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Abstract: In this work, we numerically study the hydrodynamic permeability of new-generation artificial porous materials used as scaffolds for cell growth in a perfusion bioreactor. We consider two popular solid matrix designs based on triply periodic minimal surfaces, the Schwarz P (primitive) and D (diamond) surfaces, which enable the creation of materials with controlled porosity gradients. The latter property is crucial for regulating the shear stress field in the pores of the scaffold, which makes it possible to control the intensity of cell growth. The permeability of functionally graded materials is studied within the framework of both a microscopic approach based on the Navier-Stokes equation and an averaged description of the liquid filtration through a porous medium based on the equations of the Darcy or Forchheimer models. We calculate the permeability coefficients for both types of solid matrices formed by Schwarz surfaces, study their properties concerning forward and reverse fluid flows, and determine the ranges of Reynolds number for which the description within the Darcy or Forchheimer model is applicable. Finally, we obtain a shear stress field that varies along the sample, demonstrating the ability to tune spatially the rate of tissue growth.
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Nomenclature



	Abbreviations




	TPMS
	Triply periodic minimal surfaces



	Symbols




	A, B
	Inlet and outlet boundaries of the sample



	C, D, E, F
	Lateral borders of the sample



	cF
	Forchheimer coefficient



	fK
	Filtration model parameter in Eq. (13)



	K
	Porous medium permeability coefficient



	L
	Sample length



	p
	Pressure



	ReK
	Reynolds number



	r
	Position vector



	u
	Fluid filtration rate in an averaged model of a porous medium



	V
	Volume of porous medium filled by liquid



	v
	Fluid velocity in a model based on a microscopic description



	x, y, z
	Cartesian coordinates



	#1,#2
	Sample serial number



	Greek Symbols




	ε
	Medium porosity coefficient



	μ
	Dynamic viscosity coefficient



	ν
	Kinematic viscosity coefficient



	ρ
	Fluid density



	ϕ
	TPMS function





1  Introduction

The active development of 3-D printing technologies opens up opportunities for creating personalized designs in orthopedic surgery [1–3]. Specifically, bone tissue engineering based on highly porous scaffolds makes it possible to treat bone defects using implantation [4–6]. Currently, scaffolds are the principal tool used for tissue growth [7]. A scaffold is a porous or fibrous matrix of a definite structure seeded with undifferentiated cells of the presumable tissue. It is an integral part of the closed circuit of the perfusion bioreactor, which ensures the filtration of nutrient solution through the scaffold’s pores. For an implant to work reliably, it must mimic the heterogeneity of natural bone, both morphologically (by changing porosity) and mechanically (by changing mechanical properties). The main functions that a scaffold must perform in a biological environment include mechanical support of cells, ensuring their proliferation and differentiation, as well as control of the structure and functions of the tissue. Therefore, the structure that replaces damaged bone parts must have interconnected pores and relatively high porosity to allow cell penetration, vascular ingrowth, nutrient diffusion, and waste product removal [8]. Thus, the scaffold must be a biomimetic of targeted tissue. Bone tissue is heterogeneous both in its structure and in biomechanical characteristics. It means that an ideal scaffold should optimally combine sufficient porosity and strength, as well as withstand various mechanical loads in certain areas [9,10]. For example, to replace damaged trabecular bone tissue, one needs to design a scaffold with high porosity (about 50%–80%), while to replace cortical bone, scaffolds with low porosity (10%–30%) are required [11].

Scaffolds made using 3-D printing technology, as a rule, have a periodic cellular structure [12,13]. Changes in local porosity inherent in bone tissue can be reproduced in structures using a porosity gradient [14–16]. When designing functionally graded scaffolds, one of the most commonly used unit cells is cells based on triply periodic minimal surfaces (TPMS) [17,18]. This class of surfaces is defined as infinite surfaces, which are periodical in three mutually perpendicular directions [19]. The advantage of using these surfaces when designing implants is that the geometry of scaffolds based on TPMS has an explicit analytical expression. In this case, one can easily control the morphology of structures, allowing one to achieve an optimal balance between porosity and stiffness. The latter, in turn, promotes different rates of cell growth, as shown in [20]. Also, structures based on TPMS demonstrate a large specific surface area, which is the principal factor of cell attachment and proliferation, and also provides higher permeability in comparison with similar scaffolds.

It is important to note that hydrodynamic phenomena play a crucial role in the growth of cell mass since shear stresses in the solution stimulate cells to divide [21,22]. Research efforts in tissue engineering are focused on finding the most effective scaffold topology [23]. Numerous studies show that the rate of tissue growth can increase several times, but this effect of stress is not linear [24,25]. There is a critical value above which cells die. Notice that the interaction between the solid matrix and living cells has not yet been sufficiently studied since the scaffold is not the natural habitat of cells. The search for an advantageous scaffold architecture rather occurs through an empirical selection of its topology, as well as the size and shape of the pores of the solid matrix. Models for the cell mass growth in a scaffold are being actively developed at the microscopic level [26–28] and within the framework of continuous medium models [29,30].

When predicting the behavior of cells in scaffolds, the permeability of the structure plays a decisive role, which, in turn, can be controlled using a functional gradient [31]. The biological effectiveness of lattice structures directly depends on the internal architecture of the pores, which means that analysis of liquid permeability makes it possible to predict the cell activity at the stage of designing the lattice structure [32]. Controlling the internal pore structure using a functional gradient locally changes the permeability of the scaffold, which, in turn, directly affects the filtration rate [33] and, therefore, changes the rate of chemical and biological reactions.

Fluid filtration in inhomogeneous porous media was considered in many works; they are reviewed in the monograph by Nield et al. [34]. For example, in [35,36], the effect of the inhomogeneous distribution of medium characteristics on the flow was studied. An important example of natural porous media with heterogeneous properties is the filtration of a two-phase system of immiscible liquids in multilayer and fractured media. This requires the development of new filtration models [37,38]. Also, models of an inhomogeneous porous medium are used to describe the crystallization process [39,40]. It is worth noting that there is another hydrodynamic system for which models of homogeneous or inhomogeneous porous media are widely applied. It is the flow in a Hele-Shaw cell, which refers to the fluid between two flat parallel plates separated by a narrow gap. Several works by the authors have shown that manipulating various physical properties of the cell walls (it is equivalent to changing the properties of a porous medium) allows one to successfully control such flows by localized cooling [41,42] or the electro-osmotic trigger [43].

In this work, we numerically study the hydrodynamic permeability of two popular schemes of functionally graded scaffolds used for cell growth. Mathematical filtration models are based either on the Darcy or Forchheimer equations. Microscopic study is presented by direct numerical simulation based on the Navier-Stokes equation. The paper is organized as follows: In Section 2, we describe the design of functional-graded scaffolds based on triply periodic minimal surfaces. The mathematical formulation of the hydrodynamic problem is provided in Section 3. The numerical method is discussed in Section 4. In Section 5, we present numerical results.

2  Structural Design of Functional-Graded Scaffolds Based on TPMS Concept

Triple periodic minimal surfaces divide the volume, which is considered to be a unit cell, into two different subdomains [19]. Generally, the TPMS function is determined by the following expression [14]:


ϕ(r)=∑l=1L∑m=qMμmlcos⁡(2πκl(PmT⋅r))+Q=0,
(1)

where 
μml
stands for the periodic moment, 
κl
is the scale factor, 
Pm=(am,bm,cm)
is the basic vector, 
r=(x,y,z)
is the position vector, and Q is the parameter controling the porosity variation. To obtain the porosity gradient, an additional summand with a functional dependence with respect to one or more coordinates is introduced in Eq. (1).

The functional gradient of porosity allows the percentage of pores in a structure to be continuously varied in one or two directions without changing the cell morphology. The solid structure with a functional gradient of porosity can be specified by the following expression based on Eq. (1):


ϕi(x,y,z)+Ri(y)≤0,
(2)

where i is the index, which indicates a specific TPMS name, and


Ri(y)=kiy+Qi.
(3)

stands for the function that determines the initial and final values of the porosity. In (3), ki and Qi are the setting parameters. Eq. (3) provides a simple example of a linear gradient along one of the main axes, in this case, along the y-axis. If necessary, one can specify a gradient in an arbitrary direction, as well as specify a more complicated nonlinear dependence Ri on one or more coordinates. The parameters that define the gradient are selected depending on the requirements for the initial and final porosity of the cavity in the direction of the gradient. Calculation of local porosity value at the selected parameters is carried out analytically according to the following expression:


ε=∫∫∫Ω⁡dV(xmax−xmin)(ymax−ymin)(zmax−zmin),
(4)

where


Ω={ϕ(x,y,z)>0, xmin≤x≤xmax, ymin≤y≤ymax, zmin≤z≤zmax}.

One must calculate the gradient parameters for a given initial and final porosity based on the assumption that the planes y = ymin and y = ymax correspond to the planes of homogeneous periodic structures with similar average porosity. In this work, we define the values of initial and final porosities as 0.6 and 0.3, respectively. To satisfy these requirements, we select the values of the parameter Q in Eq. (1) (let us denote them as Q60 and Q30, where the indices correspond to the required porosity values). Then, we solve a system of two linear algebraic equations for two unknown values ki and Qi :


{yminki+Qi=Q60ymaxki+Qi=Q30.

In this work, we consider two materials with a functionally graded structure, which are specified by the following explicit analytical expressions developed within the framework of the TPMS concept:

(1) Schwarz surface P (primitive)


ϕP(x,y,z)=cos⁡(αx)+cos⁡(γy)+cos⁡(βz)+RP(y)=0,
(5)

where


RP(y)=0.35−0.34y;

(2) Schwarz surface D (diamond)


ϕD(x,y,z)= [sin⁡(αx)(sin⁡(γy)sin⁡(βz)+cos⁡(γy)cos⁡(βz))+cos⁡(αx)(sin⁡(γy)cos⁡(βz)+cos⁡(γy)sin⁡(βz))]2+RD(y)=0
(6)

where


RD(y)=−0.23−0.016y.

Here, we assume that


α=β=γ=2πn/a,

where n = 3 is the number of cells in the x-direction. The sample length along the x-axis is a = 15 mm, the origin of the coordinate system is at (0,0,0), and xmin = 0, ymin = 0, zmin = 0, xmax = 15, ymax = 30, zmax = 15.

Eqs. (5) and (6) show how easily the variations of the porosity coefficient can be tuned in these artificial materials. The formulas are developed so that the connectivity of the pores in the porous medium samples is end-to-end, which is crucial for their permeability. Fig. 1 presents the appearance of both functionally graded samples, their main properties, and the dependence of the porosity coefficient of the medium on the coordinate in the direction of the porosity gradient vector.
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Figure 1: 3-D structures with a porosity gradient directed along the y-axis: (a) Schwarz surface P; (b) Schwarz surface D. Each structure consists of 3 × 6 × 3 unit cells

3  Mathematical Formulation in Microscopic and Macroscopic Description of Fluid Flow

A porous matrix characterized by a porosity gradient makes it possible to control tissue growing processes. A dynamic cellular structure is formed in a perfusion bioreactor, where the scaffold acts as a biochip. The study of flow through a porous matrix with a heterogeneous porosity structure implies the consideration of a scaffold with a specific topology. Let us consider the model structures shown in Fig. 1 from a fluid mechanics perspective.

There are two approaches to describing flow through a porous medium saturated with liquid. Let us briefly look at each of them. In a microscopic approach to studying the movement of incompressible fluid in pores, the following equations are used:


ρ(∂v∂t+(v⋅∇)v)=−∇p+μΔv,
(7)


∇⋅v=0,
(8)

where Eq. (7) is the Navier-Stokes equation, and Eq. (8) is the continuity equation. Here ρ and μ denote the density and dynamic viscosity of the liquid, respectively. The pressure p and the fluid velocity in the pores v act as characteristics of fluid motion in Eqs. (7), (8). A microscopic description of fluid flow does not require averaging of Eqs. (7), (8), but depends on complete information about the topology of the solid matrix through which the fluid moves. Such information makes it possible to determine the liquid-solid interface and correctly set the boundary conditions for the problem. Generally, such a procedure is problematic since the structure of pores in the matrix can vary randomly in the shape of the pores and the nature of their branching. In this case, it makes sense to reduce Eqs. (7), (8) to the averaged equations of a porous medium saturated with liquid, for the solution of which detailed information about the structure of the pores is not necessary. This approach to describing a porous medium is called macroscopic.

In the macroscopic approach, the flow intensity is characterized by the filtration rate u, defined as the volumetric flow rate of liquid through a unit area in a porous medium. With this description, one introduces the medium porosity ε, a dimensionless quantity, which is defined as the ratio of the pore volume Vf to the entire volume of the selected element of the medium V:


ε=VfV.
(9)

The filtration rate is related to the average velocity of the liquid in the pores by the relation u = εv. The variety of natural and artificial porous materials determines the usage of different models to describe liquid filtration. When deriving averaged filtration equations, one usually assumes that

•   the matrix is solid and non-deformable;

•   there are no phase transitions from the dispersed component of the medium to the dispersive one and vice versa;

•   the averaged tensor of viscous stresses in the liquid phase is negligible, and the influence of viscosity is taken into account only in the force of interphase interaction.

In this case, the flow of liquid at low filtration rates can be described based on Darcy’s law, which establishes direct proportionality between the pressure gradient and filtration rate:


∇p=−μKu,
(10)

where К is the permeability coefficient of the medium, which contains indirect information about the structure of the solid matrix and the properties of the liquid. This coefficient must be determined. For some simple media, the coefficient K can be obtained analytically. In other cases, a comparison of calculations made within the framework of a micro- and macroscopic description of the system is required.

By comparing Eqs. (7) and (10), one can notice that the Darcy approximation requires negligible inertia in the liquid phase, which is described by the nonlinear term in the Navier-Stokes in Eq. (7). This approximation is usually valid for porous media with a small porosity value, resulting in slow percolation of liquid through the media. This process can be estimated using the local Reynolds number, determined from the size of pores:


ReK=uKν,
(11)

where ν is the coefficient of kinematic viscosity of the liquid.

If the filtration rate is not small (ReK > 1), and the magnitudes and directions of the velocities of liquid particles change significantly due to the tortuosity of the pore channels and the variability of their transverse dimensions, then the role of inertial forces increases, which leads to a deviation of the real filtration law from Darcy’s law (10). To take these effects into account, one applies the Forchheimer equation, in which inertia is taken into account by introducing the term quadratic in filtration rate [34]:


∇p=−μKu−cFρK|u|u,
(12)

where cF is the dimensionless Forchheimer coefficient, the value of which also depends on the nature of the porous material. In calculations of typical natural porous media, the value of cF varies from zero (asymptotic to the Darcy model) to unity for media with moderate porosity. Note that the permeability coefficient in Eqs. (10) and (12), in the general case of a complex solid matrix, can be a function of coordinates. By comparing Eqs. (7) and (12), one can notice that the Forchheimer model accounts for the effect of fluid inertia but ignores the possible non-stationarity of flow and viscous forces in the liquid phase. To take these effects into account, even more complex macroscopic models have been developed, which we do not consider in this work.

To characterize the type of model, choosing between the Darcy (10) and the Forchheimer Eq. (12), we introduce the following dimensionless parameter (see [44]):


fK=Kρu2|∇p|,
(13)

As is known [34], with the Darcy model, relation fK = 1/ReK is valid, and in the case of the system behavior approaching the Forchheimer model, fK tends to an asymptotic value 1.

In this paper, we use direct numerical simulation as a tool to gain insight into how fluid seeps through an artificial porous material with a complicated topology. The problem allows such an approach since the relief of the solid matrix can be derived analytically. Thus, we exactly know where the liquid-solid interface is located and can organize numerical simulations of the liquid behavior, taking into account the boundary conditions. The study at the pore scale is labor intensive. In return, it provides the universality of the obtained results: one can consider a wide variety of porous media over a wide range of Reynolds numbers. In our case, this is crucial since the solid matrix is substantially empty (the porosity coefficient varies from 0.3 to 0.6).

Thus, our study includes two stages. We first use direct numerical simulations to establish the limits of applicability of various averaged porous media models. Also, we determine the value of the permeability coefficient. In the second step, we consider the range of parameters where the macroscopic description works well and make simulations using an averaged model.

4  Numerical Method

Let us numerically study the permeability of two solid matrices with a given model pore topology (Fig. 2). We will refer to the porous matrices given by Eqs. (5) and (6) as samples #1 and #2, respectively. Each sample is a parallelepiped with dimensions of 15 cm × 30 cm × 15 cm. We introduce the Cartesian coordinate system, as shown in the figure. As can be seen from the figure, the pore sizes along the y-axis change but remain fixed along the x- and z-axes. Thus, sample #1, shown in Fig. 2, can be used as a unit cell for building larger systems. For example, in the x and z directions, one can use the periodicity of the pore structure. Also, the topological properties of the sample are reproduced when it is scaled spatially.
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Figure 2: (a) Boundaries of the volume filled with liquid for sample #1: A, B–inlet and outlet surfaces; C, D, E, F–lateral borders; G–solid matrix inclusions; (b) Numerical grid developed for sample #1 in the liquid phase domain

Numerical simulations were performed using the commercial CFD software code Comsol Multiphysics. The samples of solid matrices of artificial porous materials studied theoretically in this work were initially 3-D printed to test their strength under load. The CAD programs having 3-D printing capabilities typically save models in STL format. The Comsol software is convenient for studying systems with complex topology as it allows direct import of STL files from a CAD program for further use, for example, in hydrodynamic research.

The Comsol software uses the finite element method to solve a fluid mechanics problem. As is known, this method is more complicated in implementation but can be applied to the problem with arbitrary topology of the computational domain. The software suggests two solvers (Fully_Coupled and Segregated ones) for fluid mechanics problems. The difference is as follows. For example, let us consider the mathematical model governed by equations L1 and L2 for two physical variables U1 and U2:


L(U)=(L1(U1,U2)L2(U1,U2))=0.

In the case Fully_Coupled solver, the code builds the general Jacobian of the system, which includes all equations and variables:


J=∂L∂U=(∂L1/∂U1∂L1/∂U2∂L2/∂U1∂L2/∂U2).

After the Jacobian is composed, a unified system of equations is solved:


−JΔU=L.

However, the user can apply the alternative Segregated solver. In this case, the program calculates the Jacobian separately for each group of equations:


J1=∂L1∂U1,J2=∂L2∂U2.

The equations are then solved sequentially in an iterative process:


U1←U1+ΔU1−J2ΔU2=L2, U2←U2+ΔU2.

The solution procedure is as follows. Based on the first calculated Jacobian, the program finds a solution to the first group of equations. Then, based on the obtained solution, U1 is refined. After this, the program calculates the second Jacobian and solves the second group of equations. Finally, the second variable U2 is specified. The iterative procedure is repeated until the iteration criterion is met. In our opinion, the Segregated solver is more efficient in terms of memory consumption and time spent to estimate the Jacobian. It is also better in terms of convergence radius concerning the initial conditions than the Fully_Coupled solver. In most cases, we used it in numerical simulations.

To determine the limits of applicability of the Darcy model, we use a microscopic description of the system based on the Navier-Stokes equation. Also, the purpose of the study is to determine the average values of the porous structure, such as ε and K, which are necessary for use within the framework of a simplified macroscopic description. Microscopic calculations were performed using Eqs. (7), (8) for a domain, which is a set of pores filled with liquid. Fig. 2a shows the pore space for sample #1. A domain is a channel through which fluid is pumped in the y-axis direction. A pressure difference 
Δp
is applied to the sample boundaries. On the solid walls of pores, the standard no-slip boundary condition for the Newtonian fluid is assumed, reflecting the role of viscosity in Eq. (7):


v|G=0.
(14)

At the inlet A to the channel, we set the constant velocity:


v|A=vin.
(15)

At the lateral boundaries of the sample, a symmetry condition is set, which is usually applied when simulating systems with periodic porous matrices.

Fig. 2b shows the computational mesh developed for model system #1. As one can see from the figure, the mesh has condensations in the zone of action of viscous boundary layer flows adjacent to the solid-liquid interface. All simulations were performed for a liquid with a density ρ = 103 kg/m3 and a viscosity μ = 10–3 Pa·s.

The permeability of each sample is determined based on the Darcy model (10) when calculated with low Reynolds numbers ReK ~ 10–4. Approximating the pressure gradient by the pressure difference 
Δp
at the inlet and outlet, we obtain the following expression:


K=εvinμLΔp,
(16)

where L stands for the channel length.

5  Numerical Results for Macroscopic Samples

Table 1 presents the calculated values of the porosity and permeability coefficients for two types of solid matrices shown in Fig. 1. To take into account the influence of the porosity gradient, we performed numerical simulations of the fluid filtration both in the positive direction of the y-axis and in the reverse direction. As one can see from the table, the permeability of sample #1 depends little on the sign of the porosity gradient, while the permeability of sample #2 shows a significant dependence on the direction of fluid flow. This result is explained by the different pore structures of the two matrices.
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Fig. 3 shows the dependence of the parameter 
fK
given by (13) on the Reynolds number calculated for two samples of porous media considered in the work. The figures demonstrate the limits of applicability of the Darcy and Forchheimer hydrodynamic models of porous media. As can be seen from the figures, the fluid filtration in the case of sample #1 satisfies the Darcy model at 
ReK<0.09
. At large values of the Reynolds number, one can observe a transition regime, which gives way to the final transition of the Forchheimer model at approximately 
ReK∼1
. In the case of sample #2, the Darcy model works well at 
ReK<0.25
. At higher Reynolds numbers up to 
ReK∼100
, a transition regime is observed. One may notice that the results obtained for the samples differ significantly.
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Figure 3: Transition from Darcy to Forchheimer flow for porous matrices #1 (a) and #2 (b)

Fig. 3 clearly demonstrates that the applicability of the hydrodynamic model within the framework of a macroscopic description must be resolved strictly individually for porous media with a specific internal structure of the solid matrix.

The following interesting point is worth noting. The Forchheimer coefficient for sample #1 occurs relatively large 
cF=fK≈6.55
(Fig. 3a). As is known, the value of this parameter for natural porous media, as a rule, does not exceed 1. One can explain this fact by the artificial nature of the porous medium under consideration and by the existence of large pores in the solid matrix. In real porous media, pore sizes are usually much smaller. However, Fig. 3a eventually demonstrates the transition to the asymptotic Forchheimer flow, proving the applicability of the macroscopic description to porous media of artificial origin.

Once we have determined the characteristics of the averaged continuum, we can perform a numerical study within the framework of a macroscopic description. The dimensions of the calculated domain coincide with the samples presented in Fig. 1. We performed the numerical simulations for a low flow rate vin = 10–4 m/s (approximately 
ReK≈0.089
for sample #1, which is quite far from the transition point to the Forchheimer flow), which allowed the use of the Darcy model (4). To ensure that the macroscopic approach using homogenization and Darcy’s law gives similar values, we compared the pressure distributions along the channel obtained within the micro- and macroscopic approaches. Fig. 4 shows the results of our numerical simulations using a microscopic description of the medium, while Fig. 5 presents the results obtained using the averaged approach. The comparison shows that both approaches give approximately the same results. When comparing results, one should keep in mind that low variations in pressure along the flow are possible because the medium has a porosity gradient, which is not taken into account in the Darcy model.
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Figure 4: Numerical simulation of fluid flow through a porous medium performed within the framework of a microscopic description given by Eqs. (7), (8): the pressure field (a), the velocity streamlines (b), and the velocity magnitude shown in the cross-section x = 5 (c) for fluid seeping through sample #1. The input flow velocity is vin = 10–4 m/s
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Figure 5: Numerical simulation of fluid flow through a porous medium performed within the framework of a macroscopic description given by Eq. (10): pressure field for fluid seeping through sample #1. The input flow velocity is uin = ε·10–4 m/s

6  Numerical Results for Microfluidic Samples

To grow tissue in a perfusion bioreactor, the sample must have a characteristic pore size of about hundreds of microns. In this case, the nutrient solution flow through the pores of the scaffold occurs under microfluidics conditions. Let us reduce sample #1 by 100 times (1.5 mm × 3.0 mm × 1.5 mm). In this case, the unit cell of the matrix is reduced to 500 µ, and the characteristic size of the pore itself varies from 200 to 300 µ. A pore size of 100 to 1000 µ is considered to be the working range for tissue growth. The mathematical formulation of the problem is exactly the same as above.

Fig. 6 presents a practical result calculated for microfluidic sample #1. The figure shows the dependence of the pressure drop that must be created in the sample to achieve the flow velocity at the entrance to the scaffold.
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Figure 6: Variation of the specific pressure drop from the inlet fluid velocity calculated within the microscopic (solid line) and macroscopic description based on Darcy’s law (dashed line)

One can see from the figure that the Darcy model corresponds to a proportional relationship (dashed line). However, a microfluidic sample with a porosity gradient in the direction of pumping behaves in a more complex manner. At low Reynolds numbers, the dependence follows Darcy’s law. But starting from the value of about 10–5 m/s, one can observe a deviation toward increasing the pressure drop. Obviously, this is a price to pay for a more complex (biomimetic) structure of the solid matrix.

Let us consider the distribution of shear stresses in the pores of a microfluidic sample calculated on the walls of a solid matrix. The concept of a functionally graded material implies that the conditions for fluid filtration vary across space. It allows us to tune the field of shear stresses. As is known, the tensile forces of a particular medium element, determined by the shear stress at a given point, have a significant effect on the cell. In particular, the probability of cell division is very sensitive to this effect. The work [21] notes that low shear stresses stimulate cells to divide. There is even a stress value that ensures the most intense tissue growth (about 5·10–5 Pa). For different groups of cells, an increase in the division rate from 2 to 6 times is observed. However, the effect of shear stresses is not linear: with significant stretching, the fluid rather suppresses cell activity. When the stress reaches 5.7·10–2 Pa, cells begin to die.

Fig. 7 shows the distribution of shear stresses calculated on the walls of the solid matrix of a microfluidic sample at a typical inlet velocity of pumping solution through a perfusion bioreactor for tissue growth. As we can see from the figure, specifying the architecture of the solid matrix can determine the distribution of shear stresses in the sample. Therefore, the researcher can indirectly control the tissue growth conditions in different scaffold parts. The structure of the solid matrix becomes a crucial aspect of external control of processes in a bioreactor. Note also that the distribution of shear stresses depends not only on the architecture of the matrix but also on the filtration rate of the solution. The latter becomes a parameter that the researcher can directly change during the technological process.
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Figure 7: Distribution of viscous shear stresses τ on the solid matrix surface shown in the yz-projection. The input flow velocity is vin = 10–5 m/s. The flow direction is from left to right

7  Conclusion

In this work, we numerically investigated the hydrodynamic properties of two porous matrices of artificial origin. Porous materials constructed using the TPMS approach make it possible to change the topology of pores in a sample with precise control of the porosity coefficient value. We have shown that the hydrodynamic properties of a sample can be studied not only within the framework of a microscopic description but also using the averaged Darcy or Forchheimer filtration equations. It was shown that the field of tangential stresses in the studied samples varies significantly along the flow, which makes it possible to control the tissue growth conditions.
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Table 1: Average characteristics of a porous medium

Porous medium model Porosity & Permeability K, m*
sample #1 0.4528 3.889-107°
sample #2 0.4193 3.844:1077
sample #1 (reverse flow) 0.4528 3.829:107°

sample #2 (reverse flow) 0.4193 2.544:1077
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