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ABSTRACT Among the various scaffold design methods, function-based modeling is of great interest due
to its accurate controllability for designing pore architectures. Parameters, such as the pore size, pore shape,
porosity, and channel interconnectivity, should be designed according to actual skeleton characteristics.
To this, an effective modeling method of trabecular bone is proposed, combining triply periodic minimal
surface (TPMS) and fractal geometry. First, the surface morphology of real trabecular bone is obtained
based on the binary processing of computed tomography images. Then, the fractal pore-making element
using TPMS is built and constructed into a complex porous structure. Finally, the customized scaffold model

is manufactured with an additive manufacturing method.

INDEX TERMS Bone tissue, TPMS, porous scaffold, 3D printing.

I. INTRODUCTION

Bone tissue engineering is a comprehensive subject that uses
biotechnology and biomaterials to replace or repair damaged
human bone tissues. With respect to bone tissue engineer-
ing, a bionic scaffold is a near substitute for bone structure
and function. The bionic scaffold should not only have the
functional characteristics of compact and cancellous bone
but also have the structural features of the Haversian canal
and the Volkmann canal [1]. In other words, to construct
tissue-engineered bone, the bionic scaffold must provide the
required mechanical support for the new bone tissue and
provide the appropriate micro space for the adhesion and
proliferation of bone cells. In addition, the micro pores within
the scaffold must be interconnected to provide suitable nutri-
ent channels for the bone cells to guide the formation and
maturation of new bone cells [2]-[4].

During the research process for the porous scaffold fabrica-
tion, we uncovered many ways to prepare scaffolds, including
particulate leaching, gas foaming, fiber bonding, and phase
separation [5]. The properties of these scaffolds are different

with different preparation methods. Moreover, the function
of the newly constructed tissue will be affected by the pro-
cessing quality of the scaffold. In addition, these traditional
methods are more committed to the construction of the inter-
nal pore structure, and the anatomical shape of the scaffold
mainly relies on handcrafting or molding. As a result, a com-
plex anatomical structure that accurately matches the defect
area is impossible to produce. In addition, the porosity, con-
nectivity and uniformity of the micro pore structure cannot
be evaluated prior to the fabrication, and the manufacturing
process is also difficult to control [6].

Due to difficultly in controlling the pore characteristics
(including pore size, pore shape, and pore size distribution)
of bone scaffolds, it is difficult to meet the requirements of
bionic bone tissue fabrication with these traditional methods.
The development of three-dimensional printing technology
has solved this problem, and it has shown great advantages
in the fabrication of porous bone scaffold that meets the indi-
vidual requirements [7], [8]. Through the technology, a series
of level data is decomposed from the 3D model for direct
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manufacturing the bone scaffold. The model is accumulated
from point to plane and then the body. While obtaining the
macro structure of the bone scaffold, it can also control its
micro topological structure to a certain extent [12].

The establishment of the bone tissue engineering scaffold
model with functional and morphological features close to
the true pore features of the skeleton is the prerequisite for
the successful preparation of bone scaffolds. The micro pore
characteristics of natural bone (such as surface morphology
and pore size distribution) are complex and irregular [13].
At present, the scaffold modeling method mainly includes
an image-based method, a CAD method, an implicit surface
method and so on. The image-based method is a reverse
engineering technology. It is difficult to guarantee the con-
nectivity of the pores in this method because the bones are
considered as slices and are designed layer by layer. The CAD
method is suitable for modeling porous structures with simple
rules. Implicit surface modeling has unique advantages for
large and complex topological structures with large spatial
distortions [14]. The current bone scaffold modeling of the
hole is a regular structure. It is difficult to carry out an
effective description of the complexity and irregularly of the
natural bone tissue structure. Achieving effective control of
the micro structure is not possible, so it is difficult to create a
completely model in accord with bone scaffold demand [15].

To solve this problem, the Micro-CT (micro computed
tomography) data of the nature bone tissue is acquired
and analyzed in this paper. Based on the analysis of bone
tissue morphology [16]-[18], a modeling method for the
microstructure of bone scaffold was proposed based on a
triply periodic minimal surface TPMS [19]-[25], which can
effectively describe the surface morphology and pore size
distribution of the bone microstructure.

Il. MICRO-CT DATA PROCESSING METHOD

The B6 rat femur was employed as the object of research
in this paper, and the samples were scanned by SkyScan
1076 Micro-CT (Bruker Micro-CT, Belgium) to obtain the
two-dimensional stratified micro-CT data of the samples. The
obtained images are two-dimensional grayscale diagrams that
contain the basic information on the solid parts and the inner
pores of the sample, as shown in Fig. 1(a). The process of
image processing is mainly the binarization of the image. The
binary processing is to extract the information on the hole and
solid in a 2D gray image. By adjusting the gray threshold,
the proportion of the image with the porous feature is basi-
cally the same as the structure of the bone sample, and then
the gray value can be used as the two-phase distinguishing
critical threshold.

To maintain the accuracy of the segmentation image, par-
tial volume effects should be considered to select the accuracy
of the threshold [26]. Under the influence of the partial vol-
ume effect, the gradient amplitude of some trabecular bone
does not coincide with the threshold segmentation bound-
ary when the gradient amplitude of a size trabecular bone
coincides with the boundary of the threshold segmentation.
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FIGURE 1. Micro-CT processing of B6 rat femur: (a) CT image of the
femur; (b) image processed by binarization; (c) 3D model of the femur
reconstructed by MINICS; (d) a section of the femur.
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FIGURE 2. Progress of obtaining the geometric characteristics of
trabecular bone.

In determining the threshold, the trabecular bone size range
should be determined first compared to the standard, then
compared with the size of the gradient of trabecular bone.
The best threshold was identified as the image segmentation
threshold, and the cancellous bone is further divided into tra-
becular bone and bone marrow cavity, as shown in Fig. 1(b).

A. GEOMETRIC CHARACTERISTICS OF
TRABECULAR BONE
Through the binarization processing of the trabecular bone
CT image, we can obtain the following three geometric fea-
ture factors: MTPT (mean trabecular plate thickness), TBV
(trabecular bone volume) and TN (trabecular number) [27].
The description of these parameters can be used for the
quantitative analysis of bone morphometry. The progress of
obtaining the geometric characteristics of trabecular bone is
shown in Fig. 2.

In the calculation of the mean trabecular thickness, it refers
to the average thickness of bone sections of the trabecular
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TABLE 1. Geometric features of the average of the calculated value of
trabecular bone in mouse femur.

number of mean trabecular
Model trabecular trabecular plate
. bone volume
bone thickness
Mouse 152 56.40um 14.83%
femur

wall. The section of the trabecular bone can be considered an
approximately irregular ring. For the ring, the outer diameter
is D, and the inner diameter is d. The thickness of the ring can
be expressed by (D —d)/2. The area of the ring (S) is divided
by the sum of the inside and outside circumference (C), it is
available in formula (1):

S nmD>-nmd*> D-d

== = )
C 2aD+2nd 2

The average trabecular bone thickness is approximated by
formula (2):

MTPT = ) )
C

By combining the ratio of the image to the object,
the approximate thickness of the actual trabecular bone can
be calculated.

The trabecular bone volume refers to the volume fraction of
trabecular bone and all bone marrow cavity. The bone marrow
cavity and the trabecular bone in the slice are approximately
regarded as cylinders. The calculation formula of the trabec-
ular bone volume is shown in formula (3):

TBV= n 3)
V2

Where, V refers to the measured trabecular volume, and
V;, refers to the measured bone marrow cavity volume.

The trabecular number is another factor to describe the
form feature of the trabecular bone shape. Based on the idea
of labeling the connected domain in an image, the number of
the trabecular bone is calculated and the centroid is labeled.
This method can intuitively and rapidly realize the statistics
of the number of trabecular bone.

According to the parameter calculation above, the trabec-
ular number, mean trabecular plate thickness and trabecular
bone volume were calculated and are shown in Table 1.

B. DISTRIBUTION CHARACTERISTICS OF
TRABECULAR BONE
The regional distribution of information on trabecular bone
acquisition is the key point of analysis of the internal structure
of bone. In this study, the spatial distribution of the trabecular
bone is analyzed based on the gray co-occurrence matrix of
the region texture description [28], [29]. The four parameters,
contrast, entropy, angular second moment, and correlation,
are chosen as the factors describing the change of the region.
Contrast (C) reflects the influence of texture clarity. The
visual effect of image is clearer with the deeper texture of
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TABLE 2. Image feature parameters of trabecular in mouse femur.

Model contrast entropy energy relevance
Mouse

0.0154 0.2762 0.8636 0.8205
femur

the groove. Conversely, the contrast decreases with the more
blurred in the vision. The formula for the contrast is shown in
formula (4):

L—1 L—1 —L-1
_ 2 ..
c-Y XL T ran) @
where L is the number of gray levels.
Entropy (H) is the measurement of the amount of informa-
tion that an image has. The entropy value is close to zero as
the image does not have any texture. Otherwise, if the image

is full of fine texture, the entropy value of the image is the
largest. The formula for entropy is shown in formula (5):

The angular second moment (E) is also known as energy,
and the angular second moment reflects the uniformity of
image gray distribution. The energy moment of coarse texture
is larger, while the energy moment of fine texture is smaller.
The angular second moment can be expressed by formula (6):

L—1 «—L—1
B==D ) 2 PG ©)
Relevance (Cy) is a linear dependence of the field that can
be expressed by formula (7):

L—1 L—1§jP (i,]) — uiuy
SR DED DL r o

According to the parameter calculation above, the val-
ues of contrast, entropy, energy, and correlation are shown
in Table 2.

To understand the specific spatial distribution of voids
in specimens, the whole coordinates of CT scanning
images were extracted using the analytical software MINICS
(Materialise, Belgium), as shown in Fig. 1(cd). The size and
distribution of the pores in the specimens were statistically
analyzed. According to the analysis of the pore structure in
the software, the porosity of the rat femoral truncated sample
is 70.52%.

A bone scaffold 3D model can be established by a
CT image reversing technique. The method simulates the
microstructure close to the real bones. However, the bone
skeleton is approximately cut into 2D flake images. It is diffi-
cult to guarantee the integrity of the pore connectivity in bone.
In addition, due to the inevitable errors of hierarchical image
acquisition, there is substantial loss in 3D model fitting.
It cannot guarantee the integrity of the structure, and it will
result in poor mechanical properties. In addition, the surface
morphology and pore distribution are out of effective control.
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TABLE 3. Some simple TPMS constructed by trigonometric function.

TPMS periodic trigonometric function
P B(r) = cos(X) + cos(Y) + cos(Z) =0
D @(r) = cos(X)cos (Y)cos (Z) — sin (X)sin (Y)sin (Z)
G B(r) = sin(X) cos(Y) + sin(Z) cos(X) + sin (Y) cos(Z)
Rod @(r) = 4cos(2X) + 4cos(2Y)+3 =0

lIl. MODELING METHOD

A. TPMS MODELING METHOD

TPMS is a minimal surface that exhibits periodicity in three
independent directions in three-dimensional space. The sur-
face has the characteristics of zero mean curvature and can
be extended indefinitely in three periodic directions. It can
provide a concise description for many physical structures,
such as silicates and soluble colloids. As a pore forming
unit, TPMS can realize the digital representation of a porous
structure.

1) MATHEMATICAL EXPRESSIONS OF TPMS
There are many ways to generate TPMS coordinates, which
have an exact parameterized form defined by the Weierstrass
formula [30], [31], as shown in formula (8):

X :Refa‘jg ¢’ (1 - ?)R(0)dw
y=Re [%e? (1 +0?)R (@) dw ®)
z2=Re [*) ¢ 20)R (0) do

where o represents a complex variable, 6 is an angle
called Bonnet, and R (w) represents a function that varies with
different surfaces. For P, D and G surfaces of TPMS, R (w)
can be expressed by the formula (9):

1
V1 = 140* + o8
Compared with parametric TPMS, the approximate TPMS

periodic surface is generally defined and can be expressed as
shown in formula (10):

2t (B -
?(r) = le;l Aycos [% +pk:| —C (10

where y represents position vectors of Euclidean space,
Ay, represents amplitude factor, Ay is the kth grid vector in
the reciprocal space, Ay represents the periodic wavelength,
Pk represents the phase offset, and C is a constant.

Approximate TPMS is formulated by implicit function,
and each point on its surface has a constant value. The surface
processing of this characteristic can be called the isosurface.
Some approximate TPMS are listed in Table 3, where the
standard value ¥ (r)y = 0, X =2nx, Y = 2wy, Z =2nz.

R(w) = ©))

2) STRUCTURING CURVED SURFACE
For an unclosed implicit surface defined by implicit function,
one or more intersecting surfaces are need to define the
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FIGURE 3. Algorithm flowchart of Marching Cubes.

structure of a closed surface. The main problem of struc-
turing a curved surface is solving the intersection line of
curved surface in three-dimensional space. For the intersec-
tion operation of an implicit surface and a parametric sur-
face, a plane algebraic surface equation can be achieved by
plugging the parametric function into the implicit function,
and the problem can be solving by plane algebra theory. For
the intersection operation of implicit surfaces, the solution is
to parameterize one of the surfaces and refer to the above-
mentioned method.

3) SURFACE TRIANGULATION
With the parameter domain, the parametric surface can be
constructed and triangulated by directly calculating the posi-
tion of the point in surface. While the implicit surface does
not have the parameter, it is hard to implement the similar
transformation.

A Marching Cubes method was employed to triangulate
the implicit surface. The basic principle of this method is that
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(d)

FIGURE 4. Triangulation of non-closed implicit surface: (a) P surface,
(b) D surface, (c) G surface; triangulation of typical closed implicit
surface: (d) P surface, (e) D surface, (f) G surface.

the intersection points of the isosurface and the hexahedron
edge are connected in a certain way, and the new isosurface is
approximated to represent the implicit surface. The algorithm
flowchart of Marching Cubes is shown in Fig. 3.

The Marching Cubes method has the advantages of a sim-
ple algorithm and fast calculation speed. However, because
of the inability to control the angle of the triangular patches,
some triangular patches with very small or large angles will
be generated, which results in the quality of the triangular
patches and is not conducive to the generation of tetrahedral
meshes.

After extracting the isosurface by the Marching Cube
method, the corresponding STL (stereolithography) model
can be conveniently extracted, and the STL model contains
the triangular surface information of the external surface of
the entity object. Moreover, the quality of the triangular patch
has no real influence on the extraction and expression of the
STL model. Therefore, the method has obvious advantages
for porous structures or porous implants that need to be made
by means of the additive manufacturing process.

The typical TPMS: P, D, G surfaces are triangulated and
visualized separately, as shown in Fig. 4.

B. TRANSFORMATION OF PORE CELL BASED

ON SHAPE FUNCTION

The TPMS unit is usually constructed in a hexahedron grid.
After the mapping of the distribution rule of pore size to a
hexahedral mesh model, we found that the unit in the bone
scaffold model is a non-hexahedral cube. Therefore, in this
paper, the shape function is used to transform the isopara-
metric elements of the fractal TPMS cell, which is mapped
to the irregular hexahedral mesh. By the mapping relation of
the function, a shape can be mapped to another shape, that
is, the irregular geometry of one coordinate system can be
mapped into a regular geometry of another coordinate sys-
tem. Two coordinate systems are needed in the isoparametric
element method, the natural (local) coordinate system and

VOLUME 6, 2018
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FIGURE 5. Mapping relation of the isoparametric element, (a) the
natural (local) coordinate system, (b) the Descartes (global) coordinate
system.

the Descartes (global) coordinate system. Irregular line seg-
ments, polygons and polyhedrons in the Descartes coordinate
system can be converted into corresponding geometric shapes
in the natural coordinate system. The Descartes coordinate
system is represented by X, y and z, and the natural coordinate
system is represented by a set of dimensionless parameters
o, B, and y that were within “1”’, and their boundary nodes
correspond to points equal to — 1 or 1 in the natural coordinate
system.

The porous element, which is ruled by a regular hexahe-
dron, is taken as the parent unit. It is mapped to the irregular
element by coordinate transformation. The mapping must
ensure that the points between the sub-unit and the parent-
unit correspond one-to-one. That is, the compatibility of the
coordinate transformation is satisfied. The mapping relation
of the isoparametric element is shown in Fig. 5.

To transform the unit of shape rule in the natural coordi-
nate system into irregular sub units in the Descartes coor-
dinate system, a coordinate transformation must be set up
to discretize the general shape solving domain. That can be
expressed by formula (10):

o
=f1y8 (1)
14

N =

To realize the transformation mentioned above, the inter-
polation function is used to coordinate transformation, and
the regular shape units in the natural coordinate system are
transformed into irregular shapes in a Cartesian coordinate
system:

Xi

= Z; Ni| vi

Zi

N = =

where (x, y, z) are the coordinate of the unit point in the
Cartesian coordinate system and (x;, y;, z;) are the coordinate
value of 8 nodes of hexahedron in the Cartesian coordinates.
As a node shape function, Ni is an interpolation function
expressed in natural coordinates, and can be obtained by the

1019



IEEE Access

J. Shi et al.: Porous Scaffold Design Method for Bone Tissue Engineering Using TPMSs

| Read STL data of pore mother unit

v

Read the vertex coordinate (a,pB,y)

v

Calculate the value of the shape
function Ni

v

Obtain the coordinates of eight
nodes of the hexahedron in the
Descartes coordinate system (xy;,zi)

v

Calculates the coordinate values of
the vertices of the triangle surface in
Cartesian coordinate system

4

Are all vertex
oordinates read?

Calculate the normal vector of the
triangular surface

No

Are all triangular
patches read?

Generating pore unit STL model

FIGURE 6. Flowchart of modeling sub-unit in space domain.

Lagrange interpolation method:

Ni= g (+a) (14 BB) (L yy) =18
(13)

where (;, B;, i) is the coordinate point of node i in natural
coordinate system and («, B, y) is the coordinate point of the
inside entity in the natural coordinate system.

The essence of parametric modeling of porous structure is
a kind of spatial structure characteristic that the pore forming
units are arranged according to certain rules. Its performance
is porous combinations with a single hole as a unit. Based on
the TPMS construction algorithm, the pore cell modeling and
parameter adjustment can be realized, and then the location
and the spatial orientation of the pore cell can be controlled
according to the structure distribution law. The flowchart of
modeling sub-unit in space domain is shown in Fig. 6.

IV. BIONIC POROUS SCAFFOLD CONSTRUCTION
The rat femur was employed as the studied object, and the
digital modeling of the porous structure was carried out
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FIGURE 7. Schematic of the direct metal laser sintering process.
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FIGURE 8. Modeling and fabrication of porous scaffold samples:

(a) designed model with P-surface; (b) designed bionic model combining
TPMS and shape function; (c) printed sample with P-surface; (d) printed
bionic porous scaffold sample.

through the research and statistics of the distribution rules
of the structural parameters. The middle part of the rat
femoral bone section was set as the studied sample. Two-
dimensional chromatogram images were obtained by Micro-
CT scanner. The images were processed by a binarization and
skeletonization algorithm. Based on it, the 3D model of tra-
becular bone was reconstructed. Through the application of
the skeletonization algorithm, the distribution information of
trabecular bone was studied, and the parameters distribution
rule of the porous structure was extracted and counted. The
distribution rule was used as the constraint of the control func-
tions of the structural parameters, and the geometric model of
the porous unit was constructed by combining the unit model
of TPMS. Finally, the bionic porous scaffold model was built
and was generated in STL format.

The sample model was fabricated on the EOS M290 (EOS
GmbH Electro Optical Systems, Germany) that employs
DMLS (direct metal laser sintering) technology. A schematic
diagram of the DMLS process is shown in Fig. 7.

With porous scaffold model obtaining by TPMS method,
the Ti6Al4V powder was placed in the supply chamber of the
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FIGURE 9. FEA results for the von Mises stress field of the two kinds of
porous samples, sample with P-surface 1 (a), sample combining TPMS
and shape function (b).

machine and spread evenly across the supplier and builder.
During the printing process, the roller spread a layer of pow-
der, 20-um thick, onto the builder. The graphics trajectory
was printed via a laser galvanometer scanning system, which
sintered each layer of the powder on the builder. The pro-
cess was looped until the samples were eventually formed,
as shown in Fig. 8(cd).

The mechanical properties of the geometries shown
in Fig.8 could be obtained from the FEA simulation. The
loading conditions and boundary constraints are the same for
the two scaffold samples. The FEA result for the von Mises
stress field of the samples are shown in the Fig.9.

V. CONCLUSION

In this paper, a modeling method based on TPMS for the
expression of surface morphology and pore size distribution
of porous bone scaffold was proposed. Based on the analysis
of porous structure of trabecular bone, the fractal TPMS pore
forming unit was built with the combination of TPMS unit
and fractal geometry, which describes the surface morphol-
ogy of the pore structure. Through the hexahedral mesh split
of the outer anatomy surface and the surrounding volume
of the trabecular bone, the modeling of porous model with
the controllable pore size distribution was realized with the
adjustment of the internal hexahedral mesh vertex position
of the model by the distribution of pore. The shape function
of isoparametric transformation was used to map the fractal
TPMS pore unit to hexahedral mesh, and the overall model
of trabecular bone scaffold structure was finally designed.
At last, the designed porous model was fabricated by 3D
printing. The result verified the feasibility of the method.
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