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A B S T R A C T   

With dramatic increase in 3D printing applications in industry, sandwich panels with 3D printed cores have 
gained a lot of attention recently. In harmony with global movement towards sustainability and low-carbon 
emission industries, sandwich panels with easy-to-repair and cost-effective cores would be very attractive 
structures. In this regard, implementing separated cells for constructing lattice structures instead of using back- 
to-back lattice structures makes repairing local damages in the core easier and more cost-effective. Ideally, a 
damaged cell can be replaced with an intact new cell without the need to change the whole core structure. In this 
study, mechanical responses of a single truncated cube unit cell, a well-known geometry for constructing regular 
lattices has been studied analytically, numerically, and experimentally. Analytical relationships were derived for 
stiffness, yield stress, and Poisson’s ratio of a single unit cell. Samples were 3D printed and tested mechanically in 
large deformation regime. A good agreement between results from analytical derivations, numerical simulations, 
and experiments was observed. It was shown that an equilateral truncated cube structure has a yield stress at 
least twice of that for a simple cube structure. Three types of repairable sandwich panels with different uniform 
core densities as well as four graded cores were studied as well. The functionally graded sandwich panels pre-
sented the best performance while considering both energy absorption capacity and mass. The best functionally 
graded sandwich panels (Type 4) showed an increase in specific energy absorption (SEA) by almost 21% and a 
decrease in maximum displacement by 2.5% with respect to the second-ranking best option.   

1. Introduction 

Nowadays, aerospace, marine, and automobile industries extensively 
take advantage of optimal properties of sandwich structures, including 
lightness, high impact resistance (excellent energy absorption capa-
bility), and high bending stiffness over conventional fully-metallic 
structures. As a particular type of sandwich structure, sandwich panels 
consist of three main components: face sheets, central core, and bonding 
(adhesive layers) between the face sheets and the core [1–7]. The high 
energy absorption capability of sandwich panels makes these structures 
even more interesting for industrial applications [8–11]. With dramatic 
increase in 3D printing applications, fully 3D printed sandwich panels or 
conventional sandwich panels with 3D printed cores have earned a lot of 
attention recently [12–15]. 

Additive manufacturing (AM) techniques such as selective laser 
melting (SLM) [16], selective electron beam melting (SEBM) [17], 
Multijet fusion (MJF) [18], and direct metal laser sintering (DMLS) 
deliver tailor-made 3d-printed structures. The high-quality, low-cost, 

and fast production procedures available by 3D printing technologies 
are very advantageous for numerous applications, including tailor-made 
sandwich structures. 3D printing technologies offer the possibility of 
manufacturing lattice structures with pre-designed micro-architectures. 

Different types of repeating unit cells have been proposed for con-
structing lattice structures. Cube [19], rhombic dodecahedron [19,20], 
diamond [19,21], truncated octahedron (also known as Kelvin foam) 
[19,20,22], square horseshoe [15], and Voronoi [20,22] structures are 
the most studied morphologies using finite element method (FEM). 
Other micro-lattice structures such as body-centered cubic structure 
(BCC) [23,24], body-centered cubic structure with vertical pillars 
(BCC-Z) [23], facet-centered cubic structure with vertical pillars 
(F2FCC-Z) [25,26], hexagonal [27,28], octahedral [29], 3D-Kagome 
[30,31], and pyramidal [30] geometries have also been investigated 
by different researchers. As one of the first works, Ashby and Gibson 
[32] obtained analytical relationships for elastic and plastic response of 
simple cubic structure. More recently, analytical solutions have also 
been presented for diamond [33], rhombic dodecahedron [34,35], 
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rhombicuboctahedron [36], 2D and 3D auxetic re-entrant [37,38], and 
truncated octahedron [39] geometries. 

In our previous study [40], the mechanical response of lattice 
structures assembled from different types of unit cells were compared to 
each other. The results showed that at the same relative density, the 
structures based on cube and truncated cube unit cells have the highest 
levels of yield stress. They were also among the unit cells with the 
highest elastic modulus. The noted high relative yield stress and elastic 
modulus provides the opportunity of constructing structures with 
favourable levels of yield stress and elastic modulus. If one needs 
structures with lower elastic modulus/yield stress, they can simply 
decrease the relative density to the level which gives the required me-
chanical properties. Among the two noted topologies, the cubic struc-
ture has the drawback of being very susceptible to buckling. Therefore, 
in this study, truncated cube geometry was selected for filling the core of 
the sandwich structure. 

The majority of the previous analytical solutions are obtained for 
unit cells located in a lattice structure where neighboring unit cells are in 
touch with each other (in the rest of the paper, denoted as back-to-back 
lattice structures). An interesting and useful type of lattice structure 
would be the case where the neighboring unit cells are not in direct 
contact with each other (in the rest of the paper, denoted as separated 
lattice structures). Such lattice structures, while preserving some useful 
aspects of the back-to-back lattice structures, can provide some addi-
tional advantages such as easy repairability. Therefore, studying their 
behavior in elastic and post-elastic regimes are very beneficial. Although 
analytical solutions for truncated cube in the back-to-back lattice 
structures have been derived previously [41], no analytical solutions 
have yet been obtained for a single truncated cube structure. 

Truncated cube has not been extensively studied numerically or 
experimentally. Crushing behavior of closed-cell foams with truncated 
cube morphology, as a good representative of traditional foams, has 
been investigated numerically by a number of researchers such as 
[42–46]. Elastic modulus, Poisson’s ratio and yield stress of open- and 
closed-cell truncated cube periodic lattices has also been investigated 
numerically by Vigliotti and Pasini [44]. 

As explained earlier, the relationships and results obtained in this 
paper for a single unit cell would be useful to investigate the mechanical 
response of unit cells employed as a core for sandwich panels. Sandwich 
panels having a core consisting of separated unit cells would be very 
beneficial for sustainable applications where easy repair of local failures 

of the core is highly needed. In this regard, a damaged cell can be 
replaced by a new cell without the need to change the whole core. This 
particular application will be investigated comprehensively in this 
study. In addition, sandwich structures with functionally graded cores 
where the core structure’s geometry varies spatially are more effective 
regarding energy absorption and weight reduction [47,48]. 

The main aim of the current study is to design sandwich panels with 
high energy absorption capability and low mass by employing truncated 
unit cells which provide a unique possibility for repairability of the cells. 
Different steps of the present study, from unit cell design to unit cell 
testing, sandwich panel design and sandwich panel application are 
depicted in Fig. 1. 

In this study, first the elastic mechanical properties of truncated cube 
unit cell are studied by developing numerical and analytical solutions 
with experimental validation. Analytical relationships are derived for 
stiffness, yield stress, and Poisson’s ratio of a single unit cell having three 
different cross-section types, namely circle, square, and equilateral tri-
angle. The obtained formulas are compared to numerical results to 
evaluate the validity of the relationships. For the analytical calculations, 
Euler-Bernoulli beam theory is employed. The finite element solver uses 
Timoshenko beam theory for relating the force and displacement in each 
strut. All the relationships are stated as functions of parameter α (which 
will be defined in the next section). By assigning different values to α, 
the obtained formulas are applicable to cubes with different levels of 
truncations, including a cube and an octahedron at extreme values of α. 
The mechanical behavior of unit cells in the large deformation regime 
are validated by mechanical testing of 3D printed samples. As the next 
step, the truncated unit cells are used as repairable building blocks for 
the core of sandwich panels. The energy absorption capability consid-
ering the weight of sandwich panels are studies numerically. Moreover, 
novel, effective, functionally graded sandwich structures are designed 
and compared with sandwich structures with uniform core densities. 

2. Materials and methods 

2.1. Apparent density 

Each unit cell consists of 24 inclined edges with length l (each shared 
by another adjacent unit cell) and 12 uninclined edges with length m =

αl (each also shared by three adjacent unit cells), see Fig. 2d where di-
mensions m and l are marked. Each truncated cube unit cell with cell 

Fig. 1. Steps of designing sandwich panels with repairable cores.  
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For the square cross-section with cross-section side length of b, we 
have: 

μ=m
V
=

24
2

{
b2l
}
+12

4

{
b2αl

}

(
α+

̅̅̅
2

√ )3
l3

=
12+3α
(
α+

̅̅̅
2

√ )3

(
b
l

)2

⇒ μ= 15
(
1+

̅̅̅
2

√ )3

(
b
l

)2

, forα=1

(3)  

and for a triangular cross-section: 
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2.2. Derivation of the stiffness matrix 

Here we try to find analytical relationships for the stiffness, kUC, 
Poisson’s ratio, νUC, and yield stress σy,UC, of a truncated cube unit cell 
as functions of elastic modulus, E, Poisson’s ratio, ν, and yield stress, σy, 
of the matrix material and the geometrical dimensions (pore size and 
strut size) of the structure. 

A truncated cube unit cell (Fig. 1a) consists of four vertical edges. 
Due to the symmetry present in the truncated cube structure, we can 
analyze 1/4 of the unit cell for theoretical study (Fig. 2d). If the total 
vertical load applied on a unit cell is F, then the vertical load applied on 
each vertical edge is F/4. The noted 1/4 structure consists of six vertices 
A, C, D, E, F, and H each having six degrees of freedom (DOFs) in space 
leading to 36 total DOFs for the system. In order to decrease the struc-
ture total DOFs, the lower and upper faces of this structure is assumed to 
be rigid. Due to the intrinsic symmetry of deformation with respect to 
the planes XZ and ZY, the vertices E and D are only able to move in the 
45◦ plane marked in Fig. 2c. In order to further decrease the DOFs of the 
system, the hypothetical points G and B which are the midpoints of 
edges FH and AC are used as DOFs rather than points F, H, A, and C. 
Again, due to the symmetry of the structure deformation, points B and G 
are only able to move in the 45◦ plane depicted in Fig. 2c. Each of the 
three points G, E, and D are only able to move in the 45◦ plane leading to 
three DOFs for each. 

The horizontal displacement and force of a point i are denoted as ui 

Fig. 2. A truncated cube unit cell before and after 
deformation under compressive loading: (a) 3D view, 
(b) frontal 2D view, (c) top 2D view, and (d) defor-
mation of ¼ of a unit cell. The thin black and thin 
blue lines represent the geometry of the unit cell 
before and after deformation, respectively. The thick 
black lines demonstrate ¼ of the unit cell considered 
for analytical study. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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and Fi, respectively, and the vertical displacement and force of the point 
are denoted as vi and Gi, respectively (Fig. 3). The applied moment on 
each point and its corresponding rotation in the 45◦ plane are repre-
sented by Mi and ϑi, respectively. Considering the forces and moments 
depicted in Fig. 3 and the coordinate system shown in Fig. 2, the external 
forces and moments acting on points D (denoted by 1), E (denoted by 2), 
and G (denoted by 3) are as follows: 
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The force-displacement relationship of the system must have the 
following form: 
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where the stiffness matrix elements kij have to be found in order to 
obtain the displacements, rotations, forces, and moments as functions of 
the applied force F from which different elastic properties of unit cell can 
be found. The vertices of the unit cell are considered rigid connections. 
The displacements of each DOF can be considered as the superpositions 
of displacements due to forces on all nine DOFs. In other words, by 
separately displacing each DOF (say DOF i) for unity while the other 
DOFs are kept fixed, the moments and forces required at all DOFs to 
maintain the equilibrium are obtained. These forces and moments 
construct the elements of the i th column of the stiffness matrix given in 
Eq. (8). For example, if we displace the fifth DOF for unity and keep the 
other DOFs fixed, the required forces and moments at the nine DOFs to 
cause such a deformation construct the elements of the fifth column of 
the stiffness matrix. In the 2D deformation of a cantilever beam, the 
deformation of the free end of the beam can be considered as the sum of 
four different types of displacements and rotations including axial ten-
sion/compression (u), lateral displacement (v), bending rotation (θ) and 
torsional rotation (φ), see Fig. 4. The forces and moments necessary for 
creating such pure displacements and rotations are depicted in Fig. 5. 
The detailed procedure of obtaining the elements of the stiffness matrix 
is provided in the electronic Appendix accompanying the paper. The 
final force-displacement relationship is (See appendix for details):   
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2.3. The elastic properties 

The unknown elements in the vector on the right side of Eq. (A29) 
can be simply obtained by inverting the new stiffness matrix and 
multiplying it by the new force vector. Using the obtained unknowns, it 
is possible to calculate the stiffness, Poisson’s ratio, and yield stress as 
functions of the geometrical and material properties m, l, E, G, and strut 
dimension of the structure. The stiffness of the structure is found by 
dividing F by v3. The Poisson’s ratio can be obtained by dividing 
displacement u2 by v3. It was observed that if the relationships for 

stiffness and Poisson’s ratio are expressed as functions of area moment of 
inertia and polar area moment of inertia, the obtained formulas become 
very lengthy exceeding two pages. Therefore it was decided to substitute 
I and J with their corresponding values for each cross-section type. 

2.3.1. Stiffness 
The stiffness was obtained using the following formula 

kUC =
F
v3

(9) 

For the circular cross-section, with strut radius of r, the obtained 
normalized stiffness was  

where α has been used for simplifying the expression and, as said before, 
is defined as m = αl. The parameter 
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structure) we have: 
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For square cross-section with cross-section side length of b, the ob-
tained normalized stiffness was   

By setting α = 1, Eq. (12) decreases to 
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For equilateral triangular cross-section with cross-section side length 
of b, the obtained normalized stiffness was   

By setting α = 1, i.e. for a unit cell with equal edge lengths, Eq. (14) 
is simplified to 

kUC

E
=

0.7174389
(

G
E − 2 −

̅̅̅
2

√ )[(
b
l

)2
+ 6

](
b
l

)4( ̅̅̅
2

√
+ 1
)
l

9
(

b
l

)2
[
0.5
(

b
l

)2
+ 5

]
+
(

G
E − 7.91359

)[
4 +

(
b
l

)2
((

b
l

)2
+ 12

) ]

(15)  

2.3.2. Poisson’s ratio 
Poisson’s ratio was obtained using the following formula 

νUC =

̅̅̅
2

√

2
u2

v3
(16) 

The coefficient 
̅̅
2

√

2 was put before u2, because u2 is representative of 
horizontal displacement in the 45◦ plane and not in the direction 
perpendicular to the unit cell side planes. For the circular cross-section, 
the Poisson’s ratio was found to be   

kUC

E
=

4(9)π
̅̅̅
2

√
+ α

(r
l

)4
(
2 − 4.5α + 2

̅̅̅
3

√
α +

̅̅̅
6

√
α − G

E α
)[

1 +
(

r
l

)2
]( ̅̅̅

2
√

+ α
)
l

[
2 + α

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
− G

E α
][

1 + 9
(

1 + α + α
(

r
l

)2
)(

r
l

)2
]
− 81

2 α2
(

r
l

)2
(

1 +
(

r
l

)2
) (10)   

kUC

E
=

4
̅̅̅
2

√
+ α

(
b
l

)4
(
2 − 4.5α + 2

̅̅̅
3

√
α +

̅̅̅
6

√
α − G

E α
)[

3 +
(

b
l

)2
]( ̅̅̅

2
√

+ α
)
l

[
2 + α

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
− G

E α
][

1 +
(

3 + 3α +
(

b
l

)2α
)(

b
l

)2
]
− 9

2α2
(

b
l

)2
(

3 +
(

b
l

)2
) (12)   

kUC

/

E =

̅̅̅
3

√

̅̅̅
2

√
+ α

(
b
l

)4
(
2 − 4.5α + 2

̅̅̅
3

√
α +

̅̅̅
6

√
α − G

E α
)(

6 +
(

b
l

)2
)( ̅̅̅

2
√

+ α
)
l

[
2 +

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
α − G

E α
][

4 + 6
(

b
l

)2
+ 6
(

b
l

)2α + α
(

b
l

)4
]
− 9α

(
b
l

)2
(

2 + 3α + α
2

(
b
l

)2
) (14)   
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For α = 1, Eq. (17) reduces to 

νUC =

(
G
E − 7.9135913

)[
1 − 3

(
r
l

)2
]
− 18

(
r
l

)2

(
2G
E − 15.82718

)[
1 + 9

(
r
l

)2
((

r
l

)2
+ 2

) ]
+ 81

(
r
l

)2
(

17
9 +

(
r
l

)2
) (18) 

For square cross-section with cross-section side length of b, the ob-
tained Poisson’s ratio was  

For α = 1, Eq. (19) simplifies to 

νUC =

(
G
E − 7.91359

)[
1 −

(
b
l

)2
]
− 6

(
b
l

)2

(
2G
E − 15.82718

)[
1 +

(
b
l

)2
((

b
l

)2
+ 6

) ]
+ 9
(

b
l

)2
(

17
3 +

(
b
l

)2
) (20) 

For the triangular cross-section and for α = 1, we have: 

νUC =

(
G
E − 1.91359

)[(
b
l

)2
− 2

]
+ 12

(
3.4135 − G

E

)(
4 + 12

(
b
l

)2
+
(

b
l

)4
)
+ 3
(

6 +
(

b
l

)2
) (21)  

2.4. Yield stress 

First, the yield stress of the structure is found assuming that the 
corners of the vertical struts, i.e. vertices E and D in Fig. 2, are the lo-
cations where yielding occurs initially. In order to obtain the stress at 
point E, first it is necessary to calculate the moments applied by edges EF 
and EH. Assume a deformation where a load F is applied on the top rigid 
surface and the displacements in the DOFs of point E are u2, v2 and θ2 
where the vertical displacement of points F and H are v3. By multiplying 
Eqs. (A2) and (A3) by v2 − v3, Eqs. (A9) and (A10) by u2, Eq. (A20-A-22) 
by θ2, and adding the resulting moment expressions, the total moment 
applied on point E is calculated as  

from which it can be concluded that the moment acting on point E is 

M =(v3 − v2)
6EI
l2 + u2

6
̅̅̅
2

√
EI

l2 − θ2

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
EI

l
+ θ2

GJ
2l

(23) 

Obtaining u2, v2 and θ2 from the compliance matrix (Eq. (A29)) and 
substituting them into Eq. (23) and setting α = 1 gives 

M =
−

̅̅̅
2

√ (
1 +

(
r
l

)2
)( ̅̅̅

2
√

+
̅̅̅
3

√
+

̅̅̅
6

√
− 4π

3

)
F

32l
{

5 + 2 G
E − 4

̅̅̅
3

√
− 2

̅̅̅
6

√
+ 5
(

r
l

)2
+ 2 G

E

(
r
l

)2
− 4

̅̅̅
3

√ (
r
l

)2
− 2

̅̅̅
6

√ (
r
l

)2
}

(24)  

which simplifies to 

M =

(
4π
3 − 2 −

̅̅̅
6

√
− 2

̅̅̅
3

√ )
F

32l
(
5 − 4

̅̅̅
3

√
− 2

̅̅̅
6

√
+ 2 G

E

) (25) 

Considering σy = Mc
I , where c is the distance between the neural axis 

of the strut and its outer fiber, the maximum stress can be found by 
multiplying Eq. (24) by 4r

πr4 and adding it to the axial compressive stress 
applied on the vertical edge ED, F

4πr2, which gives 

σmax =

(
4π
3 − 2 −

̅̅̅
6

√
− 2

̅̅̅
3

√ )

8π
(
5 − 4

̅̅̅
3

√
− 2

̅̅̅
6

√
+ 2 G

E

)
F
r3l

+
F

4πr2 (26) 

The stress applied on the unit cell is F
(
̅̅
2

√
+α)2 l2 where (

̅̅̅
2

√
+α)l is the 

dimension of the unit cell. Using σy,UC = F
(
̅̅
2

√
+α)

2
l2 

and σy = σmax, the 

normalized yield stress of a truncated cube unit cell with circular cross- 
section is: 

νUC =
1
2

(
2 +

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
α − G

E α
) (

1 − 3
(

r
l

)2
)
+ 18

(
r
l

)2α
(
2 +

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
α − G

E α
)[

1 + 9
(

r
l

)2
(

1 + α + α
(

r
l

)2
) ]

− 81
2

(
r
l

)2α2
[(

r
l

)2
+ 17

9

] (17)   

νUC =
1
2

(
2 +

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
α − G

E α
)(

1 −
(

b
l

)2
)
+ 6α

(
b
l

)2

(
2 +

(
2
̅̅̅
3

√
+

̅̅̅
6

√ )
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E α
)[

1 +
(

b
l

)2
(

3 + 3α + α
(

b
l

)2
) ]

− 9
2

(
b
l

)2α2
[(

b
l

)2
+ 17

3

] (19)   

∑
M =

{

(v3 − v2)

̅̅̅
2

√

2
6EI
l2 + u2

̅̅̅
2

√

2

̅̅̅
2

√

2
6EI
l2 + u2
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l
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3

√

2
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1
2
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√
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2

√

2

}
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̅̅̅
2

√
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2l2 − u2

̅̅̅
2

√
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2

√
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√
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√

2
1
2
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l

1
2
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2

√

2

}

j

+

{
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̅̅̅
2

√

2

̅̅̅
2

√

2
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√

2

̅̅̅
2

√

2
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1
2
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l

̅̅̅
3

√

2
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l

1
2

̅̅̅
2

√

2
+

1
2

θ2
4EI

l

̅̅̅
3

√

2
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l

1
2
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2
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2

}

k

=

(

(v3 − v2)
3
̅̅̅
2

√
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l2 + u2
6EI
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6

√
+
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3

√ )
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l
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2
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)

i +

(
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3
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√
+

̅̅̅
3

√ )
EI

l
−

̅̅̅
2

√

4
θ2

GJ
l

)

j

(22)   
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σy,UC

σy
=

8π
(

r
l

)2

( ̅̅̅
2

√
+ α
)2
[
(4π

3 − 2−
̅̅
6

√
− 2
̅̅
3

√
)

2(5− 4
̅̅
3

√
− 2
̅̅
6

√
+2 G

E)
1
rl + 1

] (27) 

This expression gives a negative value showing the compressive yield 
stress. 

Now, we find the yield stress of the structure assuming that the in-
clined sides of the intersection of the inclined and vertical struts (i.e. 
points E and D) are the locations which yield first. In order to obtain the 
stress at point E, first it is necessary to calculate the moments applied on 
it. By multiplying Eq. (A2) by v2 − v3, Eq. (A9) by u2, M in Eq. (A20) by 
θ2
2 , and T in Eq. (A20) by θ2, and adding the resulting moment expres-
sions, the total moment applied on edge EF is calculated as  

The unit vector of edge EF is uEF =
( ̅̅

2
√

2 , 0, −
̅̅
2

√

2

)
. Therefore, pro-

jection of the moment vector given in Eq. (28) onto edge EF is  

from which the perpendicular component of the moment vector with 
respect to edge EF is 

M⊥EF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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l2
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+ 3θ2
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+ 18(v2 − v3)
2
(

EI
l2

)2
√

(30)  

which for α = 1 gives a very lengthy expression for yield stress that is not 
stated here. Unlike edge ED, the axial load applied on edge EF is not 
simply F

4πr2, because the top edge also imposes horizontal force on point E 
of this edge. By multiplying Eq. (A2) by v2 − v3, Eq. (A9) by u2, Eq. (A21) 
by θ2, and adding the resulting moment expressions, the total force 
applied on point E is calculated as  

∑
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(28)   

MEF =
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∑
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(31)   
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Projection of the force vector given in Eq. (31) onto edge EF is 

FEF =

̅̅̅
2

√
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(
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(32)  

which for α = 1 becomes 

FEF =
− F
(
2.5
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√
− 2
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− 2
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3

√
+
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3

√
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6

√ )[
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(
r
l

)2
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6
̅̅̅
2

√ [
1 +

(
r
l

)2
]

(33) 

Multiplying Eq. (30) by 4r
πr4 and Eq. (33) by 1

πr2 gives the maximum 
stress of the structure assuming that the inclined strut side of the 
intersection of vertical and inclined struts are the most susceptible lo-
cations to yielding. The obtained expression for yield stress is very 
lengthy and is not stated here. However, in the following, its results are 
plotted and compared to other results. 

2.5. Finite element (FE) modeling of unit cells using beam elements 

The main mechanism of deformation in the truncated cube unit cell 
is bending of the struts making the beam elements the natural choice for 
modelling them. Beam elements are computationally inexpensive and 
can be used to compose models with a large number of cells [49]. The 
cell edges were discretized using standard Timoshenko beam elements 
(element type 189 in ANSYS) that uses linear interpolation (two-node 
linear beam) and allows for transverse shear deformation. Considering 
transverse shear deformation becomes more important in struts with 
higher thickness to length ratios. 

All the struts in the open-cell porous structures were represented 
mechanically by beams that were rigidly connected in vertices. The 
material considered for the analyses was polylactic acid (PLA). In all the 
calculations, the cell edge material was assumed to be linear elastic, with 
mechanical properties given in Table 1. 

The static nonlinear implicit solver available in ANSYS FE code 
(United States) was used for the calculations. The FE model (Fig. 6) 
consisted of eleven struts similar to the configuration considered for 
analytical investigation (thick lines in Fig. 2a). In this structure, all the 
DOFs of the lowermost struts were fixed in the space, and the top struts 

Fig. 3. Degrees of freedom of points G, E, and D in the 45◦ plane.  

Fig. 4. Cantilever beam having four types of displacement/rotations at its free 
end [40]. 

Fig. 5. Forces and moments necessary to be applied to cause the illustrated 
deformations. 

Table 1 
Mechanical properties of the PLA material under tensile loading.  

Density (kg/ 
m3) 

Young’s modulus 
(GPa) 

Ultimate tensile strength 
(MPa) 

Poisson’s 
ratio 

1240 3.7 57 0.36  
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were only allowed to move vertically. Two concentred forces of F8 were 
applied on top points F and H of the simple structure (Fig. 2a).The 
effective stiffness was calculated by dividing the applied force by the 
resulting displacement in the Y direction; and Poisson’s ratios were 
calculated by dividing the negative value of the lateral displacement by 
the axial displacement. 

2.6. Finite element modeling of sandwich panels and unit cells using 
volumetric elements 

The commercial ABAQUS software (V 6.14. Dassault systems, 
France) was used to model the compression tests on three types of unit 
cells with different strut radii (2 mm, 3 mm, and 4 mm). Dynamic im-
plicit analysis was used to predict the unit cells’ behaviour in large 
deformation regime. The application mode in the ABAQUS was set to 
quasi-static, which decreases simulation time and increases the accuracy 
of results. 

Fig. 7c demonstrates the engineering stress-strain curves of three 
similar doge-bone PLA specimens under tensile test. As illustrated in this 
figure, the material’s behavior is elastic-plastic, and after the yielding 
point, a plateau regime is observed. The stress-strain data were imported 
into ABAQUS using the calibration tool, and ABAQUS calculated all the 
required parameters for modeling elastic-plastic behavior. The 
measured mechanical properties of the PLA material are listed in 
Table 1. To model damage in truncated cube unit cells, the ductile 
damage option in ABAQUS was considered (with parameters listed in 
Table 2). The fracture energy value was taken from Noori’s work [50] 

which reports the fracture energy for interlayer fracture of specimens 
with different deposition heights. 

Fig. 7a depicts the discritized geometry of the truncated cube unit 
cell with struct radius of 2 mm. The top plate is allowed to move in the Y 
direction and it is restricted in all other directions, while the bottom 
plate is fixed in all directions. Both plates are considered to be rigid 
bodies; hence their force and displacement values can be obtained from 
those of defined reference points. The general contact type was defined 
between the upper and lower plates and the truncated cube unit cells. 
Linear hexahedron (C3D8R) elements were employed for discretizing 
both the upper and lowermost plates, and linear tetrahedron C3D4 el-
ements were used for the unit cell. 

In the next set of simulations, the truncated cube unit cell was uti-
lized as a the core material for sandwich panels (Fig. 7b) and their en-
ergy absorption capability was studied. Aluminum face sheets were 
considered for the sandwich structure, and their elastic-plastic me-
chanical behaviour was modeled using the Johnson-Cook material 
model [51]. The larger bed plate at the bottom side as well as the loading 
pin were considered as rigid bodies. Both the lower plates (rigid and 
aluminum plates) were restricted in all directions. The loading pin was 
allowed to move in the Y direction only, and it was constrained in all 
other directions. The main reason for using a sandwich structure sup-
ported by a rigid back plate and under the impact of a pin was to model 
the frontal pole crash, especially when the sandwich panel is used as an 
energy absorption structure in cars [52,53]. 

General contact was defined between different parts. Tie constraint 
was defined between the unit cells and the aluminum plates. The loading 
pin was moved downwards until a fracture occurred in a unit cell. The 
criteria which take into account the damage initiation (and fracture) of 
the unit cell is the ductile damage initiation criterion (DUCTCRT). 
DUCTCTR ranges from 0 to 1; when it reaches 1, the damage is initiated 
[54]. The main reason for switching from ANSYS for simulating beam 
elements to ABAQUS for volumetric elements modeling was the capa-
bility of ABAQUS in importing fracture energy for interlayer fracture 
energy of specimens and its ability to show the ductile damage initiation 
criterion (DUCTCRT), which are essential for the present nonlinear 
simulation. Linear hexahedron (C3D8R) element type was used to dis-
cretize the plates, while linear tetrahedron (C3D4) element type was 
implemented to discretize the unit cells and loading pin. 

Three types of sandwich panels with aluminum face sheets and 
uniform unit cell density distribution (with different strut radii of 2 mm, 
3 mm, and 4 mm), and four types of sandwich structures with graded 
cores were considered. In order to examine the effect of different core 
types, the overall dimensions of sandwich structures were kept equal in 
all the cases: the sandwich structures were 300 mm in length, 50 mm in 
depth, and 50 mm in height; the truncated cube cells were 40 mm in 
height; and the aluminum face sheets were 5 mm thick. Moreover, the 
distance between two neighboring truncated cube cells (the distance 
between symmetry planes of the cells) was considered to be 1.5 times 
the height of the truncated cube cell (i.e. 60 mm). Different graded 
sandwich panel configurations examined in this study are demonstrated 
in Fig. 8, and their specifics are listed in Table 3. 

2.7. Experiments 

Experimental tests were also carried out to evaluate the validity of 
the analytical and numerical results. Unit cells with different strut radii 
(2 mm, 3 mm, and 4 mm) but with equal strut lengths (15 mm) were 
produced using fused deposition modelling (FDM) additively 
manufacturing technique (Fig. 9). Three samples were fabricated for 
each geometry. Makerbot replicator 5th generation was used for pro-
duction of the samples using light brown PLA filaments. Layer thickness 
of 100 μm, infill density of 100%, and nozzle diameter of 0.4 mm was 
used for the printing process. In addition to truncated cube unit cells, 
cylindrical specimens with 12.7 mm diameter and 25.4 mm length 
(according to standard ASTM D695, ISO 604) were produced and tested. 

Fig. 6. The loads and boundary conditions used in the FE truncated 
cube model. 
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All the cylindrical and truncated cube samples were mechanically tested 
under compression using a static mechanical testing machine (INSTRON 
5985, load cell: 10 kN). The stiffness and yield stress of each truncated 
cube sample was obtained from the corresponding load-displacement 
curve and then divided by the elastic modulus and yield stress of the 
cylindrical specimens to give normalized values. 

3. Results 

3.1. Single unit cell 

As the imposed displacement increased, some cracks were formed 
and grew in different locations of the additively manufactured unit cells. 
Observing the specimens during the deformation showed a few locations 
susceptible to crack formation and propagation in different samples 
(Fig. 10). Despite some differences between the locations of crack 

formation in different samples, the trend of their load-displacement 
curves was similar (Fig. 11): in displacements lower than ~1.5 mm, 
all the samples showed elastic behavior. In the displacement ~4 mm, 
unit cell final fracture was observed in all the samples. The load- 
displacement curves (Fig. 11) were all converted to stress-strain 
curves in order to compare their results to the numerical and analyt-
ical results. The experimental results of the samples with the same strut 
thicknesses were almost similar, and the samples of each group showed 
relatively close stiffness and yield stress. 

Fig. 12a compares the load-displacement curves obtained from 
experimental and simulation results for three types of single unit cell. 
For the experimental curve in each case, the averaged curved from three 
experiments (Fig. 11) was plotted. As it can be seen, there was a good 
correlation between the experimental and numerical results. The 
maximum load determined by FEM was 7%, 6%, and 20% higher than 
the corresponding experimental values for low, medium, and high 
relative density cases, respectively. The main reason for the numerical/ 
experimental discrepancies is geometry imperfection of the 3D printed 
specimens and simplifying assumptions of the numerical model. Similar 
to experimental results, the force-displacement curves presented elastic 
behavior for the displacements lower than ~1.2 mm, after which strain 
hardening was observed, which finally led to final fracture at displace-
ments in the range of 3–4 mm. 

Fig. 7. Configuration of (a) truncated cube unit cell model under compression, (b) sandwich panel with uniform distribution of truncated cube unit cells. (c) Stress- 
strain of the bulk PLA material used for FEM modelling. 

Table 2 
Parameters required for modeling ductile damage in PLA.  

Fracture strain Fracture energy (mJ/mm2) [50] Stress triaxiality 

0.036 5 0.33  
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It is worth mentioning that modeling damage is one of the strong 
aspects of the numerical modelling as it can predict the region of cracks 
very well and it can give accurate values for final fracture (see Fig. 12b, 
c). 

Comparison between analytical, numerical, and experimental values 
of stiffness, Poisson’s ratio, and yield stress shows excellent agreement 
between the numerical and analytical results, especially at small 
apparent densities (Fig. 13). Even at large apparent densities (μ = 0.5), 
the difference between the numerical and analytical results was less than 
7% (Figs. 13a), 20% (Fig. 13b), and 5% (Fig. 13c) for the normalized 
stiffness, Poisson’s ratio, and normalized yield stress, respectively. The 
structures with square and circular cross-sections presented very close 
elastic properties. However, the structure with triangular cross-section 
had larger and smaller stiffness and Poisson’s ratio, respectively with 

Fig. 8. (a) Definition of different positions in the sandwich panel. Different types of sandwich structures studied: (b) Type 1, (c) Type 2, (d) Type 3, and (e) Type 4.  

Table 3 
Different graded sandwich panel configurations examined in this study (see 
Fig. 8 for definition of Positions A, B, and C).   

Position A Position B Position C 

Sandwich panel type 
1 

Strut radii of 3 
mm 

Strut radii of 2 
mm 

Strut radii of 4 
mm 

Sandwich panel type 
2 

Strut radii of 3 
mm 

Strut radii of 4 
mm 

Strut radii of 4 
mm 

Sandwich panel type 
3 

Strut radii of 2 
mm 

Strut radii of 4 
mm 

Strut radii of 4 
mm 

Sandwich panel type 
4 

Strut radii of 2 
mm 

Strut radii of 3 
mm 

Strut radii of 4 
mm  
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respect to the corresponding values of the structures with square and 
circular cross-sections. This phenomenon was observed for both the 
analytical and numerical results. The stiffness values obtained from the 
experimental tests were also very close to the analytical and numerical 
results. 

In the numerical and analytical (based on beam elements) analyses, 
in all the apparent densities, yielding occurred at points E and D of the 
inclined struts before yielding could occur in the vertical strut at the 
same points. On the other hand, in the experimental tests and volumetric 
numerical models, it was observed that failure started at the same points 
D and E but on the vertical strut side. This is due to the fact that in the 
analytical and numerical study which were both based on beam the-
ories, the aggregation of material in the inclined struts at points B and D 
could not be modeled. In reality, the increase in the thickness of the 
inclined struts due to their overlapping at points B and D formed a 
wishing bone geometry that protected them against failure. If only 
failure in the vertical struts is considered (as the experimental results 
confirm it), the analytical, numerical, and experimental yield stress 
values have very good agreement (see Fig. 13c). 

At the apparent density of 0.24, the normalized stiffness was 0.12 
which showed a huge drop with respect to the stiffness of the solid 
material (Fig. 13a). However, at the same apparent density, decrease in 
the porous structure’s yield stress with respect to that of the solid ma-

terial was lower (
(

σy
σys

∼ 0.19
)

, see Fig. 13c. 

The value of Poisson’s ratio for all the cross-section types started 
from 0.5 for very slender struts (μ→0) and reached ~0.25 for the 
apparent density of 0.5. While the numerical and analytical stiffness and 
Poisson’s ratio values deviations from each other increased as the 
apparent density increased, the numerical and analytical yield stress 
coincided at the apparent density of 0.446 (Fig. 13c). 

All the analytical relationships obtained for stiffness and Poisson’s 
ratio of the truncated cube structure are expressed as functions of the 
ratio α (see Eqs. (10)–(19)). Evaluating the change in the elastic prop-
erties of truncated cube as a result of variation in α can be of interest. As 
the value of α increases, the ratio of the lengths of the uninclined to the 
lengths of the inclined struts increases, which makes the structure 
become more similar to a simple cube. For α = ∞, the truncated cube 
becomes a cube, while for α = 0, the structure becomes a regular 
octahedron. 

It must be noted that by setting α = ∞, the stiffness, Poisson’s ratio, 
and yield stress obtained from Eqs. ((10), (12), (14), (17) and (19) 
become zero. This is because if the length of the inclined struts, l, is kept 

Fig. 9. The additively manufactured unit cells having equal strut length but 
three different thicknesses. 

Fig. 10. Cracks formed in the struts of unit cells with (a) r/l = 0.2 and (b) r/l =
0.26 in the final stages of deformation. 

Fig. 11. Load-displacement curves for the samples with different rela-
tive densities. 

R. Hedayati et al.                                                                                                                                                                                                                               



Composites Part B 243 (2022) 110124

13

constant, by setting α = ∞, the dimension of each unit cell becomes 
infinite which yield zero relative density, stiffness, and Poisson’s ratio. 
Since it is required to investigate the effect of α while keeping the unit 
cell dimension (and as a result the structure relative density) constant, 

the parameter κ = l
(

α +
̅̅̅
2

√

/2
)

was defined and the length of inclined 

struts were varied for different values of α using l = 2κ/
(
2α +

̅̅̅
2

√ )

while keeping the unit cell dimension κ constant. 
As it can be seen in Fig. 14, as the value of α is increased, the stiffness, 

Poisson’s ratio, and yield stress increased, decreased, and increased, 
respectively. All the values approached asymptotic values for large α 
ratios. Results showed that at very large values of α, Poisson’s ratio 
approaches zero. At α = 0, i.e. for octahedral unit cell, the yield stress of 
the structure assuming that yielding occurs in the top and middle ver-
tical struts was equal. For α > 0, yielding always occurred in the inclined 
strut side of the point E and D. 

All the obtained analytical elastic relationships (Eqs. (10)–(21) and 
(27)) are expressed as functions of the solid material’s Poisson’s ratio, 
too. Therefore, investigating its effect on the elastic properties of trun-
cated cube structure is beneficial. It was seen that the solid material 
Poisson’s ratio had a very small effect on the structure’s normalized 
stiffness and Poisson’s ratio, and it was almost ineffective on the trun-
cated cube structure’s yield stress (Fig. 15). Increasing the solid material 
Poisson’s ratio from 0 to 0.5 did not change the normalized stiffness and 
Poisson’s ratio of the truncated cube structures for more than 1.5% and 
0.2%, respectively. 

3.2. Sandwich panels 

The loading pin was displaced until the first cubic unit cell (at the 
center) was completely failed. Fig. 16a–d demonstrates the final defor-
mation of sandwich panels due to displacement of the loading pin. The 

Fig. 12. Unit cells simulation results: (a) force-displacement curves for experimental and numerical model. Cracks formed in the struts of unit cells with (b) r/l = 0.2, 
and (c) r/l = 0.26 in the final stages of deformation for both numerical simulations and experiments. 
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upper and lower aluminum plates are hidden in these figures to make it 
easier to observe stress counter in truncated cube unit cells. The force- 
displacement curves of four types of sandwich panels are presented in 
Fig. 17a. As indicated in this figure, the maximum displacement which is 
around 15 mm occurred in the case of a sandwich panel with a low- 
thickness unit cell (2 mm), while the minimum final displacement 
belonged to the sandwich panel with graded core (Type 4). The sand-
wich panels with high and low relative density cores presented 
maximum forces of 13.85 kN and 2.69 kN, respectively. The maximum 
load in the case of graded core was 10.4 kN, and its maximum 
displacement was 8.67 mm, which was the lowest final displacement 
among all the sandwich panels. 

The force-displacement curves of all the sandwich panels have a 
similar trend; at low displacements (<1 mm) the force increases expo-
nentially due to initial softening. Afterward, the vertical edges of the 
unit cells started buckling and failing, and the force increased at a 
decreasing rate. Finally, local fracture occurred in the uninclined edges, 
leading to a slight decrease in force recorded from the sandwich panel 
before the final fracture. It is worth mentioning that maximum loads are 
recorded at displacements around 3–6 mm in all the cases (Fig. 17a), 
which is the displacement range where fractures occur locally in the unit 
cells. 

4. Discussion 

4.1. Differences between experimental data and analytical/numerical 
results in elastic regime 

Although Timoshenko beam theory was used for the numerical 
model, and Euler-Bernoulli beam theory was implemented for obtaining 
the analytical formulations the differences between numerical and 
analytical stiffness, Poisson’s ratio, and yield stress did not exceed 7% 
(Figs. 13a), 20% (Fig. 13b), and 5% (Fig. 13c), respectively, even at 
apparent densities as large as 50%. The experimental stiffness and yield 
stress showed some deviations with respect to numerical/analytical re-
sults. The additively manufactured structures do not have constant 
cross-section areas (see Figs. 9 and 10). Layer-by-layer solidification of 
melted filaments creates uneven external surfaces in the manufactured 
specimens. Variations in the cross-section area decreases the stiffness of 
the structure, because in the struts with very weak portions, micro- 
plasticity usually starts in the very early phases of deformation, and 
therefore, changes the way such portions contribute in the structure’s 
load bearing. To better model the effect of these variations in the strut 
cross-sections, FE solutions would be very helpful because it is possible 
to define elements with varying cross-section areas per each strut length. 
The thickness of the struts can be varied randomly along the strut using 
automatic randomizing functions. For such a FE study, see Ref. [19]. 

Since the surface roughness of the manufactured samples are almost 
close in the structures with all apparent densities, the larger the thick-
ness of the strut is, the lower the effect of surface unevenness will be. 
This is due to the fact that by increasing the strut thickness, the ratio of 
area occupied by the uneven external surface of the strut to the internal 
area of the strut decreases. This was verified by comparing the experi-
mental/analytical correlation in truncated cube unit cells with different 
strut thicknesses. As the apparent density increased, the experimental/ 
analytical correlation improved for both the elastic modulus and yield 
stress values (Fig. 13). 

As it can be seen in Fig. 10, the most common damaged spots in the 
unit cells are either the middle part of the horizontal edges or the top and 
bottom ends of the vertical edges. While the behaviour of horizontal 
edges was not studies analytically in this study (due to complexies 
arising from direct contact of the horizontal edges with the loading 
plates), the location of the latter was well predicted in both the 
analytical and numerical studies. 

Fig. 13. Effect of apparent density on the values of (a) normalized stiffness, (b) 
Poisson’s ratio, and (c) normalized yield stress for circular cross-section. 
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Fig. 14. Effect of length of middle vertical edge on the values of (a) normalized 
stiffness, (b) Poisson’s ratio, and (c) normalized yield stress. The parameter α is 
the ratio of the middle vertical edge length to the inclined edge length. The 
ratio r/κ is 0.1. 

Fig. 15. Effect of the material Poisson’s ratio on the values of (a) normalized 
stiffness, (b) Poisson’s ratio, and (c) normalized yield stress. 
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4.2. Single unit cell vs. lattice structure 

One of the main contributions of the current research is obtaining 
analytical relationships for elastic properties of a single truncated cube 
unit cell. Although truncated cube unit cell has been previously pre-
sented as being a very good candidate for back-to-back lattice structures, 
where the boundary conditions are different from those considered in 
this paper, but the formulas obtained in this research for a single unit 
cell are also applicable to some locations of the back-to-back lattice 
structure where the unit cells are not completely surrounded by neigh-
boring cells, such as implant corners, edges, etc. In most engineering 
applications, the exterior portions of a segment are the most susceptible 
locations to damage. This is also true and maybe even more serious in 
implants as all the external surfaces of an implant are loaded by bone 
tissues surrounding them. In addition to biomedical implants, a single 
truncated cube structure can also be useful for applications such as 
packaging and sandwich panels where the unit cells are not in direct 
contact with each other. It was shown in Fig. 14c that an equilateral 
truncated cube structure (α = 1) has a yield stress at least twice of that 
for a simple cube structure (α = ∞). Therefore, boxes with truncated 
cubic skeleton can tolerate loads at least twice the load the boxes with 

cubic skeleton can bear. As a result, replacing cubic boxes with trun-
cated cubic boxes in applications such as goods transportation where a 
large number of boxes have to be stacked on top of each other can be 
beneficial. The analytical relationships obtained for truncated cube 
structure are very useful for obtaining fast and exact elastic mechanical 
properties of such structures. 

Mechanical properties of a truncated cube unit cell inside a lattice 
structure is investigated in Ref. [41]. Comparison of yield stress between 
a single truncated cube unit cell, studied here, and a truncated cube unit 
cell inside a back-to-back lattice structure [41] can be of interest. At the 
apparent density of 50%, where the normalized yield stress of a single 
unit cell is about 0.25, the normalized yield stress of a the unit cell inside 
a back-to-back lattice structure is about 0.125. This can imply that at the 
same levels of stress, the interior parts of an implant are more suscep-
tible to damage. This was evaluated by numerically analyzing a cubic 
lattice structure under compressive loading and comparing the stress 
level in its different locations. It was seen that the stress level in the 
internal parts of an implant with arbitrary macro-geometry is not 
essentially larger or smaller than that in its exterior parts, and depending 
on the loading conditions and the macro-geometry of the implant, more 
thorough investigations are necessary to find out which regions are the 

Fig. 16. The final form of deformed sandwich panels for unit cells with strut radii of (a) 2 mm, (b) 3 mm, (c) 4 mm, and (d) functionally graded cores (sample 4).  
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locations where yielding first occurs. 
While the Poisson’s ratio of the lattice structure is about 0.2 and 0.06 

for the apparent densities of 0 and 0.5, respectively, the Poisson’s ratio 
of a single truncated cube is 0.5 and 0.25 at the same apparent densities. 
This huge difference between the Poisson’s ratio of a single unit cell and 
a unit cell placed inside a lattice structure shows that the porous 
structure has a much higher tendency to move transversely in its exterior 
parts as compared to its internal regions. 

4.3. Active deformation mechanisms 

In single unit cell, some mechanisms such as local plasticity, buckling 
of the struts, interaction of neighboring struts, etc. can be influencing 
factors in the failure of the structure. Interaction of neighboring struts 
becomes active only after the structure has gone under large de-
formations, the start of which is marked by the densification part of a 
stress-strain curve which follows a plateau phase in a typical stress- 
strain curve of porous structures. A structure must be designed in such 
a way that none of its parts enter the plateau phase. Therefore, only the 
two failure mechanisms of local yielding and buckling must be studied to 
find out which of them are the first mechanism which lead to structural 
failure. Plotting the yield stress against the buckling stress demonstrated 
that the buckling stress for single truncated cube structures is several 
orders of magnitude larger than their yield stress for the strut radii 
considered. 

It was shown in Fig. 15 that the effect of the material Poisson’s ratios 
on the stiffness, yield stress and Poisson’s ratio of a truncated cube 
structure is less than 1.5%. Therefore, simplifying the analytical re-
lationships, Eqs. (10)–(21) and (27) by setting ν = 0 or G/ E = 0.5 does 
not change the results of the analytical relationships significantly. 

4.4. Applications in the sandwich panels 

Sandwich panels have broad applications in automobiles, marine, 
and aerospace industries due to their advantageous properties such as 
low weight and high energy absorption capacity [1]. Both energy ab-
sorption capability and mass of the sandwich structure are highly crucial 

in practical applications. Therefore, specific energy absorption (SEA), 
which is defined as energy absorption per unit mass of the structures (the 
mass of all the unit cells in each case), is reported in Fig. 17b. 

In the present study, sandwich panels with different functionally 
graded core configurations were examined. The optimum design for 
highest energy absorption capacity was found by conducting simula-
tions on those configurations. The highest SEAs were obtained for 
graded cores, where a truncated cube unit cell with strut radii of 4 mm 
(high relative density) was placed at the center of the sandwich panel in 
a symmetric manner (all the cases shown in Fig. 8 and listed in Table 3). 
This is due to the fact that as the roller comes into contact with the 
sandwich structure, the maximum stress is applied on the central unit 
cell (as can be seen in Fig. 16), which implies that placing a truncated 
cube unit cell with the highest strut radii (i.e. 4 mm) is the best possible 
candidate to avoid local failure. As the truncated unit cell with strut radii 
of 4 mm has the maximum mass, increasing the number of this cell in-
creases the core’s overall mass. SEA of structures types 1–4 was 865.22, 
890.04, 910.52, and 1053 J/kg, respectively. The functionally graded 
sandwich panel type 4, presented the best performance while consid-
ering both energy absorption capacity and mass. The force-displacement 
diagram corresponding to sandwich panel type 4 is presented in Fig. 17a 
as the best functionality graded design. Functionally graded sandwich 
panels (sandwich panel type 4) increase SEA by ~21% and decrease the 
maximum displacement by ~2.5% with respect to the second-ranking 
best option (sandwich panels with high relative density core). The 
force-displacement curve of all the four types of graded sandwich panels 
are shown in Figure B1 (see Appendix B). 

Moreover, the proposed functionally graded structure with the best 
performance (sandwich panel type 4) has a superior specific energy 
absorption (SEA) capability as compared to common lattice structures. 
For example, depending on the number of cells, this structure shows an 
increase in SEA by 50–100% with respect to hexagonal horseshoe and 
square horseshoe geometries [15]. Moreover, structures types 1–4 have 
higher SEAs as compared to unreinforced nylon (PA) (653 J/kg), and 
even short carbon fiber (SCF) reinforced PA (720 J/kg) triangular 
corrugated structures [55]. 

4.5. Easy-to-repair feature 

Another special feature of using separated truncated unit cells as the 
core is the ability to replace the damaged unit cells with new intact ones. 
For the sandwich panels considered in Fig. 16, after the maximum 
displacement of the roller occurs, the number of damaged unit cells 
which require being replaced varies from 1 to 3. Therefore, there is no 
need to replace the whole structure, resulting in lower maintenance 
costs. Considering this unique feature, the functionally graded core 
sandwich panel (Type 4) has the optimal performance . Using separated 
unit cells as the core filling material provides the ability to easily change 
the damaged unit cells, which are not cost-effective or straightforward 
with common back-to-back lattice structures. Also, as discussed earlier, 
as compared to other unit cell types, the truncated cube structure can 
provide a wide range of mechanical properties which is an important 
parameter in desgining sandwich structures. Another unique feature of 
the truncated cube unit cell is that when used as the core of sandwich 
panels, the upper and lower face sheets can have and maintain a good 
contact area with the unit cell at the interface, providing high stability 
during deformation and hence resulting in high energy absorption 
capability. However, other common unit cells might not be able to 
maintain this stability under loading when they are positioned separated 
from each other. 

4.6. Application in biomedical implants 

If the obtained stiffness and yield stress for a single truncated cube 
structure are multiplied by the corresponding values of biocompatible 
metals (such as Ti6Al4V), it can be seen that the elastic properties of 

Fig. 17. Simulation results of sandwich panels: (a) force-displacement curves, 
(b) SEA for all types of cores. 
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truncated cube structures are in the range of those in a natural bone. 
Proximity of the elastic moduli of bones and that of the considered unit 
cell prevents occurrence of stress shielding in the bone surrounding the 
porous biomaterial. Using additive manufacturing techniques, it is 
possible to produce porous implants with different micro-geometrical 
properties at their different locations. Using the analytical relation-
ships obtained in this paper for a single unit cell, and presented in 
Ref. [41] for a lattice structure, it is possible to tailor the 
micro-geometrical properties of the implant in its different regions to 
achieve a structure with arbitrary distribution of mechanical properties. 
For example, the struts of the exterior parts of an implant can have 
thicker struts to result in an implant with high strength. 

5. Conclusions 

In this paper, analytical solutions were derived for a single truncated 
cube structure with circular, square, and equilateral triangular cross- 
section types. Stiffness, Poisson’s ratio, and yield stress of a single 
truncated cube structure were derived as functions of struts’ cross- 
sectional dimensions, unit cell size, and elastic properties of the bulk 
material. Unit cells with three relative density levels were printed by an 
FDM 3D printer. The force-displacement correlation of the truncated 
cube unit cell under compressive loading was determined. The 
compressive tests were also simulated by FEM, and the results were 
compared with experimental results. Another significant novelty of the 
present research is making use of separated unit cells as the core of 
sandwich panels, which provide ease of repairability, and introducing a 
novel functionally graded core. The results show that:  

• The results of analytical relationships and FEM for a single unit cell 
study are in good agreement in terms of the above-mentioned elastic 
properties (stiffness, yield stress, and Poisson’s ratio).  

• The experimental results of 3D printed single unit cell samples under 
compressive tests were also in good accordance with FEM consid-
ering damage initiation and evaluation, especially at large apparent 
densities. FEM was capable of determining damage initiation loca-
tions as well.  

• The length of inclined and vertical struts in a truncated cube is not 
necessarily equal and variation of the ratio of these two lengths can 
alter the mechanical properties of this structure significantly. The 
obtained solutions in this paper are not only applicable to equilateral 
truncated cube unit cells, but also to truncated cube cells with 
arbitrary truncations. 

• Results indicated that bulk material Poisson’s ratio has an insignifi-
cant impact (less than 1.5%) on the relative stiffness, yield stress, and 
Poisson’s ratio of a truncated cube structure. In this regard, simpli-
fying the analytical relationships by setting ν = 0 or G/ E = 0.5 does 
not change the results of the analytical relationships significantly.  

• Seven sandwich panels with identical aluminum face sheets but with 
different cores (three core types consisted of unit cells with uniform 
strut radii and four core types consisted of graded unit cells) were 
considered as application cases of the truncated cube unit cells. The 
functionally graded sandwich panel presented the best performance 
while considering both energy absorption capacity and mass. Func-
tionally graded sandwich panels (Type 4) increased SEA by almost 
21% and decreased the maximum displacement by 2.5% with respect 
to the second-ranking best option. 
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