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A B S T R A C T   

Triply periodic minimal surfaces (TPMS) are mathematically defined cellular structures whose geometry can be 
quickly adapted to target desired mechanical response (structural and fluid). This has made them desirable for a 
wide range of bioengineering applications; especially as bioinspired materials for bone replacement. The main 
objective of this study was to develop a novel analytical framework which would enable calculating permeability 
of TPMS structures based on the desired architecture, pore size and porosity. To achieve this, computer-aided 
designs of three TPMS structures (Fisher-Koch S, Gyroid and Schwarz P) were generated with varying cell size 
and porosity levels. Computational Fluid Dynamics (CFD) was used to calculate permeability for all models under 
laminar flow conditions. Permeability values were then used to fit an analytical model dependent on geometry 
parameters only. Results showed that permeability of the three architectures increased with porosity at different 
rates, highlighting the importance of pore distribution and architecture. The computed values of permeability 
fitted well with the suggested analytical model (R2

>0.99, p<0.001). In conclusion, the novel analytical 
framework presented in the current study enables predicting permeability values of TPMS structures based on 
geometrical parameters within a difference <5%. This model, which could be combined with existing structural 
analytical models, could open new possibilities for the smart optimisation of TPMS structures for biomedical 
applications where structural and fluid flow properties need to be optimised.   

1. Introduction 

Cellular porous structures, such as triply periodic minimal surfaces 
(TPMS) have become increasingly popular for their multifunctionality. 
TPMS are self-standing structures, free of self-intersections, with highly 
ordered and interconnected pores, which makes them lightweight and 
suitable for Additive Manufacturing (AM) (Bobbertet al., 2017; Feng 
et al., 2019). TPMS structures can be divided into two types of struc-
tures, solid-based (or skeletal) and sheet-based. The current study fo-
cuses on sheet-based TPMS structures, as they have shown enhanced 
mechanical properties when compared to the solid-based ones (Al-Ketan 
et al., 2019). TPMS structures are attractive for many engineering ap-
plications thanks to their versatile architecture (adaptable pore size and 
porosity) along with their strong mechanical (elastic modulus and yield 
strength) and mass transport (permeability and diffusivity) properties 
(Qin et al., 2021; Mahmoud et al., 2021; Baiet al., 2020; Luo et al., 2020; 

Thomas et al., 2018). In biomedical engineering, they are expected to be 
especially promising as bone replacements, both as permanent implants, 
where non-biodegradable materials (ceramics or metals) are usually 
used (Kirby et al., 2021; Sezer et al., 2018; Lohmann et al., 2017), as well 
as temporary scaffolds for tissue engineering, in which a biodegradable 
material is preferred (Chandra and Pandey, 2020; Ghassemi et al., 2018; 
Heet al., 2021; Carluccioet al., 2020). Their complex architecture can 
mimic trabecular bone and it can be adjusted to obtain desirable 
porosity and pore sizes to match those of the host tissue. However, a 
deeper understanding of their mechanical and fluid flow properties is 
required to optimise their designs. 

One of the advantages of cellular structures is that they follow 
analytical curves for the calculation of mechanical properties based on 
the Gibson-Ashby model (Yang et al., 2018; Maskery et al., 2018). More 
specifically, new analytical models have been developed in the literature 
to define the mechanical behaviour of lattice structures (Alaña et al., 
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2019). A similar analytical approach would also be desirable to describe 
the permeability of these structures. In porous media, permeability is 
critical as it provides a quantitative characterisation of the ability of the 
fluid to flow through the porous network (González-Neria et al., 2021). 
Measuring permeability is relevant in the design of scaffolds for bone 
tissue engineering, as it is of paramount importance to match the 
permeability of the scaffold to the one of the host tissue, as the diffusion 
of nutrient and cell proliferation and differentiation are directly related 
to the permeability of the scaffold (Serpooshanet al., 2010; Ouyanget al., 
2019). Different factors like the age of the patient (Rodriguez-Florez 
et al., 2014), the density and load bearing capacity of the bone that is 
being replaced, the bone defect geometry or underlying conditions (such 
as arthritis or osteoporosis) cause variability in the targeted structural 
and permeability needs (Metz et al., 2020; Lee et al., 2020). 

The need to determine the mass transport properties of TPMS 
structures for biomedical applications, such as bone scaffolds for tissue 
engineering (Song et al., 2021; Ma et al., 2020a; Kellyet al., 2021), has 
led to a rapid increase in permeability studies in the recent years. Among 
the studies of sheet-based TPMS structures found in the literature, 
Santos et al. (2020) compared various approaches to calculate the 
experimental permeability of three TPMS architectures (Schwarz D, 
Gyroid, and Schwarz P) with a 3.25 mm cell size and a range of poros-
ities from 50% to 80%. Subsequently, Pires et al. (2021) validated those 
results with Computational Fluid Dynamics (CFD) simulations. Despite 
the discrepancies between computational and experimental results, the 
latter being about four times higher, a linear correlation was found 
between the two for all cases. Maet al. (2020b) explored how different 
pore sizes (500–1300 μm) affected the permeability of Gyroid TPMS 
architecture both experimentally and computationally, yielding to 
experimental values that were half of those measured computationally. 
Ali et al. (2020) carried out CFD simulations of Schwarz Primitive, 
Gyroid, F-RD and Double Diamond structures, considering fixed cell 
sizes for each structure of 1, 1.56, 1.84 and 2.54 mm respectively, a fixed 
thickness value and porosity of 80% for all. Different applications might 
require different pore sizes and porosities and previous studies have 
focused on analysing permeability for a specific cell size, porosity or 
considering only one type of structure. As a consequence, a direct 
comparison cannot be done between most of the works that have studied 
the permeability of TPMS structures; therefore, a more parametric 
methodology to calculate permeability in TPMS structures is needed to 

Fig. 1. Cancellous bone sample (a) and representative unit cell models (80% 
porosity) of each TPMS architecture: (b) FKS, (c) G and (d) SP; defining the pore 
size Dp for each architecture. 

Table 1 
Parametric equations of each TPMS structure.  

TPMS 
architecture 

Equation f (x, y, z) = 0 

FKS cos(2x)⋅sin(y)⋅cos(z)+cos(2y)⋅sin(z)⋅cos(x)+cos(2z)⋅sin(x)⋅cos(y) 
G cos(x)⋅sin(y)+cos(y)⋅sin(z)+cos(z)⋅sin(x) 
SP cos(x)+cos(y)+cos(z)  

Fig. 2. Multivariable plot displaying a linear relation (R2>0.98) between the 
pore size, porosity and cell size for FKS, G and SP. 

Fig. 3. Definition of cell size (L), total structure length (Lt) and CFD setup with 
detail view of the mesh with poly-hexcore elements. 

Fig. 4. Schematic representation of the construction of the analytical model.  

Fig. 5. Sensitivity analysis of the permeability variation k (m2) according to the 
number of cells used in the flow direction (z) with the number of mesh elements 
in each model. 
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obtain more general solutions. 
Darcy’s law is usually used to measure the permeability of a laminar 

flow through a porous medium but it requires a previous experimental 
or computational study to obtain all the parameters required. Compu-
tational analyses are a great alternative to the costly and time consuming 
experimental tests, but they can also be simplified into analytical 
models. An analytical model can predict the permeability of the struc-
ture avoiding the need of tedious modelling and simulating. It must be 
noted that the main difficulty behind CFD of TPMS structures is not the 
simulation itself, as the analysis is conducted under simple conditions; 
the real inconvenient is obtaining high-quality Computer-aided design 

(CAD) models and meshes for an optimal study, which can be very 
cumbersome in such geometrically complicated structures. 

An analytical model would avoid the need of tiresome tests (Rahbari 
et al., 2017; Dias et al., 2012; Truscello et al., 2012). Some analytical 
models have been reported in the literature for solid-based TPMS 
structures but these models were fitted for one specific cell size. In those 
models the permeability was presented to be a power function of the 
porosity (Davoodiet al., 2021; Zhianmanesh et al., 2019; Montazerian 
et al., 2017; Montazerianet al., 2019). Hagen-Poiseuille’s law is a 
simpler way to evaluate permeability in porous media, where the 
permeability is described by the medium properties and no further 

Fig. 6. Pressure contours (Pa) and velocity contours and streamlines (m/s) for FKS-5-80 (a), G-5-80 (b) and SP-5-80 (c) simulations.  
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parameters are needed. This model has limitations as it simplifies the 
pore distribution of the medium into a series of unconnected tubes; and 
hence, it cannot be applied universally (Chen and Yao, 2017). However, 
we hypothesise that a similar simplification to the Hagen-Poiseuille’s 
law might be suitable for TPMS architectures, as their pore network can 
be reduced to a group of tubes crossing through a volume thanks to the 
periodicity and interconnection of the pores. 

In the present work, a novel analytical methodology to measure the 
permeability of TPMS architectures will be explored. In order to build 
the model, CFD analyses of a wide range of TPMS structures will be 
carried out and the influence of different parameters affecting the 
computed permeability values will be studied. The aim of the analytical 
model, which will be based on Hagen-Poiseuille’s law, will be to 
determine the permeability of TPMS structures according to their type, 
pore size and porosity, hence providing a general model which could 
open new possibilities for design optimisation as replacements of bio-
logical tissue, such as bone. 

2. Materials and methods 

2.1. Design of TPMS structures 

Three different sheet-based TPMS geometries were used: Fisher-Koch 
S (FKS), Gyroid (G) and Schwarz Primitive (SP) (Fig. 1), which were 
determined by trigonometric functions of x, y and z (Table 1). For each 
architecture, five porosities (50%, 60%, 70%, 80% and 90%) and five 
cell sizes (1, 3, 5, 7.5 and 10 mm) were considered for a total of 75 
models. The models were referred to according to their architecture, size 
and porosity (for example, FKS-5-80 represents a Fisher Koch S archi-
tecture with a 5 mm cell size and 80% porosity). 

The structures were designed using an in-house automated script 
combining Rhinoceros 6 (Robert McNeel & Associates, USA) with the 
Grasshopper plug-in. First, according to the desired TPMS architecture 
and cell size, an implicit surface was generated within a cubic unit cell. 
This unit cell was then repeated in the direction of the corresponding 
axis (x, y, z) to build the whole 3D structure. The surface mesh was 
thickened to achieve the desired porosity. In order to translate the 
desired porosity value to required wall thickness, a function was inferred 
where the porosity (ϕ) was represented as a relationship of the thickness 
(t) and the cell size (L) (Eq. (1)). These functions enabled automatically 
obtaining designs with porosity values within 1% of the desired ones. 
The thickened meshes were refined and the pore sizes were measured. 
The pore size (Dp) was defined as the widest pore found in the structure 
(Fig. 1) similar to the methodology reported by Ali (2019). The pore size 
is directly related to the Reynolds number, and, by considering the 
widest pore, the most restrictive laminar flow condition was studied. It 
was observed that the porosity, pore size and cell size are linearly 
related, so by knowing any two of those parameters, the third one can be 
obtained (Fig. 2). 

ϕ (%)= f (t,L)= k1

( t
L

)
− k2

( t
L

)2
(1) 

For each design, the obtained 3D structure was subtracted from a 
rectangular prism in order to obtain the fluid domain (Fig. 3). A virtual 
volume was built to extend the inlet, allowing the flow to fully develop 
(Han, 1960) and another virtual volume was added to the outlet to 
improve convergence. The total length of the 1 mm cell size model was 9 
mm, with 4 mm for the structure and two virtual volumes of 2.5 mm 
each (inlet and outlet). For the rest of the models the lengths varied in 
proportion. This final mesh was extracted in stereolithography (STL) 
format for further CFD analysis. It must be noted that this final mesh was 
obtained as part of an iterative process, as for the CFD analysis, a 
high-quality mesh is needed, and for complex geometries this can be 
very cumbersome. 

Fig. 7. Permeability values k in logarithmic scale calculated from the CFD 
simulations according to cell size L and porosity ϕ. 

Fig. 8. Normalized permeability by unit cell area k/L2 (− ) vs porosity ϕ (%).  
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2.2. CFD computational setup 

The CFD study was conducted on ANSYS Fluent (Ansys Inc., USA) 
using a model for an incompressible fluid with constant density and 
viscosity and a fully developed flow obeying the Navier-Stokes equation: 

ρ ∂u
/

∂t − μ∇2u + ρ(u ⋅∇)u +∇P = F, ∇⋅u = 0 (2)  

where ρ is the fluid density (kg/m3), u is the velocity of the fluid (m/s), t 
is the time (s), μ is the dynamic viscosity (kg/m s), ∇ is the del operator, 
P is the pressure (Pa) and F represents the force, which for this study is 0. 

For the analysis, the fluid selected was water with a 1000 kg/m3 

density and 0.001 kg/m s viscosity. The inlet velocity varied depending 
on the model to match a fixed Reynolds number equal to 1 (Eq. (3)) 
ensuring a laminar flow regime. Intrinsic permeability k (m2) was 
calculated using Darcy’s law (Eq. (4)): 

Re =
v ρ Dp

μ (3)  

k =
v μ Lt

ΔP
(4)  

where υ, ρ, μ, Dp, Lt and ΔP are the inlet velocity, the density and the 
dynamic viscosity of the fluid, the pore size, the total length of the 
structure and the pressure drop in the model respectively. A dimen-
sionless permeability was also computed by normalizing it with the unit 
cell cross sectional area (k/L2) for each structure (Callens et al., 2021 ). 

Given the repeatability of the structures, a configuration of 1 x 1 x 4 
unit cells was considered, and periodic boundary conditions (PBCs) were 
assigned in the x and y directions to reduce mesh pre-processing and 
computational costs. This simplification created an infinite structure in 
both directions. To consider the effects of the chamber walls, the ob-
tained pressure drop was then corrected by multiplying by a factor of 1.2 
as reported by Pires et al. (2021). A no slip wall condition was applied 
and zero gauge pressure was set on the outlet. 

Two sensitivity analyses were performed for the estimation of the 
pressure drop: one to evaluate the number of unit cells required in the 
flow direction; and a second one, to confirm that the use of periodic 
boundary conditions was an acceptable simplification. The first analysis 
was performed on the G-5-80 structure with 2, 3, 4, 6 and 8 cells in the z- 
direction. To evaluate the influence of assigning periodic boundary 
conditions, the 1.2 factor proposed by Pires et al. was verified by 
comparing the results from three full 4x4x4 structures (G_50_3, SP_70_1, 
FKS_70_10) with their respective 1x1x4 structures with PBCs. 

The 3D models were meshed with poly-hexcore elements in Fluent 

Fig. 9. Correlation between the permeability k (m2) and the pore size for FKS(a), G(b) and SP (c) and linear fitting of the coefficients of the permeability curves 
according to porosity ϕ (%) for each architecture (d). 

Table 2 
Obtained coefficients C1 and C2 for the analytical model, with p-value and 95% 
confidence interval.   

Coefficients Estimation p-value 95% CI 

FKS C1 8.12e-11 1.39e-04 [7.08e-11, 9.15e-11] 
C2 3.05e-09 9.45e-04 [3.78e-09, 2.31e-09] 

G C1 1.37e-10 6.11e-06 [1.31e-10, 1.42e-10] 
C2 – – – 

SP C1 8.95e-11 1.67e-05 [8.39e-11, 9.50e-11] 
C2 3.26e-09 1.25e-04 [3.66e-09, 2.85e-09]  

Fig. 10. Multivariable plot combining the pore size, porosity and permeability 
fitted with the reported equation for FKS, G and SP. 
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Meshing (Fig. 3) and a mesh sensitivity analysis was performed to 
evaluate the independence of the mesh size. A poly-hexcore mesh was 
chosen because it provides a lower element count, higher mesh quality 
and better solver performance (Zore et al., 2019). The maximum 
element size was set to 0.1 mm and the minimum to 0.01 mm with a 
growth rate of 1.2 for the 1 mm cell size models. For the rest of the cell 
sizes, the element sizes were scaled proportionally for an equal total 
element count. Once these parameters were optimised, the 75 models 
were studied. 

2.3. Analytical model 

According to Hagen-Poiseuille’s equation, permeability k (m2) can 
be expressed as: 

k =C0⋅d2 (5)  

where C0 is a dimensionless constant that describes the configuration of 
the flow path and d is the pore diameter. This model simplifies the 
complex pore network of the media into a series of tubes. TPMS struc-
tures can be ideally described that way thanks to their periodic prop-
erties and the interconnection of the pores. 

Similarly, a characteristic equation was sought for each TPMS ar-
chitecture in which the permeability k (m2) was described as a function 
of porosity ϕ (%) and pore size Dp (mm). These two parameters are 
relevant for the design of scaffolds intended for bone regeneration as 
they are related to the porosity of the bone and the trabecular bone 
spacing. In addition, the pore size is also relevant for the CFD analysis to 
calculate the Reynolds number and to determine the inlet velocity. 

The schematic representation of the construction of the analytical 
model is shown in Fig. 4. First, an equation was obtained by fitting the 
CFD permeability results with the measured pore sizes to obtain a co-
efficient C for each porosity level (Eq. (6)); then, the C parameter was 
generalized based on the porosity for each TPMS architecture; the final 
model allowed computing permeability based on porosity and pore size. 

k =C⋅Dp
2 (6) 

The difference between the computational (k) and analytical (ka) 
permeability values was calculated as shown in Eq. (7). 

Difference (%)=
|k − ka|

k
⋅100 (7)  

2.4. Statistical analysis 

The statistical analysis was performed in R with RStudio (R v. 4.0.4 R 
Foundation for Statistical Computing, Austria). The permeability results 
(k) were fitted to obtain the parameter C with a second order polynomial 
model (Eq. (6)), while the relation describing C as a function of the 
porosity for each architecture was fitted with a linear model. The 
goodness of the fits was measured with the R2 value (with significant p 
< 0.05). A confidence interval was also calculated for the linear models. 
The variations in the difference between computational and analytical 
permeabilities were presented in the form of mean difference ± standard 
deviation. 

3. Results 

3.1. Cell number and boundary condition sensitivity 

Permeability increased with the number of cells in z-direction 
(Fig. 5). There was an 8% difference between the values obtained with 2 
and 4 unit cell models but the results stabilized from 4 cells onwards, 
showing differences of less than 2% when increasing the cell number to 
8 unit cells. At the same time, the number of elements in the mesh also 
increased when increasing the cell number. The 8 unit cell model 
required 1.5 times more elements than the 4 cell one. Therefore, the 
optimal equilibrium between precision and computational efficiency 
was considered to be 4 unit cells. 

When measuring permeability of sheet-based TPMS structures, the 
use of periodic boundary conditions resulted in a 11-fold decrease in the 
number of elements but underestimated the pressure drop. 1x1x4 
models with PBC of G_50_3, SP_70_1 and FKS_70_10 structures yielded 
differences of 1.16, 1.15 and 1.21 respectively when compared to 
respective full 4x4x4 models; thus, the 1.2 correction factor adopted by 
Pires et al. (2021) was found to be appropriate also for this study. 

Fig. 11. Detail of the flow path in FKS, G and SP (from left to right) with 90% (top) and 50% (bottom) porosities in perspective view (a) and frontal view of the 
streamlines in SP comparing the 90% porosity model (top) with the 50% porosity model (b). 
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3.2. Computational Fluid Dynamics of TPMS structures 

For a given porosity, the pressure drop, velocity contour and 
streamlines depended on the architecture of the TPMS structure, as 
shown in Fig. 6. The fluid accelerated when flowing through the pores 
and constricted areas and it slowed down in wider zones as shown by the 
velocity diagrams. For a porosity of 80%, SP showed the lowest pressure 
drop and hence, less resistance to fluid flow. This can also be seen by the 
streamlines as the fluid could pass through the structure almost in a 
straight line. On the other side, FKS showed the highest pressure drop, 
leading to most resistance to fluid flow, which is represented by a more 
tortuous path of the streamlines. 

The permeability results obtained on the CFD simulations are rep-
resented in Fig. 7. All three structures followed the same tendency as for 
a given cell size, bigger porosity translated into a bigger permeability; 
and permeability increased with cell size. Permeability values ranged 
between 1.53 x10− 10 m2 for FKS_1_50 and 3.49 x10− 7 m2 for SP_10_90. 
Fig. 8 shows the normalized permeability by unit cell area for each 
structure, which led to one single value per architecture and porosity. It 
can be observed that in all cases permeability increased with porosity, 

with the SP architecture being the most permeable and the FKS the least 
on all porosities but the 50% porosity designs, where the G was the most 
permeable one. Differences in normalized permeability between the 
different architectures increased with porosity. 

3.3. Definition of the analytical model 

The correlation between the permeability and pore size followed a 
second order polynomial curve for each porosity level of each archi-
tecture with R2 ≥ 0.99 and p < 0.001 in all cases (Fig. 9a–c). According 
to Eq. (5) this led to the determination of C for each porosity level of 
each TPMS structure. At the same time, for each architecture, C was 
found to be linearly correlated with porosity following Eq. (8), as shown 
in Fig. 9d. All three fittings had an R2 ≥ 0.99 and p < 0.001 (Table 2). 
Therefore, the analytical model was re-written as shown in Eq. (9) to 
calculate permeability as function of porosity, pore size, and two co-
efficients C1 and C2 whose values depended on the type of TPMS 
(Table 2). A difference between the numerical and analytical results of 
3.31 ± 2.88%, 1.68 ± 1.28% and 0.56 ± 0.43% was found for FKS, SP 
and G architectures respectively. The resulting model can also be 

Fig. 12. Suitable scaffold pore sizes for proximal femur and vertebral body according to their permeability ranges.  
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presented as a surface plot fitted with the defined equations relating 
pore size, porosity and permeability for each architecture (Fig. 10). 

C=C1⋅ϕ − C2 (8)  

ka =(C1 ⋅ ϕ − C2)⋅Dp
2 (9)  

4. Discussion 

In this study, permeability of a wide range of TPMS structures was 
computationally calculated using CFD techniques. 75 different designs 
were studied, with three different sheet-based TPMS architectures (FKS, 
G, SP), five cell sizes (1, 3, 5, 7.5 and 10 mm) and five levels of porosity 
(50%, 60%, 70%, 80% and 90%), which led to pore sizes ranging from 
0.32 mm for G-1-50 to 8.50 mm for SP-10-90. Based on the computa-
tional values and adapting Hagen-Poiseuille’s law, a novel methodology 
to build analytical models for the calculation of permeability of TPMS 
structures was suggested. To the best of the author’ knowledge, this is 
the first time that such general methodology for TPMS structures is 
defined. 

The permeability values obtained computationally agreed with pre-
vious numerical studies. Ali et al. (2020) reported values of permeability 
of 5.36 x10− 9 m2 for G-1.56-80 and 2.48 x10− 9 m2 for SP-1-80 models; 
while in this work, values of 4.90 x10− 9 m2 and 2.52 x10− 9 m2 were 
obtained for the G-1.56-80 and SP-1-80 models respectively. Pires et al. 
(2021) obtained approximate values of permeability of 5 x10− 9 m2, 1.2 
x10− 8 m2, 8.5 x10− 9 m2 and 1.25 x10− 8 m2 for SP60, SP70, G60 and G70 
respectively, considering a 3.25 mm cell size. Maet al. (2020b) obtained 
values of permeability for a G architecture in the range of 0.64 
x10− 9-5.33 x10− 9 m2 considering a 2x2x2 unit cell structure with pore 
sizes from 500 μm to 1300 μm and porosities from 75.1% to 88.8%. A 
more extensive comparison with those and other works was not possible 
due to differences in the considered cell sizes, porosities, or even the 
number of cells considered in the flow direction as it was found in this 
work to be an influential parameter. Despite these differences, the re-
ported values are all in the same order of magnitude as the ones obtained 
in this work. 

Although only three specific architectures were analysed, we 
consider that the methodology can be extended to any sheet-based 
TPMS, as the studied structures have quite a different architecture 
(Fig. 1). The normalized permeability proved that each architecture 
behaves differently when a fluid flows through their pore network, 
displaying different permeability properties. The obtained permeability 
increased with porosity at different rates for each architecture, high-
lighting the importance of pore distribution and architecture (Fig. 8). As 
porosity increased permeability also increased, reaching values at 90% 
porosity which were 6.4, 4.3 and 6.2 times bigger than those for 50% 
porosity, for FKS, G and SP respectively. Among the three types of TPMS 
structures studied here, SP architecture showed to be the most perme-
able one in most of the analysed cases. However, for the 50% porosity 
models, G was the most permeable one. This change might be due to the 
pore distribution, as in the SP, there is one main pore in the centre of the 
surface and smaller pores on the corners. Because of these geometric 
properties, the behaviour differs when porosity increases from 50% to 
90%. With 50% porosity, the central pore in SP is narrower and the wall 
perpendicular to the flow gets thicker than in FKS and G, causing the 
flow path to deviate more. This creates an obstruction of the flow and 
consequently, the pressure drop is higher, making the structure less 
permeable (Fig. 11). This phenomenon does not occur with the FKS and 
G structures as their pore distribution does not cause big changes in the 
flow path depending on the porosity. This implies that, to fully 
comprehend the behaviour of a TPMS architecture, a wide analysis is 
needed, including different cell sizes and porosities. 

The main contribution of this study is the developed analytical 
model, which is adaptable to cell size and porosity. The analytical model 
showed to be a good tool to predict the numerical permeability of the 

studied TPMS structures within a difference <5% in all cases. Among the 
benefits of the model, it must be highlighted that it allows to have a first 
approximation of the required configuration of the structure in terms of 
size and porosity for a specific application. An immediate use for the 
methodology could be the design of scaffolds for bone regeneration: for 
example, a permeability of 2.79 ± 1.91 x10− 9 m2 and 8.05 ± 4.75 x10− 9 

m2 (Nauman et al., 1999) is desirable for proximal femur and vertebral 
body respectively. The reported pore sizes vary from 100 μm up to 1500 
μm with porosities from 40% to 90% (Al-Barghouthi et al., 2020; Deng 
et al., 2021; Ponaderet al., 2010). With this data, a variety of scaffolds 
could be suitable to meet the permeability requirements in both cases 
depending on the mechanical stability sought (Fig. 12). 

Various analytical models have been reported in the literature to 
describe the permeability behavior of solid-based TPMS structures 
(Davoodi et al., 2021; Zhianmanesh et al., 2019; Montazerian et al., 
2017, 2019). These models are limited to one cell size as the unit cell size 
is fixed, and permeability is described as a function of porosity (ϕ) and 
two fitting parameters C and n (Eq. (10)), similar to Eq (6) used in this 
work, where permeability was described as a function of pore size. 
However, in the current study the C parameter has been generalized to 
consider all porosities; hence, a model that considers all the design 
variables has been defined. This model is unique to each architecture 
and describes all the possible models resulting from considering any 
porosity and pore size, which are relevant parameters in the design of 
bone scaffolds. It must also be noted that, as opposed to the variety 
found in solid-based TPMS structures, the exponent n has yielded a fixed 
value of 2 for all three sheet-based architectures, highlighting the 
different permeability behaviour of solid and sheet-based structures. 

k=C⋅ϕn (10) 

One of the limitations of this study is the lack of experimental data 
for comparison; however, the CFD results are in good agreement with 
the values reported in the literature. A linear relationship between 
experimental and computational permeability has been reported (Pires 
et al., 2021; Rahbari et al., 2017; Dias et al., 2012; Truscello et al., 
2012).This means that the presented methodology could be extended for 
experimental settings too: either by using experimental permeability 
values instead of the computational ones to fit the model; or by adding a 
new parameter that would describe the proportional difference between 
experimental and computational data. When including experimental 
data, other parameters such as additive manufacturing defects (Ruiz de 
Galarreta et al., 2020) could also be included in the model. 

The analytical model suggested in the current study could be 
implemented in combination with the analytical model for the structural 
behaviour (Gibson-Ashby) which also depends on the porosity of the 
structure. Together, they could serve as input for a topological optimi-
sation code, which could make use of artificial intelligence and machine 
learning (Guo et al., 2021), for applications where stiffness and 
permeability must be optimised (Lu et al., 2020; Barba et al., 2019). 

5. Conclusion 

One of the challenges in bone tissue engineering is the design of 
structures and biomimetic materials suitable for the regeneration of 
different bone sites and adapted to patient requirements (Wanget al., 
2016; Prasad, 2021). Cellular sheet-based TPMS structures have shown 
to have a promising behaviour thank to their mechanical properties and 
permeability (Kellyet al., 2021; Santos et al., 2020; Pires et al., 2021; Ma 
et al., 2020b; Ali et al., 2020). Analytical models describing their me-
chanical behaviour as a function of porosity already exist in the litera-
ture (Al-Ketan et al., 2018a; 2018b; Abueidda et al., 2016; 2019). 

The main relevant contributions from this work are summarised 
here:  

• A novel analytical model to determine the permeability of sheet 
TPMS structures based on the porosity and pore size was developed. 
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Mechanical and permeability models can be implemented into 
optimisation algorithms to design optimised and personalised scaf-
folds. Novel functionally graded structures could be designed to 
combine the permeability and mechanical properties of various 
models and/or porosities in order to design specific scaffolds for each 
patient or bone site (Al-Ketan et al., 2020).  

• The influence of different CFD modelling parameters on computed 
permeability values was also explored in this work and a simplified 
procedure was defined. This will facilitate further CFD studies of 
these complex structures and will help derive the permeability model 
constants for other sheet TPMS architectures. 

• It was found that, depending on the porosity level, the relative dif-
ferences in permeability between TPMS architectures vary. This 
highlights the importance of studying a wide range of design pa-
rameters prior to the choice of the optimal TPMS architecture for the 
intended application. 
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