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The advent of additive manufacturing has facilitated the design and fabrication of hybrid lattice structures with
multiple morphologies. These structures combine multiple distinct architectures into a single structure with an
exceptional performance that far exceeds that of each constituting architecture. However, combining strut-based
lattices poses serious challenges in establishing effective connections, primarily due to complications in
formulating mathematical expressions. Here, we introduce a novel approach, inspired by the connections
observed in the grain boundaries of polycrystalline materials, to design the interconnections of hybrid structures.
This strategy involves shrinking the unit cell linkage, thereby addressing the difficulty of forming efficient
connections at arbitrary spatial interfaces within strut-based lattice structures. We then use the relevant design
theories to tune the performance of these connections and simplify the design process for hybrid structures — even
for inexperienced designers. Our experimental observations confirm the efficacy of the proposed strategy,
bridging the knowledge gap in the design of connected strut-based multi-lattice structures. Furthermore, this
approach enhances the design of tailored hybrid structures and fosters the development of metamaterials with
advanced, unique functionalities. The proposed approach has important implications for the development of
designer materials, with applications in medical devices, (soft) robotics, and implants.

1. Introduction considerable limitations [11] that need to be overcome to fully exploit

the design potential offered by AM. Consequently, alternative design

Recent progress in additive manufacturing (AM) has significantly
expanded the scope for the design and fabrication of highly detailed,
geometrically complex, and custom-made lattice structures [1]. This
progress has led to numerous breakthroughs in various domains of
application, such as enhancing the performance of lightweight compo-
nents [2-4], devising novel methods to mitigate unwanted vibration and
noise effects through the development of acoustic superstructures [5,6],
and creating a new generation of implantable medical devices, such as
bone implants [7,8], among others.

As the demand for lattice structures grows, the quest continues for
more efficient design configurations that improve the performance of
AM lattice structures. While conventional single-morphology designs
have driven much of the initial progress in this field [9,10], they present
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methodologies need to be developed. Taking inspiration from materials
and structures found in nature [12-14] is a major emerging theme in this
endeavor. For instance, plant cell structures have inspired the design of
graded lattice structures for enhanced impact energy absorption [15].
Conch tissues have guided the creation of cross-layered structures for
structural toughening [16], while bone has served as a template for
developing rigid/soft layer structures with improved protective perfor-
mance [17].

Functional heterogeneous structures (FHS) can be classified into
“multi-material” and “multi-architecture” designs. Co-continuous com-
posite lattice structures [18-21] are prime examples of multi-material
heterogeneous structures. Supported by advanced multi-material 3D
printing technologies, these composite structures, which are made from
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soft and hard materials according to a specific spatial pattern distribu-
tion [22], achieve unusual combinations of mechanical and physical
properties, such as the decoupling of structural modulus and perme-
ability. However, this category of architected materials is somewhat
limited in scope, applications, and accessibility due to the constraints
associated with the required multi-material printing technologies. For
example, only a few materials are available for multi-material printing
[23]. Moreover, the required equipment and materials are often pro-
prietary and expensive.

In contrast, heterogeneous structures achieved by combining
different structures made from a single material (i.e., multi-geometry or
multi-topology hybrid designs) offer a broader selection of materials and
(additive) manufacturing techniques, thus making them more accessible
to a broader range of researchers and industries. They also open the door
to the application of a wide array of performance enhancement tech-
niques. Common functionally graded structures [24,25] are good ex-
amples of this approach, where the geometrical design and/or
dimensions of the repetitive unit cell change along the gradient direc-
tion. In addition, mimicking particle- and fiber-reinforced composites is
another interesting approach, where the hybrid structure is incorporated
as a reinforcing agent into another conformational lattice [26]. This
could enhance the mechanical properties of auxetic lattice structures.
Similarly, Kang et al. [27] have proposed a multi-lattice structure to-
pology optimization method to enhance the mechanical properties of
similar structures and control their overall fracture behavior through
optimized assignment of different configurations to the lattices. Mirzaali
et al. [28] combined various hexagonal structures to create mechanical
metamaterials with individually adjustable elastic modulus and Pois-
son’s ratio. These studies demonstrate that multi-geometry lattices can
yield favorable properties that would otherwise be very challenging, if
not impossible, to achieve.

The design of multi-architecture lattices is, however, associated with
various challenges, such as the discontinuities present at the interface of
different topology and the presence of minimum dimensions due to
geometrical inconsistencies at the boundaries of the different consti-
tuting morphologies. Different approaches have been suggested for
addressing these challenges. For example, triply periodic minimal sur-
faces (TPMS) inherently have an advantage in facilitating effective
connections between heterogeneous configurations through transition
functions [29-32]. Some studies have, therefore, proposed novel tran-
sition algorithms [33] based on volume-distance field growth functions
that enable the connection of arbitrarily shaped boundaries. In fact,
refining the mathematical function used to define TPMS [1] can elimi-
nate the issue of abrupt changes in geometric features within the tran-
sition regions.

In contrast, strut-based lattice structures cannot be easily repre-
sented in terms of continuous functions, making them more challenging
to seamlessly connect. As a result, many current hybrid structures are
limited to configurations with similar nodal characteristics [34,35]. For
example, combining octet-truss (OCT) and body-centered cubic (BCC)
lattice structures, both of which have connection points at the eight
vertices of a cube [36], can yield high-performance scaffolds. This type
of hybrid structures typically requires connecting complete unit cells.
Otherwise, the hybrid structure may be susceptible to disconnection. It
is, therefore, extremely challenging or impossible to efficiently connect
arbitrary sections of the constituting unit cells [37]. This limitation is
one of the weaknesses of the current strut-based hybrid lattice structures
as compared to the TPMS-based ones and substantially restricts the use
of multi-architecture strut-based lattices. To broaden the applicability of
such structures, Sanders et al [ 38] have proposed diameter interpolation,
geometric interpolation, and the incorporation of adjacent singletons
into transition singletons to achieve heterogeneous interface connec-
tions. However, this method is highly structure-dependent and requires
a considerable degree of user expertise to implement.

Here, we study how various architectures can be connected to each
other in strut-based multi-architecture lattices. Drawing inspiration
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from the boundaries that connect various grains within a polycrystalline
microstructure [39,40], we propose the use of shrunk unit cells to ensure
proper connection at the interface of various segments of a strut-based
lattice structure, even with arbitrary cross-sectional truncations. We
implement the proposed approach in the design of a number of lattice
structures and assess the impact of introducing such interfaces on their
mechanical properties and deformation patterns. Finally, we apply the
developed lattice structures for the design of a simply supported beam to
showcase the feasibility of the proposed method and the outstanding
properties of the resulting constructs.

2. Materials and methods
2.1. Multi-morphology connection strategy design

In a polycrystalline material, adjacent grains are connected to each
other through grain boundaries [39,40] that serve as shared interfaces
facilitating their connections. Inspired by this phenomenon, the present
study introduces a method for connecting lattice structures of different
morphologies at arbitrary positions. This approach employs spatial
volume compression of unit cells to design transition unit cells, which
generate a special common interface, which play the same role as grain
boundaries. These transition unit cells allow for the fine-tuning of multi-
architecture lattice structures by adjusting their struts sizes. In principle,
this strategy can be applied to any type of hybrid porous structure.

In this context, hybrid structures are categorized into three main
primary groups: (I) structures in which adjacent morphologies are
connected, but experience a strut diameter variation (Fig. 1a), (I)
structures where adjacent morphologies are disconnected, but their
projections of intact unit cells at the disconnected interface intersect,
indicating the possibility of connection at the boundary (Fig. 1b), and
(III) structures in which adjacent morphologies are disconnected, and
their projections of intact unit cells at the disconnected interface do not
intersect, highlighting the inability to connect at the boundary (Fig. 1c).

For class (I) structures, smooth transitions were achieved by
replacing the unit cell at the hybrid interface with a specially designed
transition cell, incorporating a gradient in the strut diameter. For class
(ID) structures, given that their unaltered unit cells could be connected at
the boundary, the structures were shrunk from the original cuboidal
spatial topology to a non-uniform spatial topology. This was achieved
through the transformation of the positions of the nodes in the original
structural unit cell, a procedure described in a previous study [37].
Subsequently, these shrunk structures were combined into a transition
cell. Since the cell remained intact, this preserved the connectivity
properties at the boundary. In instances where the strut diameters of the
adjacent structures were unequal, a strut diameter gradient process was
employed on the shrunk hybrid transition cell in parallel with the
method used for class (I) structures, as depicted in the lower right
segment of Fig. 1b.

For class (III) structures, an initial step involved the incorporation of
a linking segment at their projection interface, adhering to the principle
of minimum distance and considering the symmetry of the original
projection, as shown in the dark blue linked part in Fig. 1(c). The 3D
construct of this introduced segment was subsequently incorporated into
the transition cell obtained from class (II) operations, maintaining the
same strut diameter as in the original structure. In the scenario of
neighboring structures with varying strut diameters, gradients were
assigned through the interpolation of the strut diameters. With this
method, an interface of a unit cell with connectivity was translocated to
a heterogeneous connection position via cell shrinkage, and a non-
connective interface was stitched to create a connective interface. This
process resulted in “grain boundary” facilitating heterogeneous con-
nections within the hybrid lattice structure.

In addition, this study employs a strut diameter gradient to modulate
the mechanical properties of the transition cell by adjusting its strut
diameter. The strut diameter of the entire structure adjoining the tran-
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Fig. 1. Grain-boundary inspired hybrid connection strategies for diverse strut-based lattice structures: (a) Adjacent structures show a difference in strut diameter
while maintaining their connectivity; (b) Adjacent structures remain unconnected, but their projections of intact unit cell at the disconnected interface overlap,
indicating the potential for a junction at the boundary; (c) Neighboring structures are disconnected, and the projections of their intact unit cells at the disconnected
interface do not overlap, indicating that a junction at the boundary is not feasible.

sition cell is denoted Dy;, where i represents the ordinal number, ranging
between 1 and the total number of adjacent structures. Concurrently, the
boundary between the transition cell and each corresponding adjacent
structure was defined as the i-th interface. In line with the preceding
design, the strut diameter of the transition cell at the i-th interface was
equivalent to the strut diameter of its i-th neighboring structure. In this
study, the strut diameter D at any given position within the transition
cell was required to satisfy Equation (1):

D = a1Dyy + Dy + -+ + a, Dy (@]
where ¢; represents the weight value, which is a function of the spatial
coordinates (x, y, z). When positioned at the i-th interface, @; = 1 and
aj = 0 (j # ). By designing distinct ¢; values, the inner strut diameter of
the transition cell can be modified, subsequently influencing the relative

(@)

Voxel model
(b)

Principal stress direction diagram

Divide different
structural areas

V strategy to generate STL

density of the transition cell. Ultimately, this can determine the me-
chanical properties of the transition cell, as demonstrated by the Gibson-
Ashby equation [41].

2.2. Structures fabrication

The typical file format utilized in the AM process is the stereo-
lithography format, widely known as “STL” [42]. Here, MATLAB 2020a
codes were employed to generate the STL file of the hybrid structural
prototype facilitating direct manufacturing, followed by prototype 3D
printing using light-curing molding (Fig. 2a). Initially, a voxel model of
the lattice structure with the target topology was created. Voxels
represent a finite number of cubic cells, obtained after dividing a
computational space. The distance between each voxel and the spatial
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Fig. 2. The end-to-end process from the design to production of a hybrid lattice structure. (a) The process chain for the creation and production of standard
structures, which can be straightforwardly implemented by designers. (b) More complex structures featuring diverse heterostructural compositions, unachievable
through simple unit cell arrays. In this example, a simply-supported beam is considered, which is more challenging to model than a general structure. Initially, finite
element analysis is employed to determine the principal stress direction and von Mises stress distribution within the structure. This information is used to define
distinct structures and density filling areas. Subsequently, a MATLAB code generates the.STL file of the structure, integrating the connection strategy detailed in this

paper. The structure is then fabricated as component using AM techniques.
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node-line frame of the target topology was calculated to determine
whether the voxel belongs to the target topology. Those that did belong
formed the target structure and were collectively referred to as the voxel
model. The voxel model was then converted into the triangular slice data
required for creating an STL file. This process involved identifying the
edges that intersected with the equivalence plane and linearly interpo-
lating the positions of each intersection point to generate the triangular
slice. Lastly, the specimens were printed using stereolithography (SLA)-
based 3D printing technique as described below.

In this study, the design unit cell size was 5 x 5 x 5 mm°>, and each
structure comprised 7 x 7 x 7 unit cells. The fabricated structures
included five types of single structures: B_D1, B_D2, S D1.5, S_ D2, and
0_D1.5, where the first letter denotes the structure topology (B for body
center cubic (BCC), S for simple cubic (SC), and O for octet (OCT)). The
strut diameter D is indicated after the underscore (e.g., D1.5 stands for a
strut diameter of 1.5 mm). In addition, multi-architecture structures
composed of these single structures were designed and manufactured,
including B_B_D2D1 (class I), S_B_D2 (class II), S_B_D2D1 (class II, with
unequal strut diameters of adjacent structures), and S_O_D1.5 (class III).
In the chosen naming convention, the connected morphologies were
indicated before the second underscore. For example, S_B indicates that
the SC structure is connected to the BCC structure. The corresponding
strut diameters of the connected architectures are indicated after the
second underscore. When only one diameter is mentioned, the archi-
tectures share the same strut diameter. For example, S_B_D2 indicates
that the SC and BCC morphologies with a strut diameter of 2 mm are
connected to each other.

Furthermore, to study how the transition unit cell affects the me-
chanical behavior of the resulting lattice structure, a set of hybrid
structures (class II) containing a gradient change in the strut diameter of
the transition cell was fabricated. These structures were made by con-
necting SC and BCC structures with a strut diameter of 2 mm: S_B_D2_1,
S_B_D2_1.25, S B .D2_1.5, S.B_.D2_1.75 where the value after the third
underscore represents the minimum value of the strut diameter in the
transition cell.

The load-bearing behavior of the multi-architecture structures were
then studied under both equal stress (i.e., serial arrangement of neigh-
boring structures) and equal strain (i.e., parallel arrangement of neigh-
boring structures) conditions. To examine the differences between both
types of loading conditions, one group of specimens was tested under
equal strain loading conditions (marked by an “N” appended at the end
of their group identifier when differentiation is required), while another
group of specimens was tested under equal stress loading conditions
(marked by an “S” appended at the end of their group identifier when
distinction is necessary). To minimize the effects of the printing-related
anisotropy, all the specimens were printed along their loading direction.

Additionally, to assess the performance of the proposed method in
real-world applications, the method was applied to a simply-supported
beam. First, we conducted a stress analysis of the simply-supported
beam using the finite element method (FEM). The FEM was carried
out using Abaqus 2016 (Dassault Systemes Simulia Corp, France) using
3200 (=8 x 10 x 40 = 3200) C3DS8R elements. The elastic modulus of
the material was calculated as the mean value of the tensile modulus
(1895.61 MPa) and the compressive modulus (1592.06 MPa) of the base
material obtained from experiments, and the Poisson’s ratio was set to
0.4. Two cylinders were fixed at the beam support positions (the same
position of the dotted line in Fig. 2(b) bottom). One cylinder, situated at
the upper middle position, was used to apply a load corresponding to a
—5 mm displacement. The cylinders were set up as rigid bodies, ensuring
contact between them and the beam (hard contact, penalty contact,
coefficient of friction = 0.3).

The relative densities of the different zones were then assigned ac-
cording to the FEM-predicted values of the von Mises stress corre-
sponding to each zone, while satisfying the relative density requirement
of the overall structure. A new zone was divided based on the principal
stress direction of each node and was filled by the appropriate type of
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unit cell. The BCC structure was used for regions where the angle be-
tween the principal stress direction and the horizontal direction was
between 24° and 66°, as the stiffness of BCC in this direction is greater
than that of a SC structure with the same relative density. Outside the
abovementioned range, the SC structure was used. The strut diameter of
each structure was designed according to the relative density of the
previously divided zones. Subsequently, transition cells were generated
to connect the different types of lattice structures. This resulted in a
simply-supported beam (Fig. 2b) with the following dimensions: 160 x
30 x 30 mm?>.

Similarly-shaped simply-supported beams based on single unit cell
types (i.e., either BCC or SC) were also fabricated for comparison. To
facilitate the experiments, solid parts were added to the specimens to
enable the application of the force (the dotted line in Fig. 2(b)).

The aforementioned specimens were fabricated using a Lite-600
printer (UnionTech, China) from the photosensitive resin C-6202
(ADRAYN, China). The printing parameters were as follows: laser power
= 900 mW, layer thickness = 0.1 mm, support scanning speed = 5000
mmy/s, contour scanning speed = 4000 mm/s, and scan line spacing =
0.08 mm. Three specimens were manufactured for each design. To assess
the print quality of the specimens, their dimensions were measured
using a vernier caliper with an accuracy of 0.01 mm, and the weight was
measured using a scale with an accuracy of 0.01 g. The actual relative
density (RD) of the specimens was obtained by dividing the measured
specimen weight by the measured apparent volume, followed by
dividing it by the density of the base material (i.e., 1192.23 kg/m®).
Subsequently, the processing error was calculated using equation (2) as:

> (RD —RD)’
5= i=1
" (2)
|RDuL'tua[ - RDzheumimI ‘
Vip = 1l — " theoretical
RD peoreticat

where S is the relative standard deviation of RD, RD stands for the
average RD of the specimen, and n (=3) is the number of the specimens.

2.3. Mechanical testing

2.3.1. Calculation of the structural stiffness tensor surface

To investigate the differences in the elastic properties between the
transition cells and their adjacent cells, the stiffness tensor surfaces
corresponding to different designs were calculated using the homoge-
nization technique. This was achieved using MATLAB codes [43] that
were developed for calculating such values for 3D porous structures. The
voxel models of the transition cells generated in Section 2.2 as well as
models of the adjacent single-morphology lattices were used as input to
those codes to compute the stiffness tensor. The tensor was then inverted
in all directions to obtain the effective elastic modulus and rotation
matrix. These results were further employed to calculate the effective
modulus Es3 of the structure along the principal load-bearing direction,
as well as to generate the 3D stiffness tensor surface. The number of
voxels that discretized the cell length was fixed at 80 (i.e., each unit cell
space was divided into 80 x 80 x 80 voxel cells. Sensitivity analysis
indicated that this was sufficient, see Figure S1). The elastic modulus
and Poisson’s ratio of the base material were the same as those used in
Section 2.2.

2.3.2. Mechanical characterization tests

Quasi-static compression tests were conducted on all the specimens
(except for the simply-supported beams) to examine the influence of the
connection strategy on the mechanical behavior of the hybrid multi-
morphology structures. An AG-X50kN universal testing machine (SHI-
MADZU, Japan) equipped with a 50 kN load cell was utilized with a
loading rate of 5 mm/min to perform the experiments according to the
ISO 604:2002 standard. In the case of the simply-supported beams, a
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three-point bending test was performed according to the ISO
1209-1:2007 standard using a UTM4104 universal testing machine
(SUNS, China) equipped with a 10 kN load cell and using a loading rate
of 2 mm/min. Throughout the experiments, a digital camera (Nikon 1v1,
Japan) was positioned in front of the specimens to capture the defor-
mation process of the specimens.

The force-displacement data obtained during the experiments were
processed by dividing the force data by the initial cross-section area of
the sample to obtain stress and by dividing the displacement data by the
initial height of the sample to obtain strain, thereby creating the
stress-strain curves corresponding to each specimen group. The elastic
modulus of the specimens was calculated as the slope of 30 %-70 %
section of the stress-strain curves in the linear loading region before
reaching the first stress peak. The yield strength of the specimens was
determined using the 0.2 % offset strain technique [23].

3. Results and discussion
3.1. Morphological characteristics

The specimens were successfully fabricated using SLA, as demon-
strated in Fig. 3a and b. These images revealed the presence of jagged

B_S D2 1N B_S_D2_1 B_S_D2_15_N

B_B_D1D2_S _D1D2_S B.S D2.S

B.S D218 B_S D2 1.25_S

B_S D2 1.75_N

0.S D15S
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edges, which is typical of layer-by-layer printed specimens, particularly
at the connection sites of the specimens with a gradient strut diameter
(as showcased in subfigures 1 and 2 of Fig. 3a). Certain areas within the
surface of the simply-supported beams exhibited higher degrees of
roughness (Fig. 3b). This can be attributed to the voxel-based design of
the hybrid structures and the STL algorithm that employs multiple
triangular facets. Future refinement of the STL algorithm is required to
eliminate this issue. Nevertheless, this issue is not expected to signifi-
cantly affect our results. In cases where low structural roughness is
required, further polishing may be necessary to improve the surface
finish of the specimens.

The calculated densities of the specimens and their corresponding
errors are presented in Table 1. The standard deviations of the measured
relative densities of the specimens were relatively small, with a
maximum value of 0.6 %, indicating high repeatability in the
manufacturing process. There was a larger deviation between the actual
relative density of the specimens and the corresponding theoretical
values. However, the overall mean error was 2.5 %. Only BC_D2_N and
BB_D1D2_S had errors exceeding 5 %, reaching 5.2 % and 6.1 %,
respectively. The high processing quality exhibited by all the specimens
ensured the validity of the subsequent experiments.

Uniform

Equal strain hybrid
Load
direction

Structure i
Structure ii

Equal stress hybrid
Load
direction

Structure i

Structure ii

Fig. 3. The fabricated specimens and the magnified views of specific sections within the specimens, illustrating the presence of heterogeneous connections. (a)

Specimens for compression testing. (b) Specimens for bending testing.
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Table 1
Manufacturing error measurements for different groups of specimens.

Structure Theoretical Actual Relative Standard RD
RD Mean RD Deviation of Actual ~ Variation:
RD: S Vro

B.D1 17.85 % 18.177 % 0.354 % 1.855 %
B.D2 55.71 % 57.140 % 0.465 % 2.568 %
S_D1.5 17.39 % 17.756 % 0.340 % 2.119 %
S D2 28.65 % 29.317 % 0.293 % 2.329 %
0.D1.5 39.11 % 39.489 % 0.383 % 0.968 %
B_B.D1D2 N 36.68 % 38.121 % 0.122 % 3.928 %
BSD2N 44.85 % 47.164 % 0.057 % 5.160 %
B.SD1D2 N 25.45 % 25.951 % 0.245 % 1.969 %
0_SD1.5N 31.17 % 31.997 % 0.155 % 2.654 %
BSD21N 42.11 % 42.439 % 0.237 % 0.782 %
BSD21.25N 42.78% 43.218 % 0.237 % 1.023 %
BSD21.5N 43.47 % 44.338 % 0.162 % 1.996 %
B S D21.75N 44.16 % 45.587 % 0.541 % 3.229 %
B_B.D1D2S 36.68 % 38.907 % 0.132 % 6.070 %
BSD2S 44.85 % 45.950 % 0.290 % 2.453 %
B S D1D2 S 25.45 % 26.220 % 0.225 % 3.025 %
0SD1.58 31.17 % 32.072 % 0.295 % 2.892 %
BSD21S 4211 % 43.091 % 0.231 % 2.330 %
B S D21.258S 42.78 % 43.268 % 0.591 % 1.141 %
BSD215S 43.47 % 43.774 % 0.278 % 0.700 %
BSD21.758 44.16 % 44.078 % 0.531 % 0.186 %
BCC_SB 42.16 % 43.205 % 0.076 % 2.486 %
SC_SB 42.65 % 43.950 % 0.237 % 3.039 %
MIX_SB 42.39 % 43.518 % 0.067 % 2.670 %

3.2. Analysis of connected transition cells

We calculated the homogenized elastic moduli of both the single-
lattice structure and transition cells. For the transition cells, which
served as connections between single-lattice structures with identical
topology but different strut diameters (Fig. 4a), the calculated normal-
ized elastic moduli fell between the properties of the constituent single-
lattice structures in all directions. As an example, the normalized
modulus of a transition cell used to connect single BCC lattice structures
with differing diameters was 0.0568 and 0.0403 in the main principal
directions of equal strain and equal stress, respectively. Due to the
inherent symmetry in this case, the normalized moduli of single BCC
lattice structure in orthogonal directions were 0.0080 and 0.1912 for
BCC_D1 and BCC_D2, respectively.

In the case where shrinkage transition cells were used to connect two
single-lattices with differing topologies but equal strut diameters
(Fig. 4b), the normalized moduli in both directions were higher than
those of the constituting single-lattice structures. For instance, when
connecting SC to single BCC lattice structures with the same diameter (i.
e., D2), these values were 0.3800 and 0.2208, respectively. This
observed increase in the normalized elastic moduli at the connection
points could act as a protective mechanism, helping to prevent the
initiation of damage at these locations. As a result, this allows the
interconnected structures to absorb and distribute mechanical load in
their natural patterns, without the connection points significantly
influencing their damage behavior.

Another strategy for connecting two single-lattices of distinct to-
pology involves the use of heterostructure connecting transition cells
with varying diameters (Fig. 4c). For example, connecting BCC to SC
single-lattice structure using this approach resulted in normalized
moduli of 0.1728 under equal strain and 0.0632 under equal stress.
These values were higher than the normalized modulus of the adjacent
structures under the same boundary conditions (Fig. 4c).

In instances where the connection transition cell is used to connect
two single-lattices with unconnected boundaries (e.g., connecting OCT
with SC single-lattices, as shown in Fig. 4d), the normalized modulus of
the transition cells was found to be lower than that of the adjacent
structures when subjected to equal stress loading scenarios (Fig. 4d).
This approach enables the creation of highly anisotropic hybrid
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morphologies that exhibit directional compliance [44], which is
particularly important when lower stiffness is required in a specific
direction.

The proposed design approach offers a platform to tailor the me-
chanical properties of the transition cells, which is of particular interest
in biomedical applications, such as the design of bony implants. In these
cases, it is crucial to precisely control the stiffness to avoid stress
shielding and promote improved bone-implant integration. The elastic
modulus of the transition cells can be tailored by gradually changing the
strut diameter (Fig. 4e). As an example, when connecting BCC and SC
single-lattice structures, the normalized elastic modulus can be
decreased simply by reducing the minimum strut diameter of the tran-
sition cells from D = 2 mm to D = 1 mm (i.e., the strut diameter of the
transition cell is modified from a uniform 2 mm to a gradient of 2 mm —
1 mm - 2 mm). This modification can reduce the normalized elastic
modulus from 0.3800 to 0.1920 for equal stress scenarios, and from
0.2208 to 0.0693 for equal strain loading scenarios (Fig. 4e). By using
this strategy, the overall homogenized elastic modulus is closely aligned
with the adjacent single-lattice structure.

From a manufacturing perspective, however, reducing the strut
diameter give rise to certain fabrication challenges, potentially resulting
in high degrees of stress concentrations and weak points at the in-
terfaces. These factors can negatively affect the overall performance of
the structure. As such, it is more advantageous to maintain the minimum
strut diameter within a specific range and adjust the transition cell to
yield an elastic modulus similar to those of the adjacent single-lattice
structures.

Furthermore, to illustrate the effects of tuning the overall stiffness of
the hybrid structures by changing the strut diameter, we computed the
overall compression modulus of the hybrid structure (BCC with SC)
connected by various internal strut diameters using the rule-of-mixtures
[45,46] (Equation (3) for equal strain and Equation (4) for equal stress
conditions), and compared them with the results of mechanical experi-
ments (Fig. 5). From this analysis, we found a good agreement between
the experimental results and the results predicted using the rule-of-
mixture. A notable discrepancy between these two results was
observed when the strut diameter was the same for both single-lattice
structures (specifically 2 mm, here). In such cases, the experimental
values of the elastic modulus of the hybrid structure subjected to equal
strain loads were substantially higher than the rule-of-mixture pre-
dictions (Fig. 5a). This discrepancy can be attributed to the low porosity
of the 3D printed transition structure for such designs, which made the
powder removal during post-processing difficult and resulted in a sig-
nificant increase in the elastic modulus of the connecting structure and
the overall structural compression modulus. Another contributing factor
is the high proportion of the transition structure relative to the overall
structure (i.e., 1/7). In practical engineering applications, the proportion
of the connecting cells will typically be significantly reduced, thereby
mitigating its impact on the overall structural performance.

By adjusting the minimum strut diameter in the transition cells from
1 to 1.75 mm, the theoretical and experimental variations of the overall
elastic modulus of the hybrid structure subjected to equal strain loads
were 32.70 MPa and 65.13 MPa, respectively. Those of the hybrid
structure subjected to equal stress loads were 46.64 MPa and 35.87 MPa,
respectively (Fig. 5). These results were obtained when the transition
structure accounted for 1/7 of the overall structure. According to the
calculations performed using Equations (3) and (4), when the ratio of
the transition structure to the overall structure was reduced to 5 %, the
impact of the hybrid structure on the overall elastic modulus, following
the above strut diameter adjustment method, decreased to less than 8 %
(details see Table S1).
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where E; represents the elastic modulus of the structure at position i-th
and f; denotes the volume fraction of the structure at position i-th in
relation to the whole structure (i = 1 ~ n).

3.3. Compression response of the hybrid structure

Fig. 6 presents screenshot of the damage process of the structures
with the stress-strain curve (all the repeated experiment curves are
presented in Figure S2 of the supplementary document). The mechanical
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behaviors of the single-lattice structures derived from BCC, SC, and OCT
designs were significantly different from each other. These designs also
showed distinct failure patterns when subjected to excessive compres-
sive loads (Fig. 6a). Moreover, changing the strut diameters within each
of these designs not only significantly changed the mechanical perfor-
mance of the single-lattice structure, but also transformed their
respective failure mechanisms (for example, BCC_D1 and BCC_D2 in
Fig. 6a).

When connecting two BCC lattices with different diameters and

(a) (b) = Y
o G50 /7
- : [a) : s 7 \
Single lattice 5 _ P 7 f\
structure ~ o = 8 105/
= | : El : 1 9] @ Y ¥
‘T m Strain at 40% Strain at 60% 00  02_ 04 06
= . Stan_
» ZI 8 p
T o 6, . 4
4 ~ U)I 2|l /
- PORCEEN SSREOCS =l SEEROSS 0 N EESEOGSS = Nt J
Strain at 40% 8 050 oz, 06
BCC_D1 FE oo mm e ____2 B -
T w®
> | 0 4 \
N /
3 g 0 L \
o _-
= gl o= 1
. . = S
2 3 C o Strain at 7.2% Strain at 14.3% %0 02___04 06
Strain at 60% e - T Stain ___ __
BCC_D2 E z 16
=3 | & 7N
S © 3 S12 & \
¥
» : B 1
o Strain at 11.4% Strain at 23.3% Strainat 53.3% %0 o’.zStraino\.J ~ 06
Strain at 11% (C)~ »
SC_D1.5 @ of
o 2
B O
© UJI
> m Strain at 14.8%
L
Strain at 14% @ :'
SC_D2 il
5 o
> m
(@]
o
<)
c w
e
Strain at 60% g o
OCT_D1.5 B wl
§ OI fi Ed fi
Strain at 4.8% Strain at 11% Strain at 61.9%
(d) Multi-morphology lattices structure with variable inner diameter ( Equal strain )

BSD2‘175N

Strain at 16. 7%

B S D2 1.5 N

Fi
Strain at 13.8%

i
Strain at 60%

el 4
Strain at 57.6%

B_S D2 1.25 N

Strain at 40%j

BSD21N 40

—-BCC_D2 )
—-SC_D2 ™

w
o

N
o

1
Strain at 15.7%

Stress (MPa)

=
o

A 0.2 .04
Strain at 58.1% Strain

Fig. 6. Snapshots of the compression process and the corresponding stress—strain curves (all the repeated experiment curves are presented in Figure S2 of the
supplementary document) for typical representative structures: (a) single-structure; (b) and (c) typical multi-architecture structures subjected to equal strain loads
and equal stress loads, respectively; (d) multi-topology lattice structures showcasing variable inner strut diameters under equal strain conditions.



J. Yang et al.

subjecting this hybrid structure to equal strain loading, the damage was
dictated by the resistance of the structure to stress under equivalent
strains. The transverse and longitudinal mechanical properties of this
hybrid design fell between those of both adjacent single-lattice struc-
tures (Fig. 6b and 6¢, first rows). From the damage diagram, it was
observed that the inclined shear band transfer (Fig. 6a, first row) of the
1 mm diameter single-lattice BCC structure was suppressed in the hybrid
structure. However, the BCC structure with a 2 mm diameter, which
yielded earlier as compared to the 1 mm diameter BCC structure (Fig. 6a,
second row), was the dominant structure in this hybrid configuration
that controlled the overall response of the hybrid lattice and caused the
overall structure to deform in a barrel-like manner. Such a result may be
attributed to the constrain caused by connection boundary, whose
transition structure has a higher lateral stiffness than the neighboring
structure, which is a hindrance to the transfer of forces between
substructures.

As for the other examples of the hybrid structures (i.e., B_.S_D1D2 and
0_S_D1.5), similar deformation patterns and failure mechanisms were
observed. In those structures, the SC single-lattice structures signifi-
cantly influenced the overall response of the hybrid design. The trans-
verse stiffness of the transition cell in the B_S_D1D2 configuration fell
within the stiffness ranges of the surrounding structures, resulting in
efficient force transfer between the constituting single-lattice structures.
Where the BCC design created an inclined shear band, the transition
cells were transversely stretched and extended towards the SC structure
(Fig. 6b, second row). This resulted in a convex distortion at the position
corresponding to the BCC-induced damage. Ultimately, the deformation
damage exhibited by the hybrid structure was congruent with that of the
corresponding single-lattice structures (first and fourth rows in Fig. 6a).

In the case of O_S_D1.5, the transition cell exhibited lower transverse
stiffness as compared to the connecting single-lattice structures. The SC
structure initially demonstrated a pattern of damage similar to its single-
lattice configuration. This damage quickly propagated to the transition
cell, inducing transverse tensile damage, and ultimately, causing the
OCT structure to experience a barrel-like deformation similar to the one
seen in the original structure (fifth row in Fig. 6a). This behavior of
B_S_DID2 and O_S_D1.5 is an excellent characteristic of hybrid struc-
tures, where the substructures are still able to have a similar destruction
as the original single structure after mixing, without the dramatic effects
of boundary introduction. The ability of the structure to behave in
general at this point is more determined by the different lattice topol-
ogies, exerting their optimal effects in the spatial locations that each was
designed to deserve.

In contrast, the transition cell within the B_S_ D2 configuration
possessed an elastic modulus superior to both adjacent structures in both
transverse and longitudinal directions. This resulted in the overall
hybrid structure exhibiting greater elastic modulus as compared to the
individual structures, as evidenced by the stress—strain curves (visible on
the right side of the third row in Fig. 6b). This makes constrain caused by
connection boundary plays a more dominant role. This increased elastic
modulus impedes the transfer of transverse force, prompting the BCC
structure to develop an inclined damage zone and to collapse directly. As
a consequence, the overall structure displayed a damage mode distinct
from those of the individual single-lattice structure, followed by flexural
damage occurring exclusively within the SC structure (as seen in the
fourth row of Fig. 6a).

In the cases where the hybrid lattice structures were subjected to
equal stress, the elastic modulus of the constituent single-lattice struc-
tures played a critical role in determining the onset of overall defor-
mation and the final failure (Fig. 6¢). The transverse properties of the
transition cells, including stiffness, had only a limited effect on the
overall hybrid structure. Therefore, the analysis was primarily governed
by the weakest longitudinal properties of the transition cells. In in-
stances where a BCC lattice was connected to a SC single-lattice struc-
ture with a different strut diameter, the longitudinal elastic modulus of
the hybrid structure resided between the elastic modulus of both
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adjacent structures (Fig. 6¢, first row). When a uniform strut diameter
was used in the design of this hybrid structure, the mechanical perfor-
mance of the overall hybrid structure improved (Fig. 6¢, second row).
Substituting the BCC design with OCT lattices diminished the mechan-
ical performance of the hybrid structure (Fig. 6¢, third row).

Each of these designs also showed a distinct damage evolution pro-
cess and failure pattern. The lower elastic modulus, originating from the
BCC component of the B_S_ D1D2 structure, as initially associated with a
tilted shear zone damage. This damage was then transferred to the
transition cell, which possessed medium elastic modulus, causing con-
cavity in the middle of the structure (Fig. 6c¢, first row). Ultimately, the
SC component, which had a higher stiffness, experienced buckling
damage (Fig. 6¢, first row), similar to the corresponding single-lattice
configuration (Fig. 6a, fourth row). In contrast, the B_S_D2 hybrid
structure, with superior mechanical properties at the transition region,
did not exhibit significant damage in the transition cell even after un-
dergoing 50 % of strain (Fig. 6a, second row). Failure in the O_S_D1.5
structure initially occurred in the transition cell region, followed by
flexural damage in the SC component and barrel-like deformation of the
OCT parts (Fig. 6¢, third row). In fact, both the constrain caused by
connection boundary and the lattice of the substructure itself play a role
in the destruction of the structure, only that their main roles differ
depending on the mechanical properties of the transition boundary such
as the stiffness. In applications, the effect of the constrain caused by the
connection boundary may be of more concern for structures subjected to
equal strains than for structures subjected to equal stresses. If the hybrid
structure is expected to remain intact at the connection boundary even
when the substructure destroys as it should, the connection boundary
should be stiffened in the direction of load to the highest degree.
Different applications will have different requirements, and the
following experimental results also illustrate the adjustment of the
connection stiffness.

We conducted further analyses to investigate the effects of strut
diameter variation in the transition cells on how the deformation of the
hybrid structures subjected to equal strain loads evolves. We adjusted
the minimum strut diameter from 2 mm to 1 mm in the transition cells
(Fig. 6d). By implementing this variable strut diameter approach, the
overall hybrid structure was prevented from unilateral collapse, and the
transverse force transfer between the cells was smoothened. The
deformation pattern of B_S D2_1.75 and B_S_ D2 1.5 commenced with
the initial breakage of the SC structure, leading to the stretching of the
transition cells, and eventually deforming the BCC structure (the first
two columns in Fig. 6d). Decreasing the minimum strut diameter in the
transition cells resulted in concurrent failure of the SC and transition cell
(third and fourth columns in Fig. 6d). This can be attributed to the
reduction in the transverse and longitudinal stiffness of the transition
structure as the internal strut diameter decreased, thus reaching or even
falling below the stiffness of the adjacent structure (the last column in
Fig. 6d). The bearing of the hybrid structure with changing internal strut
diameters transition unit subjected to equal stress loads was mainly
predominantly dictated by the longitudinal stiffness of the transition
cell. The overall hybrid structure experienced damage in accordance
with the damage mode of the individual single-lattice structure sub-
jected to equal stress loads, indicating that the failure occurred within
the lattice with the lowest elastic modulus (Figure S3 of the supple-
mentary document). By combining the aforementioned elastic modulus
analysis with the observed damage effects, we have demonstrated that
adjusting the strut diameter of the transition cell provides a method for
controlling the distinct mechanical responses of the structure. This ul-
timately enables designers to tailor the structure to meet the design
objectives and specific engineering requirements.

3.4. Bending response of simply supported beam structures

When comparing the three-point bending experimental results of the
hybrid structures with those of the single-lattice structures, we observed
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that the hybrid structures demonstrated superior stiffness and ultimate
load capacity as compared to the single-lattice structures (Fig. 7). This
implies enhanced resistance against bending deformation. This obser-
vation corroborates the findings reported in reference [1]. The stiffness
of the hybrid structure was 809.5 + 2.8 N/mm, representing 5.8-fold
and 1.9-fold improvements over the single BCC and SC structures,
respectively. The ultimate load capacity stood at 3260.4 + 36.5 N, a
remarkable 3.6-fold and 1.9-fold increase respectively (Fig. 7a). These
metrics attest to the impressive performance of the hybrid structure and
affirm that the connection strategy detailed in this study is instrumental
in optimizing these benefits.

In the case of a single-lattice structure subjected to bending, localized
high stresses emerge, leading to catastrophic damage that ultimately
results in cracks at the center of the beam (top and middle sub-figures in
Fig. 7b). Influenced by the solid arc indenter at the top, these cracks
manifest as Y- or semi-Y-shaped damage patterns (top and middle sub-
figures in Fig. 7b). Implementing the hybrid structure, in combination
with our proposed connection strategy, allowed for a rational distribu-
tion of both distinct topologies with varying densities, each bearing the
primary load within the transition region. The structure eventually
demonstrated damage in an approximately 45° cracking pattern
(Fig. 7b, bottom). Such results illustrate the rationality of the afore-
mentioned hybrid structure design based on the distribution of principal
stress directions and von Mises stresses from the finite element analysis
of the non-porous simply-supported beam. Its filling with different lat-
tice topologies makes the different lattices give full play to their best
load-bearing, and its distribution with different relative densities en-
hances the resistance to damage in the region of maximum concentrated
stress, which ultimately work together to realize the performance
enhancement of the hybrid structure. The connection within the hybrid
structure was both effective and reliable, with no significant initial
fracture occurring at the connection part. This enabled each individual
lattice structure to perform optimally, thus enhancing the benefits of the
hybrid structure to the fullest extent.

3.5. Adaptability of connection strategies

The stiffness analysis discussed previously suggests that the transi-
tion cells, generated through shrink cell processes, generally present
higher stiffness values than the original single structures when subjected
to equal strain loads in the direction of the substructure. This facilitates
the evolution of the hybrid structure along their original deformation
paths, leading to initial damage within the single structure rather than
the connection point. Nevertheless, to carter the needs of engineering
personalization, we propose two extended design schemes aimed at
achieving tunable stiffness in the connection transition cell, built upon
our current strategy:

a. Altering the original shrink cell into an expand cell: As depicted in
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Fig. 8a, the transition cell in the original strategy is transformed from the
size of a unit cell to that of three unit cells. It has been demonstrated in
[45,47] that expand cells can yield structures with lower stiffness than
the original structure, specifically in the direction perpendicular to the
expansion direction. Simultaneously, the stiffness regulation of this
transition cell can be realized by adjusting the strut diameter.

b. Transitioning from a complete single-cell shrink to a half-cell
shrink and expand operation: This is demonstrated in Fig. 8b. As lat-
tice structures are symmetric, the intermediate interface of a single cell
presents properties similar to the boundary, barring the fact that struc-
tures originally connected at the boundary may lose this connectivity at
the intermediate boundary (e.g., SC and BCC structures). In contrast,
structures initially disconnected at the boundary might form connec-
tions at the intermediate interface (e.g., SC and OCT structures).
Employing half cells in place of full cells reduces the relative density of
transition cells, which in turn diminishes the overall stiffness, thereby
accommodating bespoke customization requirements. Much like the
first expansion strategy, this approach also enables stiffness control of
transition cells by manipulating the diameter of the transition strut.

4. Conclusions

In this work, we proposed a novel connection strategy inspired by
grain boundaries, tailored for strut-based hybrid lattice structures. This
unique, heterogeneous connection scheme enables the construction of
hybrid structures that cannot be accurately described by closed-form
mathematical functions. We thoroughly investigated the adaptability
and versatility of this grain-boundary-like connection approach and
evaluated its impact on the mechanical properties of the resulting hybrid
structure through compression tests. We also explored the potential of
the connected transition cells to regulate stiffness by employing a ho-
mogenized stiffness tensor surface calculation method. The key findings
of our study can be summarized as follows:

- The heterogeneous connections based on cell shrinkage demonstrate
broad applicability, allowing for effective connections between
various topologies and strut diameters on any truncated planes. This
is achieved through a connection strategy that leverages boundary
projection to form a shared and consistent grain-boundary, ensuring
reliable boundary connections for any structural shrinkage with
diverse spatial shapes. As long as there is an overlap in the boundary
projection, this approach simplifies the design of hybrid structures,
making it accessible even to those without extensive expertise in the
field.

- The performance of a connection strategy is crucial in ensuring the
overall effectiveness of the structure. Our experimental results
demonstrate that the damage pattern observed in the hybrid struc-
ture aligns with the design intent, reflecting the damage mode of the
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Fig. 7. The results of three-point bending experiments conducted on simply-supported beams. (a) The force-displacement curves of the different designs. (b)

Structural damage patterns in the different designs.
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Fig. 8. An extension of the proposed strut-based hybrid connection strategy. (a) The expansion of a single cell of the adjacent structure to create the connection. (b) A
modification of the original single cell shrinkage to include both contraction and expansion of half a single cell achieves the connection.

original single-lattice structure. Through careful adjustment of the
connection parameters, we can effectively control and mitigate
damage initiation at the connection points, thereby maximizing the
advantages offered by the hybrid structure.

The gradient strut diameter design employed in the transition cell
offers a means to control the stiffness of the connected structure,
allowing it to be adjusted to a lower, intermediate, or higher level as
compared to the adjacent structure. By varying the minimum inter-
nal strut diameter from 1 to 2 mm, while considering practical pro-
cessing constraints, a stiffness ranges from 62.6 % (or 87.5 % for a
hybrid structure subjected to equal stress loads) to 100 % of the
original stiffness can be achieved. This capability provides custom-
ization and adaptability to accommodate different operational
conditions.

We addressed the complexity of modeling hybrid structures by uti-
lizing a MATLAB code to generate STL files that are suitable for direct
AM. The simply-supported beams designed based on our proposed
strategy exhibited superior mechanical properties. They demon-
strated a 90 % increase in the bending stiffness and ultimate load as
compared to the best-performing single topology in bending exper-
iments. The hybrid structures also exhibited distinct changes in the
structural damage modes. These results highlight the superiority of
the hybrid structure and validate effectiveness of the connection
strategy proposed in this study for strut-based hybrid structures,
maximizing their advantages.

We foresee that our proposed connection strategy will address the
research gap in strut-based lattice structure connection strategies. By
enriching the design of customized hybrid structures, we believe it will
further propel the advancement of multi-functional hybrid structures.
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