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1. ABSTRACT 

The response of the fibrous layer covering the luminal surface of the vascular endothelium, the so-

called endothelial glycocalyx layer (EGL), in variations of the hemodynamic environment is of 

vital importance for the regulation of the blood vessel permeability and the balance of the blood 

components, and in general, the homeostasis of an organ or an organism. This implies that we 

should quantify fundamental properties such as its apparent permeability, in addition to dynamic 

quantities like drag and torque on EG nanofibers, which are indicators of the glycocalyx 

mechanical integrity, and provide their dependence on the individual geometric features and 

mechanical properties of a single fiber. Because of the 𝑂(100 𝑛𝑚) length of the fibers and the 

lack of relevant technology, such an approach would be difficult to be pursued experimentally. 

Here, we propose an in-silico rheometric emulation based on start-up and pulsating shear 

experiments in a representative three-dimensional volume of the fibrous glycocalyx layer that 

accounts for the interaction of the blood plasma and the deformable glycoproteins. We present 

quantitative predictions for the drag and torque on each nanofiber for blood flow under 

physiological conditions, and we show that the apparent permeability is substantially affected by 

the elasticity of fibers and the fiber-to-fiber distance. Particularly, we propose specific analytical 

expressions for the apparent EGL permeability and conclude that it is a monotonic function of the 

fiber-to-fiber distance and a rational function of the fibers’ elasticity.  

 

Keywords 

FSI, Fibers, Glycocalyx, EGL, Permeability, Startup Shear, Oscillatory Shear, Fibrous Medium 
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2. ΠΕΡΙΛΗΨΗ 

Η απόκριση του ινώδους στρώματος που καλύπτει την αυλακώδη επιφάνεια του αγγειακού 

ενδοθηλίου, το λεγόμενο στρώμα ενδοθηλιακού γλυκοκάλυκα (EGL), σε μεταβολές του 

αιμοδυναμικού περιβάλλοντος, είναι ζωτικής σημασίας για τη ρύθμιση της διαπερατότητας του 

αιμοφόρου αγγείου και της ισορροπίας των στοιχείων του αίματος, και εν γένει  για τη ομοιόσταση 

ενός οργάνου ή ολόκληρου του οργανισμού.. Αυτό συνεπάγεται ότι πρέπει να ποσοτικοποιήσουμε  

θεμελιώδεις ιδιότητες, όπως η φαινομενική διαπερατότητά του, αλλά και δυναμικά μεγέθη, όπως 

η οπισθέλκουσα δύναμη και η ροπή στις νανοΐνες EG, που είναι δείκτες της μηχανικής  

ακεραιότητας του γλυκοκάλυκα, και να παρέχουμε την εξάρτησή αυτών των μεγεθών από τα 

μεμονωμένα γεωμετρικά χαρακτηριστικά και τις μηχανικές ιδιότητες μιας ίνας. Λόγω του μήκους 

των ινών 𝑂(100 𝑛𝑚) και της έλλειψης σχετικής τεχνολογίας, μια τέτοια προσέγγιση θα ήταν 

δύσκολο να ακολουθηθεί πειραματικά. Εδώ, προτείνουμε μια ρεομετρική προσομοίωση σε 

υπολογιστή που βασίζεται σε πειράματα σταθερής και παλμικής διάτμησης σε έναν 

αντιπροσωπευτικό τρισδιάστατο όγκο του ινώδους στρώματος λαμβάνοντας υπ’ όψη την 

αλληλεπίδραση του πλάσματος του αίματος και των παραμορφώσιμων γλυκοπρωτεϊνών 

γλυκοκάλυκα. Παρουσιάζουμε ποσοτικές προβλέψεις για την οπισθέλκουσα δύναμη και τη ροπή 

σε κάθε νανοΐνα σε ροή αίματος υπό φυσιολογικές συνθήκες, και δείχνουμε ότι η φαινομενική 

διαπερατότητα επηρεάζεται σημαντικά από την ελαστικότητα των ινών και την απόσταση μεταξύ 

γειτονικών ινών. Συγκεκριμένα, προτείνουμε αναλυτικές εκφράσεις για την φαινομενική 

διαπερατότητα του EGL και καταλήγουμε στο συμπέρασμα ότι είναι μια μονοτονική συνάρτηση 

της απόστασης μεταξύ γειτονικών ινών και μια υπερβολική συνάρτηση της ελαστικότητας των 

ινών. 

 

Λέξεις Κλειδιά 

Αλληλεπίδραση Στερεού Ρευστού, Βιολογικές Ίνες, Γλυκοκάλυξ, EGL, Διαπερατότητα, 

Εναρκτήρια Διάτμηση, Παλλόμενη Διάτμηση, Ινώδες Μέσο 
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3. INTRODUCTION 

The effect of the macromolecular layer covering the luminal surface of the vascular endothelium 

[1] has become increasingly interesting since it has been associated with multiple biological 

processes in microcirculation. Functions such as angiogenesis [2][3], hemostasis [4], fluid and 

solute exchange [5], coagulation [6], and inflammatory responses [7] depend on phenomena 

occurring close to the endothelial surface. Many studies [8][9] show the existence of and visualize 

a hairy-like pericellular network attached to the surface of the endothelium, namely the Endothelial 

Glycocalyx (EG), which is mainly composed of membrane-bound glycoprotein and glycolipid 

chains [1][10][11]. Over the past decades, insight has been gained into the role of the EG which 

has been identified to be the main mechanosensor and mechanotransducer of fluid shear-stress on 

endothelial cells [12][13][14], and a molecular filter that limits access of circulating blood plasma 

constituents to the Endothelial Cell membrane [15-19] affecting drug delivery processes, since it 

controls the capillary permeability [20]. Recently,[21] investigated the EG contribution to cancer 

metastasis, extending the importance of EG in fields such as pathophysiology. In an effort to 

improve the understanding of the glycocalyx role in biological mechanisms, some studies managed 

to identify the sophisticated geometrical pattern that the fibers follow on the surface of endothelial 

cells. Specifically, Squire et al. (2001) [22] proposed a geometrical model representing the EG as 

a quasi-periodic arrangement, which was later developed by Weinbaum et al. (2003) [12] into an 

ideal periodic bush structure model with distinct spatial characteristics. In hemodynamics, where 

effective medium theory has been used to model blood plasma flow in the porous EG Layer (EGL), 

these findings proved significant and constituted the basis in the evaluation of the layers’ 

rheological and hydrodynamic properties such as the permeability; the capability of a layer to 

allow fluid transmission. Pioneers to the determination of the permeability constant 𝑘𝑝 are 

considered the studies of Kuwabara (1958) [23], Hasimoto (1959) [24], and Sangani & Acrivos 

(1982) [25], who reported solutions for flows past randomly and equidistantly distributed 

impermeable solids of spherical and cylindrical shape. Specifically, the last authors presented 

numerical solutions for the slow flow perpendicular to square and hexagonal periodic arrays of 

cylinders and managed to analytically express the dimensionless drag force in terms of the volume 

fraction 𝑐 of the cylinders. These findings were adopted by several authors [26-35] and were 

associated with the evaluation of 𝑘𝑝 of the layer consisting of a fibrous network. However, these 

studies were performed under the assumption that the fibers maintain their initial position and 
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cylindrical shape during the flow development and exert a time-independent drag force, which 

diverges from the actual biological process of blood flows in micro-vessels, where transient 

hemodynamic phenomena arise. 

Little is known about the mechanical properties of the endothelial glycocalyx. Marsh and Waugh 

(2013) [36] measured the modulus of the endothelial cell body using atomic force microscopy 

(AFM) and presented indentation experiments made with a novel AFM probe on cells making 

approximate measurements of endothelial glycocalyx elastic modulus and thickness. Nonetheless, 

the small scale of the EGL (0.1 μm - 0.5 μm) and its delicate nature make its experimental 

investigation in vivo quite challenging. On the contrary, many theoretical and computational 

studies have appeared. The glycocalyx is often treated as a rigid non-deformable structure [13][37], 

and to our knowledge, there are limited studies that consider its elastic properties and the effect 

they may have in the determination of its apparent permeability. Damiano et al. (1996)[38] treated 

the EGL as a deformable layer implementing a biphasic mixture model to describe the poro-

elastohydrodynamics of the layer. The elastic behavior of the EGL was also examined by Vink 

Duling & Spaan (1999) [39]. They measured the transient restoration of the EGL after it was 

almost entirely compressed by the passage of a white blood cell in a tightly fitting capillary finding 

that the characteristic time for this restoration is approximately 0.4 s. Damiano & Stace (2002) 

[40], Weinbaum et al. (2003) [12], and Han et al. (2006) [41] have all attempted to predict this 

characteristic time using an electrochemical mechanism, linear elastic theory, and large-

deformation theory respectively to describe the recoil of the crushed EGL. Even though in a way, 

these macroscopic approaches incorporate the EG’s elasticity, the permeability, and its inverse the 

hydraulic resistivity [30], which are used to describe the EGL as a porous medium, have been 

determined for the case of blood flow past periodic arrays of undeformed fibers. Such an 

assumption has been made in nearly all recent theoretical studies [42-44] for the fluid flow in EGL, 

making the Brinkman equation applicable with a constant permeability [45]. 

Apart from continuum methods, recent studies employed fully atomistic molecular dynamics 

simulations to reveal the dynamics of both flow and glycocalyx. An all-atom glycocalyx model 

with detailed composition was first introduced by Cruz-Chu et al. (2014) [46]. In their article, they 

presented large-scale molecular dynamics simulations describing the structure and dynamics of 

the glycocalyx and studied its response to shear flow as well as its nature to act as a sieve for 

fibroblast growth factors, which are associated to functions such as angiogenesis and wound 
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healing. Despite their revealing results regarding the dynamics of the system, the flow regime was 

characterized by velocity fields of magnitude significantly higher than the ones developed in real 

physiology, so that it is difficult to acquire quantitative information from the corresponding 

system. Constructing a similar flow/glycocalyx molecular system, Jiang et al. (2017) [47] 

investigated the dynamics of the flow driven by physiologically relevant forces and outlined shear 

stress distributions in varying glycocalyx configurations. These studies considered EG’s 

complicated structure, composition, and flexibility and shed light on events inside the layer, 

therefore enriching the understanding of glycocalyx-related diseases. However, there is a need to 

seek an equally efficient method that can predict such composite structural-hydrodynamic 

phenomena with smaller computational cost.  

In the present study, we account for the elasticity of EG and its spatial complexity (hexagonal 

periodic array of cylinders [12]), and through a microscopic three-dimensional simulation 

employing a mixed Finite Element Method (FEM), we investigate in detail the interaction between 

blood plasma and the glycocalyx solid structure to predict the dynamic behavior of the coupled 

system, e.g., stress, pressure and velocity fields,  and how it affects the EGL apparent permeability. 

Specifically, we perform start-up and pulsating shear experiments characterized by varying the EG 

elastic modulus 𝐸 and the fiber-to-fiber distance 𝐷 acquiring information about the dependency of 

𝑘𝑝 on such properties. Some of the open questions that arise from our novel approach and we 

address in this study are: Under physiological conditions, how is the blood plasma flow field 

distributed around the deformable glycocalyx, and what is the response of EGL to the respective 

flow when different hydrodynamical conditions are applied? As an outcome of the shear blood 

flow, what is the transient behavior and order of magnitude of some characteristic dynamic 

quantities such as drag and torque on EG fibers, which are indicators of their mechanical integrity? 

Does the motion of EG introduced via the fiber flexibility play a crucial role in the determination 

of the permeability 𝑘𝑝 of EGL when the latter is treated as a porous medium, and if so, what is the 

effect of 𝐸 on 𝑘𝑝? Finally, in real biological processes where glycocalyx is a compound of mobile 

structures, how do variations in the fiber-to-fiber distance 𝐷 affect 𝑘𝑝 of the EGL? Is the 

aforementioned relation identical to the one which is observed in theoretical studies regarding rigid 

non-deformable fibers? 
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4. PROBLEM FORMULATION 

It is reported that red blood cell (RBC) aggregation at low-shear rates leads to compaction of the 

central cell core thus forming a core-region rich in RBCs and a cell-depleted marginal sleeve of 

suspending fluid (plasma) at the periphery of the vessel tube [48][1] also known as cell-free-layer 

or CFL [49]. Adopting the hemodynamical process of RBCs migration, we consider the three-

dimensional incompressible plasma flow perpendicular to the fibrous network corresponding to 

the EG attached on the vascular wall (Fig 1 (a)) of a microvessel of radius 𝑅𝑣𝑒𝑠𝑠𝑒𝑙 = 20 𝜇𝑚 (Fig 

1 (b)). By defining a reference line as the line that connects two adjacent fibers, we assume that, 

with respect to that line, the angle of attack (𝐴𝑜𝐴) of the blood flow is zero. Due to the hexagonal 

distribution of the fibers, our formulation holds for every 𝐴𝑜𝐴 = 𝑛𝜋/3, where 𝑛 = 0, 1, 2, … . 

Furthermore, the existence of the flexible fibers gives birth to the development of fluid-structure 

interaction (FSI) phenomena between the blood plasma and EG, which we account for. 

 

Figure 1. (a) An ideal representation of the vessel tube and its core region. (b) The region of the 

vessel that is under investigation and a representation of the EGL and CFL. The cylinders inside 

the EGL represent the fibers while the remaining space is occupied by the blood plasma.    
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4.1 Physical Domain Construction 

The physical domain consists of two subdomains representing the solid (elastic fibers) and fluid 

(blood plasma) phases, the complexity of which emerges from the sophisticated structure of the 

EG hairy network. Since there is evidence that the proteinic clusters that form EG exhibit a 

hexagonal spatial periodicity [22], we assume that the fibers follow the idealized pattern proposed 

by Weinbaum et al. (2003) [12] and we engage their geometrical model shown in Fig 2(a). 

Estimated values for the fiber radius 𝑅, and fiber-to-fiber distance 𝐷 can be found in the literature 

[22][12] to be approximately 5 𝑛𝑚 − 6 𝑛𝑚 and 20 𝑛𝑚 − 30 𝑛𝑚 respectively. Even though the 

instantaneous fiber vertical height ℎ(𝑡) retains a physiological scaling, its value presents variations 

which are mostly associated with the blood vessel type and size, as well as the organism EG 

belongs to. Squire et al. (2001) [22] reported that a typical value of ℎ in a frog mesenteric 

microvessel is 50 𝑛𝑚 − 100 𝑛𝑚 reaching up to 300 𝑛𝑚 − 400 𝑛𝑚 in the case of inflamed 

vessels. Marsh & Waugh (2013) [36] suggested that the luminal layer thickness of human 

umbilical vein endothelial cells (HUVEC’s) is about 380 𝑛𝑚 and generally a qualitative 

agreement in measurements of ℎ can be found in several studies [50][51][12][52] indicating that 

EG can be up to 500 𝑛𝑚 in height. In the present paper, we consider 𝑅 = 5 𝑛𝑚, 𝐷 = 20 𝑛𝑚 −

30 𝑛𝑚, and the initial undeformed fiber height ℎ0 = 150 𝑛𝑚 ; the values are close to those of EG 

of human endothelial cells. 
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Figure 2. (a) Top view of the idealized hexagonal periodic structure of EG. A graphical 

representation from Weinbaum, Tarbell, Damiano, Annu. Rev. Biomed. Eng. (2007), Squire et al. 

(2001). The minimal elementary domain is represented by the solid black-lined rectangle, which 

follows vertical periodicity and horizontal symmetry. (b) Side view of the three-dimensional 

periodic structure with undeformed fiber height equal to ℎ𝑜  (= ℎ(𝑡 = 0)), (c) the finite element 
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tessellated plasma domain, and (d) the finite-element tessellated fibrous domain. The 

representation of the respective discretized domains is performed using three consecutive 

elementary domains, in the directions of both symmetry (𝑧-direction) and periodicity (𝑥-direction). 

 

Furthermore, determining the minimum computational domain proved to be the most challenging 

aspect. The microscopic nature of our approach, in addition to an effort to minimize the 

computational cost, does not allow us to consider a large domain of many glycocalyx fibers. 

Instead, we identified an elementary periodic three-dimensional space, which can reflect the scale 

of the luminal layer. We develop a minimal spatial configuration (Fig. 2(a) & (b)), which is 

utilized in our analysis and can accurately represent the EGL through the concepts of symmetry 

and periodicity. The height of the blood plasma region, referring to the CFL thickness 𝐿 can be 

found to be of the order of 1 𝜇𝑚 in microvessels [53][54]. In this study, we set 𝐿 = 820 𝑛𝑚. 

 

4.2 Governing Equations 

The glycocalyx fibers are assumed to be deformable hyperelastic solids described by mechanical 

properties (Young’s modulus, Poisson’s ratio), while the plasma flowing in the fibrous region is 

treated as a Newtonian fluid since its proteins are assumed to be filtered by the endothelial 

glycocalyx. The governing equations for each subdomain are presented below. The subscripts 𝑓 

and 𝑠 denote the fluid and solid phases, respectively. 

The blood plasma dynamics are governed by the momentum balance (Eq. (1)) and continuity 

equation (Eq. (2)) 

𝜌𝑓 (
𝜕𝑢𝑓

𝜕𝑡
+ (𝑢𝑓 − 𝑤𝑓) ∙ 𝛻𝑢𝑓) = 𝛻 ∙ 𝜎𝑓  (1) 

𝛻 ∙ 𝑢𝑓 = 0   (2) 

where 𝜌𝑓, 𝑢𝑓 are the plasma density and its velocity vector, respectively. Since the plasma is 

filtered, and there are no viscoelastic effects due to plasmatic proteins [Brust et al. 2013][55]. Thus, 

the Cauchy stress tensor 𝜎𝑓 follows the Newtonian Constitutive Law: 𝜎𝑓 = −𝑝𝑓𝐼 +

𝜂𝑓 (𝛻𝑢𝑓 + 𝛻𝑢𝑓
𝑇) with 𝑝𝑓, 𝜂𝑓 being the pressure and dynamic viscosity of plasma. Eq. (1) is 

expressed in the Arbitrary Lagrangian-Eulerian formulation, in which the fluid domain is moving, 

requiring the introduction of the mesh velocity 𝑤𝑓 in the convective term [56-60]. In the fluid 
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domain, this velocity is related to the displacement vector of the mesh nodes through the following 

expression 

𝜕𝑑𝑓

𝜕𝑡
= 𝑤𝑓  (3) 

where 𝑑𝑓 is the displacement vector subjected to 

𝛻2𝑑𝑓 = 0  (4) 

In the same line, the glycocalyx structural dynamics are governed by the momentum balance 

(Eq.(5)), continuity equation (Eq.(6)), and the relation (Eq.(7)) for the artificial pressure 𝑝𝑠 in EG 

fibers  

𝜌𝑠
𝜕𝑢𝑠

𝜕𝑡
= 𝛻 ∙ 𝛱𝑠  (5) 

det (𝐹) = 1  (6) 

𝑝𝑠 = 𝜆 (𝑡𝑟𝐺)  (7) 

where 𝜌𝑠 , 𝑢𝑠 are the density and the local velocity of the glycocalyx fibers. Since solid kinematics 

follow the Lagrangian framework 𝑢𝑠 is related to the mesh displacement vector 𝑑𝑠 and mesh 

velocity vector 𝑤𝑠 via the following expressions 

𝜕𝑑𝑠

𝜕𝑡
= 𝑢𝑠  (8) 

𝑤𝑠 = 𝑢𝑠  (9) 

In this study, the fibres are considered to be hyperelastic solids following the Saint Venant-

Kirchoff model which is expressed via the 2nd Piola-Kirchoff stress tensor as 𝑆𝑠 = 𝜆 (𝑡𝑟𝐺) 𝐼 +

2𝜇𝐺, where 𝜆 and 𝜇 are the so-called Lame constants, and 𝐺 =
1

2
(𝐹𝑇 ∙ 𝐹 − 𝐼) is the Green strain 

tensor. The 1st Piola-Kirchoff stress tensor 𝛱𝑠 is related to 𝑆𝑠 by the expression 𝛱𝑠 = 𝐹 ∙ 𝑆𝑠 where 

𝐹 = 𝐼 + 𝛻𝑑𝑠 is the deformation gradient tensor. The Lame constants are related to solid 

mechanical properties of elasticity and compressibility through the expressions 𝜇 =
𝐸

2(1+𝜈)
 and 

𝜆 =
𝜈𝐸

(1+𝜈)(1−2𝜈)
,  where 𝐸 and 𝜈 are Young’s moduli and Poisson ratio, respectively.  

 

4.3 Boundary Conditions  

The Fluid-Structure Interaction between the plasma and the fibers comes with the imposition of 

the conditions on their interfacial border. There, we set a balance between forces from blood 
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plasma and fiber sides (Eq. (10)), equality between the corresponding velocities (Eq. (11)), and 

finally equality between the corresponding local grid velocities (Eq. (12)) 

𝜎𝑠 ∙ 𝑛𝑠 = 𝜎𝑓 ∙ 𝑛𝑓  (10) 

𝑢𝑠 = 𝑢𝑓  (11) 

𝑤𝑠 = 𝑤𝑓  (12) 

On the CFL - core region interface (top boundary in Fig. 2(b)), the velocity is assumed to be either 

constant (𝑉𝐶𝐹𝐿 ) or time-varying (𝑉𝐶𝐹𝐿 (𝑡)) in the 𝑥-direction (Eq. (13)). 

𝑢𝑓 = 𝑉𝐶𝐹𝐿 𝑒𝑥  (13) 

On the surface of the immobile endothelial cells (bottom boundary in Fig. 2(b)), we impose the 

no-slip and no-penetration conditions for the velocity. 

On the CFL-core region interface, as well as on the surface of endothelial cells the mesh remains 

fixed (Eq. (14)) 

𝑤𝑓 = 0  (14) 

The front and back of the unit representative volume (Fig. 2(b)) are assumed symmetric planes, 

while the left and right boundaries (Fig. 2(b)) are periodic. 

 

4.4 Numerical Method 

The Governing Equations are spatially discretized using the Finite Element Method (FEM). For 

the solution of the Fluid-Structure Interaction problem, we implement the full monolithic coupling 

methodology with the global unknown vector being 𝑋 = {𝑢, 𝑝, 𝑤}. The corresponding mixed 

element is the P2-P0-P1 element. The utilization of the P0 element is necessary to resolve the 

pressure discontinuity between the two phases. The fibrous and plasma domains are tessellated in 

tetrahedral meshes of elements, as shown in Figs 2(c) & (d), respectively. Finally, for the time 

integration, we use the full implicit Euler method with the timestep 𝑑𝑡 = 25 𝜇𝑠. 

 

4.5 Fiber and Blood Plasma Properties 

The material properties used in our simulations are summarized in Table 1. For simplicity, we 

consider that the density and dynamic viscosity of blood plasma are close to those of water. On 

the other hand, the choice of EG’s material and mechanical properties turned out to be rather 

challenging. Given that the backbone molecules of the glycocalyx are proteoglycans and 

glycoproteins of high molecular weight, we assume that EG’s density can be approximated by 



15 | P a g e  

 

𝜌𝑠 = 1410 𝑘𝑔/𝑚3 [61]. As already discussed, research on the mechanical properties of 

glycocalyx is quite limited, however, there have been reports that indicate that EG’s Young 

modulus is of the order of 1 𝑘𝑃𝑎 [62][36]. In this paper, we investigate the dynamics of fibers 

characterized by Young modulus with the reported order of magnitude, as well as one and two 

orders higher, reaching the asymptotic state of undeformable rigid bodies. 

 

Table 1. Typical Material Properties 

𝜌𝑓 (𝑘𝑔/𝑚3) 1000 

𝜂𝑓 (𝑃𝑎 ∙ 𝑠) 10−3 

𝜌𝑠  (𝑘𝑔/𝑚3) 1410 

𝐸 (𝑘𝑃𝑎) 1 − 100 

𝜈 0.49 

 

5. CALCULATION OF BASIC QUANTITIES 

Apparent Permeability Calculation 

When the layer where the solid obstacles are present is treated as a porous medium (p), the 

momentum balance is corrected to include the flow resistance resulting in the Brinkman equation: 

𝜌𝑝 (
𝜕𝑢𝑝

𝜕𝑡
+ 𝑢𝑝 ∙ 𝛻𝑢𝑝) = 𝛻 ∙ 𝜎 −

𝜂𝑝

𝑘𝑝
𝑢𝑝  (15) 

where the term −
𝜂𝑝

𝑘𝑝
𝑢𝑝 is translated as the flow resistance, 𝜂𝑝 is the effective dynamic viscosity of 

the fluid in the porous medium, which is assumed to be approximately equal to the dynamic 

viscosity of the fluid phase (𝜂𝑝 ≅ 𝜂𝑓) [30][41][63][64][45], and 𝑘𝑝 is the permeability constant. 

In our microscopic 3D simulations, the flow resistance that EG exerts on plasma can be calculated 

after the solution of Eq. (1)-(14) as a Drag Force 𝐹𝐷: 

𝐹𝐷 = ∫ (𝑛𝑓 ∙ 𝜎𝑓) 𝑑𝑆𝑖𝑛𝑡  (16) 

where 𝑆𝑖𝑛𝑡 is the Fluid-Solid interface area, and 𝑛𝑓 the normal unit vector with respect to the fluid 

subdomain. 

In Eq. (15), 𝑢𝑝 refers to the velocity vector inside a homogeneous apparent medium which 
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combines solid and fluid material properties. In order to find an analogous velocity vector from 

the known velocity field computed by the 3D fluid-solid interaction model, we calculate the 

average velocity 

�̅� =
∭ 𝑢𝑓𝑑𝑥𝑑𝑦𝑑𝑧+∭ 𝑢𝑠𝑑𝑥𝑑𝑦𝑑𝑧

∭ 𝑑𝑥𝑑𝑦𝑑𝑧
  (17) 

in a control volume, which corresponds to the region where both fluid and solid are present (Fig. 

3). Given that the front and back planes of the control volume are assumed symmetric planes, as 

well as the right and left boundaries are periodic, a mass balance at the control volume in Fig 3 

leads to the fact that �̅� acts on 𝑥-direction and can be expressed as �̅� = �̅�𝑒𝑥. Thus, we get a 

velocity vector that corresponds to a single-phase approximation of the glycocalyx-plasma system. 

Moreover, we approximate 𝑢𝑝 by the average velocity of the domain �̅�. The Resisting Force 𝐹𝑅 

of the apparent porous medium with permeability 𝑘𝑝 can now be calculated: 

𝐹𝑅 = 𝛿𝑥 𝛿𝑦 𝛿𝑧 
𝜂𝑝

𝑘𝑝
�̅�  (18) 

Or 

𝐹𝑅 =
𝜂𝑝

𝑘𝑝
𝑄  (19) 

where 𝑄 = 𝛿𝑥 𝛿𝑦 𝛿𝑧 �̅� is the integral of the velocity calculated after the solution of Eq. (1)-(14) 

over the three-dimensional domain presented in Fig 3. 

If we equate the two forces under the action-reaction statement, 𝐹𝑅 = −𝐹𝐷, and using Eq. (16)-

(19), we can determine the apparent permeability constant: 

𝑘𝑝 =
‖𝜂𝑝𝑄‖

‖𝐹𝐷‖
  (20) 

Similar to Eq. (20), correlations between drag force and permeability constant are commonly found 

in the literature [26][27][32] expressing the inverse proportionality of flow resistance and 

permeability [45]. However, in contrast with these relations, Eq. (20) emerges directly from the 

dynamics of the system and provides a sufficient way to explicitly determine the permeability in 

the case of interacting fluid-solid phases neglecting limitations regarding the shape, rigidity, 

orientation, and spatial distribution of the solid obstacles. 
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We compare our method with those suggested by [26] and [27] for the case of flow past a periodic 

hexagonal array of rigid cylinders for fiber-to-fiber distance 𝐷 = 20, 25, 30 and 35 𝑛𝑚 and fixed 

fiber radius 𝑅 = 5 𝑛𝑚. The choice of other parameters such as 𝑉𝐶𝐹𝐿 and ℎ remains arbitrary while 

it does not affect 𝑘𝑝 of a layer consisting of totally rigid tubes. This can also be seen in the 

expression given by [26] 

𝑘𝑝 = 0.0572 𝑅2  (
𝐷−2𝑅

𝑅
)

2.377

  (21) 

and the one proposed by [Hidgon & Ford 1996][27] 

𝑘𝑝 =
ln(𝑐−0.5)−0.745+𝑐−

𝑐2

4

4𝑐
 𝑅2  (22) 

where 𝑐 =
2

√3
𝜋 (

𝑅

𝐷
)

2

 is the cylinder volume fraction. Our results are in a very good agreement with 

those derived by Eq. (21)-(22), as shown in Fig. 4 and reveal that Eq. (22) is closer to the DNS 

predictions. 

 

Figure 3. The control volume which represents the porous layer where fluid and solid phases 

coexist. 
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Figure 4. A comparison between the steady permeability calculated by Eq. (A6) and those derived 

from the expressions of Tsay & Weinbaum (1991) and Higdon & Ford (1996) for different fiber-

to-fiber distance 𝐷 = 20 𝑛𝑚 − 35 𝑛𝑚. 

 

 

5.1 Drag force and Torque on a fiber 

Another important feature in our analysis is the direct measurement of quantities such as the drag 

and torque that plasma flow generates on a single EG fiber. Due to the nature of the computational 

domain represented as the elementary blue hexahedron in Fig. 2(b) that confines two quarters and 

a half of a tube, or equivalently a complete fiber in total, Eq. (16) gives the drag force that a single 

fiber is subjected to. Such a force is mainly acting in the same direction as the plasma flow, namely 

the 𝑥 direction. To this end, in order to calculate the total torque on a single nanofiber with respect 

to its fixed base at 𝑦 = 0, we need to find the coordinate 𝑦 of the equivalent point load of the 

distributed force per unit area 𝑛𝑓 ∙ 𝜎𝑓 on 𝑆𝑖𝑛𝑡, which is given by 

𝑦𝑝𝑜𝑖𝑛𝑡 =
∫(𝑛𝑓∙𝜎𝑓)∙𝑒𝑥𝑦 𝑑𝑆𝑖𝑛𝑡

∫(𝑛𝑓∙𝜎𝑓)∙𝑒𝑥 𝑑𝑆𝑖𝑛𝑡

  (23) 

Then we can determine the total torque on a single EG fiber as 

𝑇𝐷 = 𝑦𝑝𝑜𝑖𝑛𝑡𝑒𝑦 × (𝐹𝐷 ∙ 𝑒𝑥) 𝑒𝑥  (24) 
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5.2 Space-averaged velocities inside the EGL 

Essential are also the definitions for the space-averaged velocity of the EG (solid) and plasma 

(fluid) inside the EGL. With 𝛺𝑓 and 𝛺𝑠 being the region of the EGL that is occupied by the plasma 

and EG, respectively, the corresponding space-averaged velocities �̅�𝑓 and �̅�𝑠 are given by Eq. (25) 

& (26). 

�̅�𝑓 =
∭ 𝑢𝑓𝑑𝑥𝑑𝑦𝑑𝑧𝛺𝑓

∭ 𝑑𝑥𝑑𝑦𝑑𝑧𝛺𝑓

  (25) 

�̅�𝑠 =
∭ 𝑢𝑠𝑑𝑥𝑑𝑦𝑑𝑧𝛺𝑠

∭ 𝑑𝑥𝑑𝑦𝑑𝑧
𝛺𝑠

  (26) 

 

 

 

 

6. RESULTS 

 

6.1 Start-up Shear 

First, we assume that the main bloodstream is steady. A typical value of the velocity at the CFL-

core interface in a microvessel of radius 𝑅𝑣𝑒𝑠𝑠𝑒𝑙 ∈ [10𝜇𝑚, 40𝜇𝑚] can be found to be of the order 

of 1 𝑚𝑚/𝑠 [65]. Here, we apply a constant shear velocity 𝑉𝐶𝐹𝐿 = 0.624 𝑚𝑚/𝑠 in the 𝑥-direction 

as a boundary condition (Eq. (13)) in the CFL-core interface. Even though this choice does not 

reflect the oscillatory blood flow conditions encountered in a real biological process, it provides 

information about the dynamics of the interacting plasma-glycocalyx system such as the fiber 

deflection and stress, fiber-tip displacement and the time needed for the system to reach a steady 

state. 
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Figure 5. (a) The transient response of EG fibers to a constant shear plasma flow. (b) Time 

evolution of the orientation angle of a fiber 𝜃. All presented data were computed for 𝐷 = 30 𝑛𝑚, 

𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

Under these conditions, our results indicate a rapid increase in the deformation of fibers at the 

beginning of the simulation, followed by an asymptotic steady state. These deformations are 

associated with flexure of the fiber body, which is increased in the proximity to the fixed base of 

the fiber producing a substantial change in its orientation (Fig. 5). In Fig. 5(a), one can see the 

fibers’ deformation in time and the effect of the flowing plasma on their spatial orientation. By 

defining the orientation angle 𝜃 as the angle between the fibers’ initial and instantaneous normal 
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directions of its top surface, we monitor the dynamically changing orientation of the fibers, which 

for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚 is presented in Fig. 5(b). We notice a swift 

increase in 𝜃 from 𝜃 = 0 at the start of the simulation to 𝜃 = 0.502 in the steady-state, which is 

achieved at 𝑡 = 0.08 𝑠.     

 

Figure 6. (a) 3-D Perspective view of the plasma flow field in the EGL from top to bottom 

(negative 𝑦-direction). (b) 3-D Perspective view of the plasma flow field over the EG fiber-tips 

from right to left (negative 𝑧-direction).  (c) Top view of the plasma velocity magnitude contour 

at 𝑦 = 139 𝑛𝑚 (close to the fiber-tips). (d) Side view of the plasma velocity magnitude contour 
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at 𝑧 =
30√3

2
 𝑛𝑚. The slip length 𝑙𝑠𝑙𝑖𝑝 is the vertical distance between the fiber tip and the point 

below which the plasma velocity is negligible. All presented data were computed at the steady-

state for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. The reference point of view is considered 

that looking towards the direction of the flow. 

 

An advantage of the three-dimensional configuration implemented in this study is the direct 

measurement of data related to the flow field in regions such as the interface between EG fibers 

and blood plasma, which are hardly accessible when utilizing other macroscopic approaches 

[40][12][30][41]. In Fig. 6(a) and 6(b), we present the plasma streamlines past the glycocalyx 

fibers in top and side view, respectively. One can see that in the bulk of the EGL plasma follows 

a path affected by the spatial distribution of the fibers. At the steady-state, EG acts as an obstacle 

to the flow, allowing the plasma to traverse in the 𝑥-direction through the gap between adjacent 

fibers and leading to the development of notable gradients in 𝑦- and 𝑧- directions, respectively. 

This hydrodynamic behavior is encountered commonly in flows past rigid cylinders. However, 

due to the tilted cylindrical shape of the fibers, the flow field presents variations in each 𝑥𝑧 plane 

in the 𝑦-direction. Over the fiber tips (Fig. 6(b)), which corresponds to the EGL-CFL interface, 

streamlines exhibit a quasi-sinusoidal profile due to the periodic distribution of the deformed 

fibers. In this region, we observe that plasma alternates from CFL to EGL. Studies of flowing 

liquids over slits and substrates [66] reveal similar hydrodynamic phenomena of fluid entrapment 

and sinusoidal distributions and demonstrate how periodic topography impacts on the respective 

flow fields. 

 

Table 2. Height of the tip of the tilted fiber, ℎ𝑠𝑠, location where velocity becomes negligible, 𝑦𝑐𝑟, 

and slip length, 𝑙𝑠𝑙𝑖𝑝, for different distances between adjacent fibers, 𝐷, at steady state. 

𝐷[𝑛𝑚] 20 25 30 

ℎ𝑠𝑠[𝑛𝑚] 147.65 144.55 139.6 

𝑦𝑐𝑟[𝑛𝑚] 135.65 127.55 119.6 

𝑙𝑠𝑙𝑖𝑝[𝑛𝑚] 12 17 20 
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Our results regarding the plasma velocity field are displayed in Fig. 6(c) and 6(d) for the 

characteristic planes at 𝑦 = 139 and 𝑧 =
30√3

2
 𝑛𝑚, respectively. Inside the EGL, the plasma 

velocity takes place mainly in the 𝑥- direction and is intensified between the narrow spacing of the 

fibers, reaching up to 𝑢𝐸𝐺𝐿
𝑚𝑎𝑥 = 1.6

𝜇𝑚

𝑠
. At the fluid-solid interface, the no-slip/no-penetration 

effects cause the plasma to be stagnant. Close to the fiber-tips, one notices that the plasma velocity 

rapidly decreases as it enters the EGL, forming a distinct subdomain of EGL with a thickness in 

the 𝑦- direction known as slip-length or 𝑙𝑠𝑙𝑖𝑝 [67], in which the hydrodynamic phenomena are 

considered significant. By defining the 𝑦-coordinate of the point at which the plasma velocity 

becomes negligible (i.e. 𝑢𝐸𝐺𝐿/𝑢𝐸𝐺𝐿
𝑚𝑎𝑥~10−6) as 𝑦𝑐𝑟, we determine 𝑙𝑠𝑙𝑖𝑝 as 𝑙𝑠𝑙𝑖𝑝 = ℎ𝑠𝑠 − 𝑦𝑐𝑟, where 

ℎ𝑠𝑠 is the fiber height at the steady-state specifying also the EGL thickness in the 𝑦-direction (Fig 

6(d)). According to the “blob theory” [68], 𝑙𝑠𝑙𝑖𝑝 is of the order of the brush mesh size 𝐷. In Table 

2, we present our model predictions for 𝑙𝑠𝑙𝑖𝑝 at the steady state for different values of 𝐷. We 

confirm that 𝑙𝑠𝑙𝑖𝑝~𝐷 and we observe that an increase in 𝐷 is associated with an increase in 𝑙𝑠𝑙𝑖𝑝. 

 

Figure 7. (a) Shear stress 𝜎𝑥𝑦 and (b) normal stress 𝜎𝑦𝑦 distribution on a fiber. Presented data 

were computed at steady state for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎, and ℎ0 = 150 𝑛𝑚. In both figures, 

the fiber is in scale. 
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In Fig. 7, we present the shear 𝜎𝑥𝑦 and normal 𝜎𝑦𝑦 stress spatial distribution on the surface of a 

fiber at the final state for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. Given that plasma flow 

and fiber, displacement is the in 𝑥-direction, in (a) one can see that high positive values of 𝜎𝑥𝑦 up 

to 116 𝑃𝑎 appear at the curved part of the fiber, while high negative values up to 49 𝑃𝑎 appear at 

the concave part. On the other hand, the normal stress is increased at the bottom part of the body 

of the fiber. Specifically, at the left side of the fiber (Fig. 7(b)), where local tension dominates, the 

normal stress reaches values up to 369 𝑃𝑎. Accordingly, negative normal stress due to local 

compression is observed at the right side with the highest absolute value of 345 𝑃𝑎 at the base of 

EG. The value of both stress components is zero near the fiber-tips in steady-state revealing how 

the glycocalyx may feel and translate lateral forces imposed by the plasma flow into concentrated 

stress close to the endothelial membrane, supporting its role as a transducer of mechanical stress 

[12][13][14]. 
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Figure 8. (a) The displacement components of the fiber-tip in the 𝑥-direction and (b) in the 𝑦-

direction as functions of time for 𝐷 = 20, 25, and 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. (c) The 

required time for EGL to reach a steady deformation as a function of 𝐷. 

 

In order to quantify the EG response to the flow field, we measure the displacement of the fiber-

tip; the part of the fiber body, which is the most sensitive to deformations and whose location 

coincides with the dynamically changing EGL-CFL interface position. In Fig. 8(a) and 8(b), we 

present the computed time evolutions of the fiber-tip displacement components for different values 

of 𝐷. Given that the vertical displacement (𝑑𝑦) is the most sensitive measure to the dynamics of 

the surrounding environment requiring the longer time to stabilize to a constant value, we 

determine the time for our system to reach a steady-state (𝑡𝑠𝑠) by the instant beyond which changes 

in 𝑑𝑦 become inconspicuous. In Fig. 8(c), the effect of varying 𝐷 to 𝑡𝑠𝑠 is displayed, underlining 

that 𝑡𝑠𝑠 varies almost linearly with the distance between adjacent EG fibers for this specific range 

of values. Additionally, we notice that longer fiber-to-fiber distances are associated with an 

increase in the displacement of the fiber-tips. Particularly, at the steady state, the 𝑥-component of 

the displacement (𝑑𝑥) reaches the asymptotic values of 25.3, 38.3 and 52.3 𝑛𝑚 for 𝐷 =

20, 25 𝑎𝑛𝑑 30 𝑛𝑚, respectively (Fig. 8(a)), while the corresponding 𝑦-component asymptotic 

values are −2.6, −6.0 and −11.5 𝑛𝑚 (Fig. 8(b)). If we consider that a change from 20 to 25 𝑛𝑚 

in 𝐷 causes increases of about 51% and 130% in 𝑑𝑥 and 𝑑𝑦, while, from 25 to 30 𝑛𝑚 the increases 
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are about 37% and 92%, respectively, we can safely conclude that alterations in the distance 

between adjacent fibers have a more substantial impact on 𝑑𝑦 than on 𝑑𝑥.  

Quite remarkable is the tracking of the EGL-CFL interface position and specifically the EGL 

compression resulting from the evaluation of the fiber tip displacement in the negative 𝑦-direction. 

This feature is extensively studied by [12][41] in simulations where the layer is crushed after the 

passage of red and white blood cells and left to recoil back to its steady-state at simple shear flows. 

Even though their findings are revealing regarding the response of the layer to such intense 

hemodynamical conditions, the elastic properties that are used to describe EG are several orders 

of magnitude larger than those suggested by later reports [62][36]. As a result, their models predict 

very small EGL compression caused exclusively by the shear plasma flow. On the contrary, our 

simulations for 𝐷 = 30 𝑛𝑚 indicate that the layer under shear flow is compacted more than 7% 

of its initial thickness in the 𝑦-direction. 

 

Figure 9. Time evolution of the space-averaged velocity of the mixed solid-fluid phase inside the 

EGL and for a step-change in the shear-stress field and 𝐷 = 20, 25 and 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and 

ℎ0 = 150 𝑛𝑚. 
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Table 3. Drag (𝐹𝐷), torque (𝑇𝐷 ) and space-averaged velocity in the EGL (�̅�) at steady state for 

𝐷 = 20, 25 and 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎, and ℎ0 = 150 𝑛𝑚. The notation (*) in 𝐹𝐷 refers to the drag 

computed by the analytical expression of Sangani & Acrivos (1982). 

𝐷 [𝑛𝑚] 20 25 30 

�̅� [𝑛𝑚/𝑠] 11.3 37.1 72.8 

𝐹𝐷 [𝑝𝑁] 1.1724 × 10−4 2.0306 × 10−4 2.6468 × 10−4 

𝐹𝐷
∗  [𝑝𝑁] 1.1718 × 10−4 2.0447 × 10−4 2.7447 × 10−4 

𝑇𝐷 [𝑝𝑁 ∙ 𝑛𝑚] 1.4947 × 10−2 2.6293 × 10−2 3.6067 × 10−2 

 

Fig. 9 gives the space-averaged velocity �̅� of the mixed solid-fluid phase inside the EGL as a 

function of time for different values of 𝐷. We observe that in short times, �̅� is substantially larger 

than in the steady state. It is the motion of the fibers that due to their elastic nature gets more 

restricted as time progresses and contributes to the decrease in �̅�. Particularly in the steady-state, 

the fibers are immobilized to their final deformed position maximizing their resistance to the 

flowing plasma. Moreover, our analysis suggests that an increase in the gap between adjacent 

fibers facilitates plasma traversal and is favoring the development of higher values of �̅�. The 

velocity field intensification caused by larger fiber-to-fiber distance subsequently leads to the 

development of higher forces produced by the flowing plasma on EG and higher torque that the 

fibers are subjected to. Based on the analytical expression for the dimensionless drag proposed by 

Sangani & Acrivos (1982)[25] for the slow flow past a hexagonal periodic array of rigid cylinders, 

we compare our numerically computed drag 𝐹𝐷 with the derived one by [25] 

𝐹𝐷
∗ =

4𝜋

ln(𝑐−0.5)−0.745+𝑐−
𝑐2

4

 𝜇 ℎ �̅� (1 − 𝑐)  (27) 

where 𝑐 is the solid volume fraction and �̅� (1 − 𝑐) is the component of the calculated �̅� that refers 

only to the fluid-phase. The corresponding data at the steady state are presented in Table 3. We 

can see that the results between the numerical and analytical approaches are in excellent 

agreement, revealing that the tilted cylindrical shape of the fibers is of little importance for the 

drag calculation. Any slight deviation between the results of the two methods is associated with 

the fact that the analytical approximation introduces errors that are amplified as fibers deflect and 

diverge from the ideal cylindrical shape. 
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Figure 10. (a) The displacement components of the fiber-tip in the 𝑥-direction and (b) in the 𝑦-

direction as functions of time for 𝐷 = 20 𝑛𝑚, 𝐸 = 5 𝑘𝑃𝑎 − 100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. (c) Time 

needed to reach the steady state 𝑡𝑠𝑠[𝑠] as a function of [𝑘𝑃𝑎] : 𝑡𝑠𝑠(𝐸) = (12703 − 118𝐸)/(1 +

27032𝐸). 

 

Table 4. Fiber-tip displacement components at steady state, and the corresponding time to reach 

the steady-state for 𝐷 = 20 𝑛𝑚, 𝐸 = 5 𝑘𝑃𝑎 − 100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

𝐸 [𝑘𝑃𝑎] 100 80 50 30 10 5 

𝑑𝑥 [𝑛𝑚] 2.8 3.4 5.6 9.3 25.2 38.9 

|
𝛥𝑑𝑥

𝛥𝐸
| [

𝑛𝑚

𝑘𝑃𝑎
] − 0.030 0.073 0.185 0.795 2.740 

𝑑𝑦 [𝑛𝑚] −0.03 −0.05 −0.12 −0.34 −2.56 −6.10 

|
𝛥𝑑𝑦

𝛥𝐸
| [

𝑛𝑚

𝑘𝑃𝑎
] − 0.001 0.002 0.011 0.111 0.708 

𝑡𝑠𝑠 [𝑚𝑠] 1.5 1.8 2.5 7.0 50.0 87.0 

 

We proceed with varying the elasticity of the fibers maintaining the fibrous mesh size at D=

20 𝑛𝑚. Fig. 10(a) and 10(b) show that the displacement components measured at the tip of the 

fibers increase as time progresses, reaching an asymptotic steady value. The time to reach the 

steady state, 𝑡𝑠𝑠, is also determined as the time that 𝑑𝑦 requires to reach a plateau.  We observe 

that 𝑑𝑥 and 𝑑𝑦 increase monotonically with decreasing 𝐸. The corresponding data measured at the 
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steady state for different EG elastic modulus are summarized in Table 4. The absolute value of 

the derivatives |
𝛥𝑑𝑥

𝛥𝐸
| and |

𝛥𝑑𝑦

𝛥𝐸
| increases at small values of 𝐸, suggesting that EG elasticity 

alterations in this particular range strongly affect the fiber response to flow. For the extreme value 

𝐸 = 100 𝑘𝑃𝑎, the displacement of the fibers is almost negligible, leading us to the conclusion that 

beyond that elasticity modulus and under typical flow conditions, EGL would be stiff enough to 

be considered undeformable. Besides, the flexibility of the fibers substantially affects the time they 

need to reach their final tilted shape, as shown in Fig. 10(c). Based on these results, we perform a 

least-square fit for the time to reach the steady state as a function of 𝐸. The derived expression 

indicates that 𝑡𝑠𝑠(𝑠)  is a hyperbolic function of the elasticity 𝐸 (𝑘𝑃𝑎) in the range 5 𝑘𝑃𝑎 ≤ 𝐸 ≤

100 𝑘𝑃𝑎 and is given by: 

𝑡𝑠𝑠 = (12703 − 118𝐸)/(1 + 27032𝐸),    ∀𝐸 ∈ [5 𝑘𝑃𝑎, 100 𝑘𝑃𝑎] (28) 

 

Figure 11. Time evolution of the space-averaged velocity of the mixed solid-fluid phase inside 

the EGL for a step-change in the shear-stress field with 𝐷 = 20 𝑛𝑚, 𝐸 = 5 − 100 𝑘𝑃𝑎 and ℎ0 =

150 𝑛𝑚. 
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Table 5. Drag (𝐹𝐷) and torque (𝑇𝐷) at steady state for 𝐷 = 20 𝑛𝑚, 𝐸 = 5 𝑘𝑃𝑎 − 100 𝑘𝑃𝑎 and 

ℎ0 = 150 𝑛𝑚. The drag 𝐹𝐷
∗  by Sangani & Acrivos (1982)[25] is constant because it does not 

depend on 𝐸. 

𝐸 [𝑘𝑃𝑎] 100 80 50 30 10 5 

𝐹𝐷 [𝑝𝑁] 1.2475

× 10−4 

1.2437

× 10−4 

1.2325

× 10−4 

1.2096

× 10−4 

1.1724

× 10−4 

1.1552

× 10−4 

𝐹𝐷
∗  [𝑝𝑁] 1.2144

× 10−4 

1.2144

× 10−4 

1.2144

× 10−4 

1.2144

× 10−4 

1.2144

× 10−4 

1.2144

× 10−4 

𝑇𝐷 [𝑝𝑁 ∙ 𝑛𝑚] 1.6591

× 10−2 

1.6538

× 10−2 

1.6379

× 10−2 

1.6082

× 10−2 

1.4947

× 10−2 

1.3365

× 10−2 

 

We detected that the motion of the fibers during the initial times strongly affects the apparent 

velocity of the EGL �̅� in configurations of different fiber-to-fiber distance 𝐷 and constant 𝐸. Now, 

we examine the way that fiber elasticity affects �̅�. The impact of fiber elasticity on �̅� as a function 

of time is displayed in Fig. 11. When EGL is flexible and mobile (initial times), we observe again 

that �̅� is larger than in the steady state. Now it is revealed that prior to the steady-state a decrease 

in 𝐸 results in increasing �̅�. This observation is justified considering that the motion of the fibers 

gets restricted if the value of their elasticity is increased. This leads to the reduction of the 

combined fiber-plasma velocity inside the EGL, whereas the fibers characterized by small elastic 

modulus exhibit large deformations and velocity, enhancing �̅�. At the steady state, the EG ceases 

to move acquiring a final deflected profile. However, the path that the plasma follows hardly varies 

under constant 𝐷. For this reason, we notice no significant variations in �̅� at the steady state, the 

value of which is approximately �̅� = 11.7 𝑛𝑚/𝑠 for all cases. In Table 5, we summarize the 

results regarding 𝐹𝐷 and 𝑇𝐷 as well as the drag calculated from (Eq.27). Overall, we notice that 𝐹𝐷 

is consistent with the analytical expression by [25]. Nevertheless, our findings indicate that drag 

slightly increases with increasing 𝐸. This behavior is related to the deformed shape of the fibers. 

Provided that the flowing plasma is the cause of glycocalyx deflection, the upper free edge of the 

fiber tends to align with the flow direction. This phenomenon is intensified as 𝐸 decreases causing 

the reduction of the surface area of the fibers opposing the flow and, consequently, the forces they 

are subjected to. With the reduction of the active surface area close to the fiber-tips, the 

hydrodynamic load distribution on more easily tilted cylindrical bodies is concentrated around a 
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point much lower (in the 𝑦-direction) than the equivalent point load of more stiff ones. For this 

reason, we observe that the reduction rate of the torque with decreasing 𝐸 is substantially larger 

compared to that of the drag. 

 

Figure 12. The EGL apparent permeability as a function of time for (a) 𝐷 = 20, 25 and 

30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚, and (b) 𝐷 = 20 𝑛𝑚, 𝐸 = 5𝑘𝑃𝑎 − 100 𝑘𝑃𝑎 and ℎ0 =

150 𝑛𝑚. 
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The EGL apparent permeability as a function of time is presented in Fig. 12(a) and 12(b) for 

different 𝐷 and 𝐸, respectively. At the steady state, the flexibility of EG does not seem to affect 

the EGL apparent permeability 𝑘𝑝. In particular, the parametric studies regarding 𝐸 and 𝐷 suggest 

that at the steady state, 𝑘𝑝 has approximately the same value with rigid fibers. Nonetheless, at the 

beginning of our simulations, we observe that 𝑘𝑝 is two to three orders of magnitude higher than 

at the steady-state because the tendency of the fibers to move is maximized, and the plasma 

traversal is favored. Considering that the duration of the fiber motion increases as 𝐸 decreases (Fig 

10(b)), we observe that the drop rate of 𝑘𝑝 decreases as well. Consequently, we can conclude that 

when the flexible fibers can move and deform, the ability of EGL to allow fluid transition 

intensifies and that this ability is increased as 𝐸 decreases. Based on this statement, along with the 

fact that in real cardiovascular processes, a steady-state does not occur, the need to extend our 

analyses under transient oscillatory blood flow conditions becomes clear. 

 

6.2 Pulsating Shear 

The second part of our analysis involves a transient main bloodstream in the vessel that is the result 

of the pulsatile aortic blood flow. The typical waveform of the aortic blood flow-rate found in the 

literature [69][70] suggests that the resulting vessel-core velocity oscillates from zero to a finite 

value 𝐴𝑚 within a period 𝑇. Approximating this waveform by a sinusoidal function of the form 

𝐴𝑚𝑠𝑖𝑛2 (
𝜋𝑡

𝛵
), we set 𝑉𝐶𝐹𝐿 = 0.624𝑠𝑖𝑛2(𝜋𝑡) [

𝑚𝑚

 𝑠
] as a boundary condition at the CFL-core 

interface. Now 𝑉𝐶𝐹𝐿 oscillates from zero to 0.624 𝑚𝑚/𝑠 within a period 𝑇 = 1 𝑠𝑒𝑐 and the 

plasma-glycocalyx system is monitored over the course of three periods, neglecting any phase 

change between the vessel-core velocity and 𝑉𝐶𝐹𝐿 due to thixotropic phenomena [71]. The choice 

of such time-dependence reflects in a simplified yet efficient way the hemodynamics encountered 

in a microvessel of a healthy human individual under a physiological state, where their heartbeats 

with a 60 𝑏𝑝𝑚 pulse. 
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Figure 13. (a) The transient response of a single fiber to pulsatile plasma flow throughout one 

period 𝑇 = 1 𝑠𝑒𝑐 for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. (b) The evolution of the 

orientation angle 𝜃 in time.  

 

The fiber response to the plasma flow is presented in Fig. 13(a). Glycocalyx fluctuates periodically 

between its initial undeformed state and a position of maximal deflection in the flow direction, 

while its motion is described by the same frequency and phase as 𝑉𝐶𝐹𝐿 . Besides the different 

evolution over time, deformations of fibers resemble those predicted for steady shear, which is 

also characterized by bending with notable fiber orientation changes. The impact of oscillatory 

plasma flow on the EG’s orientation is displayed in Fig. 13(b) for the characteristic case of 𝐷 =

30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. We notice a sinusoidal temporal evolution in 𝜃 from 𝜃 =

0 when 𝑉𝐶𝐹𝐿 = 0 to 𝜃 = 0.52 ≅ 𝜋/6 when 𝑉𝐶𝐹𝐿 = 0.624 𝑚𝑚/𝑠. 
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Figure 14. (a) Time evolution of the space-averaged velocity of the fibers, plasma, and the fiber-

plasma combined inside the EGL under oscillatory blood flow of 60 𝑏𝑝𝑚. (b) A representation of 

the backflow region which extends over the fiber-tips and inside the CFL with a thickness 𝛿 =

6.75 𝑛𝑚 at 𝑡 = 0.94 𝑠. All presented data were computed for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎, and ℎ0 =

150 𝑛𝑚. (c) The time evolution of the plasma recirculation. The center of the vortex is located on 

the border between the backflow and the main plasma region, and above the fiber-tip. 

 

The simulations under oscillatory flow conditions exhibit an interesting feature regarding the 

velocity inside the EGL. In Fig 14(a), we present the time evolution of the space-averaged velocity 

of the fibers (�̅�𝑠), plasma (�̅�𝑓) and the fiber-plasma combined (�̅�) in the control volume, which 

corresponds to EGL for 𝐷 = 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎, and ℎ0 = 150 𝑛𝑚. The fiber motion through a 

period is characterized by four distinct time segments. From 𝑡 = 0 to 𝑡 = 0.22 𝑠,  �̅�𝑠 increases 

monotonically from �̅�𝑠 = 0 reaching its maximum �̅�𝑠 = 63.6 𝑛𝑚/𝑠. In this timespan, the 

hydrodynamic forces dominate over fiber’s elastic ones causing an acceleration until 𝑡 = 0.22 𝑠, 

when equilibrium is established. Next, even though the main bloodstream continues to accelerate, 

the accumulated stress inside the fibers generates an opposite force that overwhelms the 

hydrodynamic one leading to fiber deceleration. The EG velocity decreases to zero at 𝑡 = 0.5 𝑠, 

which is the time when the main bloodstream is maximized, and the fibers acquire their fully 

deformed shape. The fibers begin to accelerate in the opposite direction to the main bloodstream 

until the appearance of a second stationary point at  𝑡 = 0.77 𝑠. Up to this point in time, most of 

the stresses stored in the elastic fibers have been released through the recoil to their initial position, 

and the hydrodynamic load begins to dominate once more. After 𝑡 = 0.77 𝑠, the EG is gradually 
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returning to its undeformed state with a descending negative velocity, and the whole cycle starts 

over at 𝑡 = 1.0 𝑠. 

Regarding the plasma, we observe that at the beginning of the cycle, �̅�𝑓 increases due to the main 

bloodstream (Fig. 14(a)). However, the fiber elasticity starts to counter viscous stresses and �̅�𝑓 

reaches its peak of 117.4 𝑛𝑚/𝑠 around 𝑡 = 0.36 𝑠, much earlier than 𝑉𝐶𝐹𝐿. From this point on, �̅�𝑓 

descends passing through zero at 𝑡 = 0.68 𝑠 where the effect of the two forces on the flowing 

plasma balance each other. In the time window 𝑡[𝑠] ∈ (0.68, 1.00), the plasma inside the EGL is 

swept away by the recoiling fibers in the opposite direction to the main bloodstream. 

Provided that the plasma occupies most of the space inside the EGL, �̅� as a function of time is 

slightly different from �̅�𝑓. Nonetheless, the influence of the fibers is perceived through the 

development of a backflow caused by the recoil of the fibers, even though far from the EGL, blood 

flows solely in one direction. There are times within a cycle that the phenomenon of the reversed 

plasma flow extends from the interior of the EGL to a small region of the CFL (Fig. 14(b)). When 

the reversed flow appears inside the CFL for the first time, it is confined just on top of each fiber, 

whereas when it is maximized, it occupies a three-dimensional space of finite 𝑦-directional 

thickness 𝛿 extending in 𝑥 and 𝑧 directions throughout the entire domain. Specifically, the 

corresponding region appears at 𝑡 = 0.85𝑛𝑇, where 𝑛 = 1, 2, … maximizes just before the end of 

each period at 𝑡 = 0.94𝑛𝑇 with 𝛿 = 6.75 𝑛𝑚 and then vanishes at 𝑡 = 𝑛𝑇. Between the backflow 

region and the region of the main plasma flow, the plasma is locally recirculating. The center of 

each recirculation is located on the interfacial border of the respective regions and above each 

fiber-tip, where the effect of the fiber recoil is enhanced. The duration of the vortices coincides 

with that of the reversed flow inside CFL. In Fig 14(c), we present three snapshots demonstrating 

the time evolution of a vortex above a fiber from 𝑡 = 0.85 𝑠 to 𝑡 = 0.94 𝑠. 
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Figure 15. Fiber-tip displacement, 𝑥- (a) and 𝑦- (b) component as functions of time for 𝐷 =

20, 25 and 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

The displacement of the fibers measured at their free edges demonstrate a symmetric evolution 

over time with the same frequency and phase as 𝑉𝐶𝐹𝐿. Fig. 15 gives the corresponding 

displacement components as functions of time for the glycocalyx matrix of various 𝐷 and 𝐸 =

10 𝑘𝑃𝑎. We observe that an increase in 𝐷 enhances the fiber-tip displacement in both directions. 
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In particular, when the main bloodstream is maximized, 𝑑𝑥 and 𝑑𝑦 reach up to 25.3, 38.3 and 

52.3 𝑛𝑚, and −2.6, −6.0 and −11.5 𝑛𝑚 for 𝐷 = 20, 25 𝑎𝑛𝑑 30 𝑛𝑚, respectively. Considering 

that negative vertical fiber-tip displacement is translated to EGL compaction, our results reveal 

that the layer is compressed by the oscillatory shear plasma flow up to 8% of its original 𝑦- 

directional thickness for 𝐷 = 30 𝑛𝑚. 

 

Figure 16. EGL mixed-phase velocity �̅� as a function of time for 𝐷 = 20, 25 and 30 𝑛𝑚, 𝐸 =

10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

Table 6. Maximum, �̅�𝑚𝑎𝑥, and minimum, �̅�𝑚𝑖𝑛, values of the velocity of the plasma-fibers 

combined and the corresponding time instants, 𝑡𝑚𝑎𝑥 and 𝑡𝑚𝑖𝑛, for 𝐷 = 20, 25, and 30 𝑛𝑚. 

𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 is the duration of the backflow. 𝑡𝑚𝑎𝑥
𝑉𝑐𝑓𝑙

 and 𝑡𝑚𝑖𝑛
𝑉𝑐𝑓𝑙

 refer to the instants where the imposed 

𝑉𝐶𝐹𝐿 acquires its extreme values. 

𝐷 [𝑛𝑚] �̅�𝑚𝑎𝑥 [
𝑛𝑚

𝑠
] 𝑡𝑚𝑎𝑥 [𝑠] 𝑡𝑚𝑎𝑥

𝑉𝑐𝑓𝑙
 [𝑠] �̅�𝑚𝑖𝑛  [

𝑛𝑚

𝑠
] 𝑡𝑚𝑖𝑛 [𝑠] 𝑡𝑚𝑖𝑛

𝑉𝑐𝑓𝑙
 [𝑠] 𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 [𝑠] 

20 37.3 0.265 0.5 −26.4 0.770 1.0 0.40 

25 65.2 0.289 0.5 −36.0 0.794 1.0 0.35 

30 105.1 0.337 0.5 −45.4 0.818 1.0 0.32 
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A display of the combined fluid-solid phase �̅� as a function of time for different 𝐷 is given in Fig. 

16. It is evident that �̅� intensifies with increasing 𝐷 and evolves sinusoidally and symmetrically 

in time with the same frequency as 𝑉𝐶𝐹𝐿 and an altered phase. Provided that higher values in 𝐷 

result in larger EG deformations (Fig. 15) due to heavier hydrodynamic load, the fiber 

displacement in the direction of the flow is enhanced for increasing 𝐷. Hence, highly deflected 

fibers require higher velocity in the negative 𝑥- direction to reverse back to their initial position at 

the end of each cycle. This behavior is responsible for the development of larger maximum values 

of negative �̅� with increased 𝐷. The corresponding data for increasing 𝐷 are presented in Table 

6. We observe that the period 𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤, in which �̅� is reversed, decreases for dilute EGL 

matrices. Additional information retrieved from our simulations is that increasing 𝐷 causes �̅� to 

reach its extreme values at instants 𝑡𝑚𝑎𝑥 and 𝑡𝑚𝑖𝑛 which deviate less from those corresponding to 

𝑉𝐶𝐹𝐿. The effect of fiber elasticity on the hydrodynamics of the EGL is minimized, when the latter 

becomes more dilute (higher values of 𝐷), resulting in a reduction in the phase discrepancy 

between the transient profile of �̅� and 𝑉𝐶𝐹𝐿. 
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Figure 17. (a) Drag and (b) torque on a fiber as a function of time for 𝐷 = 20, 25 and 

30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

Table 7. Maximum drag, 𝐹𝐷,𝑚𝑎𝑥, and torque, 𝑇𝐷,𝑚𝑎𝑥, for 𝐷 = 20, 25, and 30 𝑛𝑚. 𝑦𝑝𝑜𝑖𝑛𝑡 refers to 

the 𝑦-coordinate of the equivalent point load of 𝐹𝐷,𝑚𝑎𝑥. 

𝐷 [𝑛𝑚] 𝐹𝐷,𝑚𝑎𝑥 [𝑝𝑁] % 𝐹𝐷,𝑚𝑎𝑥 

increase 

𝑇𝐷,𝑚𝑎𝑥  

[𝑝𝑁 ∙ 𝑛𝑚] 

% 𝑇𝐷,𝑚𝑎𝑥 

increase 

𝑦𝑝𝑜𝑖𝑛𝑡 [𝑛𝑚] 

20 1.14 × 10−4 − 1.65 × 10−2 − 144.7 

25 1.81 × 10−4 58.8 2.51 × 10−2 52.4 138.7 

30 2.87 × 10−4 58.6 3.86 × 10−2 53.5 134.5 

 

Fig. 17 depicts drag and torque on a fiber as a function of time for the corresponding 𝐷 values. 

Both measures demonstrate a periodic and symmetric evolution in time, which is in phase with 

𝑉𝐶𝐹𝐿. Consistently with the findings of the start-up shear analysis, it is indicated that drag and 

torque are magnified with increasing 𝐷 due to the resulting intensification of the flow field (Fig. 

16). An overview of the measured data is presented in Table 7. A step change of 5 𝑛𝑚 with 𝐷 ∈

[20𝑛𝑚, 30𝑛𝑚] is associated with an increase by about 58.7% in the exerted maximum drag on 

EG. On the other hand, the maximum increase in torque is smaller for the respective step change. 

The reason for this is the displacement of the fiber in the negative 𝑦-direction, which causes drag 

to concentrate around a point closer to the EG base. If 𝑦𝑝𝑜𝑖𝑛𝑡 is the 𝑦-coordinate of the point load 
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on the fiber’s body, then in the case of elastic fibers, the torque is not linearly dependent on drag, 

because in the relation 𝑇𝐷 = 𝐹𝐷 × 𝑦
𝑝𝑜𝑖𝑛𝑡

 the length 𝑦𝑝𝑜𝑖𝑛𝑡 is not constant under varying 𝐷. 

 

Figure 18. (a) Fiber-tip 𝑥- and (b) 𝑦- displacement component as functions of time for 𝐷 =

20 𝑛𝑚, 𝐸 = 1𝑘𝑃𝑎 − 100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

In Fig. 18 (a) and (b), we present the measured fiber-tip displacement components over the course 

of three cycles for EG fibers of varying elasticity modulus 𝐸, constant 𝐷 = 20 𝑛𝑚 and ℎ0 =

150 𝑛𝑚. We observe that both 𝑑𝑥 and 𝑑𝑦 evolve periodically and symmetrically in time with the 

same frequency and phase as 𝑉𝐶𝐹𝐿. More flexible fibers (smaller 𝐸) demonstrate large 

deformations which lead to higher 𝑑𝑥 and 𝑑𝑦. Additionally, a decrease in 𝐸 is related to a faster 
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response of the fibers to the oscillatory plasma flow denoted by a monotonous increase in the slope 

of 𝑑𝑥 and 𝑑𝑦 as functions of time as visualized in the vicinity of the beginning of each period. 

Regarding the EGL compression, our simulations predict that the layer is compacted up to 8% of 

its initial thickness for 𝐸 = 1 𝑘𝑃𝑎. 

 

Figure 19. EGL mixed-phase velocity �̅� as a function of time for 𝐷 = 20 𝑛𝑚, 𝐸 = 1𝑘𝑃𝑎 −

100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 

 

Table 8. Maximum, �̅�𝑚𝑎𝑥, and minimum, �̅�𝑚𝑖𝑛, values of the velocity of the plasma-fibers combined 

and the corresponding time instants, 𝑡𝑚𝑎𝑥 and 𝑡𝑚𝑖𝑛, for 𝐸 = 1, 5, 10, and 100 𝑘𝑃𝑎. 𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 is the 

duration of the backflow. 𝑡𝑚𝑎𝑥
𝑉𝑐𝑓𝑙

 and 𝑡𝑚𝑖𝑛
𝑉𝑐𝑓𝑙

 refer to the instants where the imposed 𝑉𝐶𝐹𝐿 acquires its extreme 

values. 

𝐸 

[𝑘𝑃𝑎] 

�̅�𝑚𝑎𝑥 

[𝑛𝑚/𝑠] 

𝑡𝑚𝑎𝑥 

[𝑠] 

𝑡𝑚𝑎𝑥
𝑉𝑐𝑓𝑙

 

[𝑠] 

�̅�𝑚𝑖𝑛 

[𝑛𝑚/𝑠] 

𝑡𝑚𝑖𝑛 

[𝑠] 

𝑡𝑚𝑖𝑛
𝑉𝑐𝑓𝑙

 

[𝑠] 

𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 

[𝑠] 

< �̅� > 

[𝑛𝑚/𝑠] 

1 84.0 0.096 0.5 −128.1 0.938 1.0 0.33 11.6 

5 53.4 0.216 0.5 −51.9 0.818 1.0 0.39 8.2 

10 37.3 0.265 0.5 −26.4 0.770 1.0 0.40 6.9 

100 13.5 0.409 0.5 −0.9 0.914 1.0 0.16 6.3 
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Under varying EG elasticity the temporal progression of the mixed-phase �̅� inside EGL is 

presented in Fig. 19. Our results reveal that a reduction in 𝐸 is related to increased �̅� agreeing with 

the behavior indicated for the transient part in Fig. 11. For higher values of 𝐸, we observe that �̅� 

evolves symmetrically in time, whereas for 𝐸 ≤ 10 𝑘𝑃𝑎 asymmetry arises. Particularly, in the 

cases where 𝐸 is decreased, maximum and minimum values of �̅� appear near the start and the end 

of each period, respectively, and the temporal gap that separates the corresponding instants is 

increased. The duration of the backflow 𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 does not depend monotonically on 𝐸 being 

truncated both for high and small 𝐸 values (Table 8). The phenomenon of reversed flow inside 

the EGL (and occasionally in the bottom part of CFL) due to the fibers’ recoil is a result of their 

elasticity. Consequently, for the asymptotic cases of a) totally rigid EG fibers (𝐸 → ∞) and b) 

fibers that are unable to maintain their structural integrity under shear flow (𝐸 → 0), it is expected 

that no negative �̅� would develop and 𝛥𝑡𝑏𝑎𝑐𝑘𝑓𝑙𝑜𝑤 → 0.  

For very small 𝐸 and during the reversed motion of fibers, large deformations result in the 

emergence of intense negative �̅� whose magnitude occasionally surpasses the corresponding 

maximum positive value. In particular, for 𝐸 = 1 𝑘𝑃𝑎, the absolute value of �̅�𝑚𝑖𝑛 is over 152% 

larger than �̅�𝑚𝑎𝑥 (Table 8). For the cases that �̅�𝑚𝑖𝑛 surpasses �̅�𝑚𝑎𝑥, the highly deflected EG (small 

𝐸) develops amplified velocity to recoil back to its initial position in a limited amount of time. 

Under no circumstances, this phenomenon is translated into a time-averaged of �̅� that is negative 

over the course of one period. To support this statement and avoid any misconception, we present 

the time-averaged of �̅�(𝑡)  as < �̅� >= ∫ �̅�(𝑡)𝑑𝑡
3𝑇

0
/3𝑇 in Table 8, which apart from being positive 

increases with decreasing 𝐸. 
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Figure 20. (a) Drag and (b) torque on a fiber as functions of time for 𝐷 = 20 𝑛𝑚, 𝐸 = 1𝑘𝑃𝑎 −

100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 
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Table 9. Maximum drag, 𝐹𝐷,𝑚𝑎𝑥, and torque, 𝑇𝐷,𝑚𝑎𝑥, for 𝐸 = 1𝑘𝑃𝑎 − 100 𝑘𝑃𝑎. 𝑦𝑝𝑜𝑖𝑛𝑡 refers to 

the 𝑦-coordinate of the equivalent point load of 𝐹𝐷,𝑚𝑎𝑥. 

𝐸 [𝑘𝑃𝑎] 1 5 10 30 50 100 

𝐹𝐷,𝑚𝑎𝑥 [𝑝𝑁] 1.14 

× 10−4 

1.15 

× 10−4 

1.14 

× 10−4 

1.13 

× 10−4 

1.13 

× 10−4 

1.13 

× 10−4 

𝑇𝐷,𝑚𝑎𝑥  

[𝑝𝑁 ∙ 𝑛𝑚] 

1.48 

× 10−2 

1.60 

× 10−2 

1.65 

× 10−2 

1.67 

× 10−2 

1.68 

× 10−2 

1.68 

× 10−2 

𝑦𝑝𝑜𝑖𝑛𝑡 [𝑛𝑚] 129.8 139.1 144.7 147.8 148.6 148.6 

 

The transient evolution of drag and torque on a fiber for different values of 𝐸 is presented in Fig. 

20. The profiles of the corresponding measures are periodic and symmetric in time and in phase 

with 𝑉𝐶𝐹𝐿. The effect of variations in 𝐸 on the drag is negligible in the range 𝐸 ∈ [1𝑘𝑃𝑎, 100𝑘𝑃𝑎]. 

However, because of the vertical displacement of the fibers, we notice that around 𝑡 = 𝑇/2, the 

torque decreases notably for decreasing 𝐸. As was previously discussed, the drag on highly bent 

fibers is accumulated closer to their base and results in reduced torque. Information about the 

computed data is outlined in Table 9. We observe a remarkable deviation over 13.5% to the 

maximum torque between the extreme cases of 𝐸 = 1 𝑘𝑃𝑎 and 𝐸 = 100 𝑘𝑃𝑎, even though the 

drag remains almost constant. 
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Figure 21. Apparent permeability of the EGL as a function of time (a) for 𝐷 =

20, 25 𝑎𝑛𝑑 30 𝑛𝑚, 𝐸 = 10 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚, and (b) for 𝐷 = 20 𝑛𝑚, 𝐸 = 1 𝑘𝑃𝑎 −

100 𝑘𝑃𝑎 and ℎ0 = 150 𝑛𝑚. 



49 | P a g e  

 

 

 

Figure 22. Time-Averaged EGL’s apparent permeability as a function of (a) 𝐷 and (b) 𝐸 and 

comparison with the corresponding permeability of totally rigid fibers. 

 

In pulsatile flow, one can see that the calculated transient apparent permeability presents 

asymmetrical oscillations (Fig. 21). Specifically, the minimum values of 𝑘𝑝 correspond to the 

point in time when the EG fibers are close to their sufficiently deformed state, and their resistance 

to the flow is maximized. On the other hand, the maximum 𝑘𝑝 occurs when they are almost 

undeformed and flexible to move in the direction of the plasma flow, underlining that the EG 



50 | P a g e  

 

flexibility favors the EGL apparent permeability. Regarding the model parameters, we observe 

that 𝑘𝑝 monotonically increases with increasing 𝐷 and decreasing 𝐸. To quantify this behavior, 

we introduce the time-averaged apparent permeability < 𝑘𝑝 >= ∫ 𝑘𝑝(𝑡)𝑑𝑡
3𝑇

0
/3𝑇. In Fig. 22(a), 

< 𝑘𝑝 > as a function of 𝐷 is presented and compared to the case of totally rigid fibers. In both 

cases, we find that < 𝑘𝑝 >  increases with increasing 𝐷. More importantly, our results suggest that 

when the fiber elasticity is accounted for, < 𝑘𝑝 > can be more than one order of magnitude higher. 

Furthermore, we notice that the slope of < 𝑘𝑝 > as a function of 𝐷 is increased for the case of 

elastic fibers. This observation can be justified considering that increasing the gap between 

adjacent fibers intensifies their resulting displacement in time (Fig. 15) or equivalently their 

velocity. The fiber velocity contributes favorably to the mixed fiber-plasma velocity inside the 

EGL and consecutively to < 𝑘𝑝 > (Eq. 17 - 20). This phenomenon is absent in the case of rigid 

bodies and the only mechanism that affects < 𝑘𝑝 >, when 𝐷 varies, is purely geometrical. 

The derived analytical expression of < 𝑘𝑝 > [𝑛𝑚2] as a function of 𝐷 [𝑛𝑚] is given by: 

< 𝑘𝑝 > (𝐷) = 0.196 𝐷2 − 1.17 𝐷 + 8.6  (29) 

where 𝐷 ∈ [20 𝑛𝑚, 30 𝑛𝑚]. 

The explicit impact of the fiber elasticity on the permeability of the EGL is presented in Fig. 22(b). 

For this case, an increase in the elasticity modulus directly decreases the motion of the fibers and 

hence  < 𝑘𝑝 >. Specifically, we notice that for the limit of 𝐸 → 0 𝑘𝑃𝑎, < 𝑘𝑝 > tends to become 

infinitely large corresponding to a non-porous medium, where resisting forces due to solid 

obstacles are absent. For increasing 𝐸, the permeability < 𝑘𝑝 > asymptotically reaches the value 

related to a layer consisting entirely of rigid cylindrical fibers, which are spatially distributed in a 

hexagonal pattern. As our findings reveal, < 𝑘𝑝 > [𝑛𝑚2]  is a rational function of 𝐸 [𝑘𝑃𝑎] of the 

form: 

< 𝑘𝑝 > (𝐸) =
103

(2.16×10−3𝐸2+1.32𝐸+1.79)
 (30) 

where 𝐸 ∈ [1𝑘𝑃𝑎, 100𝑘𝑃𝑎]. 
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7. CONCLUSIONS 

A three-dimensional model was developed for studying the dynamics of EGL and the kinematics 

of the surrounding blood plasma under startup and oscillatory flow conditions featuring a fluid-

structure interaction (FSI) algorithm, which incorporates the material properties of the 

corresponding phases and an elementary geometrical configuration that builds the EGL physical 

domain through the concepts of symmetry and periodicity. Under physiological conditions, our 

findings reveal that the motion of the fibers introduced by their elasticity heavily affects the 

hydrodynamics of the circulating blood plasma, the respective layer’s instantaneous thickness as 

well as its ability to allow the fluid permeation. The answers to the questions posed in the 

introduction are summarized here. In terms of EG dynamics under constant shear blood flow, we 

conclude that: 

• The fibers rapidly deform and are bent towards the vessel wall, reaching a steady-state, 

where their orientation is altered drastically in the flow direction. As a result, the EGL is 

compressed more than 7% of its initial thickness in realistic configurations. 

• The deformation of the fibers generates internal stresses, which at the profile of the fully 

deflected fibers are concentrated close to the endothelium membrane indicating the role of  

EG to act as a transducer of the shear forces imposed by the plasma flow to the endothelium 

surface.  

• The time to reach steady-state increases monotonically with increasing the fiber to fiber 

distance 𝐷 and decreases rationally with increasing fiber elasticity 𝐸.  

• The total hydrodynamic drag on a fiber grows with increasing 𝐷 and is relatively 

unaffected by variations in 𝐸 in the range of the examined parameters. At the steady-state 

and provided that the velocity field has been evaluated, the drag can be approximated by 

the analytical expression of Sangani & Acrivos (1982) [25] for the case of hexagonal 

periodic arrays of elastic cylinders. 

• The total hydrodynamic torque on a fiber increases with increasing 𝐷 and increasing 𝐸.   

 Regarding EG dynamics under oscillatory blood flow, we identify that: 

• The fibers periodically fluctuate between their initial undeformed position and a state of 

fully deflected profile in the flow direction, while their motion is in phase with the blood 

flow. The resulting compression of the EGL can be more than 8% of its initial thickness. 
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• The total hydrodynamic drag and torque on a fiber exhibit a periodic temporal evolution 

being in phase with the imposed plasma flow. Both measures, as functions of 𝐷 and 𝐸, 

present the same behavior detected in the analysis under constant shear flow. 

With respect to the plasma dynamics, our microscopic approach predicts that: 

• Under constant shear flow conditions, the flow field of plasma inside the EGL is strongly 

affected by the spatial distribution of glycocalyx and enhanced in the path that is formed 

through the gap between adjacent fibers. In the proximity of the CFL-EGL interface 

denoted by the fiber-tips, the plasma alternately transitions from CFL to EGL. At steady 

state, the slip-length inside the EGL scales monotonically with 𝐷. 

• Under oscillatory flow conditions, the velocity of plasma inside the EGL evolves 

periodically in time with different phase from the imposed oscillatory plasma flow. This is 

caused by the hydrodynamic interaction with the recoiling fibers, which results in a 

backflow. The latter temporarily extends from the EGL, forming a small region of reversed 

plasma flow at the bottom of the CFL. 

Macroscopically, our analyses emphasize that: 

• Under constant shear blood flow, the ability of the EGL to allow plasma traversal is 

intensified with decreasing 𝐸 and increasing 𝐷. In steady-state, however, the apparent 

permeability of EGL is not affected by 𝐸 alterations and can be determined by the 

analytical approximations for rigid EG fibers [26][27]. 

• When oscillatory shear blood flow is imposed, the glycocalyx mobility substantially affects 

the apparent permeability of the EGL. Particularly, a time-averaged approximation of 

EGL’s permeability constant reveals that the latter is a monotonic function of 𝐷 and a 

rational function of 𝐸.  

Compared to the case of totally rigid fibers, we underline that in real cardiovascular processes, the 

permeability of EGL can be one or two orders of magnitude larger. To this end, should a 

macroscopic approach be employed, in which the EGL is treated as a porous medium, the motion 

of EG should definitely be accounted for. 
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8. FUTURE WORK 

• Investigation of the glycocalyx response to pulsatile blood flow of varying frequency. 

• Examination of the effect of different angle of attack of the blood flow on the hexagonal 

array of the fibers. 
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