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Creating biophysically and biologically desirable porous scaffolds has always been one of the greatest challenges in tissue
engineering (TE). Advanced additive manufacture (AM) methods such as three-dimensional (3D) printing techniques have established
remarkable improvements in the fabrication of porous scaffolds and structures close in architecture to biological tissue. Such
fabrication techniques have opened new areas of research in TE. Recently, it was shown that porous scaffolds which are
mathematically designed by using triply periodic minimal surface (TPMS) pore geometry and fabricated through 3D printing
techniques have remarkably high cell viability and mechanical strength when compared with conventional scaffolds. The enhanced
cell adhesion, migration, and proliferation of TPMS-based scaffolds arise from the high surface area to volume ratio (SA/V ratio) that
is a basic and fundamental concept of biology. Here, we report the design of multi-void TPMS-based scaffolds that dramatically
increase the SA/V ratio of conventional TPMS scaffolds. Our findings suggest that the proposed novel design methodology can be
applied to create a variety of computational models for prototyping and printing of biomimetic scaffolds and bioartificial tissues.

NOMENCLATURE

Dsphere_scafiold hree voids = Distance field equation for a sphere-shaped
scaffold model with three voids

DSphere scafiold four voids = Distance field equation for a sphere-shaped
scaffold model with four voids

&pore = Distance field equation for the internal pore network

of'a multi-void scaffold

Psuppore = Distance field equation for the support pore architecture
of a multi-void scaffold

1. Introduction
In order for cells to survive, they must constantly exchange ions,

gases, nutrients, and wastes with their surrounding environment. These
exchanges take place at the cell’s surfaces. That is, a lot of biologically
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important things happen on cell’s exterior surfaces. Therefore, the
surface area to volume ratio abbreviated SA/V ratio has been a
fundamental and significant biological concept. It is well known that
SA/V ratio affects a variety of biological properties from the maximum
size of a cell to the shape of an organ. SA/V ratio is formally defined
as the amount of surface area per unit volume of an object. It is very
important because so many biological functions happen on the surface
of objects: (i) ions diffuse in and out of cells through channels and
pores on their exterior surfaces; (ii) oxygen diffuses in and out of cells
across their plasma membranes; (iii) heat diffuses out of our body
through skin that covers our body surface. As an object grows in size,
its surface area will grow too. For example, if a cell grows bigger, its
internal volume enlarges and the cell’s exterior surface expands.
Unfortunately, the volume increases more rapidly than does the surface
area, and so the relative amount of surface area available to pass
materials to a unit volume of the cell steadily decreases. SA/V ratio
affects more than just cells. It is important to large tissues or organs as
well. Humans and other large animals cannot rely on diffusion to move
oxygen and carbon dioxide directly in and out of their body. They must
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have a transport system located to individual cells to transport the
nutrients and wastes in and out. Most large animals have therefore
specialized organs (i.e. lungs, kidneys, intestines, etc.) to increase the
surface area available for exchange processes. For example, our lungs
have numerous branches that lead to small thin grape-like sacs called
alveoli. These increase the surface area for gas exchange in our lungs.
Without the millions of sacs, our lungs would not have enough surface
area to absorb all the oxygen we need.

In tissue engineering (TE), interior pore architecture of the porous
scaffold is very important for the successful regeneration of tissues and
organs. Hence, the design of the porous scaffold microarchitectures has
always been one of the greatest challenges in TE. The advent of
advanced fabrication techniques such as three-dimensional (3D) printing
techniques has significantly improved control over the pore network and
scaffold structures that mimic the intricate architecture and complexity
of native tissues or organs. In recent years, to overcome the limitations
of traditional computer-aided design (CAD) methods,'"> several
researches started to use the triply periodic minimal surface (TPMS) pore
geometry for designing the tissue engineering porous scaffolds.'*** The
most important advantage of TPMS-based pore geometry compared
with conventional CAD-based pore geometry is the precise and easy
controllability of internal pore architectures, such as pore size, pore
shape, porosity, interconnectivity, etc. Moreover the entire design
process can be fully automated by a simple computer program. In
addition, it was shown that the biologically and physically desirable
TPMS-based pore geometry enhances cell migration and viability,
while retaining a high degree of mechanical and structural rigidity.
Hence, the TPMS-based pore geometry, possessing the advantages of
both computational efficiency and enhanced interactions with cells, can
be considered as one of the promising candidates for ideal pore
geometries in the design of next generation scaffolds.

In fact, the enhanced cell adhesion, migration, and proliferation of
TPMS-based scaffolds are directly related to the high surface area of
TPMS pore architecture. As well as showing the easy controllability of
pore architecture, TPMS-based scaffolds can provide high SA/V ratio
because TPMSs are inherently smooth and continuous surfaces. An
increased SA/V ratio means increased exposure to the environment. In
other words, TPMS-based scaffolds have enough surface area for a
sufficient amount of ions and oxygen to diffuse across. That is why
TPMS-based scaffolds are so biologically desirable in terms of cell
seeding, migration, and differentiation. As aforementioned, cells must
constantly interact with their surrounding environment. As a cell grows
bigger, its internal volume enlarges and the cell membrane expands. If
there is not enough surface area available to service all the cells in the
scaffold, the cells must stop growing. That is, if the cells in the scaffold
grow beyond a certain limit, the cells will cease to function. In this
point of view, the scaffold should provide a sufficient surface on which
cells adhere, thrive, multiply, and generate the extracellular matrix
(ECM) of structural and functional proteins that make up a living
tissue. Therefore, high SA/V ratio is the most important requirement
which a porous scaffold should have.

This paper proposes a new application method of TPMS in the field
of porous scaffold design mainly focused on the multi-void TPMS pore
architectures. The design method to be proposed in this work has two
major advantages: (1) it is easy and efficient to design a sophisticated

(a) P surface (b) G surface

(d) I-WP surface

(c) D surface

Fig. 1 TPMS-based unit cell libraries

porous scaffold model with high SA/V ratio by introducing multi-void
TPMS unit cell libraries, and (2) a variety of computational models for
fabrication of scaffolds can be generated in the more general design
framework. This paper is organized as follows. Section 2 illustrates a
brief overview of TPMS and distance field (DF) absolutely necessary
to explain the design methodology to be proposed in this work. Section
3 describes the procedure for the porous scaffold design using the
multi-void TPMS. Several design examples are also illustrated. Finally,
concluding remarks will be given in Section 4 along with some ideas
for future research.

2. TPMS and DF

2.1 TPMS

The biomorphic geometry that best mimics the tissue substrate
would be one that is continuous through space and partitioned into two
sub-spaces (cells and ECM) by a non-intersecting two-sided surface.
TPMSs are ideal to describe such a biomimetic geometry.'*3! As shown
in Fig. 1, TPMSs are very smooth and continuous thereby resulting in
optimized pore architectures with fully perfect pore interconnectivity
and enhanced interactions with cells. A review of the many efficient
methods for TPMS generation is beyond the scope of this paper. The

reader may consult related works for more detailed informations.'”83237

2.2 DF

The DF is an effective representation of a shape. Traditionally, DF
is defined as a scalar field of distances to a shape. Each element in a
DF specifies its minimum distance to the shape. Positive and negative
distances are used to distinguish outside and inside of the shape, for
example, using negative values on the outside and positive on the
inside. A review of the many available methods for the efficient DF
calculation and DF-based Boolean operations is beyond the scope of

this paper. The reader may consult related works for more detailed
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Fig. 2 A sphere-shaped scaffold model with one void
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3. Proposed Algorithm for Multi-Void TPMS Scaffold
Design

As aforementioned in our previous researches,>*? two types of
scaffold pore architectures including minimal surface network solids
and minimal surface sheet solids can be generated using the TPMS-
based unit cell libraries.

A sphere-shaped network solid scaffold with G-surface unit cell
library can be described as follows:

¢Sphereiscaﬂoldianeﬁvoid = ¢Sphere M ¢G =min (¢Sphere> ¢(z) (la)
¢ = sin(X)cos(Y)+sin(Z)cos(X)+sin(Y)cos(Z)-C (1b)
¢Sphere :x2+y2+22_R2 (IC)

where R is the radius of sphere and ¢ is the TPMS G-surface. As
shown in Fig. 2, the domain to one side of the TPMS represents the
solid material, the other side the void domain. That is, the TPMS forms
the solid/void interface and there is a single connected void domain.
In a similar way, a sphere-shaped sheet solid scaffold with G-surface
unit cell library can be described as follows:

Psphere scafold two voids = Psphere N ¢G| N ¢62
= Min(@gper, MNP » 4, ))
¢G| = sin(X)cos(Y)+sin(Z)cos(X)+sin(Y)cos(Z2)-C,
¢, = —[sin(X)cos(Y)+sin(Z)cos(X) +sin(¥Y)cos(2)-C,]  (2c)

(2a)

(2b)

where ¢Gl and gzﬁG2 are the two TPMS surfaces inflated in both normal
directions. As shown in Fig. 3, minimal surface sheet solid is a porous
scaffold obtained by inflating the minimal surface to finite thickness.
The solid domain separates two network-like void domains which are
infinite and intertwined, but not interconnected. As noted by earlier
researchers,'® for technological applications where high porosity or
minimal weight or resource consumption are the essential design
targets, sheet solid scaffold (i.e., two-voids scaffold) represents the
better solution superior to network solid scaffold (i.e., one-void scaffold).
It is apparent that the reason for this result is mainly in the high SA/

V ratio of two-voids scaffold when compared with that of one-void

void-1 void-2

solid

Fig. 3 A sphere-shaped scaffold model with two voids

scaffold. As shown in Figs. 2 and 3, SA/V ratio is approximately
proportional to the number of voids. That is, two-voids scaffold shows
about two times higher SA/V ratio than the one-void scaffold due to the
greater surface area for the same volume.

We further develop this idea to design a porous scaffold model with
multi-void TPMS microarchitectures.

Let us consider a simple design example. To define a sphere-shaped
scaffold model with three voids using G-surface unit cell library, the
following operations can be applied:

¢Sphereis£ajﬁ)ldizhreeivoids = ¢Sphere N (¢Pore v ¢Suppun)

. (3a)

= mln(¢Sphere’ maX(¢Pore’ ¢Suppor())

¢Pm’e = ¢G0 N ¢G3 _¢G| N ¢G2
L . (3b)
= mm(mm(ﬁjco,¢Gs)ﬁmm(¢cls¢cz))

¢Su]1part = ¢G] [ ¢Gz @ ¢P = l'l’lil’l(¢P, min(¢Gl ’ ¢Gz)) (3C)
¢G0 = sin(X)cos(})+sin(Z)cos(X)+sin(Y)cos(2)-C, (3d)
¢G] = sin(X)cos(Y)+sin(Z)cos(X)+sin(Y)cos(Z2)-C,  (3e)
¢Gz = —[sin(X)cos(¥)+sin(Z)cos(X)+sin(Y)cos(2)-C,] (3%)
¢, = —[sin(X)cos(¥)+sin(Z)cos(X) +sin(Y)cos(2)-C;]  (3g)
@p=cos(X)+cos(¥)+cos(Z)-C (3h)

where ¢GO R ¢G1 s ¢G2, and ¢G3 are the four TPMS surfaces inflated
in normal directions used in the definition of spatial limits of each void.
Fig. 4 shows the application result of Eq. 3.

Theoretically, there is no limitation in the number of voids. To define
a sphere-shaped scaffold model with four voids, the similar operations

can be used as follows:

¢Sphere¥xcq[ﬁ)ld | four_voids = ¢Sphere N (¢Pore U ¢Support)

. (4a)
= mln(¢Sphere’ max(¢Pure’ ¢Supp0rt))
Prore = 96, P6,~ 96, b6,~ b6, ¥G, (4b)
= min(min(min(¢607¢G5),_min(¢Gl’¢Gz))’_min(¢63’¢G4))
¢Supp0rt = (¢Gl N ¢Gz M ¢P) o (¢G3 N ¢G4 N ¢P) (4 )
c

= maX(min(¢P’min(¢G1’¢Gz))9min(¢P’ min(¢639¢64)))

¢GO = sin(X)cos(Y)+sin(Z)cos(X)+sin(Y)cos(2)-C, (4d)
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solid

void-1 void-2  void-3

Fig. 4 A sphere-shaped scaffold model with three voids

solid  wvoid-1 wvoid-2 void-3 void-4

Fig. 5 A sphere-shaped scaffold model with four voids

ba, = sin(X)cos(Y)+sin(Z)eos () +sin(Neos(2)-C;  (4e)
bo, = sin(X)cos(V)+sin(Z)cos(X) +sin(Neos(2)~C, (4
b6, = ~[sin(N)cos(¥) +sin(Z)cos(X) +sin(Y)cos(2)~C3] (4g)
b, = ~Lsin(N)cos(Y)+sin(Z)eos () +sin(Veos(2)~C,] (4h)
fo, = ~[sin(N)cos(¥) +sin(Z)cos(X) +sin(Y)cos(Z)~Cs] ~ (4i)
$p = cos()+cos(V)+ cos(2)~C )

where ¢Go s 96,> 96, ¢63 > 96, and ¢G5 are the six TPMS surfaces
inflated in normal directions used in the definition of spatial limits of
each void. Fig. 5 illustrates the application result of Eq. (4). Of course,
it also possible to design various types of scaffold models with different
cellular sizes by simply changing the number of unit cells in the
calculation, as shown in Fig. 6.

It is worthwhile to note that both conventional TPMS-based
scaffolds (i.e., minimal surface network solid scaffolds and minimal
surface sheet solid scaffolds) and multi-void TPMS-based scaffolds can
be generated in a consistent design framework. That is, we can consider
the conventional TPMS-based scaffolds as the special cases of multi-
void TPMS-based scaffolds, as shown in Fig. 7. Although we
demonstrated here the validity and efficiency of the proposed method
through the design of relatively simple spherical and cylindrical

(c) The number of unit cell: 8

Fig. 6 A set of of three-voids scaffold models with different cellular

sizes

(a) Conventional TPMS-based scaffolds (i.e. network solid scaffold
and sheet solid scaffold)

(b) Multi-void TPMS-based scaffolds

Fig. 7 A set of of cylinder-shaped scaffold models with different void

numbers
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(a) One void

(c) Three voids

(d) Four voids

Fig. 8 A set of of box-shaped scaffold models with different void
numbers

scaffolds, scaffolds with a large range of external surfaces can be
designed by simply varying the DF function for a specific external
surface irrespective of the complexity of anatomical models, as shown
in Figs. 8~11.

As we know, cells receive oxygen or nutrients by diffusion.
Commonly, diffusion rate within a scaffold is known to be mainly
related with interconnectivity of pore architecture. In order to show
perfect pore interconnectivity of the multi-void TPMS-based scaffold,
we visualized internal spaces of a multi-void scaffold with G-surface
microarchitecture. As illustrated in Fig. 12, the proposed multi-void
scaffold design method is based on the three-dimensionally continuous
combination of a set of TPMS surfaces inflated in normal direction to
finite thickness. Therefore, the multi-void TPMS-based scaffold has
perfect pore interconnectivity in each void. Hence, it enables us to
precisely control the proportion of each space according the requirement
of a specific application by altering the level constant values of TPMS.
Note that the amount of each space can be precisely controlled while
maintaining three-dimensionally interconnected-channel geometry. This
accurate control of each space would create a suitable environment for
cell-matrix and cell-cell interactions, resulting in the self-organization
of cells or cell aggregates into multi-material structures with the desired
shapes.

In this paper, SA/V ratio is defined as the amount of surface area per
unit volume of a scaffold. As shown in Fig. 13, the multi-void TPMS-
based scaffold has a high SA/V ratio compared to a conventional TPMS-
based scaffold. This means that more cells can be attached on surface
of pore for the same volume size of a scaffold while maintaining
perfect pore interconnectivity essential for the diffusion of oxygen or
nutrients. However, we should reconsider about the definition of SA/V
ratio in more detail. If cells are only attached on surface of pore, the

(c) Five voids

Fig. 9 A set of of disc-shaped scaffold models with different void
numbers

(b) Five voids (3D view)

Fig. 10 Talus bone scaffold models with multiple voids
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(c) Five voids

Fig. 11 Liver scaffold models with multiple voids

Fig. 12 The proposed multi-void description method based on the three-
dimensionally continuous combination of multiple TPMS surfaces

inflated in normal direction

volume of cell’s space should be dependent on the surface area of
scaffold. In this case, change of the void number of TPMS-based
scaffold may result in no significant differences in SA/V ratio. On the

other hand, if cells are uniformly encapsulated into scaffold volume

§=12.5637mm?, V=4.1874mm’ $=19.9028mm’, V=2.8939mm’
SA/V ratio=3.00 SA/V ratio=6.88
(a) Sphere (R=1) (b) One void

$=27.2418mm’ , V=1.6004mm’
SA/V ratio=17.02

(¢) Two voids

$=50.6727mm’ , V=1.3556mm’
SA/V ratio=37.48
(d) Three voids

Fig. 13 Variation of SA/V ratio according to the void number

area, SA/V ratio could be changed along with the void number. As
aforementioned, specialized organs such as lungs, kidneys, and
intestines have high SA/V ratio to increase the surface area available
for exchange processes. Principally, the scaffold should be designed by
mimicking the structure and biological function of native ECM proteins,
which provide mechanical support and regulate cell activities. The pore
architecture as well as the nature of a scaffold material was found to
control cell adhesion, proliferation, shape and function. With respect to
pore microstructure, it is well known that specific surface area and
highly porous 3D structure are desirable for high-density cell and tissue
cultures.*>* Therefore, it can be expected that we will be able to make
a tissue or organ more robustly and rapidly when using a scaffold with
high SA/V ratio and perfect pore interconnectivity. Although further
and detailed in vitro and in vivo experiments are needed to verify better
biological properties of multi-void TPMS-based scaffolds, we can
expect that the effect of SA/V ratio on the cell adhesion, migration, and
proliferation can be studied more quantitatively and systematically by
using the proposed design method.

The proposed multi-void scaffold design algorithm has been
implemented using the MATLAB on a PC (Pentium IV, 3 GHz CPU).
All the scaffold models were visualized by Geomagic Verify Viewer
through STL files. The developed program successfully generated
defects free computational models of the porous scaffolds with a
variety of TPMS-based cellular microarchitectures. As we can see from
the design results, we can easily and fully automatically design various
complex porous scaffold digital models through a simple computer
program within several minutes.

Recently, advanced 3D printing techniques such as micro-projection
stereolithography (£PSL) have been successfully used to fabricate porous
scaffolds.**** These techniques can fabricate scaffolds with a large range
of structures from nano-meter to mesoscopic scale. It is apparent that
further advance of 3D printing process will significantly improve
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(a) A sphere-shaped scaffold model with hierarchical pore
architecture (macro P-TPMS and micro three-voids G-TPMS)

high porosity
(b) A sphere-shaped scaffold model with heterogeneous pore
architecture

Fig. 14 Hierarchical and functionally graded multi-void TPMS scaffold
design

control over the internal pore architectures of porous scaffolds. In the
near future, mass production of porous scaffolds with micro- or nano-
precision will be possible. Especially in the nanotechnology, the design
and fabrication of porous scaffolds with nanoscale pore architectures
will dramatically increase the SA/V ratio with unprecedented efficiency.
Nanoscale pore architectures are special and interesting because their
biological and mechanical properties are different from their macro
counterparts. When a porous architecture contains micro- and nanoscale
components, size-dependent mechanical properties of constituent
materials may play a key role in the enhancement of the overall
strength, stiffness and fracture resistance, and need to be incorporated
into models to accurately predict the structural response.*® In this point
of view, the proposed multi-void TPMS-based scaffold design method
can be considered as one of the promising methods for ideal scaffold
design in the era of nanotechnology. The proposed method can provide
a general and dynamic design framework thereby making it possible to
design pore architectures with a variety of cellular sizes ranging from
macroscale to nanoscale by simply controlling the number of unit cells
in the calculation (Fig. 6).

The biological structure of a native tissue is inherently heterogeneous
and complex. Many natural biological materials have remarkably high
strengths when compared with man-made materials of the same
composition, yet are able to remain light weight and porous. It is well
known that these properties of biological materials arise from the
hierarchical arrangement of different structural elements at their
relevant length-scales.>® The proposed multi-void TPMS-based scaffold
design method can be easily extended to the more advanced application
areas such as functionally graded scaffold design and hierarchical
porous scaffold design. The heterogeneous and hierarchical design
principles offered by natural biological materials can be applied to
create more biomimetic scaffolds and bioartificial tissues using the
proposed design method, as shown in Fig. 14.

Recently, another approach to TE has been proposed that does not

(a) Conventional TPMS scaffold model
(1-st generation TPMS model)

(b) Multi-void TPMS scaffold model
(2-nd generation TPMS model)

(c¢) Multi-material TPMS tissue model
(3-rd generation TPMS model)

Fig. 15 A variety of computational models of sphere-shaped scaffolds
and tissues with G-surface unit cell library

require a solid scaffold. This process has been termed organ printing or
bioprinting. The organ printing can be considered as an extension of the
conventional scaffold-based approach that uses 3D printing techniques
to build complex scaffold structures. The fundamental concept of organ
printing is to fabricate a bioartificial tissue or organ by positioning
different materials, such as cells, supporting matrix, and growth factor,
etc. in desired locations using 3D printing techniques. By the
simultaneous deposition of such biological elements, we can obtain
complex organ-like constructs. This scaffold-free approach has a
number of potential advantages over scaffold-based approach. The most
important advantage is that cells can be cultured in comfortable
conditions more similar to the microenvironment of native tissues or
organs, thereby resulting in better intercellular communication. Hence,
the organ printing can dramatically accelerate and optimize tissue and
organ formation. However, the approach faces many challenges, such
as the lack of an effective design software that can provide the ability
to deliver living cells, supporting matrix, and biomolecules
simultaneously in an accurate 3D arrangement. In addition, assembly of
large cellular constructs from cell aggregates or cell sheets is limited by
the difficulty in transport of oxygen, nutrients, and wastes until a
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(a) Conventional TPMS scaffold model
(1-st generation TPMS model)

(b) Multi-void TPMS scaffold model
(2-nd generation TPMS model)

(c) Multi-material TPMS tissue model
(3-rd generation TPMS model)

Fig. 16 A variety of computational models of talus bone scaffolds and
tissues

vascular network system develops. Therefore, a hybrid approach
intermediate to the scaffold-based approach (seeded cells after scaffold
fabrication) and scaffold-free approach (organized cellular constructs)
that combines advantages of both approaches is likely to be used more
popularly. For such an approach, we should develop a general 3D
design methodology having multi-space description capability. In this
viewpoint, the proposed multi-void TPMS scaffold design method can
be considered as one of the plausible solutions.

As shown in Figs. 15 and 16, the proposed design method can be
easily extended to the more sophisticated design method for 3D organ
printing. That is, TPMS-based pore architecture design method can

generate a variety of computational models for prototyping and printing
of biomimetic scaffolds and bioartificial organs in an integrated design
framework. The conventional TPMS scaffolds of Fig. 15(a) and 16(a)
can be thought of as special cases of multi-void TPMS scaffolds of Fig.
15(b) and 16(b). In the same point of view, the multi-void TPMS
scaffolds of Fig. 15(b) and 16(b) can be thought of as special cases of
multi-material TPMS tissue models of Fig. 15(c) and 16(c). It is very
worthwhile to note that TMPS-based pore architecture can provide a
general and systematic design framework for generating a variety of
computational models ranging from conventional scaffold models,

through multi-void scaffold models, to multi-material tissue models.

4. Conclusions and Ideas for Future Research

This study shows that a general design methodology for generating
biomimetic scaffolds and structures analogous to tissues can be created
by developing an enhanced TPMS pore morphology based on multi-
void microarchitecture. The proposed multi-void scaffold design method
is able to increase the SA/V ratio of conventional TPMS-based porous
scaffolds while maintaining computational efficiency and enhanced
interactions with cells. In addition, we could obtain the multi-void
TPMS-based scaffold model with fully perfect pore interconnectivity in
each void by introducing a three-dimensionally continuous space

division method based on a set of inflated TPMS surfaces.

Furthermore, the proposed multi-void TPMS-based scaffold design
method can be easily extended to the more advanced application areas,
such as functionally graded scaffold design, hierarchical porous scaffold
design, and 3D organ printing to create more biomimetic scaffolds and
bioartificial tissues. These findings demonstrate that it is possible to
generate a variety of computational models ranging from conventional
TPMS scaffolds, through multi-void TPMS scaffolds, to multi-material

TPMS tissue models in an integrated systematic design framework.

However, more detailed work is needed to demonstrate the full
potential of the proposed design method through both in vitro and in

vivo experiments.
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