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Abstract
In the field of tissue engineering, there is significant subsidence of the porous design scaffold several

months after implantation. To avoid stress shielding, high scaffold porosity is often set, aiming to

diminish mechanical properties of the scaffold. The more close the mechanical properties of the scaffold
to surrounding tissues, the better bioperformance it will get. Besides, adequate mechanical stability is
needed as the scaffold needs to be well fixed in the target area and it will endure load after surgery.

Evaluating the mechanical fixation of the scaffold at the initial stage and the long-term performance of a
scaffold for in vivo study is hard, as no facility can be put into the target area for the friction test. Finite
element analysis is one of the optimal ways to solve this problem, and it can help researchers to

investigate mechanical behaviors of implants. Further, it offers an alternative approach to evaluating the
scaffold designs prior to conducting physical tests.
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Article Highlights:

® Mechanical stability of the biomimetic scaffold at the initial stage of implantation investigation
® Finite element models for scaffold with new regenerated bone tissue are developed based on in

Vivo tests
® Regenerated bone tissue in the scaffold quantification

1 Introduction
Tissue engineering, a multi-disciplinary technology, provides a porous biomaterial known as a scaffold

as a medical application which could potentially increase the opportunity for tissue regeneration[1-3].
With the ultimate aim of high quality osteogenesis and cartilage regeneration, a scaffold’s morphology,
mechanical and biological function should mimic the properties of bone[4-6]. It is therefore crucial to
understand the compositition and biomechanical properties of the bone before designing an
osteochondral scaffold. The osteochondral unit consists of 3 main parts from top to bottom, which is
cartilage, the subchondral bone plate, and the trabecular bone, which is composed of 10-20% of collagen,
9-20% of water, and 60-70% of bone mineral by weight[7]. The subcondral bone plate has a high
Young’s modulus similar to the cortical bone, providing mechanical support to load bearing. While the
trabecular bone has a lower Young’s modulus with special alignment to dampen the effect of sudden
loading[8].

An osteocondral scaffold should be designed as close as possible to the osteochondral bone with
regards to its geomagical, chemical, biomechanical, and biological properties. To mimic the geomagical

properties of osteochondral bone, a three-dimensional multi-layer scaffold with the trabecular bone in
the surrounding area should have a high porosity and inter-connected pore network[9]. In general,
hydrogels such as polylactic acid (PLA) and poly (lactic-co-glycolic acid) (PLGA), etc., are used for
cartilage regeneration[10-13]. These biomaterials can provide a three-dimensional template for
mesenchymal stem cell (BMSCs) proliferation, migration and differentiation, and can also provide
mechanical support which is similar to cartilage [6]. With regards to osteogenesis, titanium alloys are
widely used due to their excellent biocompability, mechanical properties and chemical stability. High
porosity scaffolds with reduced stiffness can avoid stress shielding, so as not to hinder bone remodeling
and reabsorption[14, 15]. Highly interconnected pore nets with 100-400 um pore size are considered

optimal for bone regeneration [16-18].
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The osteochondral scaffold should have adequate mechanical stability to enable initial fixation with
the host tissues during implantation, as well as enduring loads after the surgery[19] . However, for clinical
applications, the porous design results in diminished mechanical properties. If an implantation is partially
or completely detached, it will fail in vivo, causing significant locking or catching at the target area of
patients[20, 21].

The porosity and pore size are strongly related to the mechanical properties, and it is believed that

high porosity with similar mechanical properties to the natural bone tissues would produce a positive

clinical outcome[22] . As a permanent orthopaedic implant, the scaffold should not only have good
mechanical fixation with the surrounding tissues, but also ensure safety over a long period of life after

surgery. There is contradiction in scaffold design between the pore size, porosity and the strength as well
as fatigue life.

Evaluating the mechanical fixation of the scaffold at the initial stage and the long-term performance
of the scaffold in vivo is difficult and time consuming. Finite element analysis of the mechanical
behaviors of implants offers an alternative approach to evaluating the scaffold design prior to physical
tests.

This paper was aimed to investigate the mechanical stability of the biomimetic scaffold at the initial
stage of implantation. According to previous in-vivo study (in sheep, n=5), scaffold could not maintain
its original position and would sink 1-2 mm in the target area. To further explore the main reason, finite
element models was developed and the physical model of scaffold with new regenerated bone tissue is

created based by sheep femoral condyle image analysis. The FE model is to evaluate the subsidence main
factor is compression or other related factors.

2 Material and methods
2.1 Ethical aspects and animals

Five young female sheep with a mean weight of 81.6 + 6.4 kg were treated according to Animals
(Scientific Procedures) Act (ASPA). Animal housing, feeding, examinations and care were conducted
using established procedures.
2.2 Bionic scaffold osteogenesis quantification

In order to heal the cartilage defect, the novel osteochondral scaffold is designed to mimic

osteochondral bone in compliance with structural, bio-mechanical and bio-functional properties which
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provide a suitable environment for osteogenesis and cartilage regeneration (Fig. 1) [23].

The top layer is made with PLGA infiltrated collagen with 8.5 mm diameter. The middle layer is
made of medium polylactic acid PLA sterilized with 70% ethanol for 15 mins. The top structure of PLA
is designed by layer junction, and each column bar is 0.5 mm in diameter and arranged in the same
direction. The bottom layer is a 6 mm-tall truncated cone (8 mm diameter at the top and 5.9 mm diameter
at the bottom) manufactured with a EOS M270 3D printer using pure titanium powder in the Direct Metal

Laser Sintering (DMLS) method. The collagen layer was produced from monomeric collagens (pepsin

and acid extracted). The collagen gels were then crosslinked to increase geometry stability. After that,
they were impregnated with 10% PLGA solutions and dried using the Critical Point Drying method. To

combine the titanium layer and the PLA layer, hot fusion is used whereby a partially melted PLA lattice
is pressed into the Ti matrix, fusing the two layers together. To attach the collagen-PLGA layer to the
rest of the scaffold, Ti-PLA is partially submerged into the crosslinked collagen suspension before
freezing. After freeze-drying, a physical interlocking is achieved between the collagen-PLGA and Ti-
PLA layers.

In terms of the bone structure, the osteochondral bone is constructed of three main parts from top to
bottom, which are the cartilage, the subchondral bone plate, and the trabecular bone, the bionic scaffold
is designed with 3 different materials. From bottom to top, the titanium layer was designed with 78.6%
porosity and 1 mm * 1 mm square pore size to mimic the trabecular bone, which has a porosity of 50-
90%, is composed of hydroxyapatite (Cal0 (PO4)6(OH)2), and has a pore size of around 1 mm in

diameter [24]. Admittedly, an ideal structure for the osteogenesis and the substitute trabecular bone
should achieve a spongy structure, but this kind of structure is hard to print and the main drawbacks are

lacking of mechanical properties and a tendency to break. Therefore, to provide sufficient mechanical
stimuli for bone regeneration, the titanium layer was designed as a truncated cone.

As for bio-mechanical properties, AX-10 Young’s modulus (1-2Mpa) was designed to mimic
cartilage Young’s modulus which is around 0.95-1.69 Mpa [25]. As AX-10 doesn’t have the same higher
elasticity as cartilage, crosslink PLA junction layer was designed to provide enough mechanical support.
The subchondral bone plate, an irregular thin plate located beneath the articular cartilage connected with
the trabecular bone, has a high strength of 635+94 Mpa [26]. The PLA dense layer with 2200 Mpa

strength was designed to mimic the bone plate mechanical properties. The bottom layer of the scaffold
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was made with pure titanium with 70-100 Mpa strength to substitute the trabecular bone (1947 Mpa)
[27].

Further, biofunctional properties should also be considered for scaffold design. Hazelton et al.
mentioned that synovial fluid may cause low osteogenesis, which means that synovial fluid flow to the
trabecular bone area should be prohibited [28, 29]. The PLA dense layer was deisgned for separating
synovial fluid and bone marrow for cartilage and bone regeneration.

The pure titanium scaffold is manufactured with commercially EOS Titanium TiCP grade 2
powders which is created especially on EOSINT M system. The density of the powder is 4.5 g/cm?,

According to the Animals (Scientific Procedures) Act (ASPA), all 5 young sheep with an average
weight of 82kg were treated with sufficient food and water in a free land, and every examination and

housing is based on established procedures. After the osteochondral defect was created and the scaffold
was put into the hole, the sheep were housed individually for 5 days and treated with analgesia (Carprofen
5 mg/kg) and antibiotics (Enrofloxacin 10 mg/kg) subcutaneously twice a day.

After 3 months, the animals were euthanized and surrounding tissues with the scaffold were cut
into several slices and scanned with a Niko XT H 225 machine. The reason for obtaining the regenerated
bone tissues by analyzing 2D images rather 3D ones is that with 2D images it is easier to quantify tissue
ingrowth. Slices from different areas are selected to analyze the tissue percentage in each scaffold hole
and the percentage are averaged by 3 regions shown in Fig. 2. To obtain the percentage of bone
regeneration in each pore of the scaffold, 2D Micro-CT scanned images were analyzed with MATLAB
program.

2.3 Mechanical assessment model and simulation
As the scaffold structure is not axisymmetric but centro-symmetric, the scaffold is divided into 3

regions, which are edge, sub-mid and middle. The bone tissue percentage of each hole in that area is
arithmetic mean of the real bone percentage value and each hole has the same bone tissue percentage at
each area (Fig. 3). The regenerated bone percentages are shown below, which are used to generate a
physical model for finite element.
2.4 Finite element models and boundary conditions

The main working condition in tissue engineering is friction. And one of the factors with the greatest

influence on friction simulation is friction contact. In general, contact is defined as the touching of solid
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bodies at one or more points [30]. In this model, it aims to investigate deformation of scaffold and
surrounding trabecular bone tissues in the presence of frictional forces.

The three physical models are designed with a 0% initial bone ingrowth, a 3-month bone ingrowth,
and a 100% bone ingrowth respectively. In the 0% bone ingrowth model, the scaffold is set in frictional
contact with surrounding bone tissues; in the model with 3 months’ of bone ingrowth, the scaffold is set
to bond with regenerated tissues and surrounding tissues, but in frictional contact with bottom

surrounding tissue face; in that with 100% bone ingrowth, it is set to bond with regenerated tissues and

all surrounding tissue faces. The contact is calculated in the Augmented Lagrange method.
Originally, the scaffold is designed as a truncated cone 8 mm in diameter for the top surface and 5.9

mm in diameter for the bottom surface. Each beam in the inner structure is 0.5 mm in diameter and each
beam is 1.5 mm away from the neighbor beam from center to center.

Before the scaffold is placed into the defect, it is soaked in bone marrow concentrate to allow
BMSCs to infiltrate into the scaffold. Then, the BMSCs infiltrated scaffold is implanted into the pre-
created osteochondral defect (

Fig. 4). After 3 months’ post-surgery, new bone tissues have already regenerated in the scaffold. As
tissues are distributed three-dimensionally, but mostly attached onto the scaffold beam surface, the
physical model can be simplified by the regenerated bone ingrowth percentage of in-vivo tests. For
instance, pore number 1-2 porosity is 39.4% found by the above chart, which means that 60.6% of the
area is empty in a unit pore. As the bone percentage is analyzed by image and the sample is cut into

slices, several new bone tissues may have been lost during the cutting process. In that case, as the bone
percentage is lower than the actual bone percentage, it is assumed that the void space is a cubic structure

occupied in a 1 mm?3 unit cubic pore of 60.6% (Fig. 5). The length of the void cubic structure is calculated
by cubic root of 0.606 mm3 which is 0.846 mm.

As the scaffold is put in the osteochondral defect, the trabecular bone hole in the bulk is seen as the
same size as the scaffold titanium layer size. The lengths from the scaffold top surface edge to the
trabecular bone’s edge and from the scaffold bottom face to the bottom face of the trabecular bone are 4
mm. In this Finite Element (FE) model, the titanium alloy scaffold density is set as 4.5*10° kg/m3, the
Young’s modulus is set as 6500 Mpa, and the Poisson’s ratio is 0.342. As for the trabecular bone whose

density is set as 900 kg/m?, the Young’s modulus and the Poisson’s ratio are set as 1600 Mpa and 0.12
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respectively. In the model of 0% bone ingrowth (Fig. 6), as there is no bone ingrowth in the scaffold, the
contact type between the scaffold and surrounding tissues (trabecular bone) is friction, and the friction
coefficient is set as 0.42. Normal stiffness factor is 0.6, the amount of penetration between contact and
target surfaces. In the model of 3-month real bone ingrowth, the regenerated tissues growing on the
scaffold have already attached to the surrounding tissues and formed a part. According the previous in-
vivo tests [23], it is found that the scaffold has a good connection with bone tissues. In that case, it is

assumed that the contact type between the bone and the scaffold is bonding. In the model with 100%

bone ingrowth, all the void space in the scaffold is fulfilled with regenerated bone tissues, which is an
ideal circumstance for tissue engineering. The connection type between the scaffold and the bone setting

is set as bonded with no doubt. Because different sheep knees are different in curvature, area, geometry,
and weight, different pressure loadings are applied, which are 2.5, 5, 7.5, 10, 12.5 and 15 MPa. Mesh
convergence analyses are carried out, and 3 physical with an initial 0% bone ingrowth, a 3-month
percentage of bone ingrowth, and 100% bone ingrowth have 905082, 4289685 and 3404138 elements
respectively with hexahedra and tetrahedra 2 types of elements shown in Fig. 6.
3 Results

In most of the scaffold designs, cylinder structure and cubic structure are most commonly used.
According to the previous in-vivo tests using a bionic 3D scaffold with truncated cone geometry, the
scaffold would sink 2 or 3 mm deeper to the trabecular bone compared to its original position shown in
Fig. 7. In that case, to find out the main reason causing this problem is important.

There are two main reasons that cause the scaffold to loosen the fixation with surrounding tissues
and subsidence, which are dynamic loading and bone reabsorption. As bone reabsorption is related to

scaffold material properties, FE is used to investigate how the scaffold structures influence the subsidence
problem. According to the previous in-vivo tests, a special tapered (truncated cone) instead of the
cylinder structure is used to manufacture the scaffold. Compared to the cylinder, the truncated cone can
provide more contact surfaces with surrounding tissues, and get vertical support force and friction force
from surrounding tissues to help it fix with those tissues, but the cylinder structure scaffold can only get
friction force from the surrounding tissues, which can be seen in Fig. 8.

With nearly the same macro parameters of the scaffold geometry, it can be easily predicted that the

truncated cone structure will provide a better bioperformance than the normal design. As for truncated
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cone structure FEA, the deformation and the maximum Von-Mises stress of the bottom face are shown
in Fig. 9 by different applied loadings .

In general, the sheep knee joint can endure 5-10 Mpa pressure during normal activity. With up to
15 Mpa applied loading, the results show that the maximum deformation is below 0.09mm. In the
pressure range of 5-10 Mpa, the deformation is around 0.02-0.04 mm. The maximum deformation is
shown in the scaffold with real bone ingrowth (3 month), which can reach nearly 0.065 mm. It is shown

that the scaffold at the initial stage does not show much worse deformation than that with regenerated

bone in the inner structure and connected with surrounding tissues. Compared to in-vivo tests, the
difference of deformation between the scaffold at the initial stage and that after 3 months’ healing process

is far greater than the difference in deformation caused by the loading. It seems the bone reabsorption
process, in which osteoclasts break the bone tissue down and transfer the calcium from bone tissue to
blood [31], plays a more important role in scaffold subsidence than loading. There is no doubt that the
cyclic loading and frictional stress would cause bone reabsorption. Further experimental and simulation
tests are needed to investigate how the loading influence bone reabsorption using additive manufacturing
designed 3D porous scaffold. Moreover, the bone loss is also caused by stress shielding, as the metallic
implant-Young’s modulus is far higher than surrounding tissues, which means that a scaffold with higher
porosity and higher strength is needed [32].

With more new bone tissues growing on the scaffold surface and connected with the surrounding

tissues, the titanium scaffold will suffer less loading pressure, as shown in Fig. 10 to the left.

4 Discussion
To match the requirement of pore size, porosity, and surface area, scaffold often faced a subsidence

problem during healing process. The reason is complex and it is hard to define which one is the main
factor. It is essential to ensure the mechanical fixation of the scaffold when it put into the target area.
Evaluating the mechanical fixation of the scaffold at the initial stage is challenging because no
facility can be put into the target area. Further, to sacrifice animals at initial stage or 1 month is too
expensive because in vivo studies for tissue engineering products need to be at least 3 months. Aiming
to create suitable numerical models for bone-scaffold interaction, 3 months sheep study has been done.
From 3 months results, the percentage of bone regeneration in each pore of the scaffold is analyzed by

MATLAB program according to the 2D Micro-CT scanned images. To analysis the interaction, the
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physical model is created based on the regenerated bone ingrowth percentage of in vivo tests.

To investigate the scaffold would endure or fail during the healing process, von-Mises stress is
calculated. As the stress on the scaffold during the healing process is not at a constant value, considering
bone ingrowth while evaluating the fatigue performance of the scaffold is important [33], and it should
be well investigated in the future. According to Fig. 10 to the right, the surrounding tissues suffer less
when more regenerated bone grew on the scaffold inside. In the real bone model, it is assumed that

regenerated bone connected well with the surrounding tissues, which cannot be observed or tested, so

the real stress that surrounding tissues would suffer in the real bone model (3-months model) would be
much higher than the simulation results.

To obtain the optimal scaffold macro design, the evaluation of the effect of each specific scaffold
parameter on tissue regeneration needs huge costs and long-term experiments. The realistic physical
model (scaffold with regenerated tissues) after 3 months’ in-vivo tests is constructed. According to in-
vivo tests, the scaffold could not maintain its original position and would subsidence 1-2 mm in the target
area compared to its original position, but the simulation results showed that the scaffold could only sink
less than 0.1 mm. In that case, to evaluate this situation more properly, further experimental studies are
needed to find the relationship between scaffold material, structure, loading magnitude and bone
reabsorption.

5 Conclusion
For obtaining the optimal scaffold macro design, the evaluation of the effect of each specific

scaffold parameter on tissue regeneration needs huge cost and long-term research. In this study, the in
vivo tests for realistic physical model (scaffold with regenerated tissue) were constructed. The scaffold

could not maintain its original position and sink 1-2 mm in the target area. However, the FEA showed
that the subsidence of scaffold is less than 0.1mm. The result of this study suggested that mechanical
loading is not the main reason for scaffold subsidence. Further experimental studies are needed to find
the relationship between scaffold material, structure, loading magnitude and bone loss (bone
reabsorption).
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Fig. 1 Bone Structure and bionic osteochondral scaffold
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Fig. 4 a.0% bone ingrowth at the beginning; b.3-month real bone ingrowth; ¢.100% bone ingrowth
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Fig. 5 a. 3-month real bone ingrowth unit cell; b. 3-month real bone ingrowth unit cell

assumption; c. 3-month real bone ingrowth unit cell for FE analysis

Fig. 6 FE model and mesh of the 0% bone ingrowth

Fig. 7 X-ray of slices of trabecular bone and scaffold
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Fig. 9 Deformation and maximum Von-Mises stress of the bottom face by different applied



VOO NO U DNWN=

Rare Metals

8004 [__] 0 bone no cartilage
[__]Real bone no cartilage
7004 [__] 100% bone no cartilage
600 -
500 -

400 A

300

[]0 bone no cartilage
[___]Real bone no cartilage ]
[C__1100% bone no cartilage

T T

10 125
Applied loading (Mpa)

Titanium scaffold maximum Von-Mises stress (Mpa)

-
o

Surrounding face maximum Von-Mises stress (Mpa)

T

25 5 75 10 125 15

Applied loading (Mpa)

Fig. 10 Maximum Von-Mises stress of the titanium scaffold by different applied loadings (left);

Maximum Von-Mises stress of the surrounding tissue by different applied loadings (right)
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