Journal of
Manufacturing and

Materials Processing

Article

Permea-Design: An Innovative Tool for Generating Triply
Periodic Minimal Surface Scaffolds with Tailored Permeability

Matthew Bedding-Tyrrell 1200, Bjornar Sandnes 3, Perumal Nithiarasu ? and Feihu Zhao 1/%*

check for

updates
Academic Editors: Bin Zhang,
Amirpasha Moetazedian and

Peter Zioupos

Received: 22 January 2025
Revised: 18 February 2025
Accepted: 18 February 2025
Published: 23 February 2025

Citation: Bedding-Tyrrell, M.;
Sandnes, B.; Nithiarasu, P.; Zhao, F.
Permea-Design: An Innovative Tool
for Generating Triply Periodic
Minimal Surface Scaffolds with
Tailored Permeability. J. Manuf. Mater.
Process. 2025, 9,72. https://doi.org/
10.3390/jmmp9030072

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Biomedical Engineering, Faculty of Science and Engineering, Swansea University,
Swansea SA1 8EN, UK; mj.a.bedding@swansea.ac.uk

Zienkiewicz Institute for Modelling, Data and Al, Swansea University, Swansea SA1 8EN, UK;
p-nithiarasu@swansea.ac.uk

Complex Flow Lab, Department of Chemical Engineering, Faculty of Science and Engineering,
Swansea University, Swansea SA1 8EN, UK; b.sandnes@swansea.ac.uk

*  Correspondence: feihu.zhao@swansea.ac.uk; Tel.: +44-(0)-1792-606638

Abstract: The permeability of a porous material is the measure of the ability of fluids
to pass through it. The ability to control permeability is valued by tissue engineers who
manufacture tissue engineering scaffolds that house cells/tissue and facilitate tissue growth.
Therefore, a scaffold design software in which permeability can be entered as a variable
in determining the structure and strut topology would be a desirable tool for tissue engi-
neering researchers. The ability to factor permeability directly into the design of scaffolds
facilitates more effective bone tissue engineering by enabling optimal nutrient transport
and waste removal at regeneration sites. Additionally, having the ability to control the
mechanical environment by indicating a region of acceptable porosities for in vitro cell
culturing is desirable. This desirability is a result of porosity being a major determining
factor in permeability, where increasing porosity will generally mean a higher permeability.
Thus, having an upper bound on porosity means that higher-permeability structures can
be determined whilst maintaining high values of mechanical strength. In this software, a
method is discussed for modifying the Kozeny—Carman equation by incorporating level-set
equations for different triply periodic minimal surface (TPMS) structures. Topology analy-
sis is computed on six different TPMS structures in the toolbox, and a relationship between
a topological constant and permeability is derived through the Kozeny—Carman equation.
This relationship allows for an input of permeability as a factor in the determination of
pore size, porosity, and scaffold structure. This novel method allows for scaffold design
based on a tailored permeability to assist successful tissue engineering.

Keywords: permeability; tissue engineering scaffold; TPMS structures; CAD toolbox

1. Introduction

Three-dimensional (3D) porous scaffolds play an important role in tissue engineering
because they house the tissue cells, facilitate the growth of those cells, and produce the
ECM (extracellular matrix) that is needed for tissue morphogenesis, differentiation, and
homeostasis [1,2]. Among different scaffold designs, TPMS (triply periodic minimal sur-
face) structures are valuable to bone tissue engineers because they combine an ability to
mimic biological bone tissue with high mechanical strength, which is required for bone
regeneration [3]. TPMS structures exhibit lower stress concentrations, which decreases
the probability of scaffold failure whilst undergoing bone regeneration [4]. Many of the
TPMS structures also have a high surface area to volume ratio, which allows for the optimal
delivery of nutrients and oxygen to artificial bone tissues and regeneration sites [5].
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Permeability is a key factor in influencing the environment of cells. It is the measure
of how well a scaffold can direct and conduct the fluid flow. Fluid flow is important for
two main reasons: it induces mechanical stimulation on cells, and it enables the delivery of
nutrients to the growing cells [6]. Therefore, a higher permeability can enhance nutrient
transport throughout the scaffold. Cell migration and growth during cell culture process is
also dependent on the ability of nutrients to permeate through the scaffold [7]. The ability
to tailor the scaffold permeability is valuable because it enables the adjustment of nutrient
transport and mechanical stimulation on cells, which facilitates optimal growth conditions.
It has previously been shown that scaffold porous geometries can influence the scaffold
permeability and internal mechanical /fluidic environment within a bioreactor [8]. It has
also been shown that tortuosity, porosity, and constriction factor all affect permeability [9].
A higher porosity will generally mean a higher permeability and lower wall shear stress
under constant flow rate in a perfusion bioreactor. TPMS structures are known to have a
high permeability, which allows for high levels of nutrient transport and waste removal.
One important component in the high permeability of TPMS scaffolds is their low con-
striction factor, which is due to their periodicity in three independent directions. Another
component of their high permeability is their low tortuosity, which is due to their network
of interconnected pores. Thus, lower values of tortuosity and the constriction factor led
to higher permeabilities [9]. Additional research has indicated permeability can also be
described by porosity, specific surface area, and a geometric shape factor [10]. Software
capable of estimating permeability is already widely used. For example, Alvascience is a
software suite that can predict the permeability of the blood-brain barrier to an ‘accuracy
equal or greater than 0.8 [11]. Convolutional neural networks have also been used to pre-
dict permeability, where the permeability of low-resolution porous media were predicted
to an R? value of 0.896, where R? is the coefficient of determination [12]. However, to the
authors’ knowledge, there is no currently available software that can generate a structure
to a tailored permeability.

In this study, we aim to create a toolbox that can design scaffolds to a tailored per-
meability. To achieve this, it is hypothesized that the Kozeny-Carman equation, which
was originally used for calculating the permeability of porous media, can be modified
by incorporating the level-set constant from TPMS level-set equations [13]. To test this
hypothesis, relationships that relate the level-set constant to porosity and specific surface
area need to be derived and then integrated into the Kozeny—-Carman equation.

2. Materials and Methods
2.1. Topology Analysis

A first step in modifying the Kozeny—Carman equation by incorporating the level-set
constant is to complete topology analysis on each of the TPMS structures. Relationships
that relate porosity, pore size, and specific surface area to the level-set constant need to be
determined. The 6 structures used in this study are the Gyroid, FKS, Primitive, Diamond,
FRD and Neovius [14], whose topologies are shown in Figure 1a. FKS (Fischer Koch S) and
F-RD (F-rhombic dodecahedra) are two of the lesser known TPMS structures; however,
they have the two highest specific surface areas out of the 6 TPMS structures. Therefore, it
is hypothesized that they will have high value as tissue engineering scaffolds [15]. TPMS
structures can take one of two different forms of lattice: a ligament-based lattice and a
sheet-based lattice. In a ligament-based lattice, the surface separates two volumes. One
of these volumes is solidified and makes up the scaffold; the other volume makes up
the void space of the scaffold. In a sheet-based lattice, two surface equations are used
with different level-set constant values. The gap between these two surfaces is solidified,
and this is used to make up the scaffold [16]. A previous study showed close similarity
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between experimental and simulation results for ligament-based TPMS lattices, whilst for
sheet-based lattices, there was significant divergence between the study’s experimental and
simulation results [17]. Therefore, in this study, we use ligament-based lattices for creating
the TPMS geometries.

(@) TPMS Architectures (b) Boundary and loading conditions of
> CFD model

Struts surface
(non-slip wall) Outlet
h ' P=0Pa

Side
surfaces
(non-slip
wall)

Inlet V=1 mm/s

Figure 1. (a) Six TPMS architectures: gyroid, F-RD, primitive, diamond, FKS, Neovius (from top left
to bottom right). (b) CFD simulation setup to determine Kozeny constant .

One method of generating these surfaces is to use level-set approximation equations,
based on trigonometric functions. The gyroid surface is approximated by the following
equation [18]:

Di(x,y,z) = cos(x)sin(y) + cos(y)sin(z) + cos(z)sin(x) — C, 1)

where C is the level-set constant and calculates the surface when ®g = 0. The level-set
constant controls the pore morphology and therefore can be altered to change the initial
pore size and porosity [19].

The level-set approximation is controlled by both the trigonometric functions and the
level-set constant. By calculating the level-set equation (Equation (1)) at a given Cartesian
coordinate, it can be determined whether that point is in the solid or void phase. If the sum
of the trigonometric functions is greater than C, then @ > 0, and the point is considered to
be in the solid volume. If the sum is less than the value of C, then ¢ < 0 and the point lies
within the void space. As the value of the level-set constant is altered, the morphology of
the surface changes, thus changing the ratio of coordinates on each side of the surface. This
shows that there is a direct relationship between the level-set constant and the porosity
of a TPMS scaffold. This relationship has already been estimated for the gyroid surface
(Equation (2)) [20]. In a similar method, altering the level-set constant will change the
morphology of the surface, changing the pore size of the structure. This relationship has
also been identified for the gyroid surface (Equation (3)) [20]:

C=0.7864¢> — 1.1798¢* — 2.5259¢ + 1.4597, )

dp?™ = —11.7311C° — 0.1307C* — 1.7987C> + 0.2070C* — 186.9928 + 433.0114,  (3)

where ¢ is porosity and d,%” is the pore size of a structure prior to scaling. A structure can
then be scaled to a specified pore size (d,) using the ratio of d, and d,".

Using a similar automatic method to Reference [20], level-set relationships were
determined for the porosity, pore size, and unscaled specific surface area of each of the
TPMS scaffolds. These relationships, along with the definitions of pore size for each TPMS
structure, are given in the Supplementary Material. Specific surface area is a component
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of the Kozeny-Carman equation and is characterized as the wetted surface area of the
scaffold divided by the bulk volume of the scaffold. Using these relationships and the
Kozeny-Carman equation, code was written to test different 47t x 47t X 47t mm scaffolds to
test how the level-set constant affects the geometric permeability. This scaffold size was
chosen due to a volume dependency study to negate the boundary effects.

2.2. CED Simulation to Determine Kozeny Constant

To assess the accuracy of the Kozeny—-Carman equation (Equation (5)) and the value of
the Kozeny constant, B, 16 scaffolds were simulated using ANSYS CFX 2023 R2 (ANSYS
Inc., Canonsburg, PA, USA) for each of the six TPMS architectures. The scaffolds ranged in
porosity from 50 to 80% with 10% intervals, and for each porosity level there was a range
of pore sizes from 400 to 700 pm with 100 um intervals—this combination of four levels
of porosity and four values for pore size giving 16 scaffolds for each architecture. The
geometric inverse of the TPMS structures was extracted and used as the fluidic domain. The
simulation setup was designed with a free fluid domain on opposite sides of each TPMS
structure with an inlet velocity of 1 mm/s and a zero-pressure outlet applied to the end faces
of the free-fluid domain with water as the medium. Non-slip walls were used on the other
faces of the fluidic domain (Figure 1b). The fluid domains were imported as STL meshes,
then regularized to a size of 50 um, and then solidified (Figure 1b). Pressure—velocity
coupling was used in CFX and was implemented using the Rhie-Chow algorithm [21]. The
convergence criteria of root-mean-square residual of the mass and momentum is <1 x 107,
All of the simulations were run on a computer with 128GB RAM and an Intel i7 12,700 CPU
(12 cores).

The pressure drop was recorded from the inlet to the outlet of the scaffold region, and
Darcy’s law was used to determine the absolute permeability. The absolute permeability
was then divided by the geometric permeability determined from the Kozeny—Carman
Equation (5) to calculate the Kozeny constant, 3, for each of the individual scaffolds.

2.3. Development of Scaffold Design Toolbox

The toolbox functions following the flowchart seen in Figure 2. It uses the updated
Kozeny-Carman equation to return values for porosity and pore size for each of the TPMS
types. The yp-level-set constant relationship (Equation (8)) is used to find values of pore size
for input values of permeability, B, and porosity. This relationship is derived automatically
within the toolbox for all 6 of the TPMS types. The user will be required to input a
permeability and set the ranges for porosity and pore size. As can be seen in Figure 2, the
toolbox will test 6 different porosities within the specified porosity range. The level-set
constant of each of the different porosities is determined using Equation (2); the gyroid
relationship is shown graphically in Figure 3b. The level-set constant (C) is then used to
determine 1 using the equation from the fitting functions in Figure 4. Using permeability,
¥, and B, pore size can be determined using Equation (9). If any of the 6 tested porosities
produces a pore size within the pore size range, the porosity, pore size, and TPMS type are
recorded, and a scaffold is generated and then can be exported. If no pore sizes are found
to be in the specified range, the program will run again with a different TPMS type. This
process will repeat until an acceptable pore size is found or until all 6 TPMS types have
been tested with a nil return.
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Figure 2. Flow chart for the process in which a scaffold is generated.

3. Results
3.1. Updated Kozeny—Carman Equation

Figure 3a relates the level-set constant to the unscaled specific surface area of the
gyroid, where decreasing the level-set constant increases the unscaled specific surface
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area. Figure 3b shows the relationship between porosity and the level-set constant for the
gyroid surface. Similarly, decreasing the level-set constant increases the porosity. This is the
inverse function of Equation (2). Because both porosity and the unscaled specific surface
area are a function of the level-set constant, if the scale factor and the Kozeny constant are
known, then an estimation of permeability can be determined.

50(€)

S(Coa) ===, (4)

1800 (b) 0.75

1600

T
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1200

Porosity (@)
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Unscaled Specific
Surface Area (m™")

800
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Level-Set Constant Level-Set Constant

Figure 3. (a) Level-set constant vs. unscaled specific surface area for scaffolds, (b) level-set constant
vs. porosity for scaffolds.

Porosity and d,°™ can be derived solely from the level-set constant, shown in Equations
(2) and (3), and the unscaled specific surface area (Sp) can also be derived from the level-set
constant, shown in Figure 3a. This carries that the majority of variables that make up
the Kozeny—Carman equation (Equation (5)) can be derived from the level-set constant.
Thus, a variable (¢) of the Kozeny—Carman equation was designed. This variable ()
incorporates all of the variables solely derived from the level-set constant. The equation of
this variable is shown in Equation (8), and the graphical representation of ¢ is shown in
Figure 4. Equation (5) shows the Kozeny—Carman equation, and Equation (6) shows the
combination of Equations (4) and (5). Equation (7) shows the scale factor, «, which is used
to correct the pore size.

3
=5 0s)
_ p. (P3 2
K_ﬁ <(1_¢)2502> &, (6)
_
“ dpzn-zn/ @)
K= Bip-dy’ .
_p(C)-[d, 7T (C)2n]
$(©) = [1-9(C))*So(C)
=15y )

where ¢ is the derived variable, 8 is the Kozeny constant, k is the permeability, ¢ is the
porosity, Sy is the unscaled specific surface area, S is the specific surface area, « is the scale
factor, d," is the pore size of a structure prior to scaling, and d, is the specified pore size.
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Figure 4. Relationship between level-set constant and 1 for gyroid structure by curve fitting.

The results of CFD simulations are shown in Table 1, where the average Kozeny
constant over the 16 variations for each TPMS architecture is given.

Table 1. Average Kozeny constant for each TPMS type.

TPMS Type

Gyroid

Diamond FKS FRD Primitive Neovius

i

0.12 £ 0.021 0.13 £ 0.022 0.12 + 0.019 0.17 £ 0.019 0.15 £ 0.032 0.12 £ 0.032

Table 1 indicates that all six TPMS types have § values close to 0.12. It is noteworthy
that, although the primitive and Neovius structures have close geometric and visual
similarities, they have different values for the Kozeny constant. This contrasts with the
gyroid and FKS architectures, which are geometrically similar and also have the same
B value. The typical value of B in the Kozeny—Carman equation was stated to have a
value around ~0.2 [13]. The simulation results indicate that all the TPMS structures have
significantly lower B values than 0.2.

3.2. MATLAB Toolbox for Scaffold Design

Based on the results of the porous geometry-influenced permeability above, a toolbox
that can produce TPMS scaffolds based on a specified permeability have been developed in
MATLAB R2023b (MathWorks, Netick, CA, USA), e.g., Figure 5 shows the user interface
of the toolbox. The user will be required to enter the overall dimensions of the scaffold,
the ranges for porosity and pore size, and the desired permeability. The ranges of porosity
and pore size are important to enter, as the pore size and porosity of TPMS structures are
highly reliant on appropriate manufacturing methods. The ‘export’ button will generate an
STL file of the scaffold structure, which can then be used in 3D printing software, and the
‘export inverse’ button will generate an STL file of the geometric inverse, which can then be
imported into a simulation software. The function for writing STL files was downloaded
from the MATLAB Online file exchange [22].
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Figure 5. Screenshot of toolbox where a gyroid scaffold has been generated using a permeability
input of 8 x 10~? m? and geometric inputs of 3 mm in each direction.

4. Discussion
4.1. Permeability Comparison of TPMS Architectures

The values of B (Table 1) for each TPMS architecture were inputted into the toolbox,
and this enabled the calculation of accurate permeabilities. Figure 6 shows the ranges of
calculated permeabilities for both the lowest permeability for each TPMS architecture (pore
size 400 pm and porosity 50%) and the highest permeability (pore size 700 um and porosity
80%). From Figure 6, it can be seen that each of the scaffolds produces a higher permeability
than cancellous bone [23]. This is expected, since TPMS structures have high permeabilities
due to their low constriction factor, which, in turn, is due to their repeating units and
their comparatively lower tortuosity. Another interesting observation from Figure 6 is the
length of the ranges of the generatable permeabilities of the TPMS scaffolds. The F-RD,
Neovius, and primitive scaffolds all have broader permeability ranges than the gyroid,
diamond, and FKS scaffolds. The F-RD architecture also seems to have a significantly
larger range of generatable permeabilities, allowing for the highest permeability to be
produced. Additionally, it would seem that the Neovius structure is unique among the six
scaffolds because of its lower range of generatable permeabilities, allowing for structures to
be generated with permeabilities that are closer to that of cancellous bone. Because homoge-
nous TPMS structures have lower constriction factors (leading to higher permeabilities),
it is hypothesized that heterogenous-gradient TPMS structures could be used to achieve
scaffold permeabilities even closer to that of cancellous bone.
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Figure 6. Range of permeabilities for TPMS scaffolds with comparative cancellous bone.

4.2. Limitations and Future Work

The simulation results indicate that the Kozeny—Carman equation, with the Kozeny
constant () included, is an accurate way to estimate the permeability. This work has also
shown that this Kozeny-Carman equation can be derived further into Equation (9), where
the permeability can be determined through pore size, the Kozeny constant, and the new
variable described in this paper. However, one major limitation of this method is that 3
was not constant for each TPMS architecture; decreasing pore size caused higher values
of B. The variation in the value of 8 was negligible for five of the six TPMS architectures;
however, using the same value of B for the F-RD architecture may cause slight inaccuracies
in the calculated permeability. This work has also determined the relationship between
specific surface area and the level-set constant, which was previously unknown, furthering
the work of Walker et al., 2017.

Since the process for determining this new variable is automated, this constant could
be determined for other common TPMS structures such as the lidinoid, CLP, or IWP.
These structures could in future be implemented into the toolbox, if the range of attainable
permeabilities needs to be increased. A further way to attain a larger range of permeabilities
could be to include sheet-based lattices of the already available TPMS structures within
the toolbox. This would first require new constant values and new level-set relationships
to be determined. As described previously, heterogenous gradient TPMS structures could
be used to achieve permeabilities closer to cancellous bone; both porosity and pore size
gradients result in higher constriction factors and so should be tested in future. Additionally,
combination TPMS structures would also result in a higher constriction factor and thus a
lower permeability.

5. Conclusions

In this study, the Kozeny—Carman equation, which is used for calculating the per-
meability of porous material, has been updated for calculating the permeability of tissue
engineering scaffolds with TPMS architectures. Based on this, a design toolbox has been
developed which allows for the efficient generation of TPMS scaffolds with a tailored per-
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meability. This will allow for tissue engineers to design and manufacture tissue engineering
scaffolds with precisely controlled permeability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jmmp9030072/s1.
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