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Abstract

Additive manufacturing offers new design opportunities in employing lattice structures for
lightweight applications. Especially, conformal lattice design can be made with internal lattice
core with freeform external geometry. However, the mechanical response of conformal
lattices is not well understood. In this work, triply periodic minimal surface (TPMS) based
conformal shell lattices were designed based on isoparametric transformation method and
fabricated by laser powder bed fusion (LPBF) to study the influence of key design factors on
the mechanical properties of the conformal shell lattices. The results show that the
deformation mechanism and mechanical properties of the shape-transformed structures are
highly influenced by design factors including shape transformation type, tilting angle of side
walls and cell orientation. The boundary between the misaligned shape-transformed TPMS
does not deteriorate the mechanical properties and the energy absorption capability. Finally,
conformal TPMS-filled monoclastic lattice was studied to verify the effectiveness of the
conformal design for mechanical applications. It is found that the conformal TPMS-filled
monoclastic lattice shows better mechanical performance than the uniformly in-filled
counterparts. This work provides the first quantitative correlation between the design factors
and the mechanical properties of the shape-transformed structures and highlights the potential

of TPMS-based conformal design for real-world lightweight applications.

Keywords: triply periodic minimal surface, conformal shell Ilattices, isoparametric

transformation, laser powder bed fusion, mechanical response.

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.



1. Introduction

Cellular structures are gaining increasing attention and remarkable interests for its wide
applications in different industrial clusters including light-weighting design, heat exchanger,
tissue engineering and energy absorption [1]. Conventional manufacturing techniques, such as
particle leaching and gas forming [2], is unable to fabricate desirable porous structures, as the
produced structures often exhibit unpredictable and uncontrollable pore shape and size
distribution, leading to unsatisfactory performance of the final products. Additive
manufacturing (AM) technology has shown its unparalleled advantages with its ability to
fabricate complex geometrical structures with short lead-time [3, 4]. The advancement of AM
technology combined with powerful computer-aided design (CAD) methods offers great
design freedom to create and fabricate satisfactory porous structures with freeform external

shape and architected internal structures [3].

Architected cellular structures are usually designed with periodic porous unit cells, which can
be categorized into strut-based, plate-based lattices and shell-based structures [5]. Although
the strut-based lattice structure is the most investigated cellular structure so far, it could suffer
from high stress concentration due to discontinuous strut junction under loading [6]. In
addition, it may encounter manufacturability problem when the inclination angle of the strut is
too low. For plate-based lattice structure, it possesses higher stiffness than that of strut-based
lattice structure [7], but manufacturing of this type of structures remains a problem for
powder-based AM systems due to the difficulty of powder removal. In recent years, triply
periodic minimal surface (TPMS), a type of shell-based structure, has attracted great interest
in industrial and academic areas. Compared with strut-based and plate-based lattice structures,
TPMS structures can overcome the stress concentration problem with smooth curvature and
continuous surface elements, and attain good manufacturability by AM [8]. In addition, the
smooth surfaces could promote bone growth due to the structural similarity to natural
trabecular bone, thus they have been considered as the most promising lattice structures for
biomedical implants [9-12]. Moreover, TPMS structures exhibit greater specific energy
absorption capability than strut-based structures with similar porosity [13, 14]. These
advantages of TPMS structures are very attractive for biomedical, automotive and aerospace

applications.

Designing externally freeform components with TPMS internal architectures can be achieved



via Volumetric Distance Field (VDF) based Boolean operations [15-18]. VDF is a 3D distance
field defined within a rectangular domain. Each node in a VDF maps its minimum distance to
the shape. VDF is used together with Boolean operations between two solid models A
(external freeform shape) and B (internal TPMS structure). By extracting the resulting solid
model from the operation (i.e., intersection: ®(A) N O(B)=min(D®(A), ©(B))), the regular
TPMS structures with freeform external shapes can be created. Functional gradient and
hybridization can be used concurrently to modify the internal TPMS structure [15], which
aims to match the local porosity values for bio-scaffolding applications. However, this method
only creates non-conformal TPMS core structures, which are oriented and positioned
independently with the geometric form of the exterior surface. Using this method, the TPMS
unit cells on the freeform boundaries usually have an incomplete structure with truncated
surfaces, which result in weakened structure with low strength and stiffness [19]. Besides, the
intersection operation of the external model and the internal TPMS structures is very
expensive numerically and prone to error. On the contrary, the conformal TPMS structures
can be oriented in accordance with the geometric form of the exterior surface, which not only
preserves the local cell orientation, but also maintains the boundary cell integrity, resulting in
the enhancement of mechanical properties. By using the isoparametric transformation of finite
element method, Yoo [15] also proposed that the TPMS unit cells can be conformally mapped
into arbitrary hexahedral elements while keep the continuity between adjacent elements. With
this method, a component with freeform external shape and pre-meshed hexahedral elements
can be infilled with integral TPMS structures. Kim and Yoo [20] also introduced a hybrid
design method by combining a modified VDF-based Boolean operations and TPMS-based
channel topologies to design arbitrarily shaped heat exchangers with conformal TPMS lattice
cores. Combined with topology optimization, Zhao et al. [21] infilled the functionally graded
sheet-based BCC lattices continuously and conformally into a design case of a pillow bracket
with optimized volume fraction distribution. Conformal lattice components can also be
created using some commercial software systems such as nTopology, which uses field-driven
design approach [22]. For nTopology, the CAD geometries, meshes, planes, and points are all
represented as distance fields [22]. However, current literature and the commercial software
systems are generally focused on the geometry design of conformal lattice structures. There is
a lack of study on the quantitative relationship between the design factors and the mechanical
properties of the conformal lattices, as well as the understanding on the deformation
mechanism of the conformal lattices, which is thereby the focus in this work. The superiority

of the conformal lattice design over the uniform lattice is also rarely quantitatively revealed.
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Upon establishment of a full database, these quantitative relationships could be implemented
in the implicit design algorithm to automatically generate the conformal lattices structures

with expected behaviors and properties.

In this work, we adopt the concept of isoparametric transformation in finite element method
to generate conformal TPMS structures, in which integral TPMS unit cells are mapped into
arbitrary hexahedral brick element. Extensive finite element (FE) modeling studies are
conducted to study the deformation behavior and mechanical properties of the TPMS-based
conformal lattices. Metallic TPMS specimens are fabricated by laser powder bed fusion
(LPBF) of stainless steel 316L powder. Quasi-static compression experiments of the
as-printed lattices are conducted to validate the FE models. The key design factors of the unit
cell orientation, shape transformation and connection between cells are evaluated.
Quantitative relationships between the key factors and the mechanical properties of the
structures are analyzed. Finally, conformal and regular TPMS lattice infilled components were
designed and tested to validate the superior crashworthiness of conformal lattice design. This
work provides a valuable insight into designing conformal TPMS components for real-world

applications.

2. Numerical and experimental methods

2.1 Geometrical modeling of conformal TPMS structures

The implicit design method for generating the conformal TPMS structure is described as
follow. Step 1: Obtain the target geometry that TPMS needs to infill. It should be a 3D solid
file that can be meshed by hexahedral elements; Step 2: Conduct the meshing and obtain the
mesh file with node locations and element connection information as the input for the
transformation and assembly step; Step 3: Choose the original regular TPMS structure type
and rotate it to the preferred orientation based on the design requirement; Step 4: Conduct the
isoparametric transformation of coordinates for each cell/element of the TPMS structures;
Step 5: Assemble these cells/elements into the target geometry based on the mesh input file.
Fig. 1 provides the flowchart of such process, with the TPMS structure mapped from a regular
cell with different orientations ([100], [110] and [111]) to an arbitrary hexahedral cell and
assembles them to a monoclastic geometry part. The regular TPMS lattice can be generated
using the first-order approximation of the level set nodal equations. The formula of the study
case of the Diamond (D-type) TPMS can be expressed as:
@p = sin (wx) sin (wy) sin (wz) + sin (wx) cos (wy) cos (wz) +

cos(wx)sin(wy)cos(wz) + cos(wx)cos(wy)sin(wz) = ¢ (1)
4



where x, y, z are spatial coordinates, w=2n/L and L is the side length of a unit cell. The level ¢
controls the pore size of the TPMS unit cell. Matlab coding is conducted to visualize the
TPMS lattices, which are composed of a series of triangular facets. The facets are then written
following STL format to generate a 3D model of the lattice. In this research, the TPMS cell
orientation, which is neglected in the design of conformal lattice structures in current

literature, is considered and implemented in the design algorithm.
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Fig. 1. Schematic diagram in generation of a component with conformal TPMS structure by
iso-parametric transformation. Example is given using D-type TPMS unit cell to form a

monoclastic component.

Further explanation of this method is provided below. For Step 1 and 2, the meshing is carried
out in a mature commercial software Hypermesh, without the need to re-program the meshing
algorithm. The mesh generated from this exercise can be made conformal in the software as

well [23]. Such conformality in the mesh can be passed onto TPMS structures in the shape
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function transformation later in Step 4 and 5. In Step 3, the generation of TPMS unit cell with
orientations of [110] and [111] from the original [100] orientation is enabled by the coordinate
transformation matrix 4, which is different for the three different cell orientations. The
coordinate transformation matrix 4 can be obtained according to the face normal vectors of
three different hexahedron unit cells as follows:

For [100] unit cell:

1 0 0
A[lOO] = [0 1 0] (23)
0 0 1
For [110] unit cell:
—1Z 0 12
Ao =| 142 0 1/42| = B[_lllo] (2b)
0 1 0
For [111] unit cell:
N2 16 13]
Any = |=1/V2  1/V6 13| =B, (2¢)

0 —2/\6 1/43
where the column vectors of the matrix B are the orthonormal vectors representing the face
normals of the three different oriented parallelepipedic unit cells. [100]- and [111]-oriented
TPMS structures can be obtained by operating the coordinate transformation matrix 4 on the
coordinates on original [100] oriented TPMS. Furthermore, for successful mapping TPMS
into components with multiple brick elements, TPMS unit cells that can be periodically

arranged in the 3D space should be obtained to ensure the continuity in the interfaces between
elements. In particular, the edge lengths are properly selected, namely (v2a, a, vV2a) for [110]

oriented TPMS unit cell, and (v2a, V6a, vV3a) for [111] oriented TPMS unit cell [24], where
a is the side length of original [100] TPMS unit cell, as shown in Fig. 1.

In Step 4 and 5, the isoparametric transformation idea is borrowed from the finite element
method. With this transformation, we can map a regular TPMS structure in the local
coordinates to the global Cartesian coordinates by iso-parametric interpolation, so that it can
be “deformed” into a conformal cell/element. For example, considering a cubic tessellating
cell of a TPMS represented by an eight-node hexahedral brick element, the shape functions of

it are as follows:

N =21+ 5O +nm) (1 + 6i6) (3a)



x=YNx;y=YX,Ny; z=%,N;z (3b)
where (, n, ¢) are local coordinates. For the points located on a surface in the local
coordinates with a mapping from a cubic element to an arbitrary hexahedral element, their
coordinates in the global Cartesian system (x, y, z) are calculated by the interpolation in Eq.
3b, in which x;, y;, z; are global Cartesian coordinates of hexahedral elements’ vertices. Since
the periodical TPMS unit cells with different orientations ([100], [110] and [111]) have
different edge lengths, the original local coordinates (', 1, ¢') should be normalized by each
edge length, which guarantee successful mapping of unit cells with different orientations. Fig.

2 shows the steps of normalization of the local coordinates and operation of subsequent

mapping.

Considering a TPMS with the STL format representation, which describes a surface by a
series of triangular facets, the mapping can be done by calculating the Cartesian coordinates
for each vertex of each triangle and the normal vectors based on these updated vertices.
Conformal TPMS structure with preferred orientation can then be generated. Therefore, using
the method proposed above, conformal TPMS structures in the STL format can be generated,
which preserve the local TPMS cell orientation in a complex geometry. It is worth noting that
the method above can only be viewed as a geometric modelling method for conformal TPMS
structures. The detailed guideline for it to be used in the mechanical energy absorption area
has not been discussed. Such information can only be revealed using a combined approach of

FE simulation and quasi-static compression test in the following sections.
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Fig. 2. Steps of normalization of the local coordinates and operation of subsequent mapping.

2.2 Finite element modelling

In this work, the key factors including shape transformation, unit cell orientation and cell
connection were considered in FE modeling. Diamond-type TPMS structures were selected as
the cases for FE modeling due to its superior mechanical properties comparing to other TPMS
lattices [14, 25]. Three transformation types including monoclastic, synclastic and anticlastic
types were studied. As shown in Fig. 3 (a), the monoclastic surface has a single curvature at a
given point. The synclastic surface is curved to the same side along two directions, while
anticlastic surface is curved convexly and concavely along two perpendicular plane sections.
The individual hexahedral element with different side wall tilting angle is extracted for TPMS
mapping (Fig. 3 (a)). The tilting angle refers to the angle between the tilted side wall of the
transformed TPMS and the vertical direction. A5/A10/A15 represent the corresponding
samples with tilting angles of 5/10/15°. To guarantee direct and valid comparison with the
un-transformed TPMS, the mapped TPMS is cut so as to keep the same cubic shape and
volume as the un-transformed one. The un-transformed TPMS is designated to contain 4*4%*4
unit cells (=4 mm in Fig. 1), which is able to provide properties close to the asymptote
property of an infinite array [26]. Therefore, the designed TPMS cores with [100], [110] and

[111] orientations along loading direction have dimensions of 16x16x16 mm3,
8



16x16v/2x16v/2 mm?, and 16v/6x16v/2x16v/3 mm?, respectively. Similar method is applied
for evaluating the connection between two transformed TPMS cells, as shown in Fig. 3 (b).
Another connecting method by Sigmoid function is selected to benchmark the shape function
method (Fig. 3 (c)). The connection of two misaligned TPMS by the Sigmoid function ¥ can

be realized by the following expression:

D connection = Y Prems1 + (1 — V) Prpus2 (4a)

1
Y = T (4b)

where G(x,),z) is a spatial coordinate set that describes the transition layer, and & defines the
transition width. In this work, G(x,y,z) represents the central vertical plane, and k=4 ensures a
smooth transition at the boundary of about 3 mm in width. The example of two misaligned

Primary TPMS connected by Sigmoid function is given in Fig. 3 (c).
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Fig. 3. TPMS sample preparation for FE modeling, additive manufacturing and subsequent
evaluation: (a) cell transformation, (b) transformed cell jointed by shape function, (c) regular

cell jointed by sigmoid function.

For FE modeling, the cubic TPMS models with shell element (S3) or triangular prism
elements (C3D6) of average element size 0.2 mm were simulated, as shown in Fig. 4 (a). The
element size of 0.2 mm was selected according to our previous work to balance the
computational costs and analysis accuracy [27]. The TPMS cores in FE model were assigned
with a certain shell thickness to keep the relative density at 10%. Other setups in the FE

models including the material constitutive model (AMed SS316L) were the same as those in
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our previous work [28]. Fig. 4 (b and c) shows the normalized stress-strain curves and the
deformation modes during compression. Both C3D6 and S3 elements provide similar results
in predicting the mechanical properties and the deformation mechanism of the TPMS
structures with relative density around 10%, as shown in Fig. 4 (b and c). To save
computation expense, S3 element was selected for FE modeling, which was also adopted in

other studies [29].

For the case study in Section 3.3, FE modeling of 3-point bending of the cases were
conducted to predict their crashworthiness. S3 element with average size of 0.1 mm was used
since the unit lattice size is about half of the cubic TPMS models. The loading rate of the
punch was Imm/min, same as the experimental one. Other setups were same as those for

cubic TPMS models.
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Fig. 4. (a) FE model of TPMS structure meshed with C3D6 and S3 elements, (b) FE
simulated normalized stress-strain curves for mono-D100 type specimens, and (c) the

corresponding stress distribution at three compressive strains.
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2.3 Laser powder bed fusion of conformal TPMS specimens
The metallic powders of the ductile material SS316L with particle size ranging from 5-25 um

were purchased from Beijing AMC Powder Metallurgy Technology Co., Ltd for fabrication.
The in-house developed micro LPBF system, which has been proven to enable high-precision
manufacturing of complex structures [30], was adopted to fabricate the developed TPMS
structures for further mechanical testing. The optimized process parameters including laser

power of 50 W, scanning speed of 1000 mm/s, hatch spacing of 50 um, and layer thickness of
10 um were used [31].

petie) ¥-24.040]

Snyclastic_D111 A5

Snyclastic_

Snyclastic_ D111 _A10

D111_A5

2

Fig. 5. Examples of the designed and as-printed synclastic D111 TPMS samples with different
side wall tilting angles (5/10/15°).
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A number of Diamond-type TPMS specimens were fabricated for validation of the FE models.
All specimens were designed with a constant relative density of 10%, so the shell thickness
could be different for different specimens due to different surface to volume ratios, as shown

in Table 1. The designed TPMS cores with [100], [110] and [111] orientations along loading
direction have dimensions of 16x16x16 mm3, 16x16v2x16v2 mm?, and 16V6x16v2x16+/3

mm?, respectively. As shown in Fig. 5, at least two specimens were fabricated for each type of
TPMS structures. Two end plates with a thickness of 0.5 mm were added with the in-plane
direction parallel to the building direction, aiming to avoid adding support structures and
guarantee a load bearing plane that is parallel to the loading platform. The addition of end
plates has a limited effect on the mechanical property of the TPMS if the sample contains
enough number of unit cells [27]. The relative density was measured based on the dry
weighing method in the same way as our previous work. Table 1 shows measured relative
density of the as-printed Diamond-type TPMS specimens. Noted that the abbreviations
“mono”, “anti” and “syn” denote monoclastic, anticlastic and synclastic samples, respectively.

“Jointmono” and “Sigmoid” denote the jointed specimens by shape function and Sigmoid

function, respectively.

Table 1. Details of the 3D models and as-printed TPMS structures.

Surface/volume STL shell t Measured pr
(mm™) (mm) (%)
Original D100/110/111  0.960/0.963/0.959 0.104/0.104/0.104  10.9/11.9/11.9
Mono-D100-AS5/A

TPMS type

0.941/0.922/0.906 0.107/0.109/0.111 12.1/12.8/13.0

10/A15
Anti-D100-A5/A10
A 0.916/0.876/0.844 0.109/0.114/0.119  13.4/12.0/12.2
o /A15
£ Syn-D100-AS/A10/
2 s 0.916/0.881/0.843 0.109/0.113/0.119  13.6/14.2/13.9
@]
3
= Syn-DI110-A5/A10/
S s 0.909/0.861/0.827 0.110/0.116/0.121  12.9/13.5/12.8
Syn-D111-A5/A10/
s 0.920/0.881/0.848 0.109/0.114/0.118  12.4/13.0/12.1
. Jointmono-D100-A
5 ¢ 0.929/0.897/0.873 0.108/0.112/0.115  12.7/13.4/14.0
S { 5/A10/A15
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Sigmoid-D100-
A5/A10/A15

0.967/0.979/0.976  0.104/0.103/0.103  14.1/13.2/13.3

2.4 Quasi-static compression tests

Quasi-static compression tests of the as-printed cubic TPMS specimens were conducted on an
MTS universal tester at a strain rate of ~10- s”! and stopped after reaching densification. The
deformation history of the specimens was recorded using a camera. Considering the good
repeatability of LPBF and the compression testing results, the compression tests were
repeated for two times for each kind of TPMS structures [27, 29, 32, 33]. The stress and the
strain were calculated as the loading force divided by the cross-sectional area, and the
crosshead displacement divided by the height of the TPMS cores, respectively. The
engineering stress was normalized by the measured relative density. This is to eliminate the
effect of the deviation of actual relative density between the various specimens, as shown in
Table 1. Moreover, the stress normalization allows direct evaluation of the efficiency of
different TPMS geometries. However, one should note the stress is over normalized since the
measured relative density is higher than the effective relative density due to the existence of

non-contributory adhered powders.

For the case study in Section 3.3, the crashworthiness of the cases was evaluated. The punch
moved at a loading rate of Imm/min up to a displacement of 6 mm. The deformation history
of the specimens was also recorded using a camera. Identically, the test was repeated two
times for each case. The experimental load-displacement curves were extracted for analysis of

mechanical performance.

3. Results and discussion

3.1 Effects of design factors on deformation mechanisms

Figs. 6, 7 and 8 present the numerical and experimental stress-strain curves and deformation
patterns of the shape-transformed and jointed TPMS structures. The normalized experimental
(EXP) and numerical (FE) stress is calculated as the stress divided by the measured relative
density and the ideal relative density (10%), respectively. The curves in black belong to the
original D-type TPMS without shape transformation, which are used to benchmark the
performance of the shape-transformed ones. In general, all of these EXP and FE specimens

show a similar stress-strain behavior, including a linear elastic deformation region until
14



reaching the initial peak stress, a plateau region with stress fluctuation, and a final
densification region with stress growing rapidly, as is reported in many other literatures on
lattice structures [34-36]. It implies that FE models are generally valid to predict the
mechanical performance of the as-printed TPMS specimens. However, the experimental
stresses of the as-printed TPMS specimens are generally lower than that of the corresponding
numerical ones. The over-prediction of stresses in numerical simulation is caused by
simplification of the material constitutive behavior in numerical modelling and the AM
defects [37]. The AM defects, including surface-adhered powders and internal pores or cracks,
could lower the mechanical efficiency of the TPMS structures, i.e., the strength and energy
absorption performance, which will be quantified in the next sections. On the other hand, the
adhered powders increase the shell thickness and the measured relative density, leading to the
lower normalized mechanical properties of the printed lattices. In future research, an accurate
constitutive model of the AMed metals and alloys should be developed by considering these
shortcomings, aiming at obtaining the accurate prediction of the mechanical performance of
the AMed lattices. Despite of this, there is a good agreement between the experimental and
numerical deformation patterns of the shape-transformed and jointed TPMS specimens. The
numerical results also show the stress distribution within the structures during compression,
which helps to understand the deformation mechanisms. The design factors have evident
influences on the deformation mechanisms of the shape-transformed and jointed specimens,

which will be discussed as follows:

3.1.1 Effect of tilting angle and transformation type

With increasing tilting angle, the monoclastic specimens have similar level of plateau region
and slightly lower initial peak stress as the original one (Fig. 6 (a)), while evident lowered
plateau region is observed for anticlastic specimens (Fig. 6 (c)). More interesting is the
increasing slope of the plateau region for synclastic specimens (Fig. 7 (a)), suggesting a
continuous hardening behavior during compression, especially for specimens with high tilting
angle. In addition, the deformation patterns indicate that with increasing tilting angle, the
deformation of monoclastic and synclastic specimens tends to be a layer-by-layer collapse of
the horizontal layers from top to bottom, as shown in Figs. 6 (b) and 7 (b). In contrast, the
collapse of anticlastic specimens with high tilting angle is featured by the double horizontal

shear bands at the top and bottom regions (Fig. 6 (d)).

It can be easily understood through the tilting orientation of the side walls. For synclastic
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specimens, the four side walls are all tilted towards the same direction, leading to a
continuously increasing pore size from bottom to top, and thereby a gradient local relative
density and load bearing capacity. Monoclastic specimens also have gradient features but not
as evident as synclastic counterparts, since there is only one pair of side walls were tilted. As
a result, the synclastic and monoclastic specimens with high tilting angle collapse layer by
layer starting from the weak top region. In contrast, the two pairs of the side walls of
anticlastic specimens have opposite tilting direction, as shown in Fig. 3 (a), which leads to
lower relative density at both top and bottom regions as compared with middle region.
Therefore, stress is highly concentrated at the two weak ends of TPMS cores and initiates

plastic collapse.

Initial
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Fig. 6. Numerical and experimental (a, c) normalized stress-strain curves and (b, d)
deformation patterns (at the strain of 0.3) of shape-transformed TPMS structures: (a, b)

monoclastic D100, (c, d) anticlastic D100.
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3.1.2 Effect of cell orientation

Similar as some solid metals [38], anisotropic stress-strain behavior is also detected for
shape-transformed TPMS specimens. The synclastic specimens with [100] direction exhibit
the highest initial peak stress and plateau stress. The counterparts with [111] orientations show
a nearly periodic stress oscillation during plateau region, which is corresponding to the
layer-by-layer collapse of the structures. Interestingly, it is found that the amplitude of the
stress fluctuation is higher for the FE case than the EXP case, as shown in Fig. 7 (e and f). It is
largely attributed to the adhered powers, which lead to an earlier (compared with the ideal FE
case) contact of adjacent collapsed sublayers followed by the immediate collapse of the next

sublayer.

Furthermore, the variation of the cell orientation slightly changes the deformation mode for
transformed samples with smaller tilting angle (A5) but doesn’t affect those with higher tilting
angles (A10/A15), which deform in a layer-by-layer mode. That means the deformation mode
is highly influenced by the tilting angle instead of the cell orientation, since the former could
lead to significant variation of local relative density, hence the variation of the local

load-bearing capacity.

17



‘ ..':.?;;:::' Ko

150
~. = Qriginal D100_FE
100 ¢ syn D100_A5_FE
snf  =——syn D100_A10_FE

——syn_D100_A15_FE

00 02 04 _ 06 08
Strain

"' e Original D110_FE
i ———syn_D110_A5_FE

,  ——syn_D110_A10_FE
——syn_ D110_A15_FE

0 02 0.4_ 0.6 0.8
Strain

= Original D111_FE E]
350 ——syn_D111_A5_FE S
300 ]=—syn_D111_A10_FE_ &
J——syn_D111_A15_FE £
250 LA

* a2

100 FYATEENTTT] A
Periodic striess oscillation

Normalized stress (MPa)

0.0 0.2 04 . 0.6 0.8
Strain
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Mises stress with the same color bar as shown in Fig. 6.

3.1.3 Effect of boundary between jointed cells
Fig. 8 shows the effect of the boundary on the compressive response of the jointed structures

with misalignment. Comparing Figs. 8 (a) and 6 (a), it is found that the stress-strain behavior
of the monojoint D100 specimens is quite similar to that of the shape-transformed specimens,

1.e., monoclastic D100, in terms of the initial peak stress, the plateau region and the
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densification point. It means that the boundary region does not behavior worse than other
regions in conformal TPMS components. For the benchmark case in Fig. 8 (c), namely the
misaligned regular TPMS connected by Sigmoid function, the numerical results present
similar level of the plateau region for the three tilting angles (5/10/15°). In experimental cases,
however, higher tilting angle (10/15°) results in a lower plateau region. In fact, the small
tilting angle in specimens jointed by Sigmoid function can still ensure a relatively smooth
transition at the boundary. With increasing misorientation, however, there are inevitably some

sharp regions, which deteriorate the manufacturability and thereby the plateau strength.

Compared with the normal shape-transformed region (Mono-D100), the jointed regions
(Jointmono-D100) exhibit similar deformation patterns during compression, i.e., shear band
formation followed by layer-by-layer failure (AS5), and layer-by-layer failure from top to
bottom (A10 and A15). This suggests the boundary between the adjacent shape-transformed
specimens can effectively attain a smooth transition without disturbing the continuity of the
lattice structure and altering the deformation mode. In addition, for the benchmark case, it is
found that the boundary created by the Sigmoid function significantly changes the original
deformation mode. Particularly for high tilting angle (A10 and A15), the sublayer failure
occurs at various regions within the structures simultaneously, which suggests the Sigmoid

function cannot ensure a stable transition and is inefficient in cell connection.
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In short, the deformation mechanism is highly influenced by the tilting angle of the side walls
and the type of shape transformation, while the variation of cell orientation does not evidently
change the deformation mode. Different shape transformation can realize different gradients
of relative density within the structure. As a result, the shape-transformed TPMS could
deform like a functional gradient structure, which have been well studied and presented in
[39-44]. By tailoring the tilting angle, functionally graded TPMS-filled conformal
components structures can be designed using the proposed design methods and AM
techniques, and will be attractive in lightweight, stress tolerant and energy absorbing
applications. In addition, the results also reveal that large tilting angle should be avoided in
conformal design to prevent excessive loss of mechanical properties. Moreover, the
connection between misaligned TPMS structures by using isoparametric transformation is

generally more effective than using Sigmoid function.
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3.2 Effects of design factors on mechanical properties

This section aims to quantify the mechanical properties and energy absorption capacity of the
transformed and jointed TPMS specimens. Following the standard ISO 13314:2011 [45], the
plateau strength is calculated as the mean stress between 0.2 and 0.4 strain range. The energy
absorption per volume (F) is calculated as the area under the stress-strain curve within the
strain range of 0 to 0.5. In regard to the crashworthiness, some common indicators, including
absolute energy absorption (W), specific energy absorption (SEA), average crushing
force/stress (Fa/0av), maximum crushing force/stress (Fmax/Omax) and crushing efficiency (1),
are used as the crashworthiness criteria [46]. In detail, the energy related indicators £ and W

can be expressed as:
E=[o(c)de 5)
W = [ F(x)dx 6)

where ¢ is the strain (0.5 for cube specimens) and d is the corresponding displacement. SEA

denotes the absorbed energy per unit mass of the structures and can be formulated as:

SEA=Y_-_E

mo prpm )
where m is the mass of the structures, p, is the relative density, and p,, is the density of the
solid material (7.98 g/cm? for SS316L). For FE model, the designed mass is used, while the
measured value of as-printed structures is used for experimental SEA calculation. Evidently, a
structure with higher SEA value possesses better energy absorption capability. In addition, the
crushing efficiency, 1, is also widely used to indicate the energy absorption capacity of a

structure. Higher value of n indicates more efficient structure design for energy absorption. n

is calculated as:

N =—% % 100% =~ x 100% ®)

max Omax

where the average crushing force, Fa, 1s expressed as:

S
Fow =" ©)

Fig. 9 and 10 show the mechanical properties including the normalized initial peak strength,
plateau strength and energy absorption performance of the shape-transformed and jointed
TPMS structures. Table 2 shows the extracted statistics of the mechanical properties. It should
be noted that the trend of specific energy absorption (Fig. 10) is consistent with the plateau

strength (Fig. 9). Both numerical and experimental results show similar trend, namely, the
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overall mechanical properties decrease with increasing tilting angle. It implies that an
appropriate tilting angle should be selected to avoid excessive loss of mechanical properties.
In detail, for monoclastic specimens (see Fig. 9 (a) and Fig. 10 (a)), the slopes of the
decreasing initial peak strength, plateau strength and energy absorption as the function of
tilting angle are the smallest compared with other shape-transformed specimens, which is
associated with the minimum local relative density within the structure. For anticlastic
specimens in Fig. 9 (b) and Fig. 10 (b), it can be found that the actual and predicted strength
and energy absorption property present almost the same trends. For synclastic
D100/D110/D111 specimens, the predicted mechanical properties obey the following
sequence: synclastic D100>D110>D111, which is same as the original D-type TPMS (see A0
data). This indicates that the transformed TPMS maintains the anisotropy of mechanical
properties as the regular TPMS. Interestingly, the experimental plateau strength suggests
different or even reversed trends compared with the predicted ones, see the green lines in Fig.
9 (c-e). The tested plateau strength for synclastic D110 is even higher than the original D110
TPMS (AO0). In addition, both numerical and experimental plateau strength (green lines) are
comparable or even higher than the corresponding initial peak strength (orange lines) at high
tilting angles (A10/A15). These phenomena are also related to the functional gradient
structure realized by the shape transformation, and the adhered powders which promote

earlier contact of sublayers during compression and enhance the plateau strength.

Fig. 9 (f, g) and Fig. 10 (f, g) shows the effect of connecting boundary on the mechanical
properties of jointed TPMS specimens. By comparing with normal single monoclastic
element (Fig. 9 (a) and Fig. 10 (a)), it is found that the mechanical properties and the energy
absorption at the boundary region are almost the same as those of the normal region of
monoclastic specimens. It again proves that the boundary between the connected
shape-transformed TPMS dose not deteriorate the mechanical properties and the energy
absorption capability. For misaligned specimens jointed by Sigmoid function (Fig. 9 (g) Fig.
10 (g)), it is found that the mechanical properties in the experiments deteriorate faster with
increasing tilting angle, which could be attributed to the limited manufacturability of the sharp

regions at the high-angle boundary.

It is interesting to find that the crushing efficiency of the shape transformed TPMS (red lines
in Fig. 10) shows an increase at A5 condition compared with the original TPMS. This should

be attributed to the functional gradient property induced by tilting of the side walls. However,
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with increasing tilting angle, the crushing efficiency of the specimens present a significant
decrease, which is due to the largely deteriorated mechanical properties. It suggests that the
large tilting angle in conformal lattice designed based on the isoparametric transformation
should be avoided. Alternative solutions, such as, refining the hexahedral elements of the 3D
solid file, should be considered instead. In short, the mechanical properties including the
energy absorption capability and efficiency of the shape-transformed and jointed misaligned
TPMS specimens are controlled by the tilting angle, shape transformation type and cell
orientation. To obtain desired mechanical properties, design of dedicated conformal TPMS
components should consider the critical value of the tilting angle, the appropriate shape
transformation type and the optimal cell orientation. In addition, with the aim to coordinate
various design factors and develop precise design guideline for conformal TPMS components
with desired mechanical performance, more comprehensive and efficient FE and EXP studies
should be conducted by considering more TPMS types in the future work. The quantitative
relationship between the design factors and mechanical properties contributes to the
development of design guidelines for the conformal TPMS-filled components with the desired

mechanical properties.
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Table 2. Mechanical properties of the shape-transformed and jointed TPMS structures

Initial peak Specific energy crushing
) Plateau strength ) )
Specimens strength error error absorption error efficiency error
FE EXP FE EXP FE EXP FE EXP
D100 322.39 237.15 26.44 | 257.32 20220 2142 | 16.67 12.64 24.18|82.51 85.04 2.98
D110 261.39 198.68 23.99 | 237.25 17527 26.12 | 14.83 11.14 2492 190.56 8945 1.22
D111 235.11 181.17 22.94 | 188.96 147.88 21.74( 12.08 9.29 23.14]82.03 81.83 0.25
A5 129997 214.04 28.65(257.02 17580 31.60( 16.27 1091 32.90 | 86.54 81.39 5.95
mono-D100  A10 | 274.18 207.07 24.48 | 241.46 18426 23.69| 14.97 11.20 25.20 | 87.14 86.31 0.95
A151250.27 193.74 225922592 181.69 19.58 | 14.00 10.97 21.64 | 89.28 89.33 0.06
A5 | 281.12 20491 27.11 [ 256.88 193.08 24.83  16.13 12.02 25.51]91.59 90.50 1.19
anti-D100 A10 | 254.02 180.24 29.04 | 226.46 158.65 2994 | 14.40 10.03 30.37 [ 90.48 84.75 6.33
A151]230.70 156.54 32.15|211.19 139.66 33.87| 13.27 8.87 33.16|91.78 87.44 4.73
A5 1 279.61 184.56 33.99 [ 254.11 166.18 34.60 [ 15.62 10.52 32.62 | 89.16 87.09 2.32
syn-D100 A10 ] 23546 157.67 33.04 | 227.77 167.54 2644 | 13.88 9.77 29.65|89.60 86.74 3.19
A151197.85 136.61 3095 | 204.71 164.00 19.89  12.52 9.68 22.65]78.67 76.11 3.25
A5 122792 189.93 16.67 | 212.46 19829 6.67 | 13.28 12.01 9.58 | 9297 82.60 11.15
syn-D110 A10 ] 196.96 167.38 15.02 | 196.40 19233 2.07 | 12.09 11.50 4.89 | 89.15 77.07 13.54
Al15 ] 153.13 125.02 1836 | 171.45 16444 4.09 | 1034 9.60 7.13 | 79.26 74.65 5.82
A5 120245 14427 28.74 | 176.55 137.53 22.10 | 10.98 8.38 23.62|86.53 77.29 10.67
syn-D111 A10 ] 167.78 136.03 1892 | 161.83 13747 1505 9.84 826 16.03 | 82.30 78.03 5.19
Al15 ] 14430 113.90 21.07 | 140.25 114.74 18.18 | 8.44 6.89 18.35]70.44 7523 6.36
jointmono-D A5 1303.21 20832 31.30 [ 259.75 17551 3243 16.12 10.92 32.25|84.85 83.67 1.38
100 A10 | 285.99 204.09 28.64 | 247.60 182.60 26.25| 1529 11.02 27.93|85.31 86.15 0.98
Al15 | 271.37 204.77 24.54 | 230.22 187.70 1847 | 14.59 11.54 20.90 | 85.78 85.11 0.79
jointsigmoid- A5 | 301.57 214.56 28.85(268.88 209.41 22.12 | 16.52 12.49 2438|8744 9294 592
D100 A10 | 277.29 192.18 30.69 | 254.77 17297 32.11| 1593 10.58 33.56 [ 91.69 87.89 4.14
Al15]268.57 176.71 3420 | 245.04 16292 33.51| 1554 10.11 3498 (92.19 8591 6.81

3.3 Effectiveness of conformal TPMS components for energy absorption applications

3.3.1 Conformal TPMS-filled monoclastic lattice

For the components with complex geometries, if filling the component with the original

TPMS, sharp edges and unintegral unit cells are inevitable, which could deteriorate the

mechanical performance. In contrast, the conformal design can align the lattice orientations

with the curvature directions of the macroscopic structure and maintain the TPMS integrity at

the structural boundaries, which is expected to show a better mechanical performance over the

uniform TPMS-filled component. To manifest the superiority of TPMS lattice structures, a

simple component with monoclastic surface is proposed as the case study to evaluate the

effectiveness of the conformal lattice components for energy absorption applications. Such a

monoclastic lattice structure can be used to absorb mechanical energy in such a way to protect
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the important internal components. Fig. 11 (a) shows the procedure for design of the
conformal TPMS-filled monoclastic lattice structure by using the iso-parametric
transformation as introduced in Section 2.1. To fully leverage the advantage of the conformal
design, the unit cell direction [100], which offers the best mechanical properties of D-type
TPMS, is aligned along the normal direction of the monoclastic surface via shape
transformation. In addition, the structure filled with the uniform TPMS is designed as a
comparison case, as shown in Fig. 11 (b). To enable the results to be comparable, the cell size
of uniform TPMS is 5 mm, which is the same as the size of C3D8 element for conformal
design. The compression performance of the two cases was experimentally and numerically
evaluated, as shown in Fig. 11 (c). The same LPBF process configurations are used to
manufacture the lattices for evaluation of the manufacturability and properties of the samples.

The as-printed lattices are shown in Fig. 11 (d).

Filled with
uniform TPMS

ental and nu
S

1
¥ s
C 7.

Fig. 11. (a) The procedure for design of the conformal TPMS-filled monoclastic lattice; (b)
comparison case of uniform TPMS-filled monoclastic lattice used for benchmarking; (c)
setups of experimental and numerical evaluation of compression performance of the lattices;

(d) the as-printed lattices.

3.3.2 Mechanical performance of the TPMS-filled monoclastic lattices

The crashworthiness of the conformal and uniform TPMS-filled monoclastic lattices is
numerically and experimentally evaluated by compression test. Fig. 12 (a) shows the

numerical and experimental load-displacement curves of the two cases. The deformation
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starts with an elastic region, followed by a softening region, where the lattices experience a
plastic collapse. Both numerical (FE) and experimental (EXP) curves reveal that the
conformal TPMS-filled lattice has a better compression performance. Fig. 12 (b) shows the
simulated stress distribution and the experimental deformation pattern. Specifically, the
uniform case suffers a more severe stress concentration compared with the conformal case,
which should be attributed to the sharp edges of the unintegral TPMS unit cells and the

resultant non-uniform loading-bearing capacity.

Table 3 lists the various calculated crashworthiness criteria for conformal and uniform cases.
Both simulated and experimental values suggest that the mechanical properties including the
initial peak force, W, SEA and n of the conformal TPMS-filled monoclastic lattice are higher
than that of the uniform case, suggesting the superiority of the conformal design. In detail, the
experimental values show that the conformal case has a higher initial peak force (Finitial) With
an increase of 18.7% compared with the uniform case. The specific energy absorption (SEA)
of the conformal one is even 32% higher than that of the uniform one, as also illustrated in
Fig. 12 (a). The SEA of the as-printed structures is smaller than the ideal value, which is
attributed to the adhered powders, as shown in Fig. 12. It is possible to increase the SEA of
the LPBFed structures by an appropriate surface post processing to improve the surface
quality of the complex lattice structures, such as chemical etching and sand blasting [47-49].
In short, the conformal structures with integral unit cells can produce more desirable
mechanical performance with a promising potential for lightweight applications as compared
with the uniform TPMS-filled components. However, the current mechanical performance of
the conformal lattice is not optimized. For future research, by optimizing the relative density
and the orientation distributions of the conformal lattices, the optimal mechanical properties

of the conformal TPMS components may be achieved.
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Fig. 12. (a) Numerical and (b) experimental load-displacement curves of the conformal and

the uniform TPMS-filled monoclastic lattices; (c) simulated stress distribution and

experimental deformation pattern of the lattices at the displacement of 3 mm. The color plots

show the von Mises stress with the same color bar as shown in Fig. 6.
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Table 3. Mechanical properties of the conformal and uniform TPMS-filled monoclastic

lattices.
Conformal case Uniform case
FE EXP FE EXP
Mass (g) 2.59 4.35+0.06 2.59 4.59+0.07
RD (%) 6 10.2+0.31 6 10.8+0.34
Finitial (N) 766.08 842.26 493.20 709.59
W) 11.97 10.15 6.05 8.06
SEA (J/g) 4.62 2.33 2.34 1.76

Fuax(N) 174615 145428  967.63  1258.86
Fa(N)  997.50 84583  504.17  671.67
n (%) 57.13 58.16 52.10 53.36

4. Conclusions

In this research, the design method of TPMS-based conformal lattices was implemented based
on isoparametric transformation. The roles of key design factors, including unit cell
orientation, shape transformation and connection between cells, on the mechanical properties
of conformal structures were evaluated by finite element modeling and quasi-static
compression tests. Conformal TPMS-filled monoclastic lattice in terms of its crashworthiness
was studied to verify the effectiveness of conformal lattice components for mechanical

applications. The main findings are as follows:

(1) The deformation is highly influenced by the tilting angle of the side walls and the type of
shape transformation, while the variation of cell orientation does not evidently change the
deformation mode. With increasing tilting angle, the deformation is more likely to be
layer-by-layer collapse of the horizontal layers from top to bottom. The tilting of the side
walls could lead to a gradient distribution of local relative density and load bearing
capacity, which allows the specimen to deform like a functional gradient lattice structure.

(2) The mechanical properties and the energy absorption capability of the shape-transformed
and jointed TPMS specimens are determined by the tilting angle, shape transformation
type and cell orientation. The overall mechanical properties are decreased with the
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increasing tilting angle. The transformed TPMS maintains the anisotropy of mechanical
properties compared with the regular TPMS. The boundary between the jointed
shape-transformed TPMS does not deteriorate the mechanical properties.

(3) Design of the dedicated conformal TPMS components needs to consider the appropriate
tilting angle, the suitable shape transformation type and the optimal cell orientation, in
such a way to obtain the desired mechanical properties. When sufficient initial strength is
required by conformal structures, large tilting angle should be avoided, and [100]
orientation for Diamond-type TPMS is preferred for conformal mapping compared with
[110] and [111] orientations.

(4) In the case study of the conformal TPMS-filled monoclastic lattices, the conformal case
presents a better mechanical performance with the higher values of the initial peak force,
specific energy absorption and crushing efficiency, etc. The specific energy absorption
(SEA) of the conformal one is even 32% higher than that of the uniform one. Both
numerical and experimental results suggest an obvious geometric superiority of the
conformal design over the uniform case. It highlights the potential of conformal design.

(5) The quantified relationship between the design factors and the various mechanical
properties of the conformal structures forms the guideline to design the conformal TPMS
components by tailoring design factors for lightweight and impact-protection applications.
By feedback of the FE predicting errors into the up-front design decision making, it is
feasible to design and manufacture the conformal TPMS components with the expected
mechanical properties. In future research, the design guideline can also be combined with
the topological optimization to design conformal TPMS components with the optimized

volume fraction distribution and optimal properties.
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