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Abstract

The additive manufacturing technique has developed rapidly in recent years, and the
widespread application makes it accessible to create complex porous structures. The
Triply Periodic Minimum Surface (TPMS) structures, which have smooth and connected
channels and high geometric surface area, are now being used in many areas such as
biomimetic materials, energy absorption systems, catalyst systems, and lightweight
design. Meanwhile, those applications also give more requirements for better structural

design with TPMS structures.

This research aims to investigate the influence of the design of different TPMS structures
on their permeability and mechanical properties. Specifically, an orthogonal
experimental design was used to study how TPMS architectures, porosity, and cell size
affect permeability and mechanical properties. Moreover, the effect of the weight
function on the mechanical properties of a one cell hybrid TPMS structure was also

investigated.

The results of orthogonal experiments show that the Primitive TPMS structure has the
highest permeability but the lowest mechanical properties. Permeability (k1) increases
with porosity, and so do the Forchheimer coefficient £, Young’s modulus, and energy
absorption. Porosity is the most important factor for all properties. For permeability,
TPMS structure type is less important for k1 but more important for f, meaning it has a
larger effect in high-speed flow than in slow flow. For mechanical properties, Young’s
modulus and energy absorption show similar trends, suggesting they can be improved

together by controlling the same factors.

For hybrid TPMS structures, the Young’s modulus results are affected by the cell number
and become stable when the cell number is 3*3*3 or larger. Structures made by
combining the hybrid TPMS cell and its mirror symmetry structure cell by different

sequences show similar mechanical properties, which means this assembly method is
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feasible. For hybrid TPMS structures with linear and nonlinear weight functions,
mechanical properties differ in the x, y, and z directions, showing both are anisotropic.
For the linear hybrid TPMS structures, the Young’s modulus in x and y directions is much
lower than z direction, and for the nonlinear hybrid, which in y and z directions is similar
and higher than x direction. Compression strength experiments show the linear hybrid
improves all mechanical properties compared to basic Gyroid and Diamond TPMS, while
the nonlinear hybrid mainly improves the Young's modulus. Three-point bending
experiments show that both hybrid structure beams perform better than basic TPMS
structure beams in most properties. The linear hybrid beam has higher energy absorption,
while the nonlinear hybrid beam has higher flexural modulus. This means that the weight

function can be used to affect the mechanical performance of hybrid TPMS structures.
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1. Introduction

Structures with pores, such as cellular structures, have a significant advantage in
biomimetic materials, energy absorption systems, catalyst systems, and lightweight
design. With the development of the Additive Manufacturing (AM) techniques, it has
become possible to design complex porous structures according to the requirements and
details of specific applications, which are wunachievable through traditional
manufacturing techniques. As a periodic porous structure, Triply Periodic Minimal
Surfaces (TPMS) have several advantages over traditional porous structures, such as
smooth, interconnected channels, easy and precise controllability volume of porosity, and

high geometric surface.

Research on TPMS structures and more complex hybrid TPMS structures aims to
investigate the permeability and mechanical properties of TPMS-based porous designs,
providing insights for further enhancing the performance of structures designed with
TPMS. This chapter first reviews the development of additive manufacturing techniques
and then introduces the characteristics and current research of fundamental TPMS

structures and hybrid TPMS structures.

1.1. Additive manufacturing

Manufacturing refers to the process of transforming raw materials into products using
one or more technologies, on the basis of drawings or molds. Generally, as Fig. 1 shows,
manufacturing techniques include: subtractive manufacturing (SM), formative
manufacturing (FM), and additive manufacturing (AM) [1,2]. Subtractive manufacturing
generates products by removing excess material through machining, drilling, grinding,
etc. [3] Formative manufacturing uses molds or other tools to shape raw materials into
products or semi-finished parts [2]. Additive manufacturing builds up materials layer by

layer to rapidly fabricate products or green bodies [4]. Subtractive manufacturing and



formative manufacturing are relatively mature processes, capable of using a wide range
of materials and well suited for large scale production conditions. Their production costs
decrease progressively as manufacturing scale increases. In contrast, additive
manufacturing is a relatively new technique with a shorter development history. The
types of materials suitable for additive manufacturing are still somewhat limited, and its
cost is difficult to reduce significantly in large scale production conditions [5]. However,
additive manufacturing offers significant advantages in fabricating complex structural
components. Compared to subtractive and formative manufacturing, additive
manufacturing can easily make porous parts with complex interconnected structures [6-
8] and can be used to make multi-material composite components [9-11]. Moreover, in
small batch production and rapid prototyping applications, AM greatly speeds up the
efficiency of the design, manufacturing, validation, and improvement cycle due to its
rapid prototyping ability. In recent years, additive manufacturing has developed rapidly
[12-14] and, thanks to its advantages, has gained widespread adoption in its specialized

domains.

(b)

Figure 1. Manufacturing techniques. (a) Subtractive manufacturing (SM). (b)
Formative manufacturing (FM). (c) Additive manufacturing (AM). [2]



The development of additive manufacturing technology began in the 1980s [15], and the
range of materials it can process has been expanded widely. Today, the additive
manufacturing technique can fabricate parts from polymers, metals, ceramics and more,
including fiber-reinforced composites [16]. To meet the processing requirements of
different materials, various AM techniques based on different methods have been
developed [17]. As shown in the Fig. 2 below, common additive manufacturing
techniques used in engineering applications include: binder jetting (BJT), directed energy
deposition (DED), material extrusion (MEX), material jetting (MJT), powder bed fusion
(PBF), sheet lamination (SHL), and vat photopolymerization (VPP) [18]. Additionally,
depending on whether post processing is required after fabrication, additive
manufacturing processes can be categorized into multi-step and single-step processes.
For instance, polymer materials, ABS, PLA, are typically produced via the single-step
process of additive manufacturing, that is the final product doesn’t require any additional
processes, while ceramic materials, such as zirconia and alumina, generally require
multi-step processing of additive manufacturing that include debinding and sintering

after shaping [19,20].

Figure 2. Additive manufacturing techniques. (a) Binder jetting (BJT). (b) Directed
energy deposition (DED). (c) Material extrusion (MEX). (d) Material jetting (MJT). (e)
Powder bed fusion (PBF). (f) Sheet lamination (SHL). (g) Vat photopolymerization
(VPP). [18,21]



In the early years of additive manufacturing technique development, the materials used
were solely polymers or metals [22]. In recent years, as additive manufacturing
technology has gained increasing attention and developed rapidly, its application has
broadened, and new requirements are imposed on the materials that can be processed by

additive manufacturing [23].

As materials known for its corrosion resistance and excellent mechanical properties,
ceramics are becoming increasingly used in additive manufacturing [24,25]. There are
various techniques for additive manufacturing of ceramics. Laser Powder Bed Fusion (L-
PBF) [25-27] and Directed Energy Deposition (DED) [28-30] technologies can directly
produce ceramic components, i.¢e., the single-step processes additive manufacturing [31].
Multi-step processes additive manufacturing is more widely applied, with major
techniques including Binder Jetting (BJT) [32-34], Material Extrusion (MEX) [35-37],
and Vat Photopolymerization (VPP) [38-40]. The typical manufacturing steps of them
include model design, slicing, additive manufacturing of green bodies, and post-
processing [41]. Generally, post-processing involves debinding and sintering to obtain

the final ceramic parts needed.

1.2. TPMS structures

Triply Periodic Minimal Surfaces (TPMS) have attracted significant interest as highly
versatile and functionally advantageous structures, especially in fluid transport and
mechanical performance applications. Table 1 gives the TPMS structures and its equation,
the inherent geometric complexity, characterized by smooth, interconnected channels
and high geometric surface [42], makes them an ideal structure for optimizing
permeability in porous media while maintaining mechanical strength, and for structural
designing of lightweight or energy absorbing components [43-46]. Integrating TPMS
architecture into fields such as biomimetic design, Fig. 3, energy absorption systems, and

catalyst systems highlights their potential in fluid flow and mechanical performing



structures, and understanding the influence of their topological features on permeability

and mechanical properties is important for advancing their application in several fields.

2

Figure 3. Application of TPMS structures. [47]

Table 1. TPMS structures and the equation. [48]

Equation of TPMS structure TPMS structure

Primitive:
®p = cos(X) +cos(Y)+cos(Z)=c

Gyroid:
®; = sin(X)cos(Y) + sin(Y)cos(Z) + sin(Z) cos(X) =c

Diamond:
®p = cos(X) cos(Y)cos(Z) —sin(X)sin(Y)sin(Z)
=c




I-WP:
D _ywp = Z[COS(X) cos(Y) + cos(Y) cos(Z) + cos(Z) cos(X)
— [cos(2X) + cos(2Y) + cos(22)]] = ¢

F-RD:
®p_pp = 4cos(X)cos(Y)cos(Z) —
[cos(2X) cos(2Y) + cos(2Y) cos(2Z) + cos(2Z) cos(2X)] = ¢

12-Y:
®y_y = —2[sin(2X) sin(Y) sin(Z) + sin(X) sin(2Y) sin(Z)
+ sin(X) sin(Y) sin(2Z)] + co s(2X) cos(2Y) + cos(2Y) cos(2Z)
+ cos(2Z) cos(2X) = ¢

Research on the permeability properties of TPMS structures has predominantly focused
on quantifying the fluid flow as a function of their topology, by carrying out permeability
experiments and simulations. Thakur et al. [49] and Nhaichaniya et al. [50] reported
superior permeability and nutrient transport in TPMS structures, while Pires et al. [51]
and Santos et al. [52] showed that geometry, beyond porosity, governs fluid flow and that
Gyroid often achieves higher permeability than the Schwarz Diamond structure. Ali et al.
[53] and Rathore et al. [54] linked pore size variation, morphology, and tortuosity to wall
shear stress, flow regime, and uniform fluid distribution. Gabrieli et al. [55] and Castro
et al. [56] experimentally confirmed that Diamond/Gyroid outperform IWP or Schwarz
P in permeability for tissue engineering. Zeng and Wang [57] and Montazerian et al. [58]
investigated TPMS structure permeability via parametric control and consideration of
transport directions, and Lumba et al. Penubarthi et al. [59] showed favorable capillary
performance and permeability in Gyroid/Diamond for thermal management, and Zhou et
al. [60] demonstrated Ti64—-5Cu Gyroid with high permeability and corrosion resistance

for implants. Karaman and Ghahramanzadeh Asl [61] and Sauermoser-Yri et al. [62]



compared sheet and different network architectures, reporting, respectively, superior
permeability and uniform shear stress distribution in sheet-based designs and higher
permeability in Schwarz primitive. Li et al. [63] and Liu et al. [64] proposed optimization
and topological strategies to customize permeability while maintaining mechanical
strength. Tian et al. [65] and Hesselmann et al. [66] extended TPMS to process and device
applications, showing that structural design enables high permeability and controlled

flow distribution without sacrificing mechanical properties.

Concerning mechanical properties, porous TPMS architectures can provide functional
structural components with tailored Young’s modulus and energy absorption [67,68], as
demonstrated both experimentally and numerically. Qiu et al. [69] and Feng et al. [70]
and Guan et al. [71] and Ravichander et al. [72] tested metal and polymer TPMS by
experiments and simulations, showing improved mechanical properties: load-bearing
capacity, stable deformation, and higher specific energy absorption. Al-Ketan et al. [73]
and Yang et al. [74] and Ma et al. [75] and Chen et al. [76] reported pore-gradient,
functionally graded, amplitude- and frequency-controlled lattices that enable tunable
stiffness, multi-platform stress—strain behavior, and robust energy absorption. Luo et al.
[77] and Zhao et al. [78] developed interpenetrating and strut-shell TPMS, avoiding sharp
stress drops and achieving tunable anisotropy. Cao et al. [79] and Viet et al. [80] and Guo
et al. [81] compared Primitive, Gyroid, Diamond, IWP and skeletal vs strut architectures,
showing Gyroid has stable orientation response, Primitive has higher anisotropy, IWP
and Diamond have favorable stiffness, and skeletal-TPMS provides uniform stress
transfer. Sengsri et al. [82] and Xi et al. [83] and Jian et al. [84] and Chatzigeorgiou et al.
[85] and Song et al. [86] targeted applications in bridge bearings, impact protection,
acoustic metastructures, and biomedical implants, confirming good energy absorption,

reduced stress shielding, and matched bone-like behavior.

For mechanical and permeability investigations, Bobbert [87] showed that TPMS-based
metallic biomaterials combine favorable topology, mechanical property, mass transport,
with high fatigue resistance and bone-range permeability. Xu [88] and Montazerian [89]

reported that radial/graded porosity TPMS scaffolds enhance mechanical



modulus/strength and fluid permeability, comparable to natural bone. Li [63] and Zeinali
[90] enabled design control via multi-objective optimization and numerical simulation,
allowing independent tuning and prediction of elastic modulus and permeability for

balanced mechanobiological properties.

However, the coupled effects of different structural parameters (e.g., unit cell size, wall
thickness, porosity gradient) on both permeability and mechanical properties remain
unquantified and, considering the multi factors dependencies of TPMS permeability and
mechanical properties, an orthogonal experimental design approach provides a powerful
method to ascertain the significant sequence of factors affecting the properties. In fact,
this approach can systematically reduce the number of experiments and has been widely
adopted in several fields to optimize processes and designing parameters [91,92]. For
instance, Guo et al. employed orthogonal experimental design to investigate the influence
of the FDM 3D printing parameters on the mechanical properties of PLA TPMS

structures [93].

1.3. Hybrid TPMS structures

Although the extensive family of Triply Periodic Minimal Surfaces (TPMS) structures,
which includes well-known types such as Primitive, Diamond, and Gyroid, already
provides a wide range of options for lightweight designing and other industrial
requirements, the mechanical properties offered by a single, uniform TPMS structure are
inherently limited and fixed. This limitation means that, for design applications with
highly specific or complex mechanical performance demands, a single TPMS structure
may not be sufficient. Consequently, as Fig. 4 shows, combining multiple TPMS cells to
form a hybrid TPMS structure has emerged as a viable and effective approach to
overcome this constraint. In the case of hybrid TPMS structures, the use of appropriate
hybrid methods or the selection of specific constituent components allows for the
tailoring of mechanical properties, enabling the structure to exhibit distinct responses in

different loading directions.



Hybrid area

Figure 4. Hybrid of TPMS structures. [94]

Lu et al. [95] and Song et al. [96] examined hybrid Gyroid—Primitive and other hybrid
TPMS under static and dynamic loading, showing improved energy absorption capacity,
deformation stability, and damage tolerance. Novak et al. [97,98] reported distinct
deformation modes, progressive deformation, and higher energy absorption for Gyroid—
Diamond hybrid lattices. Nazir et al. [99] designed nature-inspired hybrid lattices by
material extrusion, also achieving progressive deformation and improved energy
absorption over uniform morphology. Gao et al. [100] targeted functional property
regulation, with anisotropy and directional elastic modulus control by hybridization, and
elastic wave manipulation via air—solid phases to control stress wave transmission and
enhance acoustic isolation. For thermal—flow applications, Wang et al. [101] analyzed
functionally graded hybrid TPMS heat exchangers and showed improved heat transfer

efficiency with reduced flow resistance in compact heat exchanger layouts.

Moreover, it is important to note that the method of hybridization can also influence the
properties of hybrid TPMS structures. When compared to basic TPMS structures, these
tailored characteristics provide hybrid TPMS structures with substantially broader
potential for a variety of applications, particularly in fields such as lightweight design.
Therefore, a thorough investigation into the regulation of properties in hybrid TPMS
structures is crucial for their effective and reliable implementation in these advanced

engineering fields.



Gao et al. [102], Yin et al. [103], and Zhang et al. [46, 104] examined hybridization
direction and orientation effects, revealing that loading direction relative to hybrid
interfaces and component arrangement critically influence deformation behavior and
energy absorption characteristics. Li et al. [105], Li et al. [106], and Yoo and Kim [107]
investigated transition region characteristics, showing that shape, position, weighting
parameters, and volume proportions of transition boundaries affect stress distribution and
mechanical performance. Zhang et al. [108, 109] studied multi-stage mechanisms and
transition geometry, finding that component proportion, transition layer width, transition
radius, and component distribution determine stress response stability and impact
resistance. Liu et al. [110] and Wang et al. [111] explored wall thickness effects,
demonstrating that continuous and discrete thickness variations, along with unit cell size,
effectively control deformation patterns and prevent premature failure. Ye etal. [112] and
Na et al. [113] examined structural fusion parameters, revealing that rotation direction,
angle of inner-layer units, fusion coefficient, and transition interface design critically
affect permeability, mechanical stability, damage tolerance, and energy absorption

efficiency.

Moreover, weight functions utilized in the generation of the hybrid structure, such as
linear or nonlinear functions, exert a significant influence on the resulting mechanical
properties of the hybrid TPMS structure, when compared to basic, single-unit TPMS
structures. Gao et al. [94] focused on weight function design, using Sigmoid functions
and volumetric distance fields to achieve smooth transitions, demonstrating that weight
functions control elastic modulus and anisotropy. Most of the above research either use
hybrid TPMS structures as a transition layer between two basic TPMS structures or

generates hybrid TPMS across multiple cell sizes.

This study focuses on the mechanical properties of the one cell hybrid TPMS structure
with different weight functions, and of structures made by combining several of these

one cell hybrid TPMS structures

10



1.4. Research approach

This research aimed to experimentally investigate the permeability and mechanical
properties of basic TPMS structures and hybrid TPMS structures, providing insights for
further enhancing the performance of structures designed with TPMS. The details are as

follows:

For basic TPMS structures, the orthogonal experimental design was applied to
investigate the effects of three factors, namely TPMS architecture, porosity, and cell size,
on two permeability (Darcy permeability coefficient k1 and Forchheimer coefficient £)
and two mechanical characteristics (Young’s modulus and energy absorption). Using the
FDM additive manufacturing technique, both PLA and zirconia samples were fabricated
and tested under controlled fluid flow and mechanical loading conditions. The aim was
to quantify the effects of TPMS architecture, porosity, and cell size on permeability and
mechanical properties, determining the significance of each factor, and provide a
reference for further designing and optimizing of TPMS structures in applications where

permeability and mechanical properties are of interest.

For hybrid TPMS structures, a program was developed with Python to create a one cell
hybrid TPMS structure, and structures made by combining several of these one cell
hybrid TPMS structures. With the FDM additive manufacturing technique, alumina
samples were fabricated and tested by uniaxial compression and three-point bending
experiments. The mechanical properties of TPMS structures with different cell
configurations, the mechanical properties and anisotropy of hybrid TPMS structures with
different weight functions were investigated. The main aim of the work was to expand
the applicability of hybrid TPMS structures in engineering fields requiring tailored

mechanical and fluid transport performance.
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2. Triply Periodic Minimum Surface (TPMS) Shell
Structures Modeling

Even though the mathematical equations for Triply Periodic Minimum Surface (TPMS)
are always concise, modeling these cellular structures with traditional software, like
SolidWorks and Autodesk CAD, etc., is still a challenge. Considering the requirement of
parameter-driven TPMS structures generation and more complex TPMS structures, such
as the hybrid TPMS structures in Chapter 5, developing software for TPMS structures
modeling is more efficient. In this chapter, with Python programming language and the
program library of VTK and PyVista, the modeling of basic geometry, TPMS shell

structures, and hybrid TPMS shell structures were investigated.

2.1. Implicit modeling and visualization

For the Additive Manufacturing technique, as Fig. 5 shown, .STL file is the most
commonly used file format to describe geometry structures, which formats a geometry
structure as a series of triangle facets, and then store the nodes three dimension
coordinates data and the facets. For a solid body, the triangle facet is enclosed, and for a

surface, they are not.

Figure S. Solid and surface models with .STL format and show of triangle facet. (a)
solid model. (b) surface model.
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Generally, .STL format models can be generated by two technique routines, first one is
Polygonal modeling generate directly, like 3D max and Blender, which allow user to
generate mesh model and modify in vertex level of .STL models directly. The second
method is boundary representations (B-reps) based software, like SolidWorks, Rhino,
etc., theoretically, which can accurately characterize the geometric features of regular
geometry structures, and can easily be modelled parametrically. Both two methods are
the Explicit modeling method, which mainly define and modify the geometry element,
vertex, line, and face, and can generate the geometry structures directly and intuitively,
but for complex cellular structures in this research, modeling a geometry structure by the
Explicit modeling method is not effective, and for software like SolidWorks, even they
support parameter modeling, there still is limitation for complex cellular structures. For
the requirement of modeling those kinds of cellular structures, the Implicit modeling is

an efficient tool.

Implicit modeling is a powerful and advanced geometry modeling tool, and is becoming
more popular in various applications, such as additive manufacturing models designing,
which represents a geometry structure as a field function @(x,y,z) related to the space
coordinates instead of the structure boundary. The field function can be defined
differently, generally, for simple geometry structures, such as a circle in 2D space, the

field function can be defined as the implicit function of the 2D circle:

P(x,y) =x>+y*—R?*=c (1)

where, x, y is the coordinates of the 2D space, R is the radius of the circle, and ¢ is the
1so-value which defines the curve of the circle. For R=1, Fig. 6 gives the 2D circle field
function generated by Implicit modeling, and we can see that the curve corresponding to
the iso-value ¢=0 is the circle we want by implicit modeling, and the field function inside
the circle are negative, and outside the circle are positive, which is the basic characters

of the implicit model.
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Figure 6. 2D circle field function results.

However, using the implicit function of simple geometry structure can bring error and
limitation for complex geometry operation applications and geometry structures. For
geometry operation like offset, Fig. 7 gives the line defined by Equation 2, where the line
1 passing through points (1,0) and (0,1) is the line represent to ¢=0, the line 2 passing
through points (1.5,0) and (0,1.5) is the line represent to ¢=0.5, and the line 3 passing
through points (1.7,0) and (0,1.7) is the line represent to ¢=0.7, where the distance
between line 1 to line 2 and line 3 are 0.35 and 0.5, respectively, which means that by
increasing the iso-value, one can move the offset line toward the negative side of the

original line, but the increased value doesn’t correspond to the correct offset value.

Px,y)=x+y—1=C )
2
1.5
1
0.5
0
0 0.5 1 1.5 2

Figure 7. Offset error of using implicit function as field function.
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Meanwhile, for geometry structures which come from CT and other geometry scanning
methods, in Fig. 8 shows the reconstructed 3D model, but the exact implicit function and
using implicit functions are no longer suitable, while the Signed Distance Field (SDF) is
a better option for the field implicit function @. As Fig. 9 shows, the SDF is defined as
the minimum distance of each point of the space coordinates to the surface of geometry
structures and, in this research, every implicit geometry structures generated by the
implicit function based implicit modeling will be transferred to the SDF based field
function for better Boolean operation and, differently to the implicit function, the SDF
value inside the geometry structures is positive and outside is negative. As Fig. 8 shows,
with the help of SDF, we can import and convert the traditional .STL to the implicit
model and do further work.

Q
A"

(@) (b)

Figure 8. Complex structres. (a) Femoral head 3D model by CT. (b) Stanford Bunny
scanned with the Stanford Large Statue Scanner. [114, 115]

Model outside
Data point

: Distance
Distance

Data point

Model geometry boundary
Model inside

Figure 9. Signed Distance Field definition.
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For implicit modeling, Boolean operation is a very strong advantage in comparison to B-
rep modeling methods. The Implicit modeling method is field based, and the geometry
structures generated by it are a naturally watertight structure, and all Boolean operations
edit the field of the geometry structures directly, which makes the Boolean operation in
Implicit modeling a robust and efficient operation. The equations of the Boolean

operation for Implicit modeling are given below.

Intersect: fin, = min (fy, f2) 3)
union: fyy, = max (fy, f2) “4)
subtract: f;_, = min (f;, —f3) 5)

Figure 10. Example of boolean operation modeling. [116]

With SDF, the .STL format geometry can be imported and edited by Implicit modeling
and, for additive manufacturing applications, the .STL format is still the most important
file that is used. To extract the geometry structures from Implicit modeling, in this
research the program function vtkContourFilter() of the open source software VTK was
used, which can extract the contour of the field function and generate the .STL format
geometry structures file. Fig. 11 shows the wireframe diagram of the .STL model and the

implicit modeling data point cloud corresponding to its SDF.
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Figure 11. SDF of a geometry structures and its .STL format geometry.

2.2. TPMS shell structures

Generally, the implicit function of a TPMS structure can be defined according to Fourier

series [117]:

&(r) =Y, Acos[2mn-r —p,] =0 (6)

where, n is the lattice vector, 4, is the amplitude, p, is the phase shift. With different
parameters and appropriate truncation, the implicit functions of the most common TPMS

structures are listed in Table 1.

Specifically, for a Gyroid TPMS surface, the implicit function is:

@, = sin(X)cos(Y) +sin(Y)cos(Z) +sin(Z)cos(X) =c (7)

where, X=2nx/T, Y=2ny/T, Z=2nz/T, T is the cell size, and c is the offset coefficient.
Figure 12 gives the process of generating a Gyroid solid shell from Gyroid surfaces. For
¢=0 is the zero iso surface of the Gyroid in Fig. 12(a), to generate a shell solid model, an
offset value should be applied in Equation 7, with given offset value c, and positive offset
and negative offset iso surfaces are plotted in Fig. 12(b), then, with a given boundary,
such as cube, cylinder, sphere, or import model boundary, in Fig. 12(c), with the Boolean

operation in Equation 3, the Gyroid solid shell model is obtained, as shown in Fig. 12(d).
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(c) (d)

Figure 12. Generating a Gyroid solid model by its surface. (a) Gyroid zero value iso
surface. (a) Gyroid zero value and its positive and negative offset iso surfaces. (c)

Offset iso surface intersected with a cube. (d) Gyroid solid model.

Meanwhile, for a TPMS structure, by changing the cell size T and offset value ¢, the
shape and porosity of the shell structure change. The pore size can be considered as the
distance between two solid walls within a structure, but there is no uniform definition of
pore size for different TPMS architectures, cell size is defined as the dimension of the
minimum geometrical unit representing the TPMS structure. The more cells in a structure
of'a given volume, the smaller the cell size is, and Fig.13 shows the shell structures for a
Gyroid TMPS with varying cell size T and porosity ¢. Gyroid structures with the same
porosity but different cell sizes have different pore sizes: the larger the cell size, the larger
the pore size. Therefore, to investigate the influence of shape and porosity on the
permeability and mechanical properties, the cell size 7 and the porosity ¢ are the key
parameters. For a highly efficient and economical experiment plan, as Table 2 and Table
3 show, three factors and three levels for each were considered. For the three factors three

level orthogonal array Lo(3?), the three factors considered were the TPMS architecture,
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the porosity, and the cell size and, for each factor, there were three different levels: TPMS
architecture (Primitive, Gyroid, Diamond), porosity (0.7, 0.5, 0.3), cell size (6, 8, 10 mm).
Using this array, only 9 individual experiments instead of 27 were required to obtain the
significance of those three factors with respect to the permeability and mechanical

properties.

6-

T=0.5,¢4=0.7 T=1,4=0.7 T=1,4=0.5
(@) (b) (©

Figure 13. Shell structures for Primitive TPMS with different cell size T and porosity
@. (a) cell size T= 0.5, porosity ¢ = 0.7. (b) cell size 7= 1.0, porosity ¢ =0.7. (c) cell
size T= 1.0, porosity ¢ =0.5.

2.3. Hybrid TPMS shell structures

As shown in Fig. 4, instead of directly joining two TPMS structures together, the hybrid
TPMS structures give a smooth connection to two TPMS structures and maintains the
connection of the pores. Generally, the function for creating an hybrid structure is based

on the format below:

(phybrid = T](pl + (1 - 77)¢2 (8)

where, Onybridis the field function of the hybrid structure, @1 and @2 are the input field
functions of structures, which are the implicit function of TPMS structures, and 7 is the
weight function which control the hybrid of two field functions. The simplest function

of 5 is the linear function c:
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a1 <x<Xx
where, 7¢(x) is the linear ¢ function which leads to hybrid TPMS structures along the x
direction, x is the x axis coordinates, x1 and x> are the beginning and end coordinates for
the hybrid. In this research, only one direction hybrid was investigated, two different

TPMS structures were placed along the x direction, which was the hybridization direction.
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3. Program for Generating TPMS structures

3.1. Program structure

The program for TPMS structure generation was coded by Python, and the basic program
libraries used were VITK and Pyvista for geometry data processes, generation, and
visualization. Comparing to previous software, like MSLattice[118], and TPMS
Designer[119], this program give more freedom in generating more complex TPMS
structures, and supports the generation of hybrid structures, in which two different
geometries can be connected smoothly and continuously and, importantly for
applications, also maintaining the continuity of the porous channels among the various
structures. This program was developed based on classes, and the structure of the
program is shown below, it contains core/: for basic geometry structure generation and
operation, structure/: for complex geometries, such as TPMS in this research, generation,
utils/: additional tools for operational data inputted to and from other softwares, such as

ABAQUS.

src/

——structure/

tpms/

\_BaseTPMS.py
tpms.py

—utils
L —importGS/
— —inp.py

Specifically, the core/ section contains the GS.py and GO.py. The GS.py code defines
two classes, BaseGS and SimpleGS. BaseGS is the basic class for all geometry structures

generated and operated in this program, which defines how the implicit modeling works
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(see chapter 2.1), how the implicit geometry data is stored and operated, and it also
contains functions to convert the implicit modeling result to a .STL format file, and
import the .STL format file as implicit modeling data. Then the SimpleGS is the class
that inherits from the BaseGS class, in which the basic geometry structures are defined,
such as cube, sphere, cone, etc., the geometry structures defined by SimpleGS class are
plotted in Fig. 14. The GO.py code contains the hybrid operation to the objects defined

by the BaseGS class, and it will be introduced in subsequent chapters.

L 4

@ (b) ©

Figure 14. Basic geometry structures generated by SimpleGS class. (a) Cube. (b)
Sphere. (c) Cone.

% "‘a "' i fi -g .1 e *;.
(a) (b) (©)

Figure 15. Gyroid structures. (a) Gyroid positive skeleton. (b) Gyroid shell. (c) Gyroid
negative skeleton.

For the structure / section, which contains all complex geometry structures, this requires
more complex processes. In this program, which contains two codes for TPMS structures
generation: the tpms.py and BaseTPMS.py. BaseTPMS.py stores all basic TPMS

structure equations in Table 1. tpms.py is the core code for TPMS structures generation
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(the method has been presented in Fig. 12), considering the complexity of the whole
process, the generation of TPMS structures has been included into a class, named TPMS,
that derives from the BaseGS class.Figure 15 shows the Gyroid TPMS structures
generated by the TPMS class, with different parameters, besides the shell structure of
TPMS, Fig. 15(b) shows the specific domain of skeleton TPMS structures, Fig. 15(a) and
(c), can be generated depending on the applications. Meanwhile, the TPMS class can
directly generate TPMS structures with specific porosity, and Fig, 16 shows Gyroid

TPMS structures with different porosity values.

(a) (b) (©

Figure 16. Gyroid TPMS structures with different porosity values. (a) Porosity = 0.5.
(b) Porosity = 0.7. (c) Porosity = 0.9.

Figure 17. Gradient Gyroid TPMS structures. (a) Gradient by changing cell size. (b)
Gradient by changing shell thickness.

Besides controlling the porosity of TPMS structures, considering the properties of TPMS
shown in Fig. 13 and Equation 7, the program can generate gradient TPMS structures by

changing the cell size T and offset value c for structures, see Fig. 17, where Figure 17(a)
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is the gradient TPMS structure whose cell size increases gradually along the height
direction, and Fig. 17(b) shows the gradient TPMS structure whose thickness decreases
gradually along the height direction. For different applications, those two gradient

methods provide different options.

3.2. Geometry structure operation

For simple applications, the BaseGS class generated above can generally meet the
requirements but, for complex structures generation, additional geometry operations are
essential. In this subchapter, the Boolean and Hybrid geometry operations will be

presented.

3.2.1. Boolean

The mathematical principles of Boolean operations have been stated in chapter 2.1, and
in the program, it supports the importing of a geometry structure (see Fig 18(a)) that
becomes the boundary intersecting the Boolean operation with the simple Gyroid TPMS
structure (see Fig 18(b)). The final TPMS structure after the Boolean operation is shown
in Fig 18(c), where the Boolean operation and the TPMS structure can be applied

according to the geometry boundary conditions.

(a) (b) (c)

Figure 18. Complex TPMS structure generation via Boolean operation. (a) input
geometry. (b) Simple Gyroid TPMS structure. (¢) Gyroid structure after intersecting
Boolean operation.
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3.2.2. Hybrid structures

The mathematical principles of hybrid operations have been described in chapter 2.3,
which is function GO.py under core/ path. Typically, the hybrid operation can mix two
completely different structures smoothly, Fig. 19 shows the hybrid of a cube to a cylinder
from left to right. The area of the hybrid structure can be controlled by giving different
parameters to the GO.py function. Fig. 19(a) shows a fully hybridized structure, while

and Fig. 19(b) shows a structure where only a limited area of it has been hybridized.

(b)

Figure 19. Cube to cylinder hybrid structure obtained by using different parameters. (a)
Full hybrid. (b) Localized hybrid.

(b)

Figure 20. A hybrid TPMS structure. (a) Top view. (b) Front view.

For TPMS structures, the hybrid operation is more versatile, because it allows not only

to obtain smooth surfaces, but also to achieve the continuity of pores from the two
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structures, providing advantages in mechanical and permeability applications. Fig. 20
shows the local hybrid of the Gyroid and Diamond structures from left side to right side,
Fig. 20(a) is the top view of the hybrid structure, and Fig. 20(b) is the front view of the
hybrid structure. It is clear that, with the hybrid operation, the Gyroid and Diamond

structure can connect smoothly and the porosity is also well and fully connected.

3.3. Connection with FEM

Besides all functions described previously, the program also supports importing
ABAQUS simulation results for shape optimization. Fig. 21 shows the stress field of a
simulation, and the ABAQUS supports the export simulation results (e.g., stress, strain,
etc.) as a .CSV file, in which all simulation results are stored node by node. By reading
this file, the program can use the simulation result field to generate complex and

optimized structures for a specific application.

Figure 21. The input stress field from ABAQUS simulation.

In this program, the function inp.py under utils/importGS/ path support for the operation
above, which can import the ABAQUS simulation result as a BaseGS object, and then
use geometry operation functions mentioned above to generate structures. To perform
light weight design using the stress field, Fig. 21, from numerical simulation, the process
begins with a finite element analysis (FEM) of the original structure under given loading
and boundary conditions. The resulting stress field distribution is then extracted,

providing a detailed path of how mechanical loads are carried throughout the structure.
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Regions with high stress values indicate critical load bearing paths and should be
preserved to maintain structural integrity, and regions with low stress mean less
mechanical demand and can allow for material removal or replacement TPMS structures.
The critical stress value to recognize the region as a high or low stress value is the
threshold for light weight. Fig. 22(a)-(c) give the different light weight designs with
different threshold values with Gyroid structures infill. The higher the threshold value is,
the more regions of the original beam are filled with the Gyroid structures, and generally,
the lower stiffness and strength the light weighted beam will have. In application, the
critical stress should be defined according to different design targets and constraints, e.g.,
target stiffness, allowed strength, allowed displacement, and safety factor, and the light
weight structures need to be re-simulated under the same loading and boundary

conditions to verify the new stress field distribution.

o = __ -~

Figure 22. Light weighting structures filled with TPMS. (a) Stress threshold is 10 MPa.
(b) Stress threshold is 15 MPa. (¢) Stress threshold is 20 MPa.
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4. Orthogonal experimental design for the evaluation of
the permeability and mechanical properties of TPMS

structures

When designing TPMS structures that need to meet specific requirements for
permeability and mechanical properties, it is of great significance to investigate the
influence of different factors of the TPMS structures (such as TPMS architecture,
porosity, and cell size) on their permeability and mechanical properties. In this chapter,
three kinds of TPMS architectures, Primitive, Gyroid and Diamond, with different
porosity and cell size were manufactured in both PLA and zirconia, based on an
orthogonal experimental design, to investigate the influence of those factors on their
permeability (Darcy permeability coefficient k1 and Forchheimer coefficient f) and
mechanical properties (Young’s modulus and energy absorption). All specimens were
tested by permeability tests and uniaxial compression tests to measure the experimental
data on permeability and mechanical properties. Meanwhile, numerical simulations were
conducted using Fluent and Abaqus. Finally, a range analysis method was employed to

determine the primary factor on permeability and mechanical properties.

4.1. Set up of experiments and numerical simulations

4.1.1. TPMS structures and materials

Orthogonal experimental design is a method that uses a suitable orthogonal table for the
guidance of experiment design. It uses statistical analysis, such as range analysis, to find
how different factors affect the results [120]. With this method, when many factors may
affect the results, it helps researchers find the significance of each factor quickly. It also

reduces the number of experiments needed.
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Table 2. Levels and factors for the orthogonal experiment.

Factors
Levels
TPMS architecture Porosity  Cell size (mm)
1 Primitive 0.7 6
2 Gyroid 0.5 8
3 Diamond 0.3 10

Table 3. Three factors three levels orthogonal table Lo(3%).

Sample Label arc};il;/itsure Porosity C?rlrllril)z ©

P_u8p07 Primitive 0.7 8

P ul0p05 Primitive 0.5 10

P u6p03 Primitive 0.3 6

G _u6p07 Gyroid 0.7 6

G _u8p05 Gyroid 0.5 8
G ul0p03 Gyroid 0.3 10
D ul0Op07 Diamond 0.7 10

D _u6p05 Diamond 0.5 6

D u8p03 Diamond 0.3 8

For both permeability and mechanical properties experiments, all samples were cylinders
with the same dimensions (diameter D = 18 mm, length L =20 mm). PLA samples were
printed using a 3D printer (Ender-3, Creality, China) and a PLA filament (SUNLU,
China), a temperature of 200°C, a printing speed of 50 mm/s, a nozzle size of 0.4 mm
and a slicing layer height of 0.2 mm (see Fig. 23(a)). Figure 23(b) shows the samples
listed in Table 3.
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Figure 23. PLA specimens. (a) the printing of a PLA specimen. (b) PLA specimens for
all 9 orthogonal experiments.

@ 1475°C
acetone
{ 2 ‘

Printing chemical  debinding and
debinding sintering
(a) (b)

(d)

Figure 24. Zirconia specimens. (a) procedure for manufacturing a zirconia specimen.
(b) the printing of a zirconia specimen. (c) the shrinkage of zirconia specimens before
and after sintering. (d) zirconia specimens for experiments.

Zirconia samples were also manufactured by FDM, for ceramic TPMS structures with
larger unit cell sizes, printing the overhanging structures with a zirconia filament is
particularly challenging, due to the inability to use support structures, which limits
manufacturability. Therefore, only models with a cell size 7= 6 mm were produced. As
Table 4 shows, is all parameters of the white zirconia filament (Zetamix, France) for

zirconia samples fabrication, a temperature of 180°C, a printing speed of 15 mm/s, a
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nozzle size of 0.4 mm, the build plate does not need to be heated to increase the adhesive

of the green bodies while printing and a slicing layer height of 0.2 mm (see Fig. 24(a,b)).

Table 4. Parameters of zirconia sample fabrication.

Material Zirconia (ZrO; - Y203)
3D Printing temperature 180°C
Build plate temperature No heating
Filament diameter 1.75 mm
Nozzle size 0.4 mm
Layer height 0.2 mm
3D printing speed 15 mm/s

Wall line count Print wall only

infill density 100%
Supports structure No
Chemical debinding temperature 40°C
Chemical debinding solver Acetone
Chemical debinding duration 12h
Chemical debinding weight lose >5%

Thermal debinding temperature 20 to 500°C, 8°C /h

20 to 1475°C, 50°C /h,
holding 2h, 1475 to
20°C, 100°C /h

21.5% £1%

Sintering temperature

Linear Shrinkage after sintering

After printing, the samples were placed in acetone for 12 hours at 40°C, losing 5 wt%
due to the chemical debinding and, after that, following the recommendation from the
producer, they were inserted in a muffle furnace for thermal debinding in air (from 20 to
500 °C with heating rate 8°C/h), and then sintered at 1475°C for 2 h, with a heating rate
of 50°C/h. After sintering, the samples underwent a 21.5% linear shrinkage (Fig. 24 (¢)),
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and this was taken into account by printing oversized samples to achieve the desired
correct final size previously specified, after sintering. Fig. 24 (d) shows the zirconia

samples prepared for the tests.

The X-ray Diffraction (XRD) result of a zirconia sample in this research is given in Fig.
25. The XRD pattern shows that this is a yttria-stabilized zirconia material as the
producer mentioned in the technical datasheet, with a series of sharp and intense

reflections located at 26 =~ 30°, 35°, 50° and 60°, which are characteristic of the

tetragonal zirconia phases. No significant splitting of peaks near 28—-31° was observed,
indicating that the monoclinic phase is largely suppressed. This confirms that the addition
of Y20; effectively stabilizes the high-temperature tetragonal structures at room

temperature.

Intensity/[a.u.]

I | I \
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Figure 25. XRD pattern of a zirconia sample.

4.1.2. Permeability experiments and simulations
The set-up of the permeability test experiment is shown in Fig. 26 [121, 122], and it

contains a chamber, the sample, a flow rate meter, a pressure drop sensor, gas tubes, an

adapter, and a computer. As a chemically inert, non-toxic and dry gas, nitrogen was
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selected as the test gas. When carrying out the gas flow experiments, a sample was fixed
in the center of the chamber, with nitrogen flowing through it, at both the inlet and outlet
sides of the chamber there was a gas tube connected to the pressure drop sensor and, at
the outlet side of the chamber, the flow rate data were collected by a digital flow rate
meter. All pressure drop and flow rate data were collected by the self-developed software
with computer via the adapter, for more details about set up of the software please check
the Appendix A. For all samples, the gas flow was slowly increased from 0 L/min to 50

L/min.

I = o

Computer

Pressure drop senso

Figure 26. Permeability tests experimental set-up.

Figure 27. The simulation model mesh in Fluent.
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The simulations for the permeability were conducted by Ansys Fluent using a minimum
mesh size within the area of the TPMS structure of 0.1 mm, and 5 mm for other areas,
with a boundary layer number of 3, using nitrogen as the fluid (the density p and viscosity
u are given in Table 5). Figure 27 shows the simulation model mesh in Fluent, the
dimensions of the model were the same as those of the experimental chamber (diameter
18 mm for TPMS area, and 25 mm for other areas), and at the inlet side was placed the
mass flow boundary condition, where the corresponding flow rate value varied from 0

L/min to 50 L/min, and at the outlet side was the pressure condition at the value of 0 Pa.

Table 5. Properties of the fluid.

. Density p Viscosity u
Fluid kg/m? Pas
Nitrogen 1.18029 1.8301x10°°

Table 6. Geometric surface area and Reynolds number Rerpwms for each sample.

Sample label Geometric surzface area Reynolds number
S (mm~) Rerpms
P_u8p07 1.92 4.40x10°
P ul0p05 1.64 5.15x10°
P _u6p03 2.20 3.84x10°
G _u6p07 3.23 2.62x10°
G_u8p05 2.50 3.38x10°
G _ul0p03 1.99 4.25x10°
D ul0p07 2.52 3.35x10°
D u6p05 3.74 2.26x10°
D u8p03 2.66 3.18x10°
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Concerning the Fluent simulation of the TPMS structures, the Reynolds number Repms
for this kind of porous structures can be calculated taking into account the porosity ¢

[123]:

_ Doy
TPMS ~ pu¢ (10)
where, u is the velocity, equal to the flow rate divided by the section area of the model,
p and y are the density and viscosity of the fluid, respectively, and Drpwms is the hydraulic
diameter of the TPMS structures, given by:

D 20 (11)
where, S is the geometric surface area.

For each sample in Table 3, the geometric surface area S and Rerpms can then be
calculated, as reported in Table 6. The turbulence model k-epsilon is the suitable model
for the simulation and, considering that the TPMS model contains several small pores,

the standard wall function was applied to simulate the fluid flow near the wall.

4.1.3. Compression tests and simulations

The compression tests were carried out using a uniaxial testing machine (Quasar 25,
Galdabini, Cardano, Italy), applying Vaseline to the contact area between the sample and
the plates to reduce friction with the steel plates. The loading speed was 2 mm/min, and
the test was ended when reaching a target displacement value (10 mm for PLA samples
and 2 mm for zirconia) or when the loading force dropped to 0 N. The data reported

represent the average of 2 individual tests.
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The simulations of PLA TPMS structures deformation under uniaxial compression
loading were conducted by Abaqus, and Table 7 gives the adopted material properties for
PLA (the data were obtained by directly testing the material).

Table 7. Material properties for PLA.

Young’s modulus Poisson’s Strength Density
MPa ratio MPa kg/m?
1000 0.3 55 1,230

(a) ® ©

Figure 28. Model of TPMS samples. (a) Primitive: P_u6p03. (b) Gyroid: G_u6p07. (c)
Diamond: D_u6p05.

Fig. 28 (a)-(c) show the models of Primitive, Gyroid, and Diamond TPMS structures,
which were all meshed by a tetrahedral mesh and, to save CPU time, the symmetry parts
of the Primitive and Diamond structures were simplified to the quarter models (see fig.
28 (a) and (c)). As Fig. 28 (a)-(c) show, the TPMS sample was placed between two planes
which are all analytical rigid parts, and all parts were set as general contact with the
properties of a hard contact. For the boundary conditions and loading, all degrees of
freedom for the bottom plane were fixed, the displacement loading was carried out along
the axial direction of the TPMS sample from the top plane, the displacement loading
increased from 0 mm to 10 mm, and for the top plane all degrees of freedom except the

loading direction were fixed.
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The simulations were all conducted using an Explicit/Dynamic solver and, for the quasi-
static loading simulations in accordance with the ABAQUS manual [124], the loading
rate should not be smaller than 10 times of the first natural period for the TPMS structure,

1.e.:

tmin > 10/f; (12)

where £ is the minimum time defined by natural frequency, fi is the first natural
frequency of the structure, and the values for the TPMS structures are reported in Table

8. Then the minimum time #; can be estimated by:
tmin > 10/f, = 10/19,643 = 5.1 X 107*s (13)
In this work, for all simulations, the time ¢ was set as 1x107 s.

Table 8. The first natural frequency for all TPMS structures.

First natural

Sample label frequency (Hz)
P u8p07 13,329
P ul0p05 16,354
P u6p03 19,595
G_u6p07 8,643
G_u8p05 9,505
G ul0p03 10,799
D _ul0p07 16,675
D u6p03 19,643
D u8p03 15,794

The minimum stable time increment Af is:
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At =L,/cg = L,/JE/p = 44%x1077s (14)

where L. is the characteristic element length, c4, E, and p are the dilatational wave speed,
Young’s modulus and density for the material, respectively. Then, with the simulation
time ¢ and minimum stable time A¢, the amount of steps N = #/At was 2272, which is an

acceptable number for simulations, so mass scaling was disabled for all simulations.

In this chapter, both PLA and zirconia samples were scanned using a metrological micro-
focus X-ray CT system (XCT, MCT225, Nikon Metrology, UK) to evaluate the influence
of sample architecture on the permeability and mechanical properties. The analysis was
carried out in the laboratory of Prof. Simone Carmignato, Department DTG, University

of Padova.

4.2. Permeability and mechanical properties results

4.2.1. Permeability properties

The pressure drop between the inlet side and outlet side of the samples and the nitrogen
flow rate data were all recorded (see Fig. 26), for further analysis, the flow rate data was

converted to the fluid flow velocity data:

_ Q
u= m(D/2)2 (15)

where, u is the fluid flow velocity, Q is the flow rate recorded by the flow rate meter, D

is the diameter of sample.

The fluid flow velocity — pressure drop results from the permeability experiment carried

out on PLA samples, together with the Fluent simulation for all cases in

Table 3, are shown in Figs. 29 (a)-(c) (the legends ending with s mean that the results

come from the Fluent simulation).
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As the figures highlight, the pressure drop data presents a nonlinear relationship with the

fluid flow velocity, and it can be described by Forchheimer’s equation:

—— =—u+ ppu? (16)

where, AP is pressure drop between the two sides of the sample, L is the length of the
sample, ki is the Darcy permeability of the structure, characterizing viscous resistance,
is the Forchheimer coefficient, reflecting inertial resistance due to high-velocity flow.
The minus symbol at the left term of the equation means that the direction of the pressure

drop gradient is opposite to the direction of the fluid flow velocity [52,125].

We can observe, from Figs. 29 (a)-(c), that the experiment results are consistent for all
the different specimens, and that the Fluent simulation results match rather well with the
corresponding experimental data. The matching is better at lower fluid flow velocity (1.0
m/s) than at higher fluid flow velocity, meaning that when fluid flow velocity is low, the
viscous resistance in Equation 16 dominates the fluid flow, and Fluent can simulate this
condition well. Concerning the different TPMS architectures, the Gyroid structure’s
simulation shows a better match with the experimental data than that for the other two
structures, with the Fluent results for the D _u8p03 case (the sample with the smallest cell
size and lowest porosity) showing the worst results (see Figs. 29 (c)). The pressure drop
values were significantly larger than the experimental data when fluid flow velocity was
larger than 1.5 m/s, this error is mainly due to the inability to accurately simulate the
attrition between the fluid and the solid wall due to the narrow fluid channels under high-

speed flow.
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Figure 29. Fluid flow velocity - pressure drop results of simulations and experiments

of PLA samples. (a) Primitive structures. (b) Gyroid structures. (c) Diamond structures.
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Figure 30. Zirconia samples data (blue scatter), PLA samples data (green scatter), and
Fluent simulation results (red curves) comparison. (a) Primitive structure P_u6p03. (b)
Gyroid structure G_u6p07. (c) Diamond structure D_u6p05.
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For zirconia samples, the permeability experiment results are reported in Figs. 30(a)-(c),
where the lines are the Fluent simulation results, and the points which a legend containing
_c_are the data from the zirconia samples tests, while the other ones are the data from
PLA samples tests. Comparing the data for PLA and zirconia samples, we can observe
that the data for the zirconia samples show less scatter, and it is clear that all pressure
drop data of zirconia samples are lower than those for PLA samples at the same fluid
flow velocity. Fig. 31 reports the 3D reconstruction of both P u6p03 PLA and zirconia
samples, which were scanned by XCT. By overlapping these data and checking the
porous section where the fluid flows, we observed that the minimal pore size of the
zirconia sample was larger than that of the PLA sample (0.44 mm with respect to 0.10
mm, respectively). We posit that it is this difference that makes the pressure drop of
zirconia samples smaller than measured for the PLA samples. Similarly to what
previously discussed, the experimental data for the Gyroid structures showed again the
best matching with the simulation, independently on the material of which the samples

are comprised of.

B Zirconia
B rLA

5 mm

Figure 31. Comparison of the minimal pore size of the zirconia and PLA samples from

the XCT sections.

Figure 32 shows the fitting procedure for the P_u6p03 sample data, and the fitting

function based on a quadratic polynomial with zero intercept:

y = Byx + Byx? (17)
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With Equations 16 and 17, the Darcy permeability coefficient k1 and the Forchheimer

coefficient £ can be calculated by:

ki = Lu/By
18
ey (18)
10.0
P u6p03 1
——— P _ u6p03_s
8.0r it -
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5
~
20¢
00 1 | 1 1 1 1 |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Velocity/[m/s]

Figure 32. Fitting of the data for the Primitive structure P_u6p03 1 sample.

For all PLA and zirconia samples, the Darcy permeability coefficient &1 and Forchheimer
coefficient f can be calculated by Equation 18, and Table 9 and 10 report the Average,
Standard Deviation (std), and Coefficient of Variation (CV) of the two results. The CV
is a useful measure to assess the consistency of experimental data. For the PLA samples,
the CV values of k1 and S were all low, with maximum values of 0.19 (k1 for model
D u8P03) and 0.21 (B for D ulOp07). Similarly, the CV values for k1 and f in the
zirconia samples were also low, with maximum values of 0.07 (k1 for P_u6p03 c) and
0.09 (B for G_u6p07 c). These low CV values demonstrate good consistency across all
tested PLA and zirconia samples. Meanwhile, for both PLA and zirconia samples, the
experimental data within the same cases are enclosed by yellow rectangles in Fig. 33,
and this shows that only a small difference exists for their Darcy permeability coefficient
ki1 and Forchheimer coefficient f. Specifically, the Darcy permeability coefficient ki

values of the PLA and zirconia samples were in good agreement and, for the Forchheimer
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coefficient S for the P_u6p03 structure, the difference between the PLA and the zirconia

samples was the largest.

Table 9. Darcy permeability coefficient k1 and Forchheimer coefficient f Average,

Standard Deviation (std), and the Coefficient of Variation (CV) for all PLA samples.

Sample ki (10°m?) B (10 m™)

label Average  std CV  Average std CV
P _u8p07 2.87 0.25 0.09 5.79 0.13 0.02
P _ulOp05 0.36 0.01 0.03 51.36 0.54 0.01
P u6p03 0.07 0.01 0.14 23295 9.16 0.04
G _u6p07 1.33 0.12 0.09 11.09 0.78 0.07
G _u8p05 0.87 0.07 0.08 13.85 0.21 0.02
G ul0Op03 0.27 0.01 0.05 59.75 3.75 0.06
D _ul0p07 1.90 0.02 0.01 6.93 1.47 0.21
D _u6p05 0.68 0.05 0.07 21.76 0.34 0.02

D u8p03 0.10 0.02  0.19 86.71 1038 0.12

Table 10. Darcy permeability coefficient k1 and Forchheimer coefficient f Average,

Standard Deviation (std), and the Coefficient of Variation (CV) for all zirconia samples.

Sample ki (10°m?) B (10> m™)

label Average  std CV  Average std CvV
P u6p03 c 0.07 0.005 0.07 137.03  7.67 0.06
G _u6p07 ¢ 1.41 0.05 0.03 8.73 0.78 0.09

D u6p05 ¢ 0.66 0.01 0.01 16.41 0.84 0.05
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The Average results and the Coefficient of Variation between the two different materials
are reported in Table 11. The Coefficient of Variation between PLA and zirconia for &
was between 0.02-0.03, while the value was about 0.12, 0.14 and even 0.26 (P_u6p03)
for . This indicates that when fluid flow follows Darcy’s law, the permeability behavior
is primarily dominated by the sample structure rather than by their material composition,
and additive manufacturing techniques can produce samples possessing a good

consistency in terms of permeability characteristics.

Table 11. The Coefficient of Variation (CV) for the Darcy permeability coefficient ki

and for the Forchheimer coefficient  for PLA and zirconia samples.

Sample ki (10°m?) B (10> m™)

label PLA  Zirconia CV PLA  Zirconia CvV

P u6p03 0.07 0.07 0.03 23295 137.03 0.26
G _u6p07 1.33 1.41 0.03 11.09 8.73 0.12
D u6p05 0.68 0.66 0.02 21.76 16.41 0.14

The Darcy permeability coefficient k1 and the Forchheimer coefficient f results with
error bar for the PLA and zirconia samples are reported in Fig. 33. The scatter plot shows
a strong clustering behavior between experimental data points within the same case (see
Table 3), and the datapoints can be further grouped into larger clusters according to the
corresponding porosity value. As Fig. 33 shows, all experimental data can be grouped
into three clusters within three black rectangles. For all porosity ¢ = 0.3 cases, the Darcy
permeability coefficient k1 was lower than 0.3x10® m?, for all porosity ¢ = 0.5 cases, the
Darcy permeability coefficient k1 was higher than 0.3x10® m? and smaller than 1.0x10®
m?, and for all porosity ¢ = 0.7 cases, the Darcy permeability coefficient k1 was higher
than 1.0x10® m?. Generally, The Darcy permeability coefficient k1 shows a positive
correlation with the porosity parameter, as higher porosity means more/larger fluid

channels and lower viscous resistance. In contrast, the Forchheimer coefficient S is
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inversely proportional to porosity, as lower porosity increases inertial losses due to

tortuous and narrow flow paths.
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Figure 33. Relationship between the Darcy permeability coefficient k1 and
Forchheimer coefficient S.

4.2.2. Mechanical properties

Figure 34(a) reports the displacement-loading force experimental data and simulation
curves for the P_u6p03 sample, generated with a mesh size of 0.4, 0.6, and 0.8 mm, As
the mesh density increases, the discrepancy between the numerical simulation results and
the experimental data decreases, and the difference between the results of the 0.6 mm
and 0.4 mm mesh sizes becomes minimal, indicating that the solution has nearly
converged, for the balance between accuracy and computing resources, the selected
element size for simulation was 0.4 mm. Meanwhile, the adequacy of all settings
concerning the quasi-static explicit/dynamic simulation can be checked by the ratio
between the kinetic energy (KE) and the internal energy (IE), which is shown in Fig.
34(b), according to the manual of ABAQUS [124], as the ratio KE/IE remains below

10 %, for this simulations, the kinetic energy is a very small fraction of the internal energy.
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Figure 34. (a) Displacement-loading force experimental data and simulations curves
for the P_u6p03 sample, obtained with different mesh sizes. (b) the energy-deformation
curves for the kinetic energy (KE) and the internal energy (IE).
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Figure 35. Load-deformation for PLA experimental results and simulations. (a)
structures. (b) Gyroid structures. (¢) Diamond structures.

The experimental data and the simulations for the compression tests on the PLA samples
35 (a)-(c). The Young’s modulus average, Standard Deviation (std),
of Variation (CV) for all PLA samples are shown in Table 12. The
CV values were small for all samples, with the Primitive structures having the lowest CV,
and Diamond structures the largest ones. These low CV values demonstrate good data

consistency for all PLA samples. For the Primitive TPMS structures in 35 (a), the samples
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with the smallest porosity 0.3 gave the highest Young’s modulus and yield stress, and
these mechanical properties decreased with increasing the porosity of the samples, as
expected. The Gyroid structures in 35 (b) and the Diamond structures in 35 (c) follow
the same trend, which means that porosity dominates the Young’s modulus and yield

stress of the TPMS structures.

The two P_u6p03 samples showed a significant three-stage deformation [69,70]: an
elastic stage, a plateau stage and a densification stage. At the elastic stage, the TPMS
structure deforms elastically and can return to its original size while unloading, at the
plateau stage, the material of the TPMS structure begins yielding, the strain increase
continuously without increasing of stress with plastic deformation occurring at this stage,
then the structure is gradually damaged and does not return to original size while
unloading, at the final densification stage, the TPMS structures have been fully
compressed, the inner wall of the structures are in contact with each other and they have
been compacted, and therefore the stress increases with increasing strain. The other
samples G_ul0p03 and D u8p03 in Fig. 35 (b) and 35 (c), respectively, followed the
same trend. For samples P_u8p07, G_u6p07, and D_ul0p07, with a porosity of 0.7, the
experimental data only show the elastic stage and plateau stage, which means that for a
maximum strain of 0.5, the structures with porosity 0.7 have not yet been fully

compressed.

The simulation results, see the curves in Figs. 35 (a)-(c), match rather well the
experimental data and, for samples with porosity of 0.7, it is also possible to simulate the
three-stage compression. Concerning the Young’s modulus, computed as the slope of the
elastic phase of the stress-strain curve, the simulation can describe the change in Young’s
modulus well, providing values close to the experimental ones, as confirmed by the

coefficient of variation results (see Table 13).
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Table 12. Young’s modulus average, Standard deviation (std), and the Coefficient of
Variation (CV) for all PLA samples.

Average (MPa)  Std (MPa) Cv

P _u8p07 84.59 0.4 0
P _ul0p05 283.88 24.19 0.09
P u6p03 489.74 47.46 0.1
G _u6p07 165.46 12.85 0.08
G_u8p05 288.82 39.75 0.14
G _ul0p03 522.47 26.29 0.05
D ul0p07 199.43 33.26 0.17
D u6p05 362.8 65.24 0.18
D u8p03 602.07 105.35 0.17

Table 13. Young’s modulus experimental and simulation data, with the Coefficient of

Variation (CV).
Experimental Simulation CV
data (MPa) results (MPa)

P u8p07 84.59 75.18 0.08

P _ulOp05 283.88 233.83 0.14
P_u6p03 489.74 543.42 0.07

G _u6p07 165.46 127.09 0.19

G_u8p05 288.82 241.73 0.13

G _ul0p03 522.47 483.98 0.05
D ul0p07 199.43 139.81 0.25
D u6p05 362.8 288.01 0.16
D u8p03 602.07 517.85 0.11
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For TPMS structures, the porous structure can absorb energy while loading and, based
on the force-displacement curves from compressive experiments, the energy absorption
E is the area underneath the load deformation curve until reaching the specific maximum

deformation, and can be calculated by:

E=["Fdu (19)

where the F is the loading force in force-displacement curves and in this study, for PLA
samples u1 =10 mm, and for zirconia samples, u; is the maximum deformation at which

the sample fails.
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Figure 36. Energy absorption for PLA samples of different porosity.

The results for the energy absorption E with error bar for the PLA samples are plotted in
Fig. 36 for all TPMS architectures. We can observe that their capability of absorbing
energy varies, with the maximum energy absorption of the Primitive structure being that
of sample P_u6p03 and equal to 71.22 J, while the minimum value of 8.39 J belongs to

the P_u8p07 sample. For the Gyroid structures, the maximum energy absorption was
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74.21 J (G_u8p03) while the minimum was 15.85 J (G _u6p07), for the Diamond
structures, the maximum and minimum values were 78.22 J (D u8p03) and 15.51 J
(D _ul0p07). As Fig. 36 shows, the energy absorption results can be grouped into three
clusters, corresponding to porosity values of 0.3, 0.5, 0.7, this means that, for a maximum
loading strain 0.5, the energy absorption of TPMS structures is mainly affected by the

porosity, and increases with the decrease in porosity.
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Figure 37. Zirconia samples data (green scatter), PLA samples data (clue scatter)
comparison. (a) Primitive structure P_u6p03. (b) Gyroid structure G_u6p07. (¢)

Diamond structure D_u6p05.

Figs. 37 (a)-(c) report the zirconia stress-strain results and the corresponding PLA data,
being zirconia a brittle material, the stress-strain curve exhibits a sharp drop after
reaching the peak strength (catastrophic failure), which is completely different to the
three-stage compressive behavior of the PLA samples. The strength of the zirconia
specimens is of course higher than that of the PLA specimens, and for the Young’s

modulus values the situation is similar.

The energy absorption and maximum loading force of all zirconia TPMS structures are
shown in Fig. 38. As Fig. 38 shows, the energy absorption and the maximum loading
force are positively correlated, with the Diamond structures providing the maximum
energy absorption and loading force, with the Primitive structures being the second, and

Gyroid structures the last ones.

56



= P u6p03 c a.’
el G u6p07 ¢ LR
é 4 D u6p05 ¢ /,/ -
& L7
20 e
'-U /’
< e
L4+r e
5
—
2 I 1 1 1 |
0.0 0.5 1.0 1.5 2.0 2.5
Energy absorption /[J]

Figure 38. Maximum loading force as a function of the energy absorbed for zirconia

samples.

4.3. Range analysis

In the experiments described in this Chapter, we considered three factors (see Table 2
and Table 3): TPMS structure, porosity and cell size. According to the orthogonal table
Lo(3%), nine permeability and nine uniaxial compression experiments were conducted.
Four datasets of experimental results were obtained: the Darcy permeability coefficient
k1 and the Forchheimer coefficient f came from the average of PLA and zirconia samples
permeability results, while the Young’s modulus, and the energy absorption came from

the compressive experiments of PLA samples, which are all listed in Table 14.

This table shows that the four datasets vary in different ranges: the Darcy permeability
coefficient k1 from 6.98x10'° to 2.87x10® m?, the Forchheimer coefficient f from
578.55t0 18499.17 m™!, the Young’s modulus from 84.59 to 602.07 MPa, and the energy
absorption from 8.32 to 72.11 J. To analyze the influence of three factors on these four
datasets, range analysis is a useful statistic tool that can be used with orthogonal

experiment design to find which is the primary factor affecting the results.
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For a range analysis, the factor level mean value Kj and the range value R; should be
calculated, where Kjj (where i is the factor number and j the corresponding level number)
equals the average of all cases’ results under one factor level. E.g., for the Darcy
permeability coefficient ki1, the corresponding factor level mean K11 indicates the average
of all ki results of cases for the TPMS architecture factor (factor number 1 in Table 2)
and Primitive level (level number 1 for the TPMS architecture factor): P u8p07,
P ul0p05, P_u6p03. The range value R; (i=the factor number) is defined as the difference
between the maximum and minimum value in the factor level mean Kj; values with the
same factor, meaning that, for the TPMS architecture factor, Ri=max(Ki1, Ki2, Ki3)-
min(K11, K12, K13).

Table 15. The factor level mean value Kjj and the range value R; for the Darcy
permeability coefficient ki(m?).

Factors
arc};il;/itsure Porosity Cell size
Kii 1.10x10°® 2.05x108 7.03%x107
Ki 8.36x107 6.30x10 1.28x1078
Ki3 8.91x107 1.48x10 8.44x107
R; 2.62x107 1.90x108 5.75x107

Table 16. The factor level mean value Kjj and the range value R; for the Forchheimer
coefficient # (m™).

Factors
arc{lli)tz/([:tsure Porosity Cell size
K; 8,071.11 754.22 7,132.94
Kin 2,783.78 2,809.78 3,544.84
Kis 3,757.46 11,048.36 3,934.58
R; 5,287.33 10,294.14 3,588.10
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Table 17. The factor level mean value Kjj and the range value R; for the Young’s
modulus (MPa).

Factors
arcrlrlilevclztsure Porosity Cell size
K; 286.07 149.83 339.33
Ki 325.58 311.83 325.16
Ki3 388.10 538.10 335.26
R; 102.03 388.27 14.17

Table 18. The factor level mean value Kjj and the range value R; for the energy

absorption (J).
Factors
TPMS ) .
architecture Porosity Cell size

K; 33.39 13.34 39.10
Ki 37.13 29.22 36.07
Kis 40.81 68.77 36.16
R; 7.42 55.43 3.03

The factor level mean values and range values for the four results are shown in Tables
15-18. From the range analysis, we can ascertain the best combination of levels with
different factors by choosing the levels which have the highest/lowest factor level mean
value. Considering the factor level mean values of the Darcy permeability coefficient &
(see Table 15), for the highest k1 value, the corresponding highest factor level mean
values for each factor are: Primitive TPMS structure (1.10x10® m?), porosity ¢=0.7
(2.05x10® m?), and cell size of 8 mm (1.28x10"® m?), therefore, the best combination is

given by sample P_u8p07. Considering the factor level mean values of the Forchheimer
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coefficient S (see Table 16), the best combination for the highest £ is the one obtained for
sample P u6p03, that is: Primitive TPMS structure (8,071.11 m'), porosity ¢=0.3
(11,048.36 m™"), and cell size of 6 mm (7,132.94 m™"). Considering the factor level mean
values of the Young’s modulus results (see Table 17), the best combination giving the
highest Young’s modulus is the one given by sample D u6p03, that is: Diamond TPMS
structure (388.10 MPa), porosity ¢=0.3 (538.10 MPa), and cell size of 6 mm (339.33
MPa). Considering the factor level mean values of the energy absorption results (see
Table 18), the best combination providing the maximum energy absorption is the one for
sample D_u6p03, that is: Diamond TPMS structure, porosity ¢=0.3, and cell size of 6
mm, with sample D _u6p03 possessing the highest Young’s modulus and the maximum

energy absorption.

For different results, the corresponding factor level mean values for each factor are
shown in Figs.39 (a)-(d). For the change of factor level mean values of the Darcy
permeability coefficient k1 (see Figs.39 (a)), the Primitive TPMS structure gives the
highest k1 value of 1.10x10®* m?, and the Gyroid structure gives the lowest ki value of
8.36x10” m?, for the porosity, the ki values increase from 1.48x10® m? to 2.05x10® m?
quickly with the increase of the porosity of the structure and, for the cell size, the ki
values increase from 6 to 8 mm cell size, and decrease from 8 to 10 mm cell size, where
the maximum k; value is 1.28x107® m? for a cell size of 8 mm and the minimum k; value
is 7.03x10™ m? for a cell size of 6 mm. For the change of factor level mean values of the
Forchheimer coefficient f (see Figs.39 (b)), the Primitive structure gives the highest f
value of 8,071.11 m™!, and the Gyroid structure gives the lowest j value of 2,783.78 m!,
for the porosity factor, the # value decrease from 11,048.36 m™! to 754.22 m™ with the
increase in the structure’s porosity and, for the cell size, the § value decreases from 6 to
8 mm cell size, and increases from 8 to 10 mm cell size, where the maximum £ result is
7,132.94 m™! for a cell size of 6 mm, and the minimum p value is 3,544.84 m™' for a cell

size of 8 mm.
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For the change of factor level mean values of the Young’s modulus (see Figs.39 (c)), the
Diamond TPMS structure gives the highest Young’s modulus of 388.10 MPa, and the
Primitive structure gives the lowest Young's modulus of 286.07 MPa, for the structure
porosity, the Young’s modulus and structure porosity are negatively correlated, the
smallest porosity 0.3 gives the maximum Young’s modulus 538.10 MPa, and the biggest
porosity 0.7 gives the minimum Young’s modulus 149.83 MPa and, for the cell size, the
Young's modulus values vary little with the change in cell size, with a maximum Young’s
modulus of 339.33 MPa for a 6 mm cell size, and the minimum Young’s modulus of
325.16 MPa for a 8 mm cell size. For the change of factor level mean values of the energy
absorption (see Figs.39 (d)), similarly to the Young’s modulus, the Diamond TPMS
structure can absorb the maximum energy of 40.81 J, while the Primitive structure
absorbs the minimum energy of 33.39 J, for the porosity factor, the energy absorption
decreases quickly from 13.34 to 68.77 J with the porosity increasing from 0.3 to 0.7 and,
for the cell size factor, the energy absorption decreases going from 6 to 8 mm cell size,
and increases from 8 to 10 mm cell size, where the maximum energy absorption is 39.10
J for a cell size of 6 mm, and the minimum energy absorption is 36.07 J for a cell size of

8 mm.

To better understand the significance of each factor for those four datasets, the range
value (R;) for different results in Tables 15-18 are plotted in the Fig. 40. There are four
Y-axis in the figure, which correspond to the four datasets (Darcy permeability
coefficient k1, Forchheimer coefficient f, Young’s modulus, and energy absorption) and
three factors (TPMS structure, porosity and cell size). The column height is related to the
significance ranking of the factors with respect to the data, the columns for the same

factor but belonging to different datasets are not comparable.

From the figure, the factor signification sequence for the Darcy permeability coefficient
ki1 1s: Porosity > Cell size > TPMS architecture, the range value R; of the porosity to 41 is
the largest and this means that changing the porosity influences ki the most, that is, the
porosity is the primary factor affecting the ki results. For the Forchheimer coefficient S,

the factor significant sequence is: Porosity > TPMS architecture > Cell size, similarly to
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ki1, the porosity is also the primary factor, which means that when trying to optimize
permeability of TPMS architectures, the porosity is the primary factor to be considered,
see also Fig. 33. Unlike ki, the secondary factor for f§ is the TPMS architecture instead
of the cell size, which means that for the flow conditions corresponding to a Darcy flow,
the primary and secondary factors influencing the flow are the porosity and the cell size
and, for the flow conditions corresponding to high speed and non-linear flow, the
architecture of the TPMS structures affects permeability more than the cell size, because

of the viscous resistance offered by the structures.
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Figure 40. Range values for the Darcy permeability coefficient k1, the Forchheimer

coefficient f, the Young’s modulus, and the energy absorption.

For the Young’s modulus, the factor significant sequence is: Porosity > TPMS
architecture > Cell size: the porosity is the primary factor and, for the energy absorption,
the factor significant sequence is also: Porosity > TPMS architecture > Cell size. This
means that the porosity is the primary factor for both Young’s modulus and energy
absorption (see also Fig. 36), and the effect of the three factors on the Young’s modulus

and energy absorption follows the same trend, that is, those two mechanical properties
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can be optimized by controlling the same factors. Finally, for all permeability and
mechanical properties, the primary factor is always the porosity, which means that the
designing of TPMS architectures should mainly focus on the designing an appropriate

level of porosity in the structures.

The results can be applied in structural design, for instance when optimizing porous parts
such as filters or scaffolds, or enhancing the heat exchanger efficiency through improved
architectural topology, and offers valuable guidance for engineering solutions in load-

bearing, fluid flow and thermal management contexts.
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5. Mechanical properties of one cell hybrid TPMS

structures with different hybrid weight functions

For design applications with specific mechanical performance demands, combining
multiple TPMS units into a hybrid TPMS structure becomes a viable and effective
approach. Current research on hybrid TPMS structures typically focuses on TPMS
structures with a number of cells, and investigates the mechanical behavior of the whole

hybrid TPMS structure.

This chapter presents an experimental investigation on the mechanical properties of one
cell hybrid TPMS structures formed by combining basic TPMS structures, Gyroid and
Diamond, within a single cell. Furthermore, to explore structures combined by the
number of hybrid unit cells, the mechanical properties of structures with different TPMS
cell configurations were also investigated. Additionally, two types of weight functions,
linear and nonlinear, were applied to generate hybrid TPMS structures, and compression
tests and three-point bending tests were conducted to measure and compare the
mechanical properties of the two hybrid TPMS structures to the basic TPMS structures,
Gyroid and Diamond.

5.1. Modeling and manufacturing of hybrid TPMS structures

5.1.1. One cell hybrid TPMS

The basic theory of generating hybrid TPMS structures was already presented by
Equation 8 in Chapter 1.3. In this Chapter, as Fig. 41 shows, the hybrid process was only
carried out by using two one cell TPMS structures, Gyroid and Diamond, to investigate
the basic mechanical properties of one cell Gyroid and Diamond hybrid TPMS structures.

Besides changing the basic TPMS architecture type, for generating a more complex
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hybrid, the weight function in Equation 8 gives more possibilities. In this research, as
Equations 9 and 20 show, two kinds of weight functions were applied, namely a linear ¢

function and a nonlinear s function:

0,x <x;

1s(x) = Lx > x; (20)

1
e -G X1 < X < X2

where, 7s(x) is the nonlinear s function which generates hybrid TPMS structures along
the x direction, where x is the x axis coordinates, x; and x, are the beginning and end
coordinates for the hybrid, S is the smoothing coefficient for the hybrid. Fig. 42 shows
the curves for the linear ¢ function and the nonlinear s function with different smoothing
coefficients S. We can observe that the nonlinear s function gives a more smooth hybrid
than the linear ¢ function, and for the nonlinear s function, using a too small S coefficient
(e.g., S = 2) will bring bigger error due to the discontinuity of x;<x<x interval to x<xi
and x>x; intervals, while a too large S coefficient (e.g., S = 10) will make the area where
the hybrid structure is located concentrated only in a narrow region. In this research, a
program was written to calculate the error due to the discontinuity of interval x1<x<x: to
intervals x<x1 and x>x», and the smoothing coefficient S was calculated as the value

which can just meet the requirement of the given error value.

X (@) (b) (©)

Figure 41. One cell linear hybrid TPMS structure combines the Gyroid and Diamond
TPMS strucutres along x direction. (a) Gyroid cell. (b) one cell linear hybrid TPMS. (c)
Diamond cell.
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Figure 42. Curves of different weight functions.

Fig. 43 shows hybrid TPMS structures which combine the Gyroid and Diamond but were
generated using different weight functions. It is evident that the geometry for these hybrid

TPMS structures is different and therefore their mechanical properties will differ.

Figure 43. Hybrid TPMS structures for linear and nonlinear weight function. (a) Linear
hybrid TPMS structure. (b) Nonlinear hybrid TPMS structure.

5.1.2. Experiments on structures with hybrid TPMS cells

Hybrid TPMS structures were manufactured by additive manufacturing, and their
mechanical properties tested experimentally. In previous research [94,126], it has been
observed that specimens containing only a single cell often fail to reflect the true
mechanical properties of a structure comprised of the juxtaposition of that cell, due to

the influence of manufacturing processes and experimental conditions. In this research,
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therefore, a number of cells were combined in the X, y, and z directions to minimize the
impact of these external factors on the experimentally measured mechanical properties.
In this research, Gyroid TPMS structures with different numbers of cells, 1#1*1, 2*2%*2,
3*3*3 and 4*4*4, were designed, with a dimension of the basic cell of 4*4*4 mm.
Testing Gyroid TPMS structures with different numbers of unit cells can give an insight

on their mechanical behavior, useful for the subsequent design of hybrid TPMS structures.

Meanwhile, observing the hybrid TPMS structure shown in Fig. 44 (a), whose
hybridization direction is the x-direction from a Gyroid TPMS structure to a Diamond
TPMS structure generated with a linear weight function, we can note that this is not a
periodic structure along the hybridization direction (x-axis). Therefore, it cannot be

simply combined along the x-direction to form a periodic assembly.

(®) (© (d)

Figure 44. GD and DG hybrid TPMS unit cells, and different sequences to combine
individual unit cells to create hybrid structures. (a) Diamond to Gyroid (DG) hybrid
TPMS structure. (b) Gyroid to Diamond (GD) hybrid TPMS structure. (¢) DGGDDG
structure. (d) GDDGGD structure.

To enable the combination of the hybrid TPMS structures in the hybridization direction,
a mirrored structure with respect to the yoz plane was generated, as shown in Fig. 44 (b).
The hybridization sequence of the mirrored structure is from Diamond to Gyroid along
the x-direction with the same weight function. In the following sections, the Gyroid to
Diamond hybrid TPMS structure is referred to as the GD hybrid TPMS structure, while
the mirrored Diamond to Gyroid one is denoted as the DG hybrid TPMS structure. Due
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to the mirror symmetry of the DG and GD hybrid TPMS structures with respect to the
yoz plane, combining them along the x-direction becomes feasible. Moreover, to verify
whether the newly generated DG hybrid TPMS structure has the same mechanical
properties as the original GD hybrid TPMS structure, two different combined sequences
of hybrid TPMS composite structures were designed, as shown in Fig. 44(c). The name
of the structure DGGDDG means that the structure was assembled along the positive x-
direction with a sequence of DG, GD, DG linear hybrid TPMS structures. By comparing
the mechanical properties of these two hybrid TPMS cell configurations, the feasibility
of using mirrored structures to achieve assembly of hybrid TPMS structures along the

hybridization direction could be evaluated.

5.1.3. Additive manufacturing of alumina TPMS structure samples

With the development of techniques, the Additive Manufacturing technique has become
more and more popular to fabricate structures which can’t be fabricated by traditional
techniques due to their complex structures. In this research, as Fig. 45(a) shows, all
TPMS structure samples were fabricated by FDM technique with the 3D printer Raise

PRO2. The alumina filament was purchased from Zetamix, France.

1550°C
acetone

(a) (b) (c)

Figure 45. Alumina TPMS strcure sample fabrication. (a) 3D printed by FDM 3D
printer (Raise PRO2). (b) Chemical debinding. (c) Thermal debinding and sintering.

Table 19 gives the printing parameters for the alumina samples, and the details about

debinding and sintering. The samples were printed using a 0.4 mm nozzle with a printing
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temperature of 130°C, the build plate did not need to be heated to increase the adhesion
of the green bodies while printing. The slice layer height was 0.2 mm, the wall line count
was print wall line only to avoid the influence of infill pattern, the infill density was
100 %, no support structures were used, and the printing speed was selected as 15 mm/s,

in order to print the overhang structures well.

Table 19. Parameters for alumina samples fabrication.

Material Alumina (AlLO3)
3D Printing temperature 130°C
Build plate temperature No heating

Filament diameter 1.75 mm
Nozzle size 0.4 mm
Layer height 0.2 mm
3D printing speed 15 mm/s
Wall line count Print wall only
Infill density 100%
Supports structure No
Chemical debinding temperature 40°C
Chemical debinding solver Acetone
Chemical debinding duration 12h
Chemical debinding weight loss ~5 wt%

Thermal debinding temperature 20 to 500°C, 8°C /h

20 to 1550°C, 50°C /h,
Sintering temperature holding 2h, 1550 to
20°C, 100°C /h
Horizontal: 20.8% +1%

Linear Shrinkage after sintering Vertical: 23.2% +1%
. . [ 0

After the green bodies were printed, as Fig. 45(b) shows, the green bodies were placed

in the acetone solvent for 12 hours at 40°C, losing ~5 wt% due to the chemical debinding.
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After that, following the recommendation from the producer, they were inserted in a
muffle furnace for thermal debinding in air (from 20 to 500°C with heating rate 8°C/h),
and then sintered at 1550°C for 2 h, with a heating rate of 50°C/h. After sintering, the
samples shrank 20.8% horizontally and 23.2% vertically, and this was taken into account
by printing oversized samples in order to achieve the desired, final size previously

specified.

The X-ray Diffraction (XRD) results for an alumina sample manufactured in this research
is given in Fig. 46. The XRD pattern possesses a set of sharp, well-defined reflections at
20 positions that agree with the corundum o-Al:Os phase. Major reflections
corresponding to (104), (113), (024), (116) and higher-angle planes are observed (typical
20: =35.1°, 43.4°, 52.6°, 57.6°, 66.7° and 77.5° for Cu Ka), indicating the sample is

predominantly comprised of crystalline a-AlOs.
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Figure 46. XRD pattern of a alumina sample.
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5.2. Mechanical Property Results for different TPMS Cell

Configurations

5.2.1. Cell numbers

We started our investigations by first analyzing the properties of TPMS structures built
on the juxtaposition of a simple TPMS unit cell, i.e. without any hybridization. Figure
47 shows the Gyroid alumina samples with different cell number, 1*1*1, 2*2*2, 3*3%*3,
and 4*4*4, used for compression experiments to investigate the influence of cell number
to the mechanical properties of TPMS structures. The compression experiments were
conducted by a uniaxial testing machine with the Max 22kN sensor (Quasar 25,
Galdabini, Cardano, Italy), applying Vaseline to the contact area between the sample and
the plates to reduce friction. The loading speed was 2 mm/min, and the test was stopped
when reaching a target displacement value of 2 mm, or the loading force dropped to 0 N.

The data reported represents the average of three tests.

Figure 47. Gyroid alumina samples with different cell numbers for Young’s modulus
measurement.

The experiment results are plotted in Fig. 48. From the load-displacement curves, we can

observe that all Gyroid alumina samples showed a brittle behavior when reaching the
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maximum strength value. With increasing number of cells in the samples, the more
reliable the load-deformation curve became, for the sample with 1*1*1 Gyroid cell, the
load-deformation curve shows obvious oscillations, with several load drops, which
indicates that for the one cell TPMS structure, localized small failure can affect the
macroscopic mechanical behavior. This behavior was also observed in samples
containing 2*2*2 and 3*3*3 Gyroid cells, but the phenomenon gradually became less
significant as the cell number increased. This means that although local failures still
existed in the samples while loading, the influence on the overall macroscopic

mechanical behavior decreased gradually, becoming negligible.
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Figure 48. Load-deformation curves for alumina samples with different cell numbers.

To further investigate the effect of cell number on mechanical properties, Fig. 49 (a) and
(b) give the Young’s modulus results for Gyroid TPMS specimens of different volume
fractions of porosity (0.7 and 0.5), and with various numbers of cells, where the Young’s
modulus in this research is the slope of the stress strain curves’ linear stage nearby the
peak of the load when samples fail and not considering the starting nonlinear stage caused
by incomplete contact between the sample and the uniaxial loading machine. As shown
in the figures, with increasing cell number, the Young’s modulus of specimens at both

porosity levels decreases and gradually stabilizes, and the variation (error) in Young’s
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modulus significantly reduces. When the number of cells reaches or exceeds 3*3*3, the
Young’s modulus values become constant. This means that for cellular structures such as
TPMS, only when the number of cells used to generate the structures becomes
sufficiently large, the experimental results can reflect consistent and low-variance
mechanical behavior of the structures. In this study, to balance manufacturing efficiency
and material consumption, the 3*3*3 number of cells and 0.5 porosity is selected as the

parameter for subsequent structural designs.
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Figure 49. Young’s modulus of TPMS structures with different cell numbers. (a)
porosity = 0.7. (b) porosity = 0.5.
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5.2.2. Mechanical properties of hybrid TPMS structures with different

combined sequences

Following the description in Chapter 5.1.2, the hybrid TPMS structure models used to
generate the samples with different combination sequences are shown in Fig. 44.
DGGDDG and GDDGGD structures were printed, where the DGGDDG means that the
combination sequence of the structures along the x direction is DG, GD, and DG hybrid
structures, and along the y and z direction there is the same hybrid structure. Both models
were printed using alumina and compressed under the same conditions as previously
mentioned, in order to investigate their mechanical response. By comparing the
mechanical properties of these two hybrid TPMS cell configurations, the feasibility of
employing mirrored structures to enable the assembly of hybrid TPMS architectures

along the hybridization direction could be evaluated.
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Figure 50. Young’s modulus and strength results for hybrid structures combined in
different sequences.

The results of the mechanical properties of two hybrid structures are plotted in Fig. 50,
for both Young’s modulus and compression strength. The values of Young’s modulus

were 1.74 = 0.09 GPa and 1.78 = 0.02 GPa, and the strength was 69.64 + 9.21 MPa and
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71.20 + 0.72 MPa, respectively. The results mean that for both Young’s modulus and
strength, the difference between the DGGDDG and GDDGGD structures is limited,
which means the use of the mirror structure to combine hybrid TPMS structures is

feasible.

5.3. Results for hybrid TPMS Structures generated using

linear and nonlinear weight functions

After checking the influence of cell configuration on the mechanical properties, the
samples for the investigation of the mechanical properties of hybrid TPMS structures

with different weight functions are described below.

5.3.1. Mechanical properties of basic Gyroid, Diamond TPMS

structures and linear, nonlinear hybrid TPMS structures

As Fig. 51 shows, the models used for the compressive experiments were the Gyroid,
linear, nonlinear, and Diamond TPMS structures from left to right, and the length, width,

and height for all models was 12 mm.

The experimental data for the Gyroid, Diamond, linear hybrid and nonlinear hybrid
TPMS structure samples are plotted in Fig. 52, which reports the stress-strain values.
Overall, none of the samples showed a linear mechanical behavior at the early stage of
loading, which comes from the incomplete contact between the sample and the uniaxial
loading machine at the beginning of compression because of non perfectly planar sample
surfaces and, due to the limitation of the manufacturing technique, this phenomenon is
more common for cellular structures. All samples showed the same brittle mechanical
behavior typical of ceramic materials: once the peak of strength is reached, stress drops

sharply, indicating catastrophic failure.
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Figure 51. TPMS structures models for compressive experiment. (a) Gyroid. (b) linear
hybrid. (c¢) nonlinear hybrid. (d) Diamond.
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Figure 52. Stress-Strain curves of Gyroid, Diamond and linear, nonlinear hybrid TPMS
structures.
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The Gyroid structure possessed the lowest mechanical properties, and both its stiffness
and strength were significantly lower than those of the other three structures, and brittle
failure occurred at a strain value of approximately 0.035. The Diamond structure
displayed higher mechanical properties compared to the Gyroid structure, and its stress
strain curve closely overlaps with the curve of the Gyroid structure before the Gyroid
structure failed, which means they have similar stiffness. However, the Diamond
structure had a higher strength than both the Gyroid and the nonlinear hybrid TPMS
structures. The diamond structure failed at a strain of around 0.056. Concerning the linear
hybrid and nonlinear hybrid TPMS structures, they have very similar uniaxial
compressive mechanical behavior, with nearly overlapping stress strain curves, and had
higher stiffness than both the Gyroid and Diamond TPMS structures. Considering
strength, the linear hybrid TPMS structure had the highest value, followed by the
Diamond structure, with the nonlinear hybrid TPMS structure ranking third. Brittle
failure occurred for the linear hybrid TPMS at a strain of approximately 0.053, and for
the nonlinear hybrid TPMS at about 0.050.
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Figure 53. Young’s modulus, Strength, and Energy absorption results for the Gyroid,
Diamond and linear, nonlinear hybrid TPMS structures.
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Figure 53 shows the Young’s modulus, strength, and energy absorption results for the
Gyroid, Diamond, linear hybrid, and nonlinear hybrid TPMS structure samples. Where
the energy absorption is calculated by Equation 19, and the deformation u; for the integral
is the maximum deformation when the alumina samples fail. As the figure shows, for the
uniaxial compression experiment the Gyroid structure had the lowest values for all
mechanical properties: the Young’s modulus was 1.45 + 0.08 GPa, the compressive
strength 37.38 + 1.96 MPa, and the energy absorption 1.07 = 0.05 J. In contrast, the linear
hybrid TPMS structure had the highest values for all measured properties, with a Young’s
modulus of 1.76 £ 0.10 GPa, a strength of 68.99 + 8.08 MPa, and an energy absorption
of 2.65 £ 0.51 J. For the Diamond and nonlinear hybrid TPMS structures, their
performance varied depending on the mechanical property considered. The Diamond
structure had a Young’s modulus of 1.59 + 0.10 GPa, a strength of 65.57 + 2.35 MPa,
and an energy absorption of 2.40 + 0.03 J, while the nonlinear hybrid TPMS possessed a
higher Young’s modulus of 1.69 + 0.08 GPa, a slightly lower strength of 57.75 + 3.92
MPa, and a lower energy absorption of 1.94 £ 0.13 J.

These results indicate that, compared to the simple Gyroid and Diamond TPMS
structures, hybrid TPMS designs can significantly enhance mechanical performance. The
linear hybrid TPMS structure provided improvements across all mechanical properties,
and the nonlinear hybrid TPMS primarily improved stiftness, which means that the
mechanical improvements provided by hybrid TPMS structures depend on the specific

weight function used in their design.

5.3.2. Mechanical properties of hybrid TPMS structures along the

primary axis

A hybrid TPMS structure is an anisotropic structure, and Fig. 54 shows the linear hybrid
structure samples used for the investigation of the anisotropy of mechanical properties
along the x, y, z directions. Considering that the 3D printing technology employed to
manufacture the samples used in these experiments fabricates them layer by layer, for

the same hybrid TPMS structure model but different load direction conditions the model
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was rotated accordingly to keep the loading direction perpendicular to the layer plane, in
order to avoid the influence of the adhesion between adjacent layers on mechanical
properties to of the samples, the model was rotated accordingly to keep the loading
direction perpendicular to the layer plane. In figure, samples to be tested along the x, y,
z directions are shown, the length, width, and height for all samples were 12 mm. In this
research, both linear and nonlinear hybrid TPMS structure samples, Fig. 51 (b) and (c),

with 0.5 porosity were fabricated to investigate the anisotropy of hybrid TPMS structures.

— 5MM

-

Figure 54. Cubic samples for compressive mechancal properties measurements of
linear hybrid TPMS structures along different directions.

Figure 55 shows the stress-strain curves of the linear hybrid and nonlinear hybrid TPMS
samples which were compressed along their x, y, and z direction. It should be mentioned
that in this study, the x direction is defined as the hybridization direction. As Fig. 55
shows clearly, both the linear hybrid and nonlinear hybrid TPMS samples showed brittle
fracture behavior under loading along all three directions, x, y, and z. The stiffness of
both types of hybrid TPMS structure samples during the linear elastic stage was similar
for all load directions. Moreover, the strength for the two kinds of hybrid TPMS structure
samples follow the same order: S, > Sy > Sx. That is, regardless of whether the design of
the sample was generated using the linear or nonlinear hybrid weight function, the
highest compressive strength occurs when the sample is loaded along the z direction,
followed by the y direction, while the lowest strength observed was along the x direction.
For the linear hybrid samples shown in Fig.55, failure occurred at a strain of 0.054 along

the x direction, 0.064 along the y direction, and 0.081 along the z direction. For the
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nonlinear hybrid specimens, failure occurred at strains of 0.050 along the x direction,

0.073 along the y direction, and 0.081 along the z direction.
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Figure 55. Strain-stress curves of linear hybrid TPMS structures compressed along
different axis.

Specifically, the results for Young’s modulus, strength, and energy absorption of all linear
hybrid and nonlinear hybrid TPMS samples along their x, y, and z directions, and the
average, standard deviations (std), and coefficients of variation (CV) of those results, are
listed in Table 20 and Table 21, respectively. The coefficient of variation (CV) is a useful
measure to assess the consistency of experimental data. Concerning the different hybrid
TPMS structures, for the linear hybrid TPMS structure, the energy absorption measured
along the x direction had the maximum CV (0.19), for the nonlinear hybrid TPMS
structures, the energy absorption along y direction had the maximum CV (0.28).
Concerning the different mechanical properties, for the Young’s modulus the maximum
CV was 0.06, for the linear hybrid TPMS structures along its y direction. For the
compression strength, the maximum CV was 0.15, for the nonlinear hybrid TPMS
structures along the z direction. For energy absorption, the maximum CV was 0.28, for

the nonlinear hybrid TPMS structures tested along the y direction. These relatively low
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CV values across different samples show good consistency in mechanical properties for

all tested TPMS samples.

Table 20. Young’s modulus, strength, and energy absorption results and Average,
Standard Deviation (std), Coefficient of Variation (CV) of linear hybrid TPMS
structures tested along the x, y, and z direction.

Young’s modulus/[GPa] Strength/[MPa] Energy absorption/[J]
Sample
X y z X y z X y z
1 1.87 1.59 1.96 63.14 87.13 11756 226 399 7.81
2 1.68 1.77 1.93  65.60 9559 12735 245 468 6.67
3 1.74 1.78 1.90 78.21 100.25 13929 323 484 09.14

Average 1.76 1.71 1.93 6899 9433 128.07 265 450 7.87
Std 0.10 0.11 0.03 808 6.65 1088 051 045 1.24
CvV 0.06 0.06 0.02 0.12  0.07 0.08 0.19 0.10 0.16

Table 21. Young’s modulus, strength, and energy absorption results and Average,
Standard Deviation (std), Coefficient of Variation (CV) of nonlinear hybrid TPMS
structures tested along the x, y, and z direction.

Young’s modulus/[GPa] Strength/[MPa] Energy absorption/[J]
Sample
X y z X y z X y z
1 1.60 1.85 1.76  55.01 117.35 101.40 2.09 6.50 5.49
2 1.75 1.89 1.81 56.01 91.55 133.02 1.86 4.16 8.32
3 1.71 1.93 1.94 62.24 9047 10508 1.86 4.10 5.18

Average 1.69 1.89 1.84 57.75 99.79 113.17 194 492 6.33
Std 0.08 0.04 009 392 1522 1729 0.13 137 1.73
Cv 0.05 0.02 0.05 0.07 0.15 0.15 0.07 028 0.27
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For the linear hybrid TPMS structure samples, the highest Young’s modulus was along
the z direction (1.93 £ 0.03 GPa), and the lowest value was along the y direction (1.71 £
0.11 GPa). The highest strength was also along the z direction (128.07 = 10.88 MPa), and
the lowest was along the x direction (68.99 + 8.08 MPa). The highest energy absorption
was along the z direction (7.87 + 1.24 J), and the lowest was along the x direction (2.65
+ 0.51 J). These data show that the linear hybrid TPMS structure samples have significant
anisotropic mechanical properties, with the highest mechanical properties generally
observed when testing along the z direction rather than the x direction, which is the
hybridization direction, and the lowest Young's modulus measured was along the y

direction, while the lowest strength and energy absorption were along the x direction.

For the nonlinear hybrid specimens, the Young’s modulus results along the y and z
directions were similar, 1.89 + 0.04 GPa and 1.84 £+ 0.09 GPa, respectively, while testing
along the x direction gave the lowest result (1.69 + 0.08 GPa). The maximum strength
value was 113.17 = 17.29 MPa measured along the z direction, and the lowest value of
57.75 + 3.92 MPa tested along the x direction. The energy absorption was the highest,
6.33 = 1.73 J, when measured along the z direction and the lowest, 1.94 £ 0.13 J, when
testing along the x direction. Similarly to the linear hybrid TPMS structure, the nonlinear
hybrid structure samples also showed significant anisotropic mechanical properties,
however, while the z direction had the highest strength and energy absorption results, the
Young’s modulus values were very similar, but slightly lower with respect to the value
measured in the y direction. All the mechanical properties tested in the x direction were

the lowest.

To better visualize the anisotropic behavior of the two hybrid TPMS structure samples
with different weight functions, linear and nonlinear, and compare their mechanical
property differences directly, Fig. 56 to Fig. 58 report the bar charts with error bars
comparing the Young’s modulus, strength, and energy absorption of the linear hybrid and
nonlinear hybrid TPMS structure samples. All three figures clearly show the anisotropy

of these two hybrid TPMS structures.
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Figure 56. Young’s modulus of samples tested along different axes for both linear and
nonlinear hybrid TPMS structures.
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Figure 57. Compression strength of samples tested along different axes for both linear
and nonlinear hybrid TPMS structures.
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Figure 58. Energy absorption of samples tested along different axes for both linear and
nonlinear hybrid TPMS structures.

As shown in Fig. 56 for the Young’s modulus, the linear hybrid TPMS structure samples
possessed a higher Young’s modulus than the nonlinear hybrid TPMS structure when
measured along the x and z directions, but a lower value when testing along the y direction.
Concerning the anisotropy, the Young’s modulus of the linear hybrid structure tested
along the x and y directions were close, and significantly lower than the Young’s modulus
measured when loading along the z direction. In contrast, for the nonlinear hybrid
structure, the Young’s modulus measured when testing along the y and z directions were
similar and higher than that obtained when testing along the x direction. Regarding
strength and energy absorption (Fig. 57 and Fig. 58), both linear and nonlinear hybrid
structure samples followed the same trend: results obtained when testing along the z
direction were greater than those obtained when testing along the y direction, which in
turn exceeded the results for the x direction. Furthermore, both the strength and energy
absorption results along different directions showed the same behavior: the mechanical
properties of linear hybrid TPMS structures were higher than those of nonlinear hybrid
TPMS structures when testing along the x and z directions, but lower when testing along

the y direction.

87



5.3.3. Three-point bending strength

Additionally, when using a mirror-symmetric hybrid TPMS structure, the hybrid TPMS
structures can be combined together to generate beam samples, as reported in Fig. 59 (a),
which shows the Gyroid, linear hybrid, and Diamond TPMS structures beam samples for
the three-point bending test, from left to right. From the previous result concerning the
cell number with respect to the mechanical properties, three layers of hybrid TPMS
structures were placed along the height direction, meanwhile, to avoid lateral instability
failure of the specimen during the three-point bending, two columns of three-layer high
hybrid TPMS structures were set along the width direction, i.e. The length direction of
the three-point bending beam sample corresponded to the z direction of the unit cell
hybrid TPMS structure, and was 48 mm. The height direction aligned with the
hybridization direction, x direction, with a height of 12 mm, and the width direction along
the y was 8 mm. In this study, both linear hybrid and nonlinear hybrid TPMS structure
samples were fabricated to investigate and compare the mechanical properties

differences between them and basic Gyroid and Diamond TPMS structure beams.

Figure 59. Beam sample and the three-point beding experiment. (a) Beam samples of
Gyroid, linear hybrid, and Diamond TPMS strucutres. (b) Set up of three point bending.
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As shown in Fig. 59(b), all samples were tested by the three-point bending. The span
length for the three-point bending was 42 mm, with both the support and loading contact
points utilizing rollers, the diameter of the rollers used was 9 mm to weaken the stress
concentration caused by small roller diameters. The loading speed was set at 0.1 mm/min,
and the test stopped when the displacement reached 2 mm or the load force dropped to
zero. For the three-point bending test, the flexural modulus Efex of the linear stage of the

load deformation curves can be calculated by:

E L aF Q1)

flex ~ 4wh3 du

where, L is the span length, w and / are the width and height of the beam, respectively,
dF/du represents the slope of the linear stage of the load force deformation curve in Fig.

60. Meanwhile, the flexural strength can be calculated by:

__ 3FL
flex = 2wh?

(22)

where, the F' is the maximum load force of the beam.
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Figure 60. Load-deformation curves for three-point bending of Gyroid, Diamond and
Linear, Nonlinear hybrid TPMS beam:s.
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The load force deformation curves of the three-point bending experiments for Gyroid,
Diamond, linear hybrid, and nonlinear hybrid TPMS beam samples are shown in Fig. 60.
As shown in all curves, each load-displacement curve had a certain degree of load drop
in the early stage of loading, which comes from the localized failure of the cellular
structure of the TPMS beams, but for all sample, the location of the fracture was distant
form the rollers. Then, in the later stage of loading, all beams demonstrated a stable linear
elastic behavior before reaching brittle failure. The largest load for the Gyroid and
Diamond TPMS beams was lower than that of the two kinds of hybrid TPMS beams. The
Gyroid TPMS beam reached its maximum load of 670.48 N at a deformation of 0.14 mm
before failure. The Diamond TPMS beam had a slightly higher maximum load of 710.49
N at a deformation of 0.17 mm. In comparison, the linear hybrid and nonlinear hybrid
TPMS beams fracture at higher loads of 799.39 N and 844.37 N, respectively. The
nonlinear hybrid TPMS beam can therefore carry a higher load force than the linear
hybrid TPMS beam, which means better mechanical performance under three-point

bending conditions.

The values for the flexural modulus, flexural strength, and energy absorption, together
with their mean values, standard deviations (std), and coefticients of variation (CV) for
the three-point bending testing of Gyroid, Diamond, linear hybrid, and nonlinear hybrid
TPMS beam samples are listed in Table 22. The CV is a useful measure to assess the
consistency of experimental data. For the Gyroid TPMS beam sample, the highest CV
value was 0.04 for flexural strength, for the Diamond TPMS beam sample, the highest
CV value was 0.09 for energy absorption, for the linear hybrid TPMS beam sample, the
highest CV value was 0.12 for energy absorption, for the nonlinear hybrid TPMS beam
sample, the highest CV value was 0.07 for energy absorption. These relatively low CV
values across different samples show good consistency in mechanical properties for all
tested TPMS beam samples. Specifically, concerning the flexural modulus of the beams
in the three-point bending tests, the nonlinear hybrid TPMS structure beam possessed the
highest flexural modulus (7.06 + 0.04 GPa), while the Diamond TPMS structure beam
had the lowest (5.97 + 0.46 GPa). In terms of flexural strength, the nonlinear hybrid
TPMS structure beam showed the highest value (29.91 + 1.63 MPa), and the Gyroid
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TPMS structure beam the lowest (23.77 = 0.98 MPa). For energy absorption, the linear
hybrid TPMS structure beam had the highest value (6.02 = 0.12 J), and the Gyroid TPMS
structure beam the lowest (0.37 £ 0.01). These differences in all mechanical properties
between the two kinds of hybrid TPMS structure beams and the basic Gyroid and
Diamond TPMS structure beams mean that using a hybrid TPMS structure beam design
can provide significant improvements in mechanical performance with respect to non-

hybrid structures.

Table 22. Flexural modulus (GPa), Flexural strength (MPa), and Energy absorption (J)
average, standard deviation (std) and coefficient of variation (CV) of Gyroid, Diamond
and linear, nonlinear hybrid TPMS beams.

Flexural modulus Flexural strength Energy absorption
Sample

Average Std CV Average Std CV Average Std Cv
Gyroid 6.40 0.06 0.01 2377 098 0.04 33.64 037 0.01

Diamond 5.97 046 0.08 2632 0.33 0.01 4551 4.25 0.09
Linear hybrid  6.32 0.13 0.02 27.90 1.04 0.04 49.19 6.02 0.12

Nonlinear

. 7.06 0.04 0.01 2991 1.63 0.05 4742 334 0.07
hybrid

To better illustrate the differences in mechanical properties for different kinds of TPMS
structure beams, Fig. 61 presents bar charts with error bars that contain the flexural
modulus, flexural strength, and energy absorption of the Gyroid, Diamond, linear hybrid,
and nonlinear hybrid TPMS beam samples. Generally, the two hybrid TPMS structure
beams had better mechanical properties compared to the basic Gyroid and Diamond
TPMS beams across nearly all mechanical properties. Specifically, in terms of flexural
modulus, the order was: nonlinear hybrid > Gyroid > linear hybrid > Diamond TPMS.
The flexural modulus values for the Gyroid and linear hybrid TPMS beams were very
close, at 6.40 + 0.06 GPa and 6.32 + 0.13 GPa, respectively. For flexural strength, the
order was: nonlinear hybrid > linear hybrid > Gyroid > Diamond TPMS, and the
nonlinear hybrid TPMS beam had a higher flexural strength than the linear hybrid one.
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Concerning energy absorption, the order was: linear hybrid > nonlinear hybrid > Gyroid >
Diamond TPMS, and the linear hybrid TPMS beam had higher energy absorption than
the nonlinear hybrid one. The mutual advantages of the two hybrid TPMS structural
beams in flexural modulus, flexural strength and energy absorption reflect the differences

in the generation of the two hybrid TPMS structural beams using different weight

functions.
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Figure 61. Flexural modulus, Flexural Strength, and Energy absorption values for
Gyroid, Diamond and linear, nonlinear hybrid TPMS beam:s.
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Conclusions

This research studied the permeability and mechanical properties of different kinds of
TPMS structures. FDM additive manufacturing was used to produce samples of PLA,

zirconia and alumina.

For basic TPMS structures, the permeability characteristics (Darcy permeability
coefficient k1 and Forchheimer coefficient ) and mechanical properties (Young’s
modulus and energy absorption) of three TPMS structures were investigated, as well as
how those properties are influenced by the TPMS architecture, porosity and cell size. The
relationship between the four properties and the three factors was studied by an
orthogonal experimental design approach, and all experimental data were compared with

Fluent and Abaqus simulations.

The results show that both Fluent and Abaqus simulations could match well the
experimental data. The data for the four properties were analyzed by range analysis, to
assess the factor level mean value. The Primitive TPMS architecture possessed the
highest permeability characteristics but the lowest mechanical properties, the Darcy
permeability coefficient k1 increased significantly with the increase in porosity, and the
Forchheimer coefficient S, Young’s modulus and energy absorption increased
significantly with the increase in porosity. No linear relationship of the cell size in
relation to all properties was found. Moreover, the range value reflected the significance
of the factors for each property, and porosity was ascertained to be the primary factor of
influence for all properties. With respect to the sequence of the significance of the three
factors, when considering the permeability properties, the TPMS architecture was the
third for the Darcy permeability coefficient k1 but second for the Forchheimer coefficient
B. This means that, when comparing the effect of the cell size, the TPMS architecture is
more significant in high-speed nonlinear flow conditions rather than in Darcy flow
conditions. For the mechanical properties, the factor sequence and the response of factor

level mean values for each factor were similar for both Young’s modulus and energy
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absorption, which means that those factors may follow a common trend, and that those

properties which can be simultaneously optimized by controlling the same factors.

For hybrid TPMS structures, this study experimentally tested how cell configuration,
number of cells, and cell combination sequence can affect the mechanical properties.
Uniaxial compression and three-point bending test were carried out for simple Gyroid,
and Diamond TPMS structures, and for hybrid TPMS structures designed using different
weight functions, to investigate the differences in mechanical properties of Young’s

modulus, strength, and energy absorption provided by the samples’ architecture.

The results show that the Young’s modulus can be affected by the cell number of a
cellular structure. When a mirror symmetry hybrid structure is designed to let the
assembling of one cell hybrid structure possible, the mechanical properties for samples
assembled using a two-mirror symmetry hybrid structure sequence were similar, which
means that using a mirror symmetry hybrid approach for combining hybrid structure
together is feasible. Then, for hybrid structures generated using linear and nonlinear
weight function, the mechanical properties along them x, y, and z direction were different,
which means that the hybrid structures were anisotropic structures. Specifically, for the
linear hybrid structure, all mechanical properties followed the order of loading directions:
z >y > x, and the Young's modulus measured testing along the x and y directions was
much lower than in the z direction for both hybrid structures. For the nonlinear hybrid
structure, the Young's modulus of y and z directions were similar and both higher than
for the x direction. Compression test results showed that, compared to the simple Gyroid
and Diamond TPMS structures, the linear hybrid TPMS design provided improvements
across all mechanical properties, and the nonlinear hybrid TPMS primarily improved
stiffness. Three-point bending test results showed that two hybrid TPMS structure beams
displayed better performance compared to the simple Gyroid and Diamond TPMS beams
across nearly all mechanical properties. The two kinds of hybrid TPMS structure beams
showed different advantages for different mechanical properties, with the linear hybrid
TPMS structure beam providing higher energy absorption, and the nonlinear hybrid

TPMS structure beam possessing higher flexural modulus. This means that the
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mechanical improvements provided by employing hybrid TPMS structures depend on
the specific weight function used in their generation, leading to different and expanded

range of values for all mechanical properties of interest.
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Appendix A. The permeability experiment software

A software was developed for recording and processing data of permeability experiments.
It contains two sections: the data record section and the data process section. Fig. 26
shows the set up of the permeability experiment, which contain the collection of mass
flow data and pressure drop data. For the pressure drop data, which can be recorded by
the software of Picolog, and for the mass flow data obtained from the digital mass flow
meter, which is recorded by the data record section (see Fig. 62), the program can set the
parameters. The computer is connected to the digital mass flow meter and, when clicking
the start bottom, the on-time mass flow data will be plotted immediately and, after

stopping the recording, the mass flow data can be exported as a .CSV format file.
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Figure 62. User graph interface of mass flow data recorder section of the permeability
experiment software.

The digital mass flow meter used for the experiments in this research (MF6600, Siargo)
is shown in Fig. 63, and the parameters are listed in Table 23. The meter can measure the

flow of nitrogen in the range of 0-50 SLPM (Standard Liter Per Minute), with an
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accuracy of £2.0% of the full scale, and a maximum working pressure of 1.0 MPa. This

can meet the requirements of the permeability experiments carried out in this research.

Figure 63. The digital mass flow meter MF6600.

Table 23. Device parameters for the MF6600 flow meter.

Parameter MF6600 Unit
(air/oljcl}(/)gvzg/arﬁ%rigen) 0-50 SLPM
Accuracy +2.0 %FS
Repeatability 0.5 %FS
Output drift +0.12 %/°C
Power supply . 3.6-24 VDCor3.6V
lithium battery (ER14250)
Output interface RS485 (Modbus)
Display LCD backlit display
Max. working pressure 1.0 MPa
Operating temperature -10 - +55 °C
Storage temperature -20 - +65 °C
<95% RH (non-

Operating humidity

condensing, no frost)
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The data process section, which is shown in Fig. 64, supports the importing of the
pressure drop data recorded by the Picolog software, and the mass flow data recorded by
the previous data record section. As Fig. 64 shows, this software supports batch import
of pressure drop and mass flow data from multiple samples. Since the pressure drop and
mass flow data are collected by two separate software systems, a time offset exists
between them. Using the functional buttons in the Data Operation Panel within the
current Section, users can do time alignment of pressure drop and mass flow data for

each sample individually.
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Figure 64. User graph interface of mass flow data and pressure drop data process
section of the permeability experiment software.

The result of the data after alignment is shown in Fig. 65. After aligning the pressure
drop and mass flow data by time, the scatter, the upper-right corner of the window, shows
the permeability property of the sample clearly. Once the time alignment has been
completed for all samples, clicking the Export .CSV button opens the interactive data
export interface shown in Fig. 66, which allows users to select the data to be exported.
Additionally, as shown in Fig. 65, the Export Log button enables the export of data
operation as a .LOG file without modifying the original raw data, and this log file can

also be imported later to restore or review the history of the data processing steps.
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Figure 65. Mass flow and pressure drop data after alignment in the process section of
the permeability experiment software.
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