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Abstract 
Traditionally it has been difficult to develop and verify designs for 3D reticulate cellular structure. 
Additive manufacturing provided a feasible alternative for this challenge. In this work, a 3D octahedral 
cellular structure was designed and investigated. Using a combined method of simulation and 
experimentation, the mechanical properties of the structures were evaluated. It was found that the cellular 
structure exhibits unusual size effect that is highly predictable by simulation and experimentation. This 
work established the design-property mapping for the octahedral cellular structure for further design 
development, and demonstrated the feasibility of applying this type of structure in sandwich panel 
applications.  

Introduction 
Cellular structures have been drawing increasing attentions in recent years due to their potentials in high 
performance-to-weight ratio applications.  Sometimes referred to as “metamaterials”, cellular structures 
could achieve tailored physical and mechanical properties via the control of interior geometries [1, 2]. 
Additive manufacturing (AM) has been increasingly often used to manufacture cellular structures due to 
its freeform capability with complex geometries [3-6]. On the other hand, the design theory for cellular 
structures is relatively underdeveloped, especially for the cellular structures with 3D architectures. By far 
only several of such 3D cellular structures have been investigated in details for design development, 
including octet-truss structures [7-10] and re-entrant auxetic structures [4, 11-14]. It has been suggested 
that the development of design tools for 3D cellular structures could be facilitated by AM technologies 
[15]. With the fabrication capability of AM, cellular designs could be verified by experimentation, and 
other non-geometrical design factors such as manufacturing factors and boundary factors could be 
conveniently identified and investigated. In this paper, works were focused on the preliminary modeling 
of an octahedron 3D cellular structures with electron beam melting (EBM) process. The octahedral 
structure was of interest to this study due to its relatively straightforward deformation mechanism and the 
potentials in high energy absorption sandwich structure applications. The approach of this study took the 
same methodology used previously in the development of auxetic structure with EBM [4, 11-14], in 
which analytical modeling, finite element analysis and experimentation were used in combination in order 
to gain insights into the design issue.  
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Modeling of structure 
The octahedral structure is a special type of 3D cellular structures. Unlike many other commonly seen 
cellular structures, this octahedral structure does not have tetrahedral or triangular sub-structures. As 
shown in Fig.1(b), the octahedral structure can be represented by an octahedral volume with eight sloped 
struts. This structure has been previously studied experimentally, although the work was focused on 
process perspectives [16] The Maxwell stability criterion number for the octahedral structure is M<0 [17], 
which indicates that the structure does not have the same kinematic stability as compared to some of the 
other 3D cellular structures such as octet-truss. It’s worth noting that for structural analysis purpose, the 
unit cell of the octahedral cellular structure could be constructed around a joint. As shown in Fig.1(c), the 
unit cell structure possesses a central joint with eight struts radiate out. From the construction of the unit 
cell, it is obvious that the octahedral structure has the same geometrical patterns in all the three principal 
directions, and therefore would exhibit the same loading response mechanism in all the three principal 
directions. As a result, for the purpose of modeling, only one principal direction needs to be investigated.  

   
(a) lattice structure (b) Unit cell construction 1 (c) Unit cell construction 2 

Fig.1 Octahedral cellular structure 
 

In this study, work was focused on the uniaxial properties of the structure. Consider a remote compressive 
stress σ applied on the structure along the z direction. The loading of the unit cell structure is shown in 
Fig.2(a). From structural symmetry, it is apparent that all the struts are under the same loading conditions. 
Fig.2(b) further illustrates the loading condition of an arbitrary strut. From Fig.2, the following force 
components could be obtained: 
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where L1, L2, are the dimensions of the unit cell in x and y directions, and L3 is the length of a half-strut, 
and θz is the slope angle of the strut in relation to the z axis: 
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(a) Loading of unit cell (b) Analysis of individual strut 
Fig.2 Octahedral unit cell under compression 

 

Under the loading condition shown in Fig.2(b), the strut undergoes a bending/shearing combined 
deformation. It has been shown before that the deformation along the strut axis is insignificant for metal 
cellular structures under non-catastrophic stress levels, therefore is not considered [18]. Apply 
Timoshenko beam analysis, the deformation of the strut in the z direction and the direction perpendicular 
to the z direction (not labeled in Fig.2(b)) can be obtained as: 

1 3
3

6 sin
sin

6 5
z z

z

M L F
z L

EI GA

     
 

 (3) 

1 3
3

6 sin
cos

6 5
z z

z

M L F
z L

EI GA


    
 

 (4) 

where E, G are the modulus of elasticity and shear modulus of the solid material, I is the second moment 
of inertia of bending in the plane shown in Fig.2(b), and A is the cross sectional area. If the deflection Δz┴ 
is further decomposed into deformations in the x and y directions, Δx and Δy, then:  
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Therefore, the modulus of the unit cell can be expressed as: 
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Where  2 2 2
3 3 1 2

1
2 cos 2 ( )

4zH L L L L    , as is also shown in Fig.2(a).  

The strength of the structure could be roughly estimated as the onset of the yield in arbitrary strut. This 

could provide an estimation of yield strength of the structure. Since it is known that thin features 

produced by EBM process exhibit significant surface defects [18‐21], it is reasonable to use more 

conservative estimations for the strength prediction of cellular structures. The normal and shear stress 

of the strut shown in Fig.2(b) can be determined from the bending moment, normal force and shear 

force as: 
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Where u is the distance from the geometrical center of the cross section to the location of interest, D is 

the moment of area of the cross section, and b is the width of the cross section at the location of 

interest. Apply Von Mises Criterion, the maximum allowable stress level σm that results in the onset of 

structure yield is: 
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Fig.3 and Fig.4 show the modulus and yield strength of the octahedral structures as functions of 

geometrical design parameters. The mappings were generated to illustrate the range of mechanical 

properties achievable by geometrical designs, and it is obvious from the modeling that the mechanical 

properties of the octahedral structures could be tailored at a wide range. The deformation of the 

octahedral structure is largely dominated by bending and shearing, therefore it is a bending dominated 

cellular structure [17]. The complete lack of tension‐compression strut in the unit cell also determines 

that bending/shearing is the only active deformation mechanism for the octahedral cellular structure. It 

was predicted that bending dominated structures could dissipate considerable amount of energy upon 

plastic deformations, therefore, the octahedral structure might possess good potential in energy 

absorption applications.  
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Fig.3 Modulus of the octahedral structure 

Fig.4 Yield strength of the octahedral structure 
 

Another interesting characteristic of the octahedral structure also originates from its geometry. 

Throughout the modeling process, no assumption of infinite structure was required, which is often 

adopted for the other cellular structures in order to simplify the modeling. As a result, the equations 

derived for the octahedral structure is expected to be applicable for even lattices with small numbers of 

unit cell repetitions. This is in significant contrast with the general theory for cellular structures, in which 

about 8‐10 unit cells are required in order for the structures to minimize the boundary effects [22, 23]. 

This property could also be very useful in applications, especially for the design of sandwich structures 

with very limited spaces. For these structures, only one or two layers of periodic cellular cores are often 
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allowed, and the ability to accurately predict the mechanical properties of the core structure at this 

scale is highly desired.  

In order to verify this observation, finite element analysis (FEA) was performed with octahedral 

structures of various sizes. Models with unit cell numbers (x x y x z) of 1x1x1, 2x2x1, 4x4x1, 8x8x1, 1x1x2, 

2x2x2, 4x4x2, 8x8x2, 1x1x4, 2x2x4, 4x4x4, 8x8x4 and 8x8x8 were constructed and analyzed in 

SolidWorks using COMSOL simulation module. The numbers of unit cell repetition was chosen for the 

easiness of modeling. The simulations were performed with an office workstation, and it was noted that 

the computational load of the simulation quickly exceeded the practical level when the total number of 

unit cell exceeded the 512 level. Therefore, no simulations beyond 8x8x8 were performed. An arbitrary 

unit cell design was used for the simulations with L1=20mm, L2=18.74mm, H=20mm and square strut of 

t=1mm. While the type of material is not of concern of the simulation, the material was defined as Al‐

6061‐T6 alloy. In the simulation, a curvature based mesh with mesh size of 0.9mm was used throughout 

the simulation. The mesh size was tested by performing static compression simulations with different 

mesh sizes, and it was found that the results of the relatively coarse 0.9mm mesh size were adequately 

accurate for the purpose of this study. Fig.5 shows the boundary condition setup for the simulation. The 

structure was bonded to the two platens on both sides of the loading direction, and the stiffness of the 

platens was set to be significantly higher than the structure material in order to minimize the analysis 

error. One platen was fixed, and the other was loaded with uniaxial compressive stress. Since elastic 

analysis was performed, only the size effect of elastic modulus was verified.  

 
Fig.5 Boundary condition setup for the FEA simulation of size effect 
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The results of the simulation are listed in Table 1. It was found that despite the prediction, the 

octahedral structure exhibits significant size effect. However, upon close look, the octahedral structures 

exhibit a counterintuitive size effect in the direction of the loading. While the modulus of the structure 

increases with increased number of unit cells parallel to the loading direction, it exhibits a steady 

reducing trend as the number of unit cells in the loading direction (z direction) increases, which is 

further illustrated in Fig. 6. For regular cellular structures, size effect tends to soften the structure due to 

the loss of symmetry at the boundaries. However, for octahedral structure, there exists an opposite 

trend. With fewer numbers of layers, the structure actually becomes stiffer. It was also observed that 

the size effects in both cases follow a very predictable logarithm trend. This unconventional 

phenomenon was mentioned in previous studies with similar structures, although no further details 

were discussed [25]. 

Design 
FEA modulus 

(MPa) 
Calculated modulus 

(MPa) 
FEA modulus – Free 
boundary (MPa) 

1x1x1  2.751  2.300  2.563 

1x1x2  2.721  2.300  2.623 

1x1x4  2.702  2.300  2.654 

2x2x1  42.955  2.300  2.620 

2x2x2  3.992  2.300  2.685 

2x2x4  3.256  2.300  2.714 

4x4x1  93.067  2.300  2.656 

4x4x2  51.394  2.300  2.719 

4x4x4  6.024  2.300  2.742 

8x8x1  125.786  2.300  ‐ 

8x8x2  96.177  2.300  ‐ 

8x8x4  53.121  2.300  ‐ 

8x8x8  8.060  2.300  ‐ 

Table 1 Size effect evaluation for octahedral structure 

(a) Lateral size effect  (b) Layer‐wise size effect 
Fig.6 Size effect of the octahedral structure modulus by FEA 

 

Further investigation revealed the cause of this unconventional size effect. As shown in Fig.7, when the 

number of layers increases, the octahedral structure starts to exhibit specific diagonal pattern of stress 
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concentration. On the other hand, when the boundary conditions were adjusted to allow for relative 

sliding between the compressive platens and the octahedral structures, this size effect largely 

disappeared, as shown in the last column of Table 1. This phenomenon is likely originated from the 

boundary restrictions. As is commonly known, a solid exhibits upsetting when compressed between two 

platens, which is caused by the friction between the solid and the platens [24]. The upsetting 

phenomenon does not appear to be reported in any previous studies, and it could be intriguing consider 

the fact that cellular structures are largely dis‐continuous solids in 3D space, therefore the stress 

distribution would be largely geometry dependent. It was expected that this boundary effect would be 

difficult to eliminate in practice since for most applications the cellular structures would be restricted at 

the boundaries. However, due to the difficulty of modeling upsetting phenomenon, further works 

exceeded the scope of this paper, and will be addressed in future studies. On the other hand, the good 

predictability of this size effect as shown in Fig.6 suggested that a relatively effective design method 

could be developed based on a reasonable set of experiments.  

 
Fig.7 Stress concentration of octahedral structure 

Experiments and discussions 
A random parameter set was chosen to verify the accuracy of the modeling for the octahedral structure. 

The parameters and the theoretical predictions are shown in Table 2. The structures were modeled in 

SolidWorks and fabricated in the Arcam EBM S400 machine using Ti6Al4V‐ELI as material. In the CAD 

models, the cross sections of the struts were designed to be square. However, due to the feature 

resolution limit of the EBM process, the actual strut cross sections of the samples exhibit irregular 

shapes, therefore a round cross section approximation was adopted in the calculation of models. 

Octahedral structures with 1x1x1, 1x1x2, 1x1x4, 2x2x1, 2x2x2, 2x2x4, 4x4x1, 4x4x2, 4x4x4 numbers of 

unit cells were designed, and the samples were fabricated in three builds, with one sample for every 

design fabricated in each build.  

Design  L1 (mm)  L2 (mm)  H (mm)  t (mm)  Theo. Modulus (MPa)  Theo. Strength (MPa) 

  10  8  10  1  44.773  1.935 

Table 2 Design parameters for the octahedral samples 
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Fig.8(a) shows the fabricated octahedral lattice samples. The overall dimensions of each fabricated 

sample were measured by caliper. Compressive test was performed for the samples with an Instron 

5569A universal tester. The samples were fixed between two steel platens, 50000N load cell was used 

for samples with 4 unit cell lateral repetitions, and 5000N load cell was used for the other samples. The 

displacement of the crosshead was used as the total deformation of the structures consider the small 

modulus of tested samples. Fig.8(b) shows the actual setup of the compressive testing for the 

octahedral lattices. The testing results are shown in Table 3. The dimensions and mechanical properties 

of the samples were quite consistent, indicating a relatively stable manufacturing quality at strut size of 

1mm. It was assumed that the mechanical properties of the Ti6Al4V material fabricated by EBM is 

isotropic, therefore the results obtained from experimentation could be directly compared with the 

prediction.  

 

(a) Octahedral lattice  (b) Compressive test 
Fig.8 Octahedral lattices for experimental verification 

 

Design  D1 (mm)  D2 (mm)  D3 (mm) 
Modulus 
(MPa) 

Strength 
(MPa) 

1x1x1  7.86±0.01  9.94±0.04  9.68±0.06  27.27±0.34  1.53±0.01 

1x1x2  7.90±0.07  9.92±0.04  19.88±0.18  28.76±0.55  1.63±0.08 

1x1x4  7.92±0.05  9.90±0.06  40.08±0.20  31.41±1.14  1.11±0.11 

2x2x1  19.82±0.01  15.80±0.03  9.72±0.16  33.46±1.82  2.24±0.05 

2x2x2  19.80±0.03  15.79±0.02  19.73±0.11  34.61±1.69  1.93±0.04 

2x2x4  19.94±0.06  15.75±0.03  40.18±0.19  37.96±0.78  2.00±0.01 

4x4x1  31.67±0.05  39.58±0.06  9.89±0.21  39.42±3.79  3.10±0.37 

4x4x2  31.60±0.03  39.54±0.05  19.83±0.13  37.41±1.50  2.32±0.03 

4x4x4  31.66±0.03  39.61±0.07  40.18±0.18  39.11±1.16  2.39±0.08 

Table 3 Compressive testing results for octahedral lattice 

 

Due to the difficulty of sample orientation with the large aspect ratio designs (1x1x2 and 1x1x4) during 

compressive testing, the results for these samples were expected to have relatively large errors. In 
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addition, it was also observed that the samples of 1x1x4 design exhibited macroscopic elastic buckling 

during the compression test, which explained the considerably lower strength of the 1x1x4 design 

compared to the other designs. Overall, the modulus and strength values of the samples are close to the 

theoretical predictions, and no significant size effect was observed. Upon close inspection, it was found 

that the compressive test platens were indented and scratched during the compressive testing, which 

indicated that under the combination of shearing and compressive stress, there existed relative motions 

between the samples and the platen surfaces. Therefore, although the octahedral lattice samples still 

exhibited stress concentration patterns as shown in Fig.9, the boundary constrains were not ideal due to 

the relative motion between the samples and the platens, which resulted in mechanical properties that 

are somewhat close to the theoretical prediction. 

(a) 4x4x4 lattice  (b) 2x2x4 lattice 
Fig.9 Stress concentration pattern of octahedral lattice during compression 

 

Consider the fact that in actual applications the octahedral structures are likely to be fully constrained, 

the relative motions between the cellular structures and the surrounding structures will not be 

acceptable. Therefore, a second set of experiments were performed with redesigned samples. In order 

to ensure full constraint of the octahedral lattices, sandwich panel structures were designed. For the 

core of the sandwich structures, the same octahedral designs were adopted. The skin thickness of the 

sandwich structures were 1mm for all the designs. The designs were fabricated with the same process 

parameters and build setups. Since the skins were also thin features, all the samples were fabricated 

using the default network process theme provided by the machine. The sandwich models were rotated 

so that the skins aligned in the vertical orientations, therefore eliminated the potential issue with 

support requirements. The fabricated samples were measured and tested in the same manner. Fig.10 

shows the fabricated sandwich samples and the setup for the compressive test.  
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(a) Fabricated sandwich samples  (b) Compressive test 
Fig.10 Octahedral sandwiches for experimental verification 

 

The results of the experiment are listed in Table 4. As could be observed clearly, the octahedral 

sandwich structures exhibited significant size effect. Fig.11 further illustrates the size effects of elastic 

modulus for the octahedral sandwiches. The size effect clearly showed the same pattern and logarithm 

trend as indicated by the predictions (Fig.6), and it was obvious that the size effect becomes apparent 

when the total number of layers exceeds the lateral unit cell repetition. In fact, from Table 4 it was also 

apparent that the strength of the octahedral sandwich also exhibits the same size effect, which is 

plotted in Fig.12 for clarity of information. With more unit cell repetitions in the lateral directions or less 

layers, the octahedral sandwich becomes stronger in compression.  It could also be observed from Fig.11 

that when the size effect of the octahedral sandwich is minimized, the modulus values of the sandwich 

structures are consistently lower than the predicted value (44.773MPa). This could be partly contributed 

by the manufacturing defects. It has been reported that cellular structures fabricated by EBM process 

possess a variety of defects [11, 13, 15, 18], which could significantly affect the mechanical properties of 

the parts. In addition, due to the build orientations selected, one side of the octahedral core of each 

sample was in contact with the substrate. Upon the parts removal, the joints of the octahedral lattices 

on these sides were partly damaged. For samples with large lateral unit cell repetitions, the effect of 

such defects was reduced. However, with smaller samples, these defects were more likely to result in 

the loss of mechanical performance, as was clearly suggested in the experimental results.  

Design  D1 (mm)  D2 (mm)  D3 (mm) 
Modulus 
(MPa) 

Strength 
(MPa) 

1x1x1  7.11±0.13  9.88±0.00  12.11±0.02  24.23±1.63  1.39±0.17 

1x1x2  7.25±0.21  9.94±0.14  22.29±0.10  24.35±2.40  1.35±0.02 

1x1x4  7.30±0.23  9.97±0.20  42.44±0.43  26.74±3.78  1.42±0.13 

2x2x1  15.56±0.83  19.86±0.04  12.32±0.02  111.23±2.02 3.79±0.16 

2x2x2  15.30±0.29  19.85±0.04  22.38±0.03  32.49±1.18  1.59±0.06 

2x2x4  15.31±0.37  19.89±0.03  42.79±0.06  28.45±1.16  1.57±0.07 

4x4x1  30.88±0.22  39.63±0.12  12.15±0.01  132.28±8.39  

4x4x2  31.15±0.28  39.69±0.03  22.38±0.04  125.98±1.18 3.60±0.21 

4x4x4  31.09±0.33  39.63±0.06  42.73±0.01  47.15±1.29  2.72±0.12 

Table 4 Table 3 Compressive testing results for octahedral sandwich 
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(a) Lateral size effect  (b) Layer‐wise size effect 
Fig.11 Size effect of the octahedral sandwich modulus by experimentation 

 

 

(a) Lateral size effect  (b) Layer‐wise size effect 
Fig.12 Size effect of the octahedral sandwich strength by experimentation 

 

Conclusions	
The design of cellular structures with AM technologies possesses great potential for many future 

applications with high performance lightweight structures. In this study, an octahedral cellular structure 

was modeled and tested. Using a combination of theoretical modeling, simulation and experimentation, 

insights were efficiently obtained for this cellular structure. Modeling work successfully established an 

accurate analytical model for the modulus prediction of the octahedral structure. It was also found that 

the octahedral cellular structure exhibits a highly predictable size effect, which could be utilized in the 

design of sandwich structures with thickness restrictions. The good agreement between the experiment 

and the theory for the octahedral structure also enables high fidelity design and manufacturing of this 

type of cellular structures for applications.   
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