination of those 

isted [27] . Navier-Stokes equations are a series of partial differ- 

ntial equations describing the motion of fluids, taking into ac- 

ount fluid viscosity, density, and pressure. This method is often 

sed as a benchmark although it is sensitive to the meshing qual- 

ty and grid simplifications that are inevitable for intricate geome- 

ries [28] . The relatively new Lattice Boltzmann method appears to 

e a promising approach for modelling fluid flow in porous media. 

he method functions on the premise of simulating the behaviour 

f fluids by modelling the interaction between particles on a lattice 

nd can use the same discretized space of the image with no need 

or mesh simplifications [23] . Another method for modelling fluid 

ow in porous media is Pore Network Modelling (PNM). PNM de- 

cribes the pore space as an interconnected network of geometri- 

ally simplified structures, pores and throats. The flow through the 

etwork is modelled by applying a pressure boundary condition at 

he inlet and outlet, followed by solving system equations for each 

ore pair to emulate single phase flow [29] . PNM is computation- 

lly efficient, however, due to over-simplification its predictions are 

ess accurate [27] . A major pitfall of the existing literature for the 

nalysis of porous media is that many of the methods originated in 

eo-sciences and have only been developed and validated for tight 

ediums with low porosity, most of which are below 30%, which 

s common in geological porous materials [21] . In highly porous ge- 

metries such as meniscal tissue, complex flow patterns are more 

ikely to be observed which needs to be addressed. Studies using 

icro-computational fluid dynamics to investigate permeability for 

ancellous bone show relations between microarchitectural param- 

ters and permeability [30,31] . 

In this present study, we present micro-computed image-based 

ore-scale simulations of flow in native micro-structures which 

llow visualization of the flow behaviour in digital images. Run- 

ing numerical Darcy’s experiments using a range of inlet veloci- 

ies from 0.0 0 01 m/s to 1.6 m/s, allows for the study of the fluid
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Fig. 1. (a). Human lateral meniscus, dashed lines represent the body region of the meniscus object of the present study. (b). Regions of interest extracted from the 3D 

reconstruction of the scan with the following dimensions : 1 = VOI(1) 2 mm × 3 mm; 2 = VOI(2) 2 mm × 3 mm; 3 = VOI(3) 1mm × 3 . 13mm ; 4 = VOI(4) 2.32 mm × 3 mm. 

(c). Sagittal and coronal planes of VOI(4), resolution of 6.25 μm, STL available here: https://doi.org/10.5281/zenodo.10401592 . (d). Location of sections along z-axis inside 

VOI(4). (e). Graphical distribution of tortuosity inside VOI(3), distributions of tortuosity in the four datasets, distribution of permeability in VOI(4). 
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ow regime from Darcian to the onset of inertial effects. Quantita- 

ive pore-scale information such as velocity, local Reynold’s num- 

er and the link to the morphology of the channels lay the foun- 

ation of fluid transport phenomena in the meniscal tissue. 

. Material and methods 

.1. Micro-computed scans of meniscal architecture 

A sample of dimension 9mm × 10mm × 12mm ( Fig. 1 a) was 

xtracted from the central body of a healthy medial human menis- 

us as described in [10] , using a surgical knife, immediately freeze- 

ried in a Benchtop Freeze Dryer (FreeZone Triad Cascade, Lab- 

onco) following the procedure described in [8] MicroComputed 

omography ( μCT) analyses were carried out with a μCT scanner 

Skyscan 1272, Bruker Kontich, Belgium), with 6.25 μ resolution. 

-ray beam with an energy level of 40 kV, intensity of 250 mA 

nd a 0.25 mm thick aluminium filter was used. The total scanning 

ime was 2:36 hours/scan. The dataset consisted of images ( 1640 ×
452 pixels). Once the sample scanning is complete ( Fig. 1 b), the 

cquired images were reconstructed using software N-Recon (ver- 

ion 1.6.10.2), used for the elimination of artefacts and noise reduc- 

ion in each slice. The program returned the reconstructed images 

f the horizontal cross sections (XY plane), referred to as “Raw im- 
159
ges”. Four unique Volumes of Interest (VOIs) were extracted from 

ifferent regions of the sample ( Fig. 1 b) in the circumferential di- 

ection (the preferential orientation of channels). The four datasets 

ere then processed and analyzed as described below. 

.2. Statistical characterisation of meniscal architecture 

To characterise the meniscal pore space, it is essential to first 

raw distinct boundaries between the void and the solid elements 

ithin the samples. We consider here the solid being mainly col- 

agen. The freeze dry procedure adopted for the sample prepara- 

ion, prior to imaging, results in one solid phase of which colla- 

en 22% of dry weight and proteoglycans and glycoproteins (6%). 

his was accomplished using thresholding, the four samples men- 

ioned throughout this paper were ‘binarised’ using a grayscale 

hreshold value of 34 to draw these boundaries. Once the pore 

pace is clearly defined, it is possible to characterise it. Further dis- 

inctions must be made throughout the pore space and assump- 

ions made on how an individual pore is defined, as this could 

ignificantly impact the quality of results and conclusions drawn, 

herefore, the selection of an appropriate segmentation method 

s paramount. In accordance with this, this paper follows a well- 

stablished methodology for segmenting the pore spaces of com- 

lex and varied porous media, the ‘Maximal-Ball Algorithm’ (MBA) 

https://doi.org/10.5281/zenodo.10401592
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32] . This methodology follows a series of critical processes to de- 

ne and label individual pore structures, abbreviated as follows: 

1. The pore space is first described as a collection of spheres, cre- 

ated using a distance transform. 

2. The number of spheres is minimised to only those that rep- 

resent the most amount of information, also called ‘Maximal- 

Inscribed Spheres’ (MIS). 

3. These spheres are passed through a hierarchical sorting algo- 

rithm, which assigns unique numerical labels to the spheres, 

corresponding to their pore ‘family’. 

4. The centroids of these spheres, now representing constituent 

elements of pores, are expanded into the remaining undefined 

regions. This study utilises an iterative expanding distance map 

method, but previous studies have incorporated similar region- 

growing algorithms [33,34] . 

5. With the entire pore space labelled, pore connectivity can be 

evaluated by inspecting the voxels around the perimeter of 

each pore to detect all 26 neighbouring voxels. If a voxel con- 

tains a neighbour that is associated with a different pore family, 

then these pores are considered to be neighbours, and hence, 

connected. 

A segmented pore space allows for the extraction of statistical 

istributions of parameters within the pore space. Key morpho- 

ogical and architectural parameters such as pore size, connectiv- 

ty and throat size/ length to name a few can be interpreted from 

his methodology. In addition to this, quantifying parameters along 

he flow direction can also be beneficial for explaining fluidic char- 

cteristics within discrete sections of the flow domain. Investiga- 

ion of this kind requires a 2-Dimensional analysis, rather than 

he aforementioned 3-Dimensional method. However, the charac- 

erised pore space can be utilised to draw out 2D results. Using 

he labelled matrix created from the segmentation process, it is 

ossible to evaluate the parameters at each individual image plane. 

his could alternatively be accomplished by sequentially segment- 

ng and evaluating the image planes, however, this lacks the con- 

inuity of relating pores in previous planes to future planes, and 

t was found that between planes, slight differences in pore mor- 

hology could yield notably different sizes. Therefore, for continu- 

ty and consistency, it was decided to utilise the 3D analysis. Al- 

hough they will not be extensively discussed in this report, the 

istributions of these parameters, in both 2D and 3D, can be found 

ithin the supplementary information in Fig. S1 & S2. 

.3. Governing system of equations 

The fluid flux through the meniscus was modelled by discretis- 

ng the pore space in each sample. The viscous flow through 

he pore space was captured using the Reynolds-averaged Navier- 

tokes equations ( Eq. (1) ) in the absence of body forces. Where u

s the fluid velocity, p is the pressure, ρ is the density (assumed 

onstant) and μ is the viscosity (assumed constant). 

δ(ρu ) 

δt 
+ ∇ . (ρuu ) = −∇p + ∇ . (μ∇u ) (1) 

The boundary conditions imposed consisted of a constant ve- 

ocity applied to the inlet and a fixed pressure of 101.325 kPa 

t the outlet to the fluid domain. A no-slip wall condition was 

mposed on the soft tissue walls, u = 0 . Siemens Simcenter Star- 

CM+ CFD code was used to solve the partial differential equa- 

ions using a segregated flow solver with a SIMPLE (Semi-Implicit 

ethod for Pressure Linked Equations) Pressure-Velocity coupling 

lgorithm. 
160
.4. Numerical Darcy’s experiments: computational fluid dynamics 

imulations 

Darcy’s experimental test [35] was reproduced numerically, us- 

ng Siemens Star-CCM+, to characterise the fluid flow through 

he porous meniscal tissue samples. The pressure drop across the 

orous media is measured at the top and at the bottom of the 

eniscal sample and used to determine the permeability. 

Two Micro-CT data sets (VOI(3) and VOI(4)) were converted 

nto solid 3D geometries using 3D Slicer ( www.slicer.org ). The 

icro-CT image-based porous/solid domains of the meniscus 

ere converted into volume meshes. Some isolated small non- 

ontiguous fluid volumes were removed to avoid numerical insta- 

ilities. 

The meniscus samples were placed into a cylindrical flow do- 

ain, the domain inlet and outlet were two and six times the 

eniscus sample length respectively. This provided model stabil- 

ty and robustness with the imposed boundary conditions and en- 

ured the flow was developed post-meniscus to avoid reversal at 

he outlet boundary. The cylindrical meniscus samples were in- 

erted in the flow domain with the samples’ length aligned with 

he flow direction ( z-axis) of the generated flow domain. The fluid 

olume was discretised using a polyhedral cell type in order to 

apture the non-uniformity of the meniscus pore structure [36] . 

olumetric mesh controls were used to reduce the overall cell 

ount in the inlet and outlet regions of the model; comprising 

f polyhedral cells with a target size of 0.015 mm, with volu- 

etric controls set on the inlet and outlet region with a target 

ell size of 0.0375 mm. Also included was a double prism layer 

n all wall surfaces. The following cell quality metrics were tar- 

eted for the discretised volume meshes: Skewness Angle < 85 

egrees; Face Validity > 0.8; Volume Change > 1 × 10−3 . The fi- 

al CFD discretised geometries of VOI(3) and VOI(4) have 7 . 3 × 106 

nd 20 . 4 × 106 cells respectively. Fluid Density ( ρ) is based on the 

APWS-IF97 (International Association for the Properties of Water 

nd Steam, Industrial Formulation 1997) model which includes cal- 

ulations for density and other thermodynamics properties based 

n the simulation pressure and temperature; the Water model was 

mplemented in Star-CCM+. The dynamic viscosity of the fluid was 

 . 8871 × 10−4 Pa.s and, based on the boundary conditions, the 

ensity was 997 kg /m3 , both constant. We use water properties 

s an approximation as we want to model the flow of free wa- 

er inside the porous solid phase of the extracellular matrix of the 

eniscal tissue [37] . 

To understand the flow structures of the meniscus samples and 

haracterise the permeability, a range of inlet velocities were pre- 

cribed as the inlet to the fluid domain, varying from 1 × 10−4 to 

.64025 m/s. 

.5. Re number calculation in channels and streamlines extraction 

To effectively combine the results of CFD analysis with the mor- 

hological and architectural data obtained through image analysis, 

t was necessary to transfer the information from one platform to 

he other. To do this, the flow simulation data extracted from STAR- 

CM+ were imported into MATLAB. STAR-CCM+ allows for the ex- 

ort of information at cell node locations, fluid velocity, pressure 

r any other parameters STAR-CCM+ provides. As exporting the in- 

ormation at every single node within the mesh would be an ex- 

ensive and computationally expensive task, it was decided to ex- 

ort information from plane nodes at regular intervals of 18.75 μm. 

his data can be relayed to the image data within MATLAB via the 

oordinates of the cell nodes. Therefore, it was imperative to en- 

ure that the coordinates for the CFD data suitably corresponded 

o the same location within the image. This was confirmed in this 

ork by probing the model in various locations within STAR and 

http://www.slicer.org
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Table 1 

Average architectural parameters for the sections shown in Fig. 1 D 
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omparing it with the same coordinates within MATLAB. A visual 

omparison was used during this study, however, this could be re- 

ned in future to make use of spatial datums to more accurately 

elate relative positions to a set error. With the coordinate sys- 

ems aligned, it was possible to import the CFD simulation data 

nto MATLAB. Due to the fact that information was only extracted 

rom STAR-CCM+ at discrete intervals, it was necessary to interpo- 

ate the values of the parameters at the voxel locations. MATLAB’s 

uilt-in Scattered Interpolant function was used for this, a linear 

nterpolation was employed for this study, it has been assumed 

hat given the small intervals (approximately the equivalent of 3 

mage planes) that using a nonlinear method would not yield a 

ignificant difference. 

What is created from these interpolations is, in essence, a 3D 

mage describing the flow through the domain. Combining this 

ew information, in particular velocity, with the characterised pore 

pace described in Section 2.2 , it is possible to determine other 

uid properties i.e. Reynolds number. This process can be ex- 

lained by envisioning a single plane within the image stack. In 

 characterised pore plane, each pore channel is represented by a 

ollection of labelled pixels. Given that these pixels have a known 

esolution, an associated area of the pore channel can be calcu- 

ated. From the pore area (A), it is possible to stipulate an equiv- 

lent hydraulic diameter ( Dhyd ) by modelling the pore as a circle 

ith an equivalent area, as shown in Eq. (2) . 

hyd =
√ 

4 A 

π
(2) 

Each of the pixels used in the area calculation has an associated 

ollection of pixels at the same location within images containing 

he data imported from the CFD simulations. Taking the data from 

hese pixel locations, for example, velocity magnitude data, an av- 

rage velocity of each pore channel can be derived by calculating 

he mean value of pixel velocities associated with each pore chan- 

el. With a hydraulic length and velocity, calculating the local Re 

umber within each pore channel is simply described by Eq. (3) , 

here u = channel velocity (m/s) and ν = the kinematic viscosity 

f water at 25 o C ( 8 . 93 × 10−7 m 
2 /s ). This simple process allows for 

he estimation of local Re in all pore cross-sections throughout the 

ow domain. 

e = u × Dhyd 

ν
(3) 

Each channel cross-section can now be modelled as a con- 

tituent element, with an associated diameter, mean velocity and 

e . Therefore, to calculate sectional values of fluid properties, the 

lements that fall within the specified Z-bounds are averaged to 

roduce the results seen in Table 1 . 

Another tool within Star-CCM+ that can be exploited to great 

enefit through the use of image analysis is the incorporation of 

uid streamlines. STAR provides the ability to select a start location 
161
a point from which the streamline is released) and then generates 

n artificial trail representing the path of this point particle. This 

ata provides insight into the dynamic trajectory of fluid inside 

he meniscal channels, from which we can infer conclusions about 

he overarching structure of the meniscus and relate what effect 

his structure has on fluid properties as demonstrated in Section 3 . 

he streamline tool, as it stands at the moment, is not designed 

o analyse the topological properties of media in detail but to in- 

tead extract and present simulation properties in more defined 

egions. Therefore, a bespoke algorithm was developed that inter- 

reted the spatial coordinates of the streamlines, calculating topo- 

ogical properties such as tortuosity and channel orientation. The 

ydraulic streamline is comprised of a series of discrete points in 

D space, S1 = (x1 , y1 , z1 ) ...Sn = (xn , yn , zn ) . Therefore, it is possible

o calculate the distance between each of these points as shown 

n Eq. (4) , where Li is the Euclidean distance between two points. 

ence, the straight line distance between the start and end of the 

tream is simply the Euclidean distance between the first and fi- 

al point, and the sum of all these individual point distances is 

he total length of the stream, the ratio of which is the hydraulic 

ortuosity of the stream, as demonstrated in Eq. (5) . 

i =
√ ∑ 

(Si +1 − Si )2 ≡
√ 

(xi +1 − xi )2 + (yi +1 − yi )2 + (zi +1 − zi )2 

(4) 

Hyd =
∑ n −1 

1 L √ 

(Sn − S1 )2 
(5) 

These streamlines also perform a dual function, working in 

onjunction with the previously described methodology to pro- 

ide localised values of fluid properties. By tracing an individ- 

al streamline, it was possible to track the variation in proper- 

ies, demonstrated by Fig.. Along with modelling the variability 

n fluid parameters, calculating the average of these parameters 

lso provided valuable insight into the structure-function relation- 

hip of the meniscus. Modelling these average fluid property values 

gainst morphological, architectural and topological parameters as 

inear regressions made it possible to quantify these relationships, 

s demonstrated in Fig. 5 . 

.6. Pore network model and permeability calculation 

Pore Network models are coarse-grid versions of the porous 

edia’s internal structure that can be used to characterise fluid 

ransport with a considerably low computational cost compared 

o direct simulation techniques [27,29] . To find the absolute fluid 

ermeability of the VOI(3) sample, a Watershed segmentation al- 

orithm has been utilised to break down the pore space into a net- 

ork of pores and throats [38] and solve the mass balance equa- 

ion for each of the pores to find the fluid flowing pressure. In this 
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ore network model, we have assumed that the laminar fluid flow 

s occurring at a very low velocity, due to the constant pressure 

oundaries at the input and output faces of the sample. The fluid 

onductivity of each of the throats is calculated using an image- 

ased throat permeability model introduced in [27] which esti- 

ates the Lattice Boltzmann simulated permeability of the throat. 

y assuming a Darcy flow regime and writing the fluid flux con- 

ervation using the HagenPoiseuille equation, pore pressures can 

e found at the centre of each pore. This process is accomplished 

y forming a system of linear equations with only the pressure as 

nknowns. Such a system of equations is solved using the bicon- 

ugate gradients method [39] . On the basis of the calculated pore 

ressures, the flow rate of all throats will be determined and the 

bsolute permeability of the whole sample can be obtained based 

n the Darcy equation. To find the tortuosity of the main flow 

athways in the pore network model, a group of 20 0 0 virtual par-

icles is simulated to enter the inlet face and be carried by the 

uid through the sample. The higher the flow rate of a throat, the 

igher the chance of a particle being carried through that throat. 

hen by analyzing the length of the dominant pathways, a flow- 

ased tortuosity distribution can be calculated for the porous ma- 

erial ( Fig. 1 E). 

. Results 

.1. Statistical characterisation of architectural parameters 

Fig. 1 presents the four datasets, VOI - VOI(4), extracted from 

he body region of the meniscus along the preferential direction of 

hannels. A video demonstration exploring the morphology of the 

eniscal channels of VOI(4) has been included in the supplemen- 

ary material. The distributions of tortuosity for the four datasets 

re reported in Fig. 1 d. It was noted that these distributions are 

ighly consistent throughout the four data sets. This is a feature 

hat reoccurred frequently for many of the architectural parame- 

ers, also being true for distributions of porosity, channel diameter 

nd connectivity in the four data sets, as present in the support- 

ng material Fig. S2. Given the similarity in the architecture of the 

our datasets, we have modelled the fluid flow behaviour in just 

wo datasets: VOI(3) and VOI(4). These two samples were selected 

s they are the smallest and largest respectively of the data sets, 

hich allows for an investigation into the effect of sample size on 

esults. Furthermore, to relate the evolution of fluid behaviour to 

icrostructural changes inside the domain, linearly spaced subsec- 

ions of VOI(3) and VOI(4) have been analysed during the post- 

rocessing of the simulations. Each of the subsections are consis- 

ently 0 . 4mm and 0 . 3mm in length along the flow direction for 

he VOI(3) and VOI(4) samples respectively. 

Table 1 presents the mean averaged values and standard devi- 

tion (SD) of the morphological and topological parameters of the 

imulated VOI (3) and VOI (4) which have gone through a clean-up 

rocess involving the removal of small islands and non-connected 

uid space: porosity, channel diameter, connectivity and tortuos- 

ty, details of how these values were obtained can be found in 

ection 2.2 . From Table 1 it is noted that VOI(4) is over 20% more

orous than VOI(3). The variation of this base parameter can also 

elp explain the difference seen in other parameters. For exam- 

le, pores in VOI(4) on average are connected to three more pores 

han those in VOI(3), this can be partially explained by the in- 

reased porosity, as there is more space for pores to be located 

nd pores generally have higher surface area to connect with other 

ores. Table 1 also demonstrates that the VOI(4) sample is notably 

ess tortuous than VOI(3). It is also apparent that there is a sudden 

rop in porosity in the VOI(3) sample from z = 2 .6 to 3.0 mm (to-

ards the end of the sample), due to a change in the tissue fibre

tructure. 
162
.2. Velocity and pressure inside the meniscal channels 

Fig. 2 provides a visualisation of fluid streamlines within the 

ow domain of VOI(3), along with the associated parameters at 

hese locations. The normalised velocity magnitude can be seen 

n Fig. 2 (a, b), Reynolds number in Fig. 2 (c, d) and relative pres-

ure in Fig. 2 (e, f), for both the lowest and highest inlet velocities,

.1 mm/s and 1.64 m/s. One immediate distinction that is visually 

erived from the two sets of streamlines is that the streams dif- 

er between the two inlet velocities, despite being released from 

dentical locations. Quantifying and understanding how these paths 

volve at different inlet velocities is crucial, as these could be seen 

s analogous to the behaviour of the tissue under various strain- 

ate loading conditions. Low inlet velocities may possibly be repre- 

entative of low strain-rate movements, such as static loading due 

o standing, while high velocities may be more conducive to jump- 

ng from a height or running. The data presented in Fig. 3 aims to

uantify the discrepancies in these streamlines. Firstly, Fig. 3 (a,c) 

resent polar histograms representing the distribution of stream 

rajectory in the XY plane, demonstrating a clear preferential direc- 

ion of the fluid paths. These distributions have been modelled as 

on-Mises distributions to determine the preferential direction and 

he ’kappa’ concentration parameter [40] , which provides an indi- 

ation of how much the flow path deviates from the primary ori- 

ntation. Kappa is a non-dimensional value that varies from 0- inf , 

ith 0 indicating no preferential orientation and inf indicating per- 

ect alignment with no variation [41] . The preferential directions 

re 93.5 ◦ & 56 ◦ for VOI(3) and VOI(4) respectively. While these 

referential directions only vary by 1–5 ◦ between the low and high 

nlet velocities in both samples, the Kappa value decreases by an 

verage of 0.4 at higher velocities. This illustrates that at higher ve- 

ocities the preferential direction is (broadly speaking) unchanged, 

he fluid is dispersed less uniformly throughout the flow domain. 

long with scattering, Fig. 3 (b,d) also demonstrates that fluid paths 

re generally more tortuous at higher velocities, with the average 

ortuosity of a fluid path being 10.4% greater in the 1.6 m/s simu- 

ations, although it is worth noting that this value did vary consid- 

rably between the two samples. 

Fig. 2 shows that the largest velocity magnitude occurs towards 

he end of the VOI(3) sample, along the flow direction. This can be 

ttributed to the drop in porosity seen at the end of the sample, 

here the tissue structure seemingly transitions rapidly from one 

orm to another. This rapid decrease in porosity in essence forces 

he remaining fluid through a declining set of fluid passageways, 

eading to the localised high-velocity, and hence Re , seen at the 

nd of the sample. Re numbers range from 0.01–0.1 for 0.1 mm/s, 

eanwhile at 1.64 m/s Re is seen to reach peaks of 1400, showing 

hat some channels are in transition to a turbulent regime towards 

he end of the sample. These are located where the flow area de- 

reases in VOI(3) by 17% over a length of 0.8 mm, this is a loca-

ion at which the flow angle is inclined relative to the axial, z-axis, 

orcing flow towards the wall boundary of the sample and gener- 

ting flow convergence. Fig. 2 c-d highlights the alignment of loca- 

ions in which elevated Re occurs for both inlet velocities. Fig. 2 (e,f) 

resent the relative pressure within the sample for both inlet ve- 

ocities, this pressure is relative to the absolute reference pressure 

f 101325 Pa. The preferential direction of the channels, 93.5 ◦ for 

OI(3), impacts the pressure drop between the start of the sam- 

le and the end along the flow direction ( Z-axis), varying from 

.49 ×105 Pa to 9.85 ×104 Pa. The pressure is observed to vary ra- 

ially (1.6 mm along the VOI) from 5.96 ×105 Pa to 2.08 ×105 Pa 

t 1.64 m/s inlet velocity. Simulations of VOI(4) showing similar 

esults are presenting in the supporting material Fig. S3, despite 

he absence of sudden changes in microstructure, and hence poros- 

ty, observed in VOI(3). The fluid flow is oriented at 56 ◦ for the 

OI(4) sample and the drop in pressure varies from 5.58 ×105 Pa 
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Fig. 2. VOI(3) streamlines results. (a) Normalised Velocity Magnitude Streamlines normalised by the reported maximum velocity (Vmax = 23.84 and 2.1 ×10−4 m/s @ 1.6 m/s 

and @ 0.1 mm/s respectively, released from the center of each pore at z = 0 of the sample (example shown in Fig. 1 D) for the (lowest) inlet velocity of 0.1 mm/s. (b) 

Streamlines velocity magnitude for the highest inlet velocity of 1.6 m/s. (c) Re number along streamlines for the (lowest) inlet velocity of 0.1 mm/s. (d) Re number along 

streamlines for the (highest) inlet velocity of 1.6 m/s. (e) Streamlines relative pressure, i.e. pressure inside channels for the case of inlet velocity of 0.1 mm/s. (f) Streamlines 

relative pressure, i.e. pressure inside channels for the case of inlet velocity of 1.6 m/s. 

Fig. 3. Orientation analysis of tortuosity. (a) Polar histogram of VOI(3) streamlines, distribution parameters at 0.1: μ = 99◦, κ = 1 . 34 and at 1.6: μ = 92◦, κ = 0 . 88 (b) Polar 

plot of VOI(3) streamline orientation and associated tortuosity (c) Polar histogram of VOI(4) streamlines, distribution parameters at 0.1: μ = 57◦, κ = 2 . 02 and at 1.6: μ = 

63◦, κ = 1 . 72 (d) Polar plot of VOI(4) streamline orientation and associated tortuosity. 

163
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o 9.68 ×105 Pa in the axial z-direction and from 4.22 ×105 Pa to 

.43 ×105 Pa radially (y-direction as shown in Fig. 2 a) across the 

OI (1.8 mm along VOI(4) the location where the pressure gradi- 

nt was observed to be largest from simulations) at an inlet veloc- 

ty of 1.64 m/s. Data indicates the pressure range along the sam- 

le length is comparable for both VOI(3) and VOI(4) (see Fig. S3 

n supporting information), despite the differences in morphology. 

t is observed that in both samples, the preferential flow direction 

roduces flow impingement upon the wall boundary of the sample, 

his is thought to contribute to the variation in the radial pressure 

or each sample, a phenomenon that would occur in experimental 

arcy configurations of the samples and which implies the sam- 

le extraction orientation can be influential on data obtained from 

uch work. 

It has been noted that Re varies considerably along stream- 

ines, up to 400%. The combined CFD-IA methodology presented 

n this work, of mapping individual streamlines within channels 

rants the opportunity ‘follow’ the evolution of Re within channels. 

o demonstrate two varied examples of this, the evolution of Re 

ithin two channels of the VOI(3) and VOI(4) samples have been 

hown in Fig. (a-b). Both figures present two cases of streamlines 

ith unique paths and channels, ‘Channel 1’ in each case repre- 

ents the streamline with the lowest average Re , while ‘Channel 2’ 

resents the highest. Channel 1 in both samples varies between 10 

o 575 on average, with peak values reached around sample length 

750 and 30 0 0 μm. The Re in channel 2 varies between 78 to 1200

n average, with peak values of Re observed at various locations in 

ither sample. 

.3. Averaged architectural and flow parameters 

In this section, results on the averaged architectural and flow 

arameters obtained from the analysis of VOI(3) and VOI(4) are 

resented. To study the spatial evolution of flow parameters i.e. 

e and permeability, along with architectural parameters, VOI(3) 

nd VOI(4) have been divided into 7 and 9 sections respectively, 

s described in Fig. 1 d. For each of the equally spaced sections, 

verage architectural parameters are reported in Table 1 . It has 

een noted that VOI(3) shows porosity varying between 38% (Sec- 

ion 7) and 50% in Sections 5 and 6 . The mean channel diame-

er also varies between 56 μm and 62 μm. The tortuosity varies 

etween 1.154 in sect 7 and 1.411 in Sect 4. In a Darcian flow 

egime with low Re , the permeability calculations show an average 

or VOI(3) of 27D which is reinforced by calculations done using 

NM, The VOI(4) average is similar at about 29D. VOI(3) exhibits a 

rop in permeability by 26% in Section 7 with respect to the av- 

rage, consistent with a reduction in porosity in the same loca- 

ion highlighted above (38% porosity). VOI(4) shows more uniform 

alues of architectural parameters and flow parameters throughout 

he sections. It can be noted from Fig. 1 e that the distribution of

ermeability for VOI(4) has a peak around 30 D which is close to 

he overall permeability of the sample. However, at some locations 

f the sample permeabilities are determined to be as high as 80D 

although this is based upon small volumes calculated with PNM 

ethod when generating the results shown in Fig. 1 E). In addition, 

able 2 shows the average Reynolds number in the sections for the 

hree inlet velocities: 0.0 0 01 m/s ( Re = 0 ), 0.02025 m/s ( Re = 1 − 2 )

nd 1.64025 m/s ( Re around 150). VOI(3) exhibits a peak of Re = 157

orresponding to the highest inlet velocity of 1.64025 m/s in Sec- 

ion 7 and a min of Re = 144 min in Section 2 , while Re in VOI(4)

aries between 145 and 166. 

.4. Fluid flow regimes inside the meniscus 

Fig. 6 shows the pressure drop/inlet velocity plot for each of the 

ections of VOI (3) similar to what is shown in Fig. 1 d which shows
164
he transition between Darcian and Non darcian regime. It has 

een shown that the relationship is linear up to an inlet velocity of 

.02025 m/s, corresponding to a mass flow rate of 7.678E-5 m 
3 /s , 

nd to a pressure drop per unit length varying from 0.6-0.9 MPa/m 

nside the sections of the domain. Section 7 shows the highest 

ressure drop per unit length (0.9 MPa/m) which corresponds to 

 pressure drop of 0.0036 MPa, Section 2 shows the lowest pres- 

ure drop per unit length of 0.59 MPa/m which corresponds to a 

ressure drop of 0.0023 MPa. It can be noted that Sections 7 and 

 present the same mean channel diameter (36 μm), however Sec- 

ion 7 presents the lowest porosity values 38% (1) . The average of 

he full sample in terms of pressure drops per unit length is 0.7 

Pa/m corresponding to a pressure drop of 0.0021 MPa (0.02 bar). 

eyond the inlet velocity of 0.02025 m/s, we observe the transi- 

ion to the non-Darcian or Forchheimer regime. Similar results are 

btained for VOI(4). 

To obtain an understanding of the structure-parameter relation- 

hip of the meniscus, statistical analysis was used help to explain 

uid behaviour as a result of structural parameters. Regression 

odelling has been used to find correlations between fluid velocity 

nd a number of architectural parameters such as channel diame- 

ers and tortuosity. Fig. 5 show the results of the linear regression 

nalysis for both VOI(3) and VOI(4): 

• At low speeds, channel diameter was the most influential pa- 

rameter of stream velocity. Possibly due to the fact that larger 

channels experience less fluid friction around the centre of the 

channel. 

• At high speeds, tortuosity becomes the driving factor of fluid 

velocity. This could be due to the fact that more energy is 

required to overcome these topological resistances. At lower 

speeds, this parameter is notably less impactful. 

• Re number presents a consistently high correlation with fluid 

velocity, which is to be expected as it is a function of veloc- 

ity. However, this relationship is seen to break down slightly at 

higher velocities. What causes this is still not fully known. 

• Connectivity, while having been assessed, has not been pre- 

sented as it presented very little correlation with fluid velocity, 

with R2 ranging between 0-0.18. Indicating that inter-channel 

connectivity is not critical. 

. Statistical methods 

While many statistical methods have been mentioned through- 

ut the course of this research, one point of clarity that should be 

ade is on the construction and definitions applied for the linear 

egression modelling presented in Fig. 5 . After obtaining mean av- 

rage property values of the fluid streamlines (Velocity, Re , Channel 

iameter & Tortuosity), these unique data points could be com- 

ared. The average velocity within the streams was modelled us- 

ng a linear regression against the remaining three parameters us- 

ng the ’fitlm’ function, found in MATLAB’s Statistics and Machine 

earning Toolbox [42] . This function automatically calculates the 

djusted R2 scores and p-values seen within the graph titles of 

ig. 5 . 

. Discussion 

This work opens up a number of research streams in the area 

f soft tissues exhibiting high porosity and load-bearing capac- 

ty. There is currently no investigation into the fluid flow regimes 

nside the internal layer of the central body within the human 

eniscus, nor on the statistical correlation between the architec- 

ural and flow parameters. The reason for this is that it has only 

een in recent years, due to the advancement of high-resolution 

maging techniques such as multiphoton microscopy and micro-CT 
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Fig. 4. (a)Morphology of the two meniscal channels with the lowest and highest average Re in VOI(3), for an inlet velocity of 1.6 m/s. The variation in Re Channel 1 (lowest) 

and Channel 2 (highest) is plotted below. (b) Morphology of the two meniscal channels with the lowest and highest average Re in VOI(4), for an inlet velocity of 1.6 m/s. 

The variation in Re Channel 1 (lowest) and Channel 2 (highest) is plotted below. (c) Normalised velocity distribution in VOI(3) with respect to Vmax for 0.1 mm/s: 0.0015, 

20 mm/s: 0.32 & 1.6 m/s: 21.81 m/s. (d) Normalised velocity distribution in VOI(3) with respect to Vmax for 0.1 mm/s: 0.0015, 20 mm/s: 0.27 & 1.6 m/s: 16.57 m/s. (e) 

Normalised Re distribution in VOI(3) with respect to Remax for 0.1 mm/s: 0.12, 20 mm/s: 23.88 & 1.6 m/s: 1357.64. (f) Normalised Re distribution in VOI(4) with respect to 

Remax for 0.1 mm/s: 0.12, 20 mm/s: 24.34 & 1.6 m/s: 1471.37. 

Table 2 

Averaged flow parameters: Reynolds number and permeability. Reynolds number calculated for three inlet velocity 0.0 0 0 01 m/s, 0.02025 m/s and 1.64 m/s. We 

show that meniscus exhibits a Darcian regime up to 0.02025 m/s. Variation of permeability is shown in all sections. Permeability values are calculated by using 

CFD and PNM for comparison. 
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canning, that the new meniscal structure constructed by a net- 

ork of collagen channels has been revealed. The Extracellular Ma- 

rix (ECM) found in meniscal tissue is comprised of 60%–70% water 

ontent. Biphasic (solid and fluid phases) macroscopic models such 

s poroelasticity, help explain the role of the fluid (i.e. pore pres- 

ure) in the mechanical response of the tissue. One of the main as- 

umptions of poroelastic models is the dependence of Darcy’s law. 

arcy’s law is a phenomenological relationship between the rate 

f fluid flow through porous media and plays a principal role in 

pplications within the studies of hydrology, soils and tissue me- 

hanics [43] . The derivation of Darcy’s law from principle Navier- 
165
tokes equations assumes a creeping, laminar, stationary (time- 

ndependent fluid flux) and incompressible flow of density ( ρ). The 

nvalidation of the stationary flow assumption within meniscal tis- 

ue has been described in [11,12,44] . It has been shown that fluid 

ux in the meniscus is time-dependent for a constant applied pres- 

ure gradient. A fractional (time) poroelastic model, in which only 

wo parameters are involved (the order of the time derivative and 

he ’anomalous’ permeability) captures the flow within the menis- 

us well and enables the identification of associated parameters 

11,44] . Recently, the fractional poroelastic model has been vali- 

ated and results have shown that the meniscus can be considered 
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Fig. 5. Linear regression models created by considering average streamline velocity magnitude values from CFD simulations and architectural parameters obtained through 

IA (Image analysis). (a) Strong correlation between velocity and Re for VOI(3) at low inlet velocity. (b) Good correlation between velocity and channel diameter for VOI(3) 

at low inlet velocity. (c) Low correlation between Velocity and tortuosity for VOI(3) at low inlet velocity. (d) Strong correlation between velocity and Re for VOI(3) at high 

inlet velocity. (e) Low correlation between velocity and channel diameter for VOI(3) at high inlet velocity. (f) Good correlation between Velocity and tortuosity for VOI(3) at 

high inlet velocity. (g) Strong correlation between velocity and Re for VOI(4) at low inlet velocity. (h) Good correlation between velocity and channel diameter for VOI(4) at 

low inlet velocity. (i) Low correlation between Velocity and tortuosity for VOI(4) at low inlet velocity. (j) Strong correlation between velocity and Re for VOI(4) at high inlet 

velocity. (k) Low correlation between velocity and channel diameter for VOI(4) at high inlet velocity. (l) Medium correlation between Velocity and tortuosity for VOI(4) at 

high inlet velocity. 
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s a transversely isotropic poroelastic material. This statement was 

ade due to the fluid flow rate being approximately three times 

igher in the circumferential direction than in the radial and ver- 

ical directions in the body region of the meniscus [12] . One of 

he core limitations of fractional models is the missing link be- 

ween fractional parameters and the architectural features of the 

aterial. This could be overcome by performing image-based pore- 

cale simulations of fluid flow in a deformable body, which are 

urrently investigated in the hemodynamics of heart valve arte- 

ial walls [45,46] . However, for soft load-bearing tissues such as 

artilage and menisci, this has yet to be investigated. This work is 

he first step towards the image-based fluid-structure interaction 

imulations which can complete the cycle. This study has delved 

eeper into this subject by exploring the morphology of these col- 

agen channels, along with statistical analysis of architectural pa- 

ameters (porosity, channel size, connectivity and tortuosity) and 

ow parameters such as Re number and permeability in the body 

egion of the meniscus. 

The validity of assuming creeping laminar flow and its limita- 

ion in large porosity media has been discussed in [47] . This as- 
166
umption leads to a linear relationship between fluid flux and gra- 

ient of pressure, for example, −∇(p) = μ
k 
u . When the creeping 

aminar flow ceases, the inertial force begins to have an effect and 

he velocity-squared term need to be considered, −∇(p) = μ
k 
u + 

ρu2 . This is known as ’Forchheimer’s correction’ which comes 

nto effect when the flow is subjected to inertial forces at the 

icroscopic scale. The coefficient β depends on the microstruc- 

ure of the porous medium. In biomechanics, it is usually believed 

hat Darcy’s law is sufficient to model the flow inside tissues and 

here are several benchmark tests performed to estimate the elas- 

ic and flow properties of articular cartilage and other soft tis- 

ues, during which severe loading conditions may trigger the mi- 

roscopic inertial effects that call for Forchheimer’s correction. In 

hese circumstances, the estimation of permeability may be in- 

ccurate, these inaccuracies could be a cause of confusion when 

omparing experimental results with those found in the literature. 

or instance, confined compression tests are performed by Bulle 

t al. [11] , Gunda et al. [12] to evaluate aggregate modulus and 

ermeability of the meniscal tissue, the applied load is 0.07 MPa 

hich generates an outlet velocity of 5 mm/s, values of anoma- 
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Fig. 6. a). Pressure drop per unit length from CFD analysis versus inlet velocity (from 0.1 mm/s to 1.64 m/s) calculated in the 7 sections inside VOI(3), showing the non- 

uniformity of the pressure drop in the domain. We notice that the transition from Darcian to non-Darcian behaviour occurs at an inlet velocity of 20 mm/s. b). Enlargement 

of the linear (Darcian) region of the graph used to calculate permeabilities values shown in Table 2 . 
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ous permeability varying from k = 0 . 86 − 3 . 75 × 10 −12 m4 /Ns1 −β , 

ith higher permeability in the circumferential direction. Simu- 

ations show that outlet velocity could increase up to 40 mm/s 

or an applied load of 0.7 MPa, based on a study by Gunda et al.

12] . In [48] , confined compression tests are performed using an 

pplied pressure of 0.02 MPa and permeability is reported to be 

 = 60 × 10 −15 m 
4 /Ns . In [49] , indentation tests performed with 

yclic loading between 10gr and 60gr, corresponding to an applied 

ressure of about 0.1 MPa, are performed in order to estimate per- 

eability, which was calculated to be between k = 0 . 01 − 0 . 06 ×
0 −15 m 

4 /Ns . In [50] , confined compression tests are performed us- 

ng an applied pressure of 0.1 MPa and permeability has values 

 = 3 . 37 − 4 . 6 × 10 −15 m 
4 /Ns . 

In this study, we propose the CFD-IA method to carry out pore- 

cale simulations to calculate permeability and study in detail the 

volution of the flow inside the microstructure. Using this method, 

t is possible to identify local and microscopic inertial effects, for 

xample, inlet conditions of velocity/pressure, for which channels 

utside of the laminar regime can be identified ( Re > 10 0 0 shown

n Fig. 4 a). It was observed that increasing inlet velocity (compa- 

able to simulating increased loading in the meniscus) resulted in 

 reduction of the κ parameter by 0.4 on average. The κ concen- 

ration parameter indicates the distribution of flow direction in- 

ide the sample, a higher κ value representing a more constrained 

ow direction throughout the sample, and a decrease in κ indi- 

ating that the flow paths deviate more frequently from the pref- 

rential direction. This result suggests that the meniscus acts as a 
167
ydraulic damping device by spreading the flow across more chan- 

els to limit the amount of pressure drop generated. 

Image-based CFD simulations of Darcy’s style experiments used 

o estimate permeability have been reported for the performances 

f carbon fibres and brain tissue in [18,51] . In [51] , it is discussed

hat the creeping flow regime is valid for inlet velocities less than 

.1 m/s and a Re < 0 . 5 , within the study conducted by Yuan et al.

18] an inlet velocity of 0.0025 m/s is used. Darcy’s law is used 

o estimate permeability; it has been found that the transition be- 

ween Darcian and non-Darcian regimes occurs at an inlet velocity 

f 0.02 m/s, the corresponding average Re in the domain is be- 

ween 1-2, corresponding to a pressure drop through the sample of 

.0021 MPa (0.02bar). However, local Re inside channels can reach 

alues up to 24 at 0.02 m/s and 1500 at 1.64 m/s. Various stud- 

es in the literature report a number of average Re calculations for 

orous materials [52] , and the applicability of Darcy’s law [53] . It 

s reported that the upper limit for the applicability of Darcy’s law 

s between Re = 1 and Re = 10 , others suggest that the transition

rom Darcian and non-Darcian regime occurs for Re > 10 [54] . 

This ambiguity raises a number of questions: a. Which model 

s appropriate in cases where a range of velocities under consider- 

tion exceeds the Darcian flow regime? b. Which Re number for- 

ula should be used? c. How should flow inhomogeneity be as- 

essed inside the domain, such as local inertial effects and how 

hese relate to local morphology? d. How to tackle the charac- 

erisation of flow parameters in a non-periodic anisotropic media, 

here finding a characteristic or RVE does not have a trivial solu- 
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ion. These questions are further exacerbated by the discrepancies 

ound between permeability values for meniscal tissue in the lit- 

rature [55] . Values can vary from 1-3 orders of magnitude, from 

 = ×10 −15 m 
4 /Ns to k = 0 . 01 − 0 . 06 × 10 −12 m 

4 /Ns , equivalent to

 = ×10−6 − ×10−3 Darcy. Our calculations based on CFD and PNM 

eport a considerably higher value of permeability ranging from 

 = 20 − 32 D . This could be due to a number of reasons which

eserve to be investigated further. One possible explanation sur- 

ounds the difference and limitations associated with physical and 

umerical experiments. Meniscal tissue and other biological tissues 

re often highly heterogeneous and anisotropic in nature. Also per- 

eability and fluid flow parameters can vary significantly at differ- 

nt scales. Obtaining accurate measurements or numerical simula- 

ions that represent all relevant scales can be challenging [56] . In 

he numerical experiments reported here (CFD and PNM), a digital 

ample has been extracted from a 3D reconstruction of a freeze- 

ried sample. Moreover, the sample is extracted in the preferential 

rientation of the channels, where permeability is higher, as shown 

n [11,12] . The complex geometry of the native tissue and the strat- 

gy adopted for converting the sample into a computational do- 

ain might affect the results [57] . Additionally, physical experi- 

ents in which permeability is derived by curve fitting (indirect 

easurements), opposed to direct permeability methods such as 

ydraulic conductivity tests, can carry a number of uncertainties. 

 variety of experimental techniques are used, from nano-micro 

ndentation to confined/unconfined tests, with inconsistent loading 

onditions, ranging from 0.01 MPa to 0.1 MPa. Furthering this lack 

f regulation, different sample geometries and volumes are evalu- 

ted, with discrepancies ranging from a few hundred of microns to 

–4 mm in length. Multiple models are used to fit experimental 

urves to estimations of permeability, all endorsing the validity of 

 Darcian behaviour, with the exceptions being in [11,12] . It is im- 

ortant to highlight that there is no direct experimental measure- 

ent of fluid flow (velocity/pressure/ Re ) inside meniscal samples. 

he CFD-IA sits in an unique position to answer questions related 

o fluid flow regimes inside the tissue given a range of physiolog- 

cal loading conditions. CFD-IA can be adopted to validate the use 

f Darcy’s law for the range of applied loading and to calculate Re 

umber locally inside collagen channels. 

. Conclusion 

This work aims to address the above points, it has been shown 

hat the method presented here, CFD-IA, can indeed be used as 

 tool to understand transport behaviour in meniscal tissue and 

uantify relationships between fluid flow parameters with archi- 

ectural features of the porous medium. This paper intends to 

nform and inspire methods for designing biomimetic structures 

imed at meniscus substitute/repair. One first attempt of using a 

ombined audio-visual approach to generate artificial architectures 

imicking the native ones by using generative AI is given in [58] . 

To conclude, this work based on CFD-IA aims to bridge the dif- 

culties in observing and quantifying fluid flow velocity and pres- 

ure inside meniscal channels, while simultaneously relating fluid 

arameters such as local Re with architectural features of the tissue 

uch as tortuosity and connectivity. We have demonstrated that 

here is a strong correlation between velocity with tortuosity of 

 fluid path at high inlet velocities and with channel diameter at 

ow inlet velocity. Moreover, this gives an indication of the onset 

etween Darcian and non-Darcian behaviour and statistical distri- 

utions of macroscopic Re number and architectural parameters. 
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