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ABSTRACT
It is commonly known thatmechanical stimulation, for example, wall
shear stress (WSS), can affect cellular behaviours. In vitro experiments
have been performed by applying fluid-induced WSS to investigate
the cell physiology and pathology. Porous scaffolds are used in these
experiments for housingand facilitating themicro-physical/chemical
environment on cells during 3-dimensional (3D) cell culturing. It is
known that scaffold porous geometries influence scaffold perme-
ability and internal WSS. Computational simulations are commonly
employed to determine the WSS; however, these simulations can
be computationally expensive and may not be readily accessible to
everyone due to a knowledge gap. To address this limitation, this
studyproposes anempirical equation for calculating the scaffoldper-
meability based on the Kozeny-Carman equation. The new equation
considers the porous geometric features, providing an accurate esti-
mation of the scaffold permeability. Furthermore, the study intro-
duces a new correlation between WSS and permeability, aiming to
establish an efficient and precise estimation of internalWSS. This cor-
relation enables efficient estimation of the WSS within porous scaf-
folds without relying on computationally demanding simulations.
Therefore, the output from this study can negate the issues of using
computational simulation for determining scaffold permeability and
internal WSS under perfusion flow by providing empirical equations.
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1. Introduction

Porous scaffolds play an important part in tissue engineering experiments in vitro. They
are used for housing the cells and facilitating the application of micro-physical/chemical
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environment to cells during 3-dimensional (3D) cell culturing. The scaffolds have porous
structures which can affect the micro-mechanical environment that the cells experience
within a bioreactor (e.g. based on perfusion flow) (Pires et al. 2022). Therefore, the ability to
tune the micro-mechanical environment for cells can be achieved via scaffold porous geo-
metric design. The internal pressure and shear forces are stimuli for these cells and instigate
cell differentiation and cell seeding (Castro et al. 2019). For example, a wall shear stress
(WSS) between 0.1 and 10mPa can stimulate mesenchymal stromal cells differentiating
towards osteogenic lineage for bone tissue engineering in vitro (Melke et al. 2018).

Permeability is themeasureof howwell a scaffold can conduct anddirect the flowof fluid
as well as nutrient delivery throughout the scaffold (Dong and Zhao 2021). Tissue regener-
ation within a scaffold during cell culture processes is dependent on how well nutrients
can permeate through the scaffold structure (Castro et al. 2019). A higher permeability can
enhance nutrient diffusion through the scaffolds. However, the necessary corollary of high
permeability is less structural material. The optimal permeability is therefore the highest
permeability achievable whilst keeping the scaffold mechanically stable.

Scaffold permeability is dependent on architectural properties. Higher porosity will usu-
ally result in a higher permeability. However, a previous study found that the Schwarz P
structures can have a decreased permeability with an increased porosity (Dong and Zhao
2021). Scaffold permeability also affects the WSS on cells within a scaffold according to
previous findings (Ahmed et al. 2023; Vossenberg et al. 2009). As with permeability, WSS
is also affected by variations in porous geometries (Ahmed et al. 2023; Vossenberg et al.
2009). Increases in pore size have been shown to cause oscillating variations in shear stress
(Ouyang et al. 2019). A higher porosity has been shown, in the gyroid TPMS (triply periodic
minimal surface) and a regular lattice structure, to give lower values for WSS (Ali and Sen
2017). For in vitro mechanobiological studies, the calculation of the WSS within scaffolds
is necessary for assessing the cell responses under specific WSS. To facilitate fast and easy
calculation of WSS within a scaffold, power-law functions that link WSS with permeability
have been determined in previous studies (Ahmed et al. 2023). However, to do this, scaffold
permeability needs to be determined first.

Another reason the architectural propertiesmust be considered is that low interconnec-
tivity between the pores in a structure will lead to a fast rate of pore occlusion (Abbasi et al.
2020). Pore occlusion reduces the ability of nutrients to permeate throughout the whole
scaffold. To calculate the scaffold permeability, Darcy’s law (Equation 1) is commonly used:

k = −Q · μ · L
A · �P

(1)

where, Q is the flow rate,μ is the dynamic viscosity, L is the total length of the scaffold, A is
the cross-sectional area and �P is the pressure change over the scaffold geometry.

To use Darcy’s law for calculating the permeability of porous structure, the parameters
(in Equation 1) need to be determined first. To determine the parameter (such as �P in
Equation 1), it needs to be based on either experiment or simulation, which are costly in
terms of time and finance, particularly for scaffolds with complex structures. Therefore,
accurate and fast estimations of permeability based on geometric properties are highly
valued. These accurate estimations are especially valuable for CFD models based upon
micro-Computed Tomography (CT) images as the irregularity and complexity of the mod-
els lead to high computational costs. Amore convenient way to estimate permeability is by
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the Kozeny-Carman equation (Equation 2) (Latief and Fauzi 2012):

k =
(

1
Ck

)
·
(

ϕ3

SA2

)
(2)

where, Ckis the empirical Kozeny constant, ϕ is porosity and SA is the specific surface area.
Oneof themain limitationsof theKozeny-Carmanequation is thatCkis highlydependent

on pore geometry, and it is not currently possible to determine Ckwithout experimental
or simulation results. For example, the Kozeny constant for a micro-CT-based model was
determined both computationally and experimentally (Truscello et al. 2012). The results
indicated a linear relationship between permeability and the ratio ϕ3/SA2. It was found that
more complex geometries had a non-linear relationship (Rahbari et al. 2017). The Kozeny-
Carman constant of more complex geometries was shown to be fit by a second-order
polynomial of porosity (Rahbari et al. 2017). TPMS are some of these complex geometries
andhavegained significant attention in tissueengineering scaffolds for several advantages,
such as a high surface area to volume ratio, less stress concentration, and high permeabil-
ity in comparison to regular lattice structures (Lu et al. 2020). These factors aid in better cell
adhesion,migration, andproliferation (Murphy, Haugh, andO’Brien 2010). Itwas found that
a second-order polynomial of the Napierian logarithm fits the Kozeny-Carman constant of
TPMS geometries with a high accuracy (Zhang et al. 2020). The limitation was that a high
number of simulations at different porosities of a single geometry must be completed to
determine this relationship.

To address these limitations, in this study, it was hypothesised that an updated Kozeny-
Carman equation for TPMS scaffolds could provide a more accurate prediction of the
scaffold permeability, and thus WSS, using an empirical function. To test this hypothe-
sis, the data-driven approach was used based on the permeability and WSS generated
from the CFD model, which was calibrated and validated by fluidic experimental mea-
surement. The output from this study will enable the fast estimation of the WSS and
permeability of theTPMSscaffolds. Also, it is expected to facilitate scaffoldporousgeometry
determination/design for 3D in vitro mechanobiological experiments.

2. Materials andmethods

2.1. Scaffold geometric design

TPMS exhibit intriguing topological features and their interconnected porous network has
led to them being used in tissue engineering. The solid structures, which are generated
based on the surfaces, can take the form of one of two different lattices: a ligament-based
(or skeletal) lattice and a sheet-based lattice (Abou-Ali, Lee, and Abu Al-Rub 2022). In a
ligament-based lattice, the surface splits a volume into twoparts. Oneof these parts is solid-
ified and makes up the lattice. In a sheet-based lattice, two different surface topological
equations are used and the gap between these two surfaces is then solidified. That solid-
ified gap is used to make up the lattice. In this study, the ligament-based lattices and the
TPMS lattices were used (e.g. as shown in Figures 1(a and b)).

The level-set approximation equations, based on trigonometric functions, were used to
define the TPMSs to a high level of precision (Gandy et al. 2001). Thegyroid and FKS surfaces
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Figure 1. Geometric examples of (a) gyroid pore and (b) FKS pore; boundary conditions for (c) micro-
model and (d) macro-model.

are described by the following equations respectively (Zou et al. 2022):

�G = cos(x)sin(y) + cos(y)sin(z) + cos(z)sin(x) − C (3)

�FKS = cos(2x)sin(y)cos(z) + cos(x)cos(2y)sin(z) + sin(x)cos(y)cos(2z) − C (4)

where C is the level-set constant and the surface of the structures is determined when
� = 0. When −1 < C < 1, C controls the pore morphology and therefore can be altered
to change pore size and porosity (Lu et al. 2022).

In the Equations (3) and (4), level-set approximations equations were controlled by both
the trigonometric functions and the level-set constant. Using the level-set equation, it could
be determined whether a specified coordinate was on one side of the surface or on the
other. This was determined bywhether the sum of the trigonometric functions was greater
or less than the level-set constant C. As the value of the level-set constant was altered, the
number of coordinates on each side of the surface changed. This showed a direct relation-
ship between the porosity of a TPMS scaffold and the level-set constant C. This relationship
has already beendetermined for the gyroid surface (Equation 5) byWalker et al. (2017). Sim-
ilarly, thepore size couldbe alteredby changing the level-set constant. This relationshiphas
also been identified for the gyroid surface (Equation 6) by Walker et al. (2017):

C = 0.7864ϕ3 − 1.1798ϕ2 − 2.5259ϕ + 1.4597 (5)

dp = −11.7311C5 − 0.1307C4 − 1.7987C3 + 0.2070C2 − 186.9928C + 433.0114 (6)

where ϕ is the porosity, C is the level-set constant and dp is the pore size.
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Using these two relationships, TPMS scaffolds could bedesignedwith both pore size and
porosity as geometric factors in a MATLAB application – MSLattice (Al-Ketan and Abu Al-
Rub 2021). In our study, the scaffoldswith gyroid-shape struts (in Figure 1(a)) had porosities
ranging from 50-90% and pore sizes from 600 to 1000µm (Al-Ketan and Abu Al-Rub 2021),
with overall dimensions of 12× 12× 2mm. Using a similar method to Walker et al. (2017),
pore size-constant andporosity-constant relationshipsweredetermined for the FKS surface
(Figure 1(b)) as shown in Equations (7) and (8):

C = 0.7541ϕ3 − 1.1294ϕ2 − 1.5154ϕ + 0.9459 (7)

dp = 0.0835C2 − 215.2690C + 216.4987 (8)

Scaffolds of the FKS surface for dimensions 12× 12× 2mm were also designed, and their
porosity and pore size ranges were the same as the gyroid-shape struts.

2.2. Scaffoldsmanufacturing & experimental fluidmeasurement

The scaffolds were fabricated using an Envision One cDLM printer (EnvisionTEC, USA) with
E-Shell Type 600 resinmaterial (EnvisionTec, Dearborn, MI, USA). The Envision One printing
system uses digital light processing with a native 93µm xy-resolution, z-resolution from
50 to 150 µm, a 385 nm wavelength ultraviolet light-emitting diode (UV-LED) light source,
and 180 by 101 by 175mmbuild envelope. Prints were fabricated using a 50 µm layer thick-
ness and 0.7mmsupport tip thickness. Support size andbuild directionwere systematically
altered in multiple batches and visually inspected for quality and printability to determine
a favourable printing configuration. The supportmaterial is provided on the bottompart of
the sample,with the sampleoriented in theupright position. Sampleswereprinted at ambi-
ent temperature,with 17,500ms initial burn-in time, 1000mswaiting timebefore exposure,
300 µm separation velocity per second, and 5000ms per layer exposure time. Prints were
imported as STL files to Envision One Rapid Prototype software (EnvisionTec, v1.23.4820).
After printing, lattices were removed from the build platewith ametal spatula. The support
material was removed from the bottom of the lattices using a blade. The excess resin was
removed using an isopropyl alcohol bath. Lattices were then placed in a PCA 2000 ultravi-
olet curing chamber (EnvisionTec) during post-processing for one hour. After test printing,
it was found that the scaffolds with a porosity higher than 70% for the Gyroid and porosity
higher than 60% for the FKS geometries have lowmanufacturability (e.g. imperfect/broken
struts) for the Envision One cDLM printer. Among the designed scaffold geometries, the
gyroid scaffoldwith porosity of 50% andpore size of 1000μmhas the highestmanufactura-
bility, which resulted in the struts with clear gyroid shape as shown in the zoomed-in image
of Figure 2(b). Based on visual inspection, we demonstrate the high printing quality of the
scaffold used in the experiments in Figure 2(b). Therefore, the scaffold (porosity = 50%,
pore size = 1000μm) was chosen to be used in a fluidic experiment for validating the CFD
model mesh strategy.

In order to measure the fluidic pressure drop due to the scaffold, a millifluidic device
was manufactured using a stereolithography (SLA) 3D printer, Flashforge Foto 8.9 (Flash-
forge, China). This method of 3D printing was used to limit micro-porosities throughout
the device causing leak-off whichwould affect the flow rate and pressure results. In order to
maintain high watertightness, grooves were designed to fit an ‘O-ring’ around the top part



6 M. BEDDING-TYRRELL ET AL.

Figure 2. (a) Experimental setup for measuring the fluid pressure drop over the millifluidic device and
(b) disassembled millifluidic device with expanded view of scaffold in place (scale bar = 4mm).

of the device, shown in Figure 2(b). Additionally, a silicone gasket was placed in between
the two parts of the device. Although the gasket and the ‘O-ring’ ensure a leak-free sys-
tem, visual checkswere carriedout toguaranteedirect perfusionwithout leaks. The scaffold
was placed inside a tight-fitting flow channel in the millifluidic device as shown in Figure
2(b) and the pressure change across the lattice was recorded. The Sensirion SDP800-125 Pa
(Sensirion AG, Switzerland) was used as the pressure sensor for the experiment. The sensor
was connected to the millifluidic device at the inlet and outlet as shown in Figure 2. The
sensing lines were cut to a length to be tight and to keep the sensor above the inlet, thus
allowing high perfusion through the device. A syringe pump was connected to the device
and was set to apply a 3 mL/min flow rate of water for a total 10mL over each scaffold.
Before each measurement, the syringe was expunged to reduce the risk of air bubbles in
the fluid. The presence of air bubbles would have had an adverse effect on the flow rate
through the millifluidic device, thus affecting the pressure difference. The Sensirion Evalu-
ation Kit was connected to the pressure sensor and the USB RS485 Sensor Viewer software
was used to record and export the pressure differential data. Using the exported data from
the USB RS485 Sensor Viewer software (Sensirion AG, Switzerland), peaks of pressure differ-
ence were observed. Then the average pressure difference was recorded during the time
period, which covered 2 full peaks for each scaffold.

2.3. Multiscale CFDmodel

To obtain the scaffold permeability and resultant WSS within scaffolds, the CFD model
was run alongside the experimental setup. Using Computer-Aided Design (CAD) data for
the 3D-printed millifluidic device, a geometric inverse was produced to establish the fluid
domain (Figure 1(d)). Due to the complexity of the scaffolds, a direct CFD model would
have incurred a high computational cost. To lower the computational cost, a multiscale
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approach previously developed by Zhao et al. (Zhao et al. 2019) was used instead. Themul-
tiscale approach split a full-scale CFDmodel into twodistinct simulations (Figure 1(c andd)).
The first CFD simulation determined the permeability and WSS of the scaffold based on a
micro-model geometry. This micro-CFD model calculated the pressure drop over the scaf-
fold, which was used for calculating the permeability according to Darcy’s law (Equation
1). The second simulation used a macro-model geometry, which represented the whole
chamber of fluidic device, to determine the overall pressure drop. In this macro-model, the
whole scaffold was modelled by homogeneous porous media using the calculated perme-
ability from themicro-model. The pressure drop from the inlet to the outlet was compared
to the experimental measurement in order to validate the CFD model in terms of mesh
strategy and boundary conditions. The macro-model in this multiscale approach was the
fluid domain found from the millifluidic device’s CAD data and the micro-model was a
5× 5x2mm section of the geometric inverse of each of the scaffold geometries (Figure
1(a and b)). The first simulation in the multiscale approach was designed with a velocity of
1mm/s inlet and a zero-pressure outlet, with water as a medium to computationally repli-
cate the experimental setup. The fluid regionwas defined as a free fluid and incompressible
Newtonian laminar flow, which follows the Navier-Stokes equations. A mesh-dependent
study was completed on the most computationally expensive gyroid geometry (i.e. 90%
porosity, 600 µm pore size), and it was determined that a mesh cell number of 1,000,000
was optimal based on the accuracy of the result and computational cost. The CFD mod-
els were completed using a finite volume method (FVM) using ANSYS CFX (ANSYS Inc., PA,
USA). Pressure-velocity coupling is used in CFX and is implemented using the Rhie-Chow
algorithm. The convergence criteria of root-mean-square residual of themass andmomen-
tum were set as <10−4. All the simulations were run on the computer with 128GB RAM
and an Intel i7 12700 CPU (12 cores).

2.4. Data analysis

To determine the relationship between the geometric properties-permeability and WSS-
permeability, regression analysis was performed on both datasets, which contained per-
meability and WSS under different scaffold porous geometries generated in Section 2.1.
The FKS and gyroid structures both were made up of non-symmetric pore units. Although
a recent study has sought to find a uniform power-law relationship between WSS and per-
meability for all non-symmetric shapes of pore units, the prediction accuracy still varied
among different shapes of pore units (Ahmed et al. 2023). For this reason, the regression
analysis was not only conducted on the combined results of both structures but also on the
individual structures’ results using Matlab (MathWorks Ltd, MA, USA).

3. Results

3.1. Experimental validation of the CFDmodel

From the fluidic experimental measurement (applied flow rate = 3 mL/min), the pres-
sure drop (from inlet to outlet of a fluidic device) was 2.76 Pa. After adjusting the mesh
strategy, the CFD simulated pressure drop was 2.51 Pa. This showed that the CFD domain
meshed with 1,000,000 elements has a good accuracy. Then we applied this mesh strategy
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(i.e. meshing the CFD domain with approximately 1,000,000 cells) to the simulations of all
scaffolds, which were designed in section 2.1.

3.2. Updated Kozeny-Carman equation for permeability calculation

The range of permeabilities for the FKS and gyroid scaffolds for all porosities and pore sizes
was of the order of 10−8 m2; and theWSS rangeover applied velocity resultswas of an order
of magnitude of 101 Pa, which was similar to the results of (Ahmed et al. 2023). The gyroid
architecture showed that both porosity and pore size are important variables in altering
permeability. Increases in both porosity and pore size lead to increases in permeability.
Increases in pore size lead to decreases in WSS and increases in porosity lead to minor
decreases in WSS. The permeability trend matched the FKS architecture with increases in
porosity and pore size leading to clear increases in permeability. The previous finding by
Ahmedet al (Ahmedet al. 2023) showed that an increase inpore size could lead todecreases
inWSSwas also observed in our study. In contrast to the gyroid results, when analysing the
influence of the porosity on the FKS results, the higher WSS values occurred at 60% and
70% porosity with the lower values of WSS occurring at the periphery porosity values (50%
and 80%).

As indicated by Zhang et al. (Zhang et al. 2020), the relationship between permeability
and the ratio ϕ3/SA2 for TPMS structures is not linear. This was also shown by the sim-
ulation results for both the gyroid and FKS architectures. The results indicated that an
altered Kozeny-Carman equation could fit the results more accurately, where the expo-
nent of porosity was replaced with a value of n which was a function of porosity. The
relationship between the exponent and porosity is shown in Figure 3. Instead of a second-
order polynomial relationship with porosity, a negative exponential relationship was for
the FKS architecture, and a power law relationship was for the gyroid architecture. These
relationships were given in Equation (9) (for FKS architecture) and Equation (10) (for gyroid
architecture):

n(ϕ) = −8.97 × 10−6e16.3ϕ + 10.32e−2.259ϕ (9)

n(ϕ) = −46.75ϕ8.405 + 2.779. (10)

Figures 4(a and b) showed the multi-variable relationships (2D surfaces), which were
described by Equation (11):

k =
(

ϕn

SA2

)
(11)

where, n is dependent on porosity (ϕ), and is determined as shown in supplementary
material – Supplementary Figure 1.

The data points shown in Figure 4 were the permeability results from CFD simulations,
plotted against the porosity of the porous scaffolds and their specific surface area. A clear
similarity between the updated Kozeny-Carman equation and the CFD permeability results
could be observed.

Using the updated Kozeny-Carman model, with the relationships given in Equations (9)
and (10), the estimated permeability could be used to calculate the pressure drop over the
scaffolds within the millifluidic device. For the highest quality scaffold (i.e. gyroid struts,
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Figure 3. Relationships between exponent n and porosity for Equations (9) and (10).

Figure 4. Permeability results calculated by updated Kozeny-Carman equation (surface) and CFD sim-
ulation (dots) for the scaffolds that have (a) FKS pores and (b) gyroid pores with different porosities and
specific surface areas.

porosity = 50%, andpore size = 1000 µm), the estimatedpermeabilitywas 1.12× 10−8m2

compared to the simulated 1.03× 10−8m2. This estimated permeability was then used in
the multiscale model to give the estimated pressure drop over the millifluidic device. This
gave a pressure drop of 2.11 Pa, compared to the experimental result of 2.76 Pa.

Figures 5(a and b) indicate the percentage difference of permeability calculated by the
updated Kozeny-Carman equation and CFD simulation. The gyroid data shows an average
percentage difference of 11.69%. The FKS geometry has an average percentage difference
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Figure 5. Error maps indicating the percentage difference of the permeability calculated by updated
Kozeny-Carman equation and CFD simulation for (a) FKS pores and (b) gyroid pores, with different pore
sizes (vertical axis) and porosities (horizontal axis).

of 9.88%. The colour bar indicates the percentage difference where a darker blue shows
a larger percentage difference and a lighter blue indicates a lower percentage difference
between the updated Kozeny-Carman equation and the CFD results. There was no clear
common trend in the FKS pore data, rather there were regions of high or low percentage
differences. A clear higher percentage difference region occurred at 70–80% porosity and
between 600 and 800 µm; whilst a lower percentage difference region occurred at 50%
porosity between 600 and 800 µm. These twomain regions indicated that lower porosities
tended to have a stronger fit with the updated Kozeny-Carmanmodel. For instance, for the
FKS architecture, an average difference of only 6.92% was found for the geometries with
50% porosity. In the case of the gyroid architecture, an inverse trend could be seen. Higher
porosity showed a much better fit to the updated model. Decreases in percentage differ-
ence could be seen with an increasing porosity between 50% and 80%. There were also
more significant regions in the gyroid data, the clearest one being 800µm for all porosi-
ties having a percentage difference of 0.99%. The scaffolds with porosities of 80%–90%
and pore size of 600 µm–900 µm had a low difference in terms of permeability by updated
Kozeny-Carmanmodel and CFD simulation, whilst porosities of 50%–70% and pore sizes of
900 µm–1000 µmwere in ahigherdifference regionwith anaverageof 21.10% (Figure5(b)).

3.3. WSS – permeability correlation

To facilitate the efficient calculation of WSS within tissue engineering scaffolds for
mechanobiology applications, the correlation betweenWSS and permeability was derived
in this study. Since the average WSS (τ ) within the scaffolds is proportional to the applied
fluid velocity (V) (Ahmed et al. 2023), we introduced a parameter γ = τ / V. Figure 6 exhib-
ited a derived power law relationship between the permeability and WSS results. The
relationshipwasderived from four different equations,whichwere:Darcy’s Law (1), Kozeny-
Carman Equation (2), a relationship between pressure drop (�P) and WSS in Equation (12)
and the equation for hydraulic diameter (DH) based on scaffold porosity (ϕ) and specific sur-
face area SA in Equation (13) (Darcy 1856; Ibragimov 2011; Li, Li, and Yu 2022). This derived
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Figure 6. Functions for calculating WSS (τ ) using permeability (κ), dynamic viscosity (μ), velocity (V)
and porosity (ϕ) obtained by linear regression analysis.

relationship was in Equation (14) below:

τ = �p · DH

4L
(12)

DH = 4ϕ
SA

(13)

γ = τ

V
= CS · μ ·

√
ϕ

k
(14)

where CS is the constant determined by regression analysis, e.g. CS = 1.698 and 1.838
for the scaffolds with FKS architecture (R2 = 0.849) and gyroid architecture (R2 = 0.872),
respectively. If combine all scaffolds together, we had an overall CS = 1.74 with R2 = 0.928
as shown in Figure 6.

4. Discussion

In this study, for validating the CFD model, the pressure drop results between the experi-
ment and simulation of a manufactured scaffold with the highest quality (i.e. gyroid struts,
pore size = 1000μm, porosity = 50%)were highly aligned. Therefore, it could be deduced
that if additional scaffolds weremanufactured to this high quality, then it would be likely to
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produce similarly comparable results. Using these simulation results, an updated Kozeny-
Carman equation for scaffold permeability calculation was developed, based on specific
surface area, porosity, and a porosity-dependent exponent. A new relationship between
WSS and permeability was also determined, based on fluid dynamic viscosity, fluid velocity,
and scaffold porosity.

The experimental data shows that 3D printing TPMS structures with high porosities
(larger than 70%) and low pore sizes (smaller than 800 µm) is currently not feasible with
the Envision One cDLM printer. However, that printer can accurately produce the gyroid
structure with pore sizes of 1000 µm and larger, with porosities of 50% and 60%. The low
resolution of the scaffold struts with small pores and high porosity was also reflected in the
comparison between fluidicmeasurement and refined CFD simulation (see supplementary
material). It is recommended that for future studies, these more difficult-to-manufacture
structures should use an alternative method of additive manufacturing, such as high-end
selective laser sintering or directed energy deposition-arc machines. Melt electro-writing
machines have also been used recently to produce microporous scaffolds specifically for
tissue engineering (Loewner et al. 2022).

The simulation results show that there was a clear negative exponential relationship
between the exponent n and porosity in Kozeny-Carman equation for the gyroid archi-
tecture and a power law relationship for the FKS architecture. In this study, we improved
the original Kozeny-Carman equation by providing an alternative varying exponent for
predicting the porous structure permeability, which was beyond the capability of the orig-
inal Kozeny-Carman equation. For example, it was found that the FKS structures below a
porosity of 40% would be mathematically similar to the original Kozeny-Carman equation,
however with an exponent (n) value of 2.77 instead of 3. Whilst the exponent (n) for the
gyroid structures continued to increase as porosity decreased below 50%, to a maximum
of 10.3.

An alternative Kozeny-Carman equation was also sought as Equation (15):

k = C1 ·
(

ϕ3

(1 − ϕ)2 · SA2
)

+ C2 (15)

whereC1 andC2are obtained through regression analysis from theCFDpermeability results
and geometries of individual specific surface areas (SA).

The average percentage difference of permeability between the CFD results and the
alternative Kozeny-Carman equation (Equation 15) for the gyroid and FKS architectures
were 7.6% and 11.94%, respectively (Supplementary Figures 2–3 in supplementary mate-
rial). Equation (15) overall had a lower percentage difference for the gyroid architecture
compared to our updatedmodel (Equation 11). However, for both the gyroid and FKS archi-
tectures, the updatedmodel (Equation 11) had significantlymore results of the percentage
difference below 1%. Ten results have percentage differences below 1% for the updated
model (Equation 11), compared to only 2 for this model (Equation 15). Additionally, the
highest percentage difference of the permeability by Equation (15) andCFD simulationwas
45.44%, which happened on the scaffold with FKS pore shape, porosity = 60% and pore
size = 600 µm (see Supplementary Figure 3 in supplementary material). Equation (15) had
the advantages of (i) only using 2 constant values rather than 3 and 4 for the FKS and gyroid
respectively; (ii) mathematically simpler to use. Nevertheless, the high quantity of <1%dif-
ference values for the updatedmodel (Equation 11) indicated its superiority over this more
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commonly used Kozeny-Carman model Equation (15) (see the fitting and errors in Figures
4–5 vs Supplementary Figures 2–3).

Theprevious relationshipbetweenWSSandpermeabilitywasbasedonapower law rela-
tionship, where there were two fitted constants – a coefficient and an exponent (Ahmed
et al. 2023). We tested the power law relationship reported by Ahmed et al. (2023) by fitting
it to our CFD results (see supplementary material – Supplementary Figure 4). There were
two clear anomalous data points in the gyroid data, which caused a lowR2 value. Also, com-
pared to the results fromEquation (14) in this study, a higher R2 valuewas found in Equation
(14) than that on the equation in (Ahmed et al. 2023) (Figure 6 vs. Supplementary Figure 4),
meaning our Equation (14) wasmore accurate forWSS calculation according to known per-
meability. Moreover, the updated relationship (Equation 14) was easier to derive as it only
required 1 constant rather than 2, and could also be used for alternative mediums with dif-
ferent dynamic viscosities. This new relationship gave dimensionless constant CS values of
1.698 and 1.838 for FKS and gyroid shapes respectively (or 1.74 if the constant is geomet-
rically standardised). Future studies need to be completed on comprehensive sensitivity
analysis of constant CS influenced by scaffold architectures, such as other TPMS scaffolds –
namely the Schwarz P, Double Gyroid, Diamond, or FRD.

5. Conclusion

One of the biggest challenges in tissue engineering scaffold design is to design scaffolds
to specified properties (e.g. permeability) and internal mechanical environment (e.g. WSS)
for 3D mechanobiological applications. This study has provided accurate and efficient
tools to improve intuitive TPMS scaffold design and/or characterisation of both parameters
(permeability and WSS), specifically:

• an updated Kozeny-Carman equation for scaffold permeability calculation, considering
the porosity and specific surface area;

• a new correlation between WSS and permeability for accurate and efficient estimation
of internal WSS.
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