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ARTICLE INFO ABSTRACT

Keywords: The design and fabrication of curved sandwich structures with a 3D lattice core always faces the challenge of
Pinned adaptability and connectivity between the core and the skins. Here, we propose a pinned method by releasing
3D lattice ) rotational degrees of freedom in the common node of the adjacent lattice cells. The design of the lattice core only
g;?:;a;i?:rICh structures needs to consider the size and number of cells rather than the shape of the skins. The pinned design demonstrates

advantages in self-adaption of the 3D lattice core to skins with generalized cylindrical type and ensures to
fabricate curved sandwich structures of a large scale. Lattice samples of four kinds of node-connection forms with
three different strut thicknesses are fabricated to investigate the effects of pin-joint design and strut thickness on
mechanical performance. Lattices with suitable collinear connection design have comparable modulus and
strength to snap-fitted lattices. The proposed method has the potential for standardized production of curved 3D

Mechanical properties

lattice sandwich structures with excellent mechanical performance.

1. Introduction

Reducing structure mass under the premise of ensuring mechanical
properties and functional requirements is always an important subject.
As important parts of load-bearing [1], lattice sandwich structures
consist of two thin skins and a thick low-density core exhibit high spe-
cific stiffness [2-4], high specific strength [5-7], energy absorption
[8-12], and multifunctional integration characteristics [13-15]. There
is a major issue that restricts the lattice sandwich structures to be pop-
ped from laboratory to engineering sectors: the adaptability of the lattice
core to curved skins to make a sandwich structure with complex shapes.

So far, the fabrication of lattice sandwich structures mainly focuses
on the flat [16-23] and cylindrical s structures. Large-sized carbon fiber
reinforced sandwich shells with different types of cores are fabricated
based on the filament winding and mold forming [24-28]. Tao et al.
[29] propose a novel foam core sandwich-walled hollow column made
of glass-reinforced polymer faces and polyvinyl chloride foam core.
Xiong et al. [30] fabricate a kind of cylindrical metallic lattice cores by
using wire cutting and interlocking methods through the overall design
of longitudinal and transverse ribs. To completely adapt to assembled

pyramidal lattice cores, four additional auxiliary patch face sheets are
made to eliminate assembly errors and prestress. Wang et al. [31] take
advantage of the geometric mapping and snap-fitting method to fabri-
cate the cylindrical full metallic sandwich with 3D pyramidal lattice
cores. With the increasing complexity as well as the scale of engineering
structures, the adaptability and reliability of the connection between the
core and skins become more challenging. Traditional methods require
complex customized design even sacrifice the local target shape to
assemble. Deviation of the skin shape from the target shape will also
affect its aerodynamic characteristics and load-bearing capacity [32,
33].

In recent years, the development of additive manufacturing tech-
nology makes it possible to achieve the rapid prototyping of multitudi-
nous types of complex structures [9,34-36]. When employing a direct
printing method to fabricate sandwich structures with a 3D lattice core,
there leaves no adaptability problem, but the anisotropy from the
printing direction may harm the mechanical performance [37-41].
Removal of support material and size of printing platform also limit the
practical application of integral 3D printed lattice structures. Liu et al.
[42,43] introduced the snap-fitting method into additive manufacturing
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technology, which achieves optimal mechanical properties of the struts.
These works paved avenues for the fabrication of large-scale and sound
performance 3D lattice sandwich panels with 3D printing. However,
there are some limitations on the fabrication of lattice sandwich struc-
tures with curved surface skins by the snap-fitting method. The fabri-
cation of curved sandwich structures by using the snap-fitting method
requires pre-customized design and precise calculation. It is difficult for
the snap-fitting method to give simple design criteria for curved sand-
wich structure with generalized cylindrical type skin and the reliability
of the connection is questionable. The fabrication of a super-large sized
lattice core is also easily restricted by the platform space of 3D printing.
A more standardized and universal method that can achieve reliable
connections between 3D lattice core and curved surface skins while
maintaining optimal mechanical performance needs to be developed.

The discretization of cells into standard elements can reduce the
structural complexity and makes the design much easier and more
flexible to explore [7,44-46]. It is also inspiring that by using lattice
representations of the rotating rigid mechanism, a class of 3D auxetic
lattice structures that are capable of offering Poisson’s ratio from posi-
tive to negative in a wide range is designed [10]. Based on the
snap-fitting method [43] and the idea of rigid body discretization, we
propose a novel fabrication method by releasing the rotational degrees
of freedom in the common node of the adjacent cells and introducing
pin-joints. The adaptability to curved surfaces and the possibility of
fabricating large-sized lattice sandwich structures are discussed. Lattice
samples of four kinds of common node forms with three different strut
thicknesses are tested to investigate the effects of pin-joint design and
strut size on mechanical performance. The suitable configuration of the
pinned method to generalized cylinders is discussed. The proposed
method can be extended to various material systems and other
manufacturing techniques besides 3D printing, since the discretized
standard element that makes pinned cells can be fabricated with various
techniques, e.g., casting, cutting, etc.

2. Design of self-adaptive 3D lattice
2.1. Concept of pinned 3D lattice

For the traditional 3D lattice structure, the common node of adjacent
cells can be regarded as a kind of fixed condition upon assembly, and
cannot move or rotate with each other under the stress-free state. More
degrees of freedom in the assembly process leads to more design space.
The lattice cores can release the rotational degrees of freedom in the
common node of adjacent cells by replacing the common node with the
pin-joints to form pinned 3D lattice cores.
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As shown in Fig. 1(a), a one-dimensional (1D) pinned cell group has a
kind of pin-joint, which is deemed as an axis of rotation that is always
perpendicular to the zy or zx plane, and the unit cell can be stacked only
along the y-axis or x-axis. For every pinned cell group formed by two
cells with a kind of pin-joint in lattice core, rotational state 1 and
rotational state 2 only exist in one state at a time. During normal rotation
between two adjacent physical interferences, the angle formed by the
two rays of the strut axis at the initial position and the final position is
the rotatable range. When the thickness of the struts and the volume of
the node platforms are ignored, cell 2 is always regarded as an object of
reference, and adjacent cell 1 can rotate either clockwise or counter-
clockwise around the x-axis/y-axis in the range close t0o180°. The actual
rotatable range is dependent on the specific design of pin-joints and is
usually less than the ideal rotational range because of the physical
interference constraint, which will be detailed in the next section.

As shown in Fig. 1(b), although the unit cell can be stacked in xy
plane to form a larger two-dimensional cell group, adding the pin-joints
that enable the lattice core to rotate in different directions does not
generate a new number of rotational states around the axis. Rigid body
rotation of the two cell groups keeps an orthogonality relation when
rotating around different axes because of the physical interference
constraint. For example, once rotation manipulation is carried out with
cell group (1,4), it becomes infeasible to then carry out another rotation
manipulation with cell group (3,4) since the pin joints have become mis-
aligned.

As a result, the proposed concept can be applied to a generalized
cylinder [47] in an existing form of connection because the pinned lat-
tice core has the only direction of rotation and is independent of the type
number of pin-joints. The length and crimp degree of the lattice array
can be adjusted by the number of stacked cells and the rotation angle
between adjacent cells.

2.2. Adaptability to curved surfaces

The rotatable feature of the pinned lattice core makes the node
platforms contact flexibly to the skins of complex curved surfaces. The
self-adaptive capability of the lattice core with mass production poten-
tial is illustrated in Fig. 2(a). The pinned lattice cell core with an un-
limited number of rows and columns can be regarded as a kind of novel
material system, which is named “lattice materials™. It is just like a piece
of cloth to be tailored and cut, and it can be rolled to form the preforms
before shaping. Under customized load, the roll of lattice materials is
self-adaptive to skins of complex curved surfaces, thereby completing
the fabrication of the curved sandwich structures with 3D lattice core.

Three basic types of curved surfaces that the lattice core can adapt to
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Fig. 1. Concept design of pinned lattice cores. The evolution process of (a) one-dimension (1D) cell group (b) two-dimensional (2D) cell group.
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Fig. 2. Adaptability to curved surfaces. (a) the self-adaptive lattice core to complex curved surfaces with mass production potential; (b) three basic types of adaptable
generalized cylinders.

sketched in Fig. 2(a) are detailed in Fig. 2(b). They are linear type (I), which is defined as the trajectory generated by the moving line that

continuous non-differentiable type (II) and continuous differentiable moves along the fixed curve in space. The length of the central line ( L) of
type (III). The naming convention of three basic types arises from the different core shapes only depends on the distance of the adjacent
characteristics of the function corresponding to the projection line of pin-joints ( [;) and the number of cells ( n). For the first two types of
skins. These three basic types belong to the generalized cylinder [47], surfaces, L = nl,. The length of the projection line of outside and inside
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skins are defined as S; and S, respectively. Relations between the length
of the central line L and the length of the projection line of skins is
expressed as

_SlJrSz
2

L (€Y

The central line of the continuous differentiable type is an arc. The
projection of pin-points is on the central line and the length of the curve
between adjacent pin-points is L The central angle corresponds to the
sandwich structure with inner radius and outer radius R; and R, is
defined as a. Relations between the geometry of the given cylinder type
and the distance of the adjacent pin-joints ( ;) is expressed as:

he @ @

- 3 Iy
arcsin Ri+Ry

Where n is the number of the pinned cells.
The length of the central line is obtained as follows:
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R+ R, n(Ry + Ry) .
= a= arcsin

2 2

R +R, 3)
The pinned lattice cores can adapt to the arbitrarily generalized
cylinders that are the combination of the three basic types by rotating
the adjacent cells and designing the number and size of cells. Theoret-
ically, the complexity of the geometry and the scale on the lattice
sandwich can be arbitrarily adjusted by the number and size of cells.

2.3. Proof of adaptability

To verify the strong self-adaption of the pinned lattice cores to the
curved surface skins, we used the pinned method to manufacture lattice
sandwich curved structures by additive manufacture (FDM and PloyJet).
Fig. 3 shows the assembly process and the self-adaptive deformation of
octahedral lattice sandwich structure under loading. Upon pressing, the
pinned octahedral lattice core can be adjusted adaptively to the shape of
the inner and outer skins and the nodes platforms contact to the skins do
not separate from each other (also see the supplemented video). The

Fig. 3. Pinned lattice sandwich cylinder demonstrates self-adaptation (fabricated by TPU and RGD835). (a) unfolded pinned lattice core; (b) a complete lattice
sandwich cylinder before curing; (c) the self-adaptive deformation under loading.
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desired curved shape can be obtained and solidified after adhesive
bonding in the common nodes and node’s platform contact to skins.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2022.102761.

Fig. 4 demonstrates three large-sized pinned octahedral lattice
sandwich shells fabricated by the present method. The skins were
printed with PLA plus and the lattice core was printed with RGD835. The
connection between lattice core and skins and pin-joints are bonded
with superglue (cyanoacrylate). The maximum feature length for the
wing-shaped shell is close to 300 mm and the heart-shaped shell is close
to 150 mm. The pinned method is universal and is not limited by the size
of the fabrication platform. The large-sized special-shaped sandwich
shell needed in engineering applications can be realized by suitable
parent materials. The proposed method can be extended to other addi-
tive manufacturing techniques besides 3D printing (FDM and PloyJet),
since the discretized standard elements to make pinned cells can be
fabricated with various techniques, e.g., casting, cutting, etc.

3. Fabrication and mechanical behaviors
3.1. Design of pin-joints

The connection forms of pin-joints may influence the mechanical
performance of lattice samples, so it is essential to design suitable pin-
joints. As shown in Table 1, three kinds of pin-joints that have only
one kind of allowable rotation direction are exhibited to design different
connection forms. According to the projection of the axis of the strut
alignment, the pin-joints can be divided into the non-collinear type and
collinear type. As shown in Fig. 5, the rotatable range of non-collinear
type and collinear type is 6.8°-173.2° and 66.3°-113.6°, respectively.
The collinear-1 type and the collinear-2 type have the same rotatable
range because of some of the same design details. The strut thickness at
pin-joint in the non-collinear type is the same as the thickness of struts
whereas the collinear type is reduced by half. For the non-collinear type
and collinear-1 type, the two rings on the two adjacent matching parts
are fitted and the pins are then inserted into the two rings with the same
axis to form a complete pin-joint. The most striking difference between
the collinear-1 type and the collinear-2 type is that the latter needs no
additional pins, and uses its convex and annular grooves as a part of the
pin-joints. The thickness of the convex and the cushion cap in collinear-2

Additive Manufacturing 54 (2022) 102761

type is half of the thickness of the struts. The diameter of each pin (d)
corresponding to a different connection type is consistent with the
thickness of the struts. The outer diameter (D) of each ring of the pinned
type is slightly larger than that in the snap-fit type to ensure that the
cross-sections of the connecting areas are approximately equal. For the
non-collinear type and the collinear-1 type, the length of the front end of
the pin is equal to the sum of the thickness of the struts at the pin-joints
and the thickness of the cap (m = n + 2t). For the collinear-2 type, the
length of the front end of the pin is equal to the sum of the thickness of
the struts at the pin-joints (m = n + t). The variational geometric pa-
rameters are shown in Table 2.

3.2. Fabrication of lattice samples

The octahedral lattice samples in Fig. 6 were fabricated by PloyJet
technology and the snap-fitting method. All components of lattice
samples were printed with VeroWhitePlus (RGD835) model and SUP706
support material on a Stratasys Objet30pro printer and had optimal
build direction. Two-dimensional lattice parts, pin-joints, and planes
were orthogonally snap-fitted into each other to form 3D lattice sand-
wich structures. To ensure a smooth snap-fit, the splicing notch retains a
0.06-0.08 mm printing margin. The nodes among the lattice cores,
planes, and pinned joints are bonded with superglue (cyanoacrylate) to
prevent the separation of parts during the entire fabrications and
experiments.

The geometric parameters of assembly parts of four different
connection types are shown in Fig. 6(a), (b), (c), and (d), respectively. In
Fig. 6(a), the snap-fitted lattice proposed by Liu et al. [43] is taken as a
comparison basis, whereas Fig. 6(b), (c), and (d) correspond to
connection forms listed in Table 1. The cross-section of the struts of the
lattice cores is square. The struts with a length I = 18 mm, are consistent
in different lattice samples. The angle between the oblique beam and the
horizontal line is 45°. The width of node platforms, a, is 4.6 mm. The
other variational geometric parameters of models with different kinds of
connection forms and strut thicknesses are shown in Table 2.

3.3. Experimental study and numerical simulation

To verify the effect of different connection forms on the mechanical
behavior of lattice samples with different strut thicknesses, a series of

(a)

Fig. 4. Large-sized sandwich shells with octahedral lattice core. (a) cylindrial sandwich shell; (b) wing-shaped sandwich shell; (c) heart-shaped sandwich shell.

(b) (©)
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Table 1
Three kinds of pin-joints and design details.
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out-of-plane compression tests were conducted in a uniaxial testing
machine (SUST CMT5205) at a nominal crosshead rate of 0.5 mm/min.

The compressive stress-strain curves and failure modes of specimens
with different connection forms and strut thickness were shown in
Figs. 7-9. In all cases, after the initial preload, the stress linearly
increased with an increasing strain until an initial peak was reached.
Continued loading resulted in rapid softening. With the loading process,
the local large deformation or brittle fracture often occurred nearby pin-
joints but the debonding of the pin-joints did not appear during the
compression process. Compared with the other two designs types, the
collinear types always suffered from the brittle fracture in the post-
buckling stage, which resulted from the weakening of the thickness of
the pin-joints. The maximum compressive strain was uniformly limited
to 0.18.

The stress-strain responses and failure modes of the lattice samples
with different connection forms and 1.5 mm strut thickness were shown
in Fig. 7. The snap-fit type and the non-collinear type reached their
initial peak stress of 0.038 MPa and 0.043 MPa at a strain of 0.057 and
0.065, respectively. Then the stresses dropped rapidly due to the buck-
ling of the struts and no obvious fracture occurred in the post-buckling
stage. In contrast, the collinear-1 type had the highest peak value of
0.048 MPa at the strain of 0.06 among the four assembly forms and
showed an obvious continuous fracture and even catastrophic failure
after the peak because of the weakening of struts near the pin-joints. The
stress concentration caused by insufficient cementing and solidifying
made the struts more likely to fracture nearby the pin-joints. The
collinear-2 type reached its initial peak strength of 0.042 MPa at a strain
of 0.050. The trend in the post-buckling stage was gradually consistent
with the snap-fit type. It is found that the stress of the snap-fit type was
always the lowest among the four tested types before the peak stress was
reached. This phenomenon was repeatable after the experiments several
times. The reason for such a result is that stress concentration appears at
the nodes of the snap-fit type, whereas the connection nodes of a pinned
type are strengthened by solidified superglue.

Fig. 8 showed compressive responses and failure modes of the lattice
samples with four connection forms and 2.0 mm strut thickness. The

snap-fit type and the non-collinear type reached their initial peak stress
of 0.108 MPa and 0.093 MPa at a strain of 0.06 and 0.086, respectively.
Then the stresses dropped rapidly due to the buckling of the struts and
no obvious fracture occurred in the post-buckling stage. The collinear-1
type had the highest peak value of 0.114 MPa at the strain of 0.054
among the four types. The post-buckling stage was characterized by
continuous fracture but no catastrophic failure due to the increase in
strut thickness. In contrast, the collinear-2 type had a lower peak value
and strut breakage with the increase of load. This explanation is verified
by the numerical results that will be given in the latter part of this
section.

Compressive responses and failure modes of the lattice samples with
strut thickness 2.5 mm are shown in Fig. 9. The snap-fit type and the
non-collinear type reached their initial peak stress of 0.28 MPa and
0.229 MPa at a strain of 0.063 and 0.083, respectively. Then the stresses
dropped rapidly due to the buckling of the struts and no obvious fracture
occurred in the post-buckling stage. The collinear-1 type had the highest
peak value of 0.304 MPa at the strain of 0.070 among the four types. The
collinear-2 type reached its initial peak strength value of 0.246 MPa at a
strain of 0.058. It is worth noting that continuous fracture occurs for the
two collinear types compared to t = 2.0 mm, which is caused by the
detailed design difference of the pin-joints between t = 2.0 mm and ¢t
= 2.5 mm.

The deformation behaviors of lattice samples are also investigated
using finite element method (FEM) analysis, as shown in Fig. 10. The
models of the lattice samples with octahedral core are based on the
geometry of the test specimens in Table 2. The elastic-plastic material
constitutive model was adopted for the finite element analysis. The
elastic modulus and yield strengths are 1400 MPa and 69.2 MPa,
respectively. The dynamic explicit step has been used to gain insight into
the deformation behaviors of the whole lattice sandwich and the local
area near the connection. All loading end nodes at the top surface are
coupled with a central reference point with a linked rigid body. The
simulations are subjected to displacement-control, using large
displacement theory. The clamped boundary condition is set at the
bottom surface of the lattice plane. In the three-dimensional finite
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Non-collinear

113.6° 113.6°
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Fig. 5. The actual rotatable range of different connection forms.

Table 2
Design parameters for the lattice samples with different connection forms and strut thicknesses (unit: mm).
t Connection Type d D e m M n R r w P
1.5 Snap-fit 3.09 / 2.33 / / / / / 1.62 1.36%
Non-collinear 1.5 3.26 / 4.5 6 2.5 1.63 0.83 1.62%
Collinear-1 1.5 3.26 / 3 4.5 2.5 1.63 0.83 1.56%
Collinear-2 1.5 3.26 / / / / / / 1.43%
2.0 Snap-fit 3.45 / 2.4 / / / / / 212 2.29%
Non-collinear 2 3.5 / 6 8 3 1.75 1.08 2.55%
Collinear-1 2 3.5 / 4 6 3 1.75 1.08 2.35%
Collinear-2 2 3.5 / / / / / / 2.31%
2.5 Snap-fit 4.25 / 2.45 / / / / / 2.67 3.44%
Non-collinear 2.5 4.32 / 7.5 10 3.5 2.15 1.33 3.77%
Collinear-1 2.5 4.32 / 5 7.5 3.5 2.15 1.33 3.60%
Collinear-2 2.5 4.32 / / / / / / 3.32%
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(a) 3x3 lattice block

W’
Polymer adhesive at the nodes

Collinear-2

Fig. 6. The schematic diagram of lattice samples with different connection forms. (a) Snap-fit [43]; (b) Non-collinear; (c) Collinear-1; (d) Collinear-2.
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Fig. 7. (a) lattice samples and relative density p. (b) stress-strain responses of octahedral lattice samples with different connection forms and failure modes. (
t = 1.5 mm).
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Fig. 8. (a) lattice samples and relative density p. (b) stress-strain responses of octahedral lattice samples with different connection forms and failure modes. (
t = 2.0 mm).
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Fig. 9. (a) lattice samples and relative density p. (b) stress-strain responses of octahedral lattice samples with different connection forms and failure modes. (
t = 2.5 mm).
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Fig. 10. FEM results of different connection forms with PEEQ at extreme point.

element models, 8-node linear brick 3D-stress reduced integration
(C3D8R) elements are used. The models with the same connection forms
and different thicknesses have similar deformation behaviors, so FEM
results of different connection forms with a strut thickness of 2 mm are
shown. For the snap-fit type, the largest equivalent plastic strain appears
at the nodes. For the pinned types, however, when the load reaches the
peak, the largest equivalent plastic strain always appears in the positions
of struts near the connection nodes which has been strengthened. The
numerical results are consistent with the experimental study since
obvious large deformation and subsequent fracture are always observed
in these positions.

The snap-fitting method has been considered to achieve the optimal
mechanical properties of 3D-printed struts in previous studies[42,43],
so we take it as the benchmark for further quantitative comparison.
Collinear-1 type always has better performance in stress-strain curves.
Comparisons of compressive modulus and compressive modulus
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strength between two types with three different strut scales were shown
in Fig. 11. Compared with the snap-fit type, compressive modulus of the
collinear-1 type of the 1.5 mm, 2.0 mm, and 2.5 mm was increased by
38.82%, 45.01%, and 12.7%, respectively, and the compressive
strengths of the collinear-1 type of the 1.5 mm, 2.0 mm, and 2.5 mm are
increased by 26.32%, 21.99%, and 14.13%, respectively. With the in-
crease of struts thickness, the advantage of the collinear-1 type over
snap-fit type decreased gradually. At low density, it was obvious that the
constraint and interaction of pin-joints improve the compressive per-
formance of the lattice samples.

Considering that different connection forms will introduce a small
difference in the relative density of lattice samples with the same strut
thickness, a comparison of mechanical properties at the same relative
density is necessary. According to the Gibson-Ashby equations [48], the
relative modulus and relative strength have a power-law relationship
with the relative density. Comparisons of relative modulus and relative
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Fig. 11. Comparisons of mechanical performance of snap-fit type and collinear-1 type with different struts thickness: (a) compressive modulus and (b) compres-

sive strength.

strength of lattice samples with different struts thickness fabricated by
four kinds of connection forms were shown in Fig. 12. The fitted
power-lower parameter is shown in Table 3. Compressive modulus, E,,

and compressive strength, a‘;", are extracted from the corresponding
stress-strain curves. E; and o, are the elastic modulus and yield strengths
of solid material, respectively. Judging from the results of the three
kinds of struts thickness, the mechanical properties in the same relative
density were evaluated from the connection forms, which were
collinear-1 type, snap-fit type, collinear-2 type, non-collinear type in
descending order. Significantly, although the pin-joints adds extra mass,
the collinear-1 type was always better than the snap-fit type in the same
relative density because the strengthened pin-points inhibit the rotation
of the struts ends and resist out-of-plane bending deformation. In theory,
the collinear-2 type should have the same performance as the snap-fit
type, however, the adhesion of two half-thickness struts at the
pin-joints of the collinear-2 type weakened the mechanical performance.
The misalignment of the axis in the design of the non-collinear type will
generate extra bending moment at the pin-joints, leading to early failure
of the lattice struts under the combined action of bending and
compression. With the increase of strut thickness, the bending moment
at the common nodes increases, which is the reason why the red curve
representing the mechanical properties of the non-collinear type in the
figure deviates more and more from other curves.

0.006 T T T T T
. = Snap-fit
LSN e Non-collinear
' 00051 Collinear-1 )
53 v Collinear-2
2 0.004 | E
=]
g
o
-2 0.003 |- B
3
=
§ 0.002 - -
2
= 0.001 F -
2]
-4 " : . "
0.010 0.015 0.020 0.025 0.030 0.035 0.040

Relative density, o/p,

(@)

Table 3
The best fitting result of power-law for the mechanical properties of octahedral
lattice.

Connection Type  Relative compressive modulus ~ Relative compressive strength

G a R? Cy p R?
Snap-fit 1.037 1.623 0.990 3.976 2.052 0.999
Non-collinear 1.885 1.939 0.979 3.438 2.116 0.997
Collinear-1 0.418 1.327 0.832 3.068 1.961 0.983
Collinear-2 1.489 1.75 0.999 10.653 2.356 0.991

3.4. Comparison of theoretical models with experiments

3.4.1. Theoretical models of snap-fitted octahedral lattice samples

The detailed design of the pin-joints and the non-coplanar axis of the
struts make the stress state of the octahedral lattice samples very
complicated. So, we set up a theoretical model based on the configura-
tion of the snap-fit type. The octahedral structure can be referred to the
derivation of body-centered cubic [42]. The final formula has been
provided in this part.

The peak strength, oy, of the octahedral unit cell is given by [18].
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Fig. 12. Comparisons of mechanical performance of lattice samples with four connection forms: (a) relative compressive modulus and (b) relative compressive
strength.(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Where A% = (v/2 + t + a)? is the cross-sectional area of the octahedral
unit cell, referring to Fig. 5(a).oy is the axial stress of the struts. The most
common failure modes of lattice cores are yield, elastic buckling and
inelastic buckling. The strength oy is obtained by o,, og and o,
respectively. The elastic buckling stress and inelastic buckling stress of

struts in octahedral unit cell are given by [49].

)
)

Where the k is determined by the end conditions on the buckling struts:
for octahedral lattice unit cell in the actual compression process, one end
of the strut is pin-jointed and the other is a built-condition, so k? ~ 2. E;
is the tangent modulus of solid material.
The effective modulus E,, of the octahedral lattice is given by
o 28 H

&z

3147

(7)
Where the ¢ is defined as the strain of lattice structure along z direction.

3.4.2. Comparisons with predictions

The small solid cylindrical samples with a bottom diameter of
12.5 mm and a height of 25 mm from two different batches (RGD835)
printed in X direction were tested in compression at speed 0.5 mm/min.
The measured elastic modulus and yield strengths are 1400 MPa and
69.2 MPa, respectively.

Comparisons of relative compressive modulus and relative
compressive strength between predictions and measurements in the
different connection forms are shown in Fig. 13. It can be observed that
the theoretical value is higher than the experimental value in Fig. 13(a).
The sliding and deformation of the struts in the analysis model are only
in the two-dimensional plane, and the further deterioration of stiffness
caused by out-of-plane deformation is not considered in the actual
compression process. The initial defects often make lattice structures
bear the bending effect earlier and reduce their resistance to elastic
deformation as well [42]. The effect of defects on compressive modulus
increases with the decrease of size, which is consistent with the exper-
imental results. As shown in Fig. 13(b), the peak strengths of the three
struts scale for the four kinds of connection forms are captured by the
inelastic buckling models. The theoretically predicted values are in good
agreement with the experimental values for the snap-fit type and the
collinear-2 type. The reason why the experimental value of the
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collinear-1 type is higher than the theoretical value is that the extra mass
of pin-points inhibits the rotation of the struts ends and increases the
strength of the struts. The misalignment of the axis in the design of the
non-collinear type will generate extra bending moment at the pin-joints,
leading to buckling failure more easily.

4. Discussion

The pinned method originates from the discretization design idea.
Similarly, the pinned octahedral lattice sandwich can be extended to
general configuration by structural discretization. The 2 x 2 x 1 lattice
core is discretized and two directions of rotation axis are introduced, as
shown in Fig. 14(a). By utilizing the symmetry of the lattice core, the
case of cell arrays rotating around different axes can be simplified to two
adjacent cells rotating around a single axis. The effect of the number of
pin-joints and layer of pinned snap-fitting lattice cores are discussed in
Fig. 14(b). If there is more than one common node between the two
adjacent cells, the system will become geometrically stable. Therefore,
only one common node between two adjacent cells of the suitable
configuration can be replaced by a kind of pin-joint. As the number of
layers increases, each cell will have redundant constraints due to the
pin-joints in different planes, and the lattice core will form a rigid body.
Therefore, the selection criteria of lattice configuration for intercellular
characteristics can be summarized as follows:

(1) There is only one common node between adjacent cells of the
configuration;
(2) The lattice core can only be a single layer.

The pinned method is derived from the snap-fitting method, so the
intercellular characteristics of the two methods are consistent. The
complete pinned unit cell also consists of two orthogonal inserts. As
shown in Fig. 15(a), we use the projection of the nodes to illustrate. The
brown dots represent the projections of the four outermost nodes of the
configuration. The characteristic parallelogram is the projection of the
unit cell in the xy plane. The position of the interlocking node (the blue
dot) is within the closed area formed by the projections of the pin-joints
(a quadrilateral formed by red lines). The diagonals of the quadrilateral
are parallel to the two basic vector directions (orientations of the cells
array), respectively. The projections of the internal nodes of the cell
cannot exceed the boundary of the quadrilateral and should not coincide
with the projection of the interlocking node.

Considering the intercellular and internal characteristics, the pyra-
mid configuration is also suitable for the pinned method. As shown in
Fig. 15(b), the pyramid configuration releases the rotational degrees of
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Fig. 13. Comparisons of (a) relative compressive modulus and (b) relative compressive strength of octahedral configuration between predictions and measurements.
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this article.)

freedom in the common node of adjacent cells by replacing the common skins, the curvature adaptability of a pyramidal lattice is weaker than
node with the pin-joints to form pinned 3D lattice cores. The pinned that of octahedral.

pyramid lattice core can adapt to the curved surfaces by rotating the
adjacent cells. Since the pinned nodes are also nodes that connect with
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5. Conclusion

A pinned 3D lattice is proposed for the fabrication of curved sand-
wich structures. By releasing rotational degrees of freedom in the
common nodes of the adjacent cells, a broad design space can be
explored. The pinned lattice core can be adjusted adaptively with the
inner and outer skins to form a curved lattice sandwich with a gener-
alized cylindrical type. Large-sized octahedral lattice sandwich struc-
tures with curved surface skins are also designed and fabricated to verify
adaptability. This method finds an easier standardized production for
the fabrication of large-sized 3D lattice sandwich structures with curved
surface skins in engineering applications by different fabrication tech-
nology and suitable materials.

Octahedral lattice samples in four kinds of connection forms with
three different strut thicknesses are fabricated to investigate the effect of
scale and pin-joint forms on mechanical performance. It is found that the
lattice samples with collinear-1 type connection form have the highest
compressive modulus and strength. Compared with the snap-fit type,
compressive modulus of the collinear-1 type of the 1.5 mm, 2.0 mm, and
2.5 mm are increased by 38.82%, 45.01%, and 12.7%, respectively, and
the compressive strengths of the collinear-1 type of the 1.5 mm, 2.0 mm,
and 2.5 mm are increased by 26.32%, 21.99%, and 14.13%, respec-
tively. The enhancement in the pin-joint nodes increases the compres-
sive performance of the lattice block whereas also introduces brittle
fracture.

The selection criteria of pinned lattice configurations have been
discussed. More suitable lattice configurations and curved surface skins
can be combined to form several special-shaped sandwich shell
structures.
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