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Abstract: Purpose: The fluid shear stress (FSS) generated by fluid flow after stent implantation is
an important factor affecting the osteogenic ability of scaffolds and the proliferation and
differentiation of osteoblasts are also affected by FSS. When the bone injury occurs, the blood flow
at the defect changes from laminar flow to turbulent flow. Consequently, it is essential to employ a
numerical simulation method that accurately reflects the actual conditions to study and analyze the
surface FSS experienced by scaffolds and cells, thereby enhancing the osteogenic properties of the
scaffolds. Methods: In this research, nine scaffolds with different structures and pore sizes were
designed. The two-way fluid-structure interaction (FSI) method was used to evaluate scaffolds'
internal flow field velocity and the surface FSS of scaffolds and cells..Results: The results show that
the velocity distribution of different scaffolds is basically the same. FSS on the scaffold surface and
FSS on cell surface decreased with the increase of scaffold apertures FSS accepted by cells was
much larger than that received by scaffolds, and FSS4vas distributed in a stepped pattern on the cell
surface. Conclusions: Based on the FSS of the secaffold and cell surface, the triangle-600 and
triangle-800 scaffolds have better osteogenic differentiation ability/ This provides a more practical
strategy for tissue engineering to design bettenscaffolds:
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1. Introduction

With the develop at top speed of orthopedic treatment technology, the cure rate of bone defects
has been increasing, but there are still some cases that cannot be cured due to various factors.
Therefore, bone tissue engineering still faces many problems [24,44]. After the bone injury, the
factors affecting bone healing include vascular dysfunction, insufficient osteoblast number, or
decreased activity. These factors can make it difficult to form new bone in the injured area and
hinder the natural healing process [27]. After bone tissue injury, its internal microenvironment will
undergo certain changes, including a decrease in pH, a decrease in oxygen content, an increase in
reactive oxygen species concentration, and so on [43]. According to relevant research, these factors
will have certain adverse effects on bone injury repair [18]. Therefore, the creation of a
microenvironment favorable for bone repair will facilitate the repair of bone defects [17].

A suitable 3D-printed bone repair scaffold is an important part of tissue engineering strategies
[34]. Researching and developing bone-substituting biomaterials has attracted considerable interest

in the biomaterials and orthopedics fields [32]. In addition to the selection of appropriate materials,



the macro- and microstructural properties of materials are crucial [54]. Ideal bone tissue engineering
scaffolds suitable for bone defect treatment must have appropriate three-dimensional structure and
porosity, be able to provide a high specific surface area for cell adhesion, have mechanical strength
capable of carrying the bone defect site, and have biocompatibility, bone conductivity, bone
induction, angiogenesis and biodegradability [13,33]. The porosity of 3D scaffolds for bone repair
must be high enough and have a well-connected pore structure with a high specific surface area [16].
This will allow cells to grow inward and distribute throughout the porous scaffold, thus promoting
the reconstruction and repair of bone tissue [14]. The scaffold shall also have sufficient micropores
to facilitate the inward growth of capillaries. Porosity and pore connectivity are critical for the
transport and exchange of nutrients and the elimination of metabolic wastes [22]. The pore size of
the scaffold is also a matter of importance, because when it is too small, cells can clog the stent
aperture. The proper pore size of the scaffold facilitates the formation of extracellular matrix and
neovascularization. Scaffolds suitable for bonerepair should have a pore size of 200-900um [15].

When a bone defect occurs, stem cells and bone tissue cells are recruited to the affected area
and stimulated by physiological processes, which triggers their osteogenic differentiation [3].
However, when the size of the'defect site is large, natural bone induction may not be sufficient [7].
Therefore, it is also required that the scaffold itself has a certain bone induction function to stimulate
osteogenic differentiation in situ [2,21]. Materials used for scaffold preparation can generally be
divided into polymers, bioceramics, and bioglass [30,47,48,49]. Polymers have attracted a lot of
attention due to their high porosity, their biodegradability, their high specific surface area, and their
mechanical stability [8].

Mechanical stimulation of osteoblasts in vivo involves bone matrix deformation and interstitial
fluid flow; thisis a highly valued method of mechanical stimulation of osteoblastic osteogenic
differentiation of osteocytes [42,46]. ISF flows in response to mechanical loading, muscle
contraction, blood pressure, and other influences, generating FSS at the cell surface [46]. A high
degree of vascularisation is characteristic of bone tissue. When a bone defect occurs, a blood vessel
is damaged by an external force and blood flows through the defect area as a result of the rupture
[23,28]. FSS stimulates osteoblasts and osteocytes more significantly than other cells. When
osteocytes are mechanically stimulated, osteoblasts can convert them into biochemical stimuli and

rebuild bone tissue [12,42,52]. FSS can affect the expression, function and distribution of connexins



on the cell surface, as well as the synthesis, metabolism and release of growth factors, which in turn
affect the biological behavior of cells [20]. Cell function and tissue growth can be predicted by
taking control of the FSS [36]. Therefore, it is important to design suitable bone repair scaffolds and
analyze cellular FSS to induce self-repair of bone tissue.

SALERNO et al. employed a FSS bioreactor to investigate the impacts of different ranges of
FSS on scaffolds for bone repair [29]. Zhao et al. combination of CFD and FE to explore the effects
of different scaffdod structures on FSS [53]. D'Adamo et al. established a CFD model and found
that there is higher shear stress near the entrance of the channel due to.the development of the
velocity profile [4]. In previous research, researchers have used a unidirectional fluid-solid coupling
CFD method to study bone repair scaffolds, and have paid less attention to the impact.of FSS on
cells.

In previous research conducted by our group, a two-way fluid-structure interaction (FSI) model
was established based on laminar flow [5]. However, during bone. injury, damaged blood vessels
rupture, resulting in a transition from laminar to turbulent flow [9]. In the early stages of bone repair,
a turbulent bidirectional fluid-structure coupling model more accurately reflects the physiological
conditions. Consequently, thisstudy.selected bredigite, known for its excellent biocompatibility and
biosafety, as the scaffold material, established a turbulent two-way FSI model, and investigated the
effects of fluid shear stress (FSS) on the scaffold and cells.

2. Materials and methods

2.1, Establishment of scaffold model and scaffold loaded cell model

This research.used Solidworks 3D modeling software to model the scaffold model and
established three types of scaffold models: square, cylinder, and right isosceles triangle. The scaffold
structures were composed of square, cylinder, and right isosceles triangles, respectively. To meet
the requirements of cell and ossification, each scaffold was established with three different scaffold
sizes, namely different pore sizes, totaling nine types of scaffolds. According to different scaffold
sizes and pore sizes, the models are named square 400-600-800 scaffold, cylinder 400-600-800
scaffold, and triangle 400-600-800 scaffold. For example, the triangle-400 scaffold represents a
triangle structure with an aperture size of 400 um. Table 1 shows the parameters of each scaffold
model.

Table. 1 Parameter of each scaffold model



Structure Square scaffold Cylinder scaffold Triangle scaffold

Scaffold unit size

(L, um)

1000

Aperture size
(d, pm)

400 600 800 400 600 800 400 600 800

A hemisphere with a diameter of 19um 1is the ideal cell model state [10,20]. Figure 1 reveals
a cell model built using Solidworks In the experimental observation, there was a gap between each

cell [51], so the position of the cell load on the scaffold required a certain symmetry, as shown in

Figure 2. At the same time, the position of the cell load should be differen flect the FSS

received by the cells inside the scaffold, taking into account the differen s at each

position inside the scaffold.

a
’
Figure. 2%etrical distribution of loaded cells on the scaffold: (a) Square scaffold; (b) Cylinder scaffold;
(c) Triangle scaffold.
2.2 Two-way FSI flow path
The established two-way FSI model created splits the whole into two parts, the fluid domain
and the solid domain (Figure 1 (d)), with the fluid domain being the blood flow region and the solid
domain being the scaffold and cells. The two-way FSI model places the fluid domain on a solid

surface subjected to fluid impact stresses, where the solid domain will deform and change the area

of the fluid domain as a result of the forces transmitted by the fluid domain. The surface on which



force and displacement are transferred is the FSI surface, which will be placed at the surface in
contact between the fluid and the solid. This research selected the scaffold surface and cell surface
as the FSI surface. Cells loaded with square scaffold and triangle scaffold are 5x5x5 units, and
cylinder scaffold loaded with 4x4x4 units. The middle region of the scaffold model has less fluid
velocity dispersion, so when the fluid passes through this region, its velocity will be higher than
when it passes through other locations of the scaffold. When the surface of the cell loaded on the
scaffold has fluid passing over it, the force and the resulting deformation of the cell under the impact
of the fluid are larger, and the maximum result of the whole scaffold model.can be approximated by
the FSS and deformation of the cell surface here. Therefore, the cell load is located in the middle of
the scaffold, as shown in Figure 2 (d).

2.3 Boundary condition

The scaffold material is selected as bredigite; with an elastic modulus of 118GPa and a
Poisson's ratio of 0.3. The elastic modulus of cells is 4470Pa, and the Poisson's ratio is 0.4 [38,41,52].
Due to the rupture of blood vessels after bone damage, the fluid medium in the fluid domain is set
as blood, with a density of 1060 kg/m3 and a viscosity of 0.003 kg/s [6,35]. Model inlet velocity is
set to 0.1 mm/s [43,44], the wall of the fluid domain is set as a non-slip boundary and the pressure

at the outlet is set to 0 Pa, as shown in Figure 3. Set the flow model to a turbulence model.
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Figure. 3 Two-way FSI flow chart: (a) Scaffold unit: square scaffold on the top, cylinder scaffold on the lower
left, triangle scaffold on the lower right; (b) Cells loaded onto the scaffold; (c) Scaffold unit after the loaded cell:

square scaffold at the top, cylinder scaffold at the lower left, and triangle scaffold at the lower right; (d) The two-



way FSI model was established: the scaffold and cells are set up as solid domains, the blood was in the fliud
domain, and the middle position of the scffold is the loaded cells.
2.4 Governing equation
Two-way fluid-structure interaction follows the most basic conservation principle, and at the
FSI interface of fluid-structure coupling, the fluid-structure stress should be satisfied (7). The

equality or conservation of displacement (d) variables satisfies the following two equations:

Tf‘nf:Ts'nf
{ dy = d, (1

FSS is calculated by the following equation:

T=ug @)
In the equation, v and u represent velocity (m/s) and dynamic viscosity (kg/m/s)
respectively, and velocity (m/s), n represents the x-,<y-, and z- directions of the coordinate axis.

The Reynolds number is calculated by the following formula:
Re =— 3)

In the equal, p, u, D, and v are fluid density (kg/m3), dynamic viscosity (kg/m/s), pore
hydrodynamic diameter (m), and inlet velocity (m/s).

2.5 Solution

Perform two-way fluid-structure interaction analysis using the Fluent and Transient structure
modules in Ansys software to obtain the flow velocity of the scaffold and the scaffold surface FSS
as well as the cell surface FSS.

3. Result

3.1 Flow field analysis

The flow rates of the 9 scaffolds are shown in Figure 4, and the size of FSS received by cells
(Figure 7) is positively correlated with fluid velocity. The flow velocity distribution of the three
scaffold structures is basically the same. When the fluid begins to enter the interior of the scaffold,
the decrease in the entrance area of the scaffold cell leads to a sharp add in flow velocity. Moreover,
the surface area of contact with the fluid at the entrance of the cell is large, and the cells in this area
are subjected to the largest FSS. When the fluid flows inside the scaffold, the area and pores inside
the scaffold increase, and the fluid disperses around, resulting in a slower flow rate. When the pore

diameter of the scaffold gradually becomes larger, the flow of fluid through the scaffold will be



dispersed faster, and the velocity of the fluid will be reduced. The cell surface FSS also decreased
with the increase of the contact area of the fluid with the inner surface of the scaffolds. At this time,

it is very favorable for cells to deposit, adhere, and proliferate inside the scaffold.

B000

Aol fen
Ao ) ol )

point of the fluid, that is, at the inlet and outlet of each scaffold unit model. This is also verified by
the aforementioned fluid velocity magnitude (Figure 4). The surface FSS of each scaffold model
decreases with increasing scaffold aperture, but the osteogenic properties could not be directly
assessed. Osteogenic differentiation was favored when the FSS was <30 mPa. From Figure 6, we
can see the percentage of the surface of each scaffold that was subjected to FSS <30 mPa, which is
the percentage of scaffolds that were able to complete osteogenic differentiation.

Figure 6 highlights that when the pore size of the scaffold increases, the area of the scaffold



surface that is favorable for cells to undergo osteogenic differentiation increases with it. When the
aperture of the scaffold is 400um, the area of FSS<30mPa on all three scaffolds is above 93%,
which is well suited for the osteogenic differentiation on the scaffold surface. When the aperture of
the scaffold is 600 um and 800 wum, the area of FSS<30mPa on all three scaffolds is 100%, which
is beneficial for osteogenic differentiation on the surface of the scaffold. Under different pore sizes,
the area of the triangle scaffold subjected to FSS<30mPa is close to or equal to 100%, which also

means that the triangle scaffold has the strongest osteogenic differentiation ability.

Figure. 5 Distribution of FSS to which the surface of the scaffold is subjected.
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Figure. 6 The percentage of osteogenic differentiation on the scaffoldisurface, that is, the propoftion of the
area with FSS<30mPa.

3.3 Cell surface FSS analysis

The surface FSS to which the cells are subjected is also important for osteogenic differentiation,
and this part of the effect has often been overlooked in previous research. Cells attached to the
surface of the scaffold are of a certain height, and the heightof the protrusion causes the cell surface
to be subjected to a greater fluid action, producing a greater FSS relative to the surface of the scaffold.
Figure 6 illustrates the distribution of surface FSS to which the cell is subjected to fluid action, while
Table 2 shows the amount of deformation produced by the cell due to fluid action. T The presence
of cell surface height also affects the distribution position of FSS on the cell surface, and when the
cell surface height increases, the cell surface FSS increases subsequently. The amount of cell
deformation and fluid velocity are positively correlated with the surface FSS to which the cell is
subjected. Table 2, Figure 4, and Figure 7 can be mutually verified.

Table. 2 The amount of deformation that occurs in cells loaded onto different scaffolds.

Cell deformation

(mm)
Square-400 3.3857e-007
Square-600 1.0955e-007
Square-800 6.334e-008
Cylinder-400 2.3772e-007
Cylinder-600 9.4033e-008
Cylinder-800 7.2645e-008




Triangle-400 1.3274e-007
Triangle-600 6.8225e-008
Triangle-800 6.806e-008

Figure 7 illustrates the top of the cell is subjected to a huge difference in FSS compared to the
bottom, and the closer to the top of the cell, the larger the FSS, which indicates that the FSS
subjected to the surface of the scaffold cannot replace the cell. At the same time, the FSS to which
the cells were subjected was also correlated with the location of the cells inside the scaffold, with
cells in the direction of fluid flow being subjected to a larger FSS due to direct contact with the fluid,
and cells closer to the center of the fluid being subjected to a larger FSS. The overall ESS to which
the cell surface is subjected is distributed in a stepwise manner.

The percentage of cell surface FSS is shown in Figure-8. The FSS to which the cells were
subjected gradually decreased and the number of cells capable of osteogenic differentiation
increased as the aperture size of the scaffold increased. The FSS.to which the cells inside the square-
400 and cylinder-400 scaffolds were subjected was larger, and a larger area was not suitable for
osteogenic differentiation. The remaining scaffold internal cells were subjected to FSS <30 mPa in
a percentage of surface area close to or equal.to 100%; indicating that they were suitable for
osteogenic differentiation. The percentage of surface area of the inner cells of the triangle-400
scaffold subjected to ESS <30 mPa was 98:5%, whereas the percentage of surface area of the inner

cells of the triangle-600 scaffold and triangle-800 scaffold subjected to FSS <30 mPa was 100%.
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Figure. 8 The percentage of osteogenic differentiation on the cell surface, that is, the proportion of the area
with FSS<30mPa.

Differential analysis of the area percentage of cell surface FSS<30mPa was performed using
the AVONA method in SPSS software to investigate the effect of different scaffold structures on the
scaffold osteogenic performance. The results are shown in Figure 8, the mean values of the area
percentage of cell FSS<30mPa for square scaffolds, cylinder scaffolds, and triangle scaffolds were

89.2%, 89.6%, and 99.5%, respectively, and the standard deviations were 13.9%, 9.5%, and 0.8%,



respectively. The error standard deviation gradually increased for square scaffolds, cylinder
scaffolds and triangle scaffolds. There was no significant difference between square scaffolds and
cylinder scaffolds, while there was a significant difference between triangle scaffolds and square

and cylinder scaffolds. In conclusion, the triangle structure of the scaffolds had superior osteogenic

properties.
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Figure. 9 Statistical analysis of square seaffolds, eylinder scaffolds and triangle scaffold.

4. Discussion

Porous scaffolds have become the focus of tissue engineering research because of their good
osteogenic propetties. In this research, three different scaffold structures were designed, and each
scaffold was subdivided into three different pore sizes based on the pore size, totaling nine scaffold
structures. The flow veloeity and surface FSS of the scaffolds in the flow field as well as the cell
surface FSS were investigated by using a two-way FSI method.

Blood is responsible for transporting nutrients such as oxygen, glucose and metabolites in the
body, and the transport rate of nutrients and metabolites is an important factor affecting bone
regeneration [25,39]. The distribution of fluid flow field in the scaffold has an important effect on
the transport rate. The internal flow velocity of the nine scaffolds was the same, and the flow velocity
increased dramatically when the fluid started to enter the inside of the scaffolds. As the fluid flowed
inside the scaffolds, the internal area and pores of the scaffolds increased, the fluid dispersed in all
directions, and the flow rate slowed down. As the pore size of each stent becomes larger, the fluid

gets dispersed rapidly, the velocity of the fluid through the scaffold becomes smaller, and the FSS



to which the cells are subjected becomes smaller. This situation is in favour of cell deposition,
adhesion, and proliferation, which is suitable for osteogenic differentiation.

The fluid shear stress caused by ISF flow can stimulate osteoblast differentiation [8,42,46].
Some in vitro experimental studies have confirmed the above point [11,45]. Therefore, FSS is an
important index to evaluate the osteogenic performance of scaffolds. When the FSS<30mPa, the
scaffold will be conducive to osteogenic differentiation of the defect [26,31,37,52]. FSS can not be
accurately measured under actual in vivo conditions, but FSS can be accurately predicted with the
help of numerical simulation software. How to accurately simulate human environmentin numerical
simulation software is a hot research topic at present. In previous studies, researchers often set the
blood flow form as laminar flow [5]. But when the bone injury-occurs, the damaged blood vessels
rupture, and the blood flow changes from laminar flow to turbulent flow [9]. In the preliminary
stage of bone repair, the two-way FSI model based on turbulence is more consistent with the real
situation.

The FSS of 9 kinds of scaffolds increases with the decrease of the aperture of scaffolds, the
area of the scaffold surface suitablefor osteogenic differentiation also increases, which means that
the osteogenic differentiation.capacity of each structural scaffold is subsequently enhanced. It also
corresponds to previous studies [50]. The surface FSS to which the cells are subjected is also
important for osteogenic ‘differentiation, and this part of the effect has often been neglected in
previous studies | [19,50,53]. Loading cells into the middle of the scaffold approximates the
maximum FSS of osteoblasts attached to the scaffold after implantation in vivo. The FSS on the cell
surface of'each seaffold was consistent with the FSS on the scaffold surface, that is, the FSS
decreased with the increase of the pore size and was more conducive to osteogenic differentiation.
The FSS on the cell surface is much larger than the scaffold. This is because cells adhering to the
scaffold surface are of a certain height, and the height of the protrusion causes the cell surface to be
subjected to a greater fluid action, generating a greater FSS relative to the scaffold surface.
Compared with the previous design of our research group, the osteogenic performance has been
improved [5]. Different scaffold structures have significant effects on the osteogenic performance
of scaffolds. The difference analysis of osteogenic properties of different scaffolds by statistics
showed that compared with square scaffolds and cylinder scaffolds, triangle scaffolds had better

osteogenic ability.



Compared with previous studies, the scaffolds designed by this numerical simulation method
perform better. Triangle scaffolds were superior to square and cylindrical scaffolds in both FSS on
scaffold surface and FSS on cell surface, so triangle scaffolds would be a more favorable choice for
bone repair.

5. Conclusions

In this research, nine bone repair scaffolds with different structures and aperture sizes were
designed and loaded with different locations and numbers of cells depending on the scaffold
structure. The fluid flow inside the scaffolds was analyzed with the help of two-way fluid-structure
interaction in ANSYS software. The flow velocity and surface FSS inside the scaffolds as well as
the cell surface FSS were investigated. The results of this research as well as the innovative models
are shown below:

1. The turbulence model was selected for analysis as it aligns more closely with the actual
conditions of human bone defects.

2. The two-way fluid-structure interaction (FSI) model was developed to analyze the surface
fluid shear stress (FSS) experienceddby the cells within the scaffold. This model takes into account
cell deformation and providessan accurate assessment of the surface FSS acting on the cells.

3. The flow rate of all scaffold models is conducive to the transport of nutrients and metabolites.

4. Both scaffold FSStand cell FSS decreased with the increase of scaffold aperture

5. Statistical analysis showed that different scaffold structures had significant effects on the
osteogenic performance of scaffolds

6. Triangle scaffolds perform well in both scaffold FSS and cell FSS. Among them, trangle-
600 and trangle-800 are suitable scaffold structures for bone repair.
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