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ABSTRACT:  Lattice structures have a number of applications in aerospace, automobile and 
defense industries because of their high specific strength and stiffness.  Additive manufacturing 
technology has allowed realizing various regular morphological cellularic structures with a 
combination of materials. In this study, the compressive performance of modified Kagome unit 
cell namely strut reinforced Kagome (SRK) of acrylonitrile butadiene styrene (ABS) 
ABSplus™ fabricated by fused deposition modeling (FDM) is investigated. The effect of the 
change in the geometric parameters such as diameter and height on the compressive properties is 
studied. The failure modes under uniaxial compression are simulated with the finite element 
simulations and the calculated effective modulus are compared with the experimental 
measurements.  
 
KEYWORDS: Additive manufacturing, Fused deposition modeling, strut reinforced Kagome, 
compression, finite element analysis, elastic and plastic buckling. 
 
INTRODUCTION  
 
Cellular structures are known for their high specific strength and stiffness (Wadley (2006)). They 
are widely used in aerospace, automobile and defense industries due to their efficieny in managing 
energy under static, impact and blast loading scenarios, especially under compression. Different 
open lattice structures such as tetrahedral (Chiras et al. (2002); Deshpande and Fleck (2001)), 
pyramidal (Wadley et al. (2003)), Kagome (Wang et al. (2003)),  octet (Deshpande et al. (2001b)) 
or diamond (Queheillalt and Wadley (2005)) are designed and their mechanical properties are 
investigated for their use in sandwich construction.  
 
Additive manufacturing is a groundbreaking technology that enables to fabricate different complex 
geometries and allows flexibility to combine various materials. The morphology of the  core 
design has a significant influence on its mechanical performance. Stretch dominated structure like 
Kagome and octet structure have better strength and stiffness than the bending dominated structure 
like Body Centric Cubic (BCC) structure (Deshpande et al. (2001a)). Chiras et al. (2002)  used 
rapid prototyping followed by investment casting to fabricate strong and stiff tetrahedral structure 
resisting different failure modes. Deshpande et al. (2001b) studied the mechanical performance of 
octet structures and the analytical expressions of strength and stiffness compared well with the 
experimental measurements and numerical simulations. With the enhancement of the additive 
manufacturing technology, the fabrication of different complex core designs of cellular structures 
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with different relative density is possible. Shen et al. (2009), and Gümrük et al. (2013) studied the 
mechanical performance of BCC and BCCZ structures fabricated through SLM and found that 
BCCZ structure outperformed BCC. Tsopanos et al. (2010) studied the influence of process 
parameter on the performance of compressive properties of BCC structure fabricated through SLM 
and found that the low laser power and less exposure time lead to decrease in the performance. 
Markkula et al. (2009)  investigated the compressive performance of tetrahedral, pyramidal and 
strut reinforced tetrahedral and found that SRT  outperformed other structure regarding 
compressive strength, stiffness, and energy absorption.  
 
Kagome is a stretch dominated 3D truss structure derived from the design pattern of a woven 
basket. Wang et al. (2003) and Hyun et al. (2003)  studied the mechanical performance of Kagome 
core structure and found to outperform the tetrahedral and pyramidal structure. Kagome structure 
showed isotropic properties beyond the yield point and suppresses premature softening due to 
plastic buckling. Ullah et al. (2014) studied the compressive and shear performance of SLM 
printed Kagome to found that Kagome has better specific strength than the honeycomb structure. 
The stiffness and energy absorption of Kagome (Ullah et al. (2016)) was found to be similar to the 
honeycomb. Rinoj et al. (2016) investigated the different failure modes of Kagome structures 
fabricated by fused deposition modeling (FDM) with varying  relative densities. The study on 
different build orientation of Kagome fabricated by FDM showed anisotropic behavior under 
compression (Gautam et al. (2018)).   
  
Kagome lattice has shown high potential in sandwich construction through better mechanical 
performance. Gautam and Idapalapati (2017) studied the compressive properties of modified 
Kagome structure, strut reinforced Kagome (SRK) and found that they have better compressive 
properties than Kagome. This paper extends the previous work to explore the compressive 
properties and failure modes of SRK made from ABS fabricate through FDM as a function of 
relative density.  
 
EXPERIMENTAL DETAILS 
 
Design and Fabrication 
SRK is a modified version of 3D Kagome structure.  One vertical strut is included in the Kagome 
structure as shown in Figure 1. The geometric parameters like the height of the core, diameter of 
the strut, the inclination angle made by strut with horizontal plane define the performance of the 
Kagome unit cell. Guided by the literature, the inclination angle of 54.736o is used in all samples. 
Other geometric parameters of the samples are listed in Table 1. 
 
Table 1: Geometrical parameters of SRK unit cell structure 
 
Diameter, dv and ds 
(mm) 

Height, h (mm) Half  slant length, c 
(mm) 

Relative density ( ) 

2.4 35 21.433 0.0407 
2.4 25 15.3093 0.0260 
3.0 25 15.3093 0.0133 
 
 
FDM dimension elite® machine was used to fabricate the SRK samples with the ABSplus™ 
polymer. The print-head deposited the ultrafine polymer beads on the deposition path with the 
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layer height of 0.1778 mm. Polymethyl methacrylate based material (P400SR) was used as the 
support material which was dissolved in the hot detergent water to get the designed SRK part. The 
parts fabricated by the FDM have high surface roughness especially on the slanted portions due to 
stairs like surface features. The fabricated structures were chemically treated with a mixture of 
90% pure acetone and 10 % distilled water by volume for three minutes to reduce the surface 
roughness and improve the mechanical response (as surface roughness is a source of failure 
initiation). 
 
 

                    
Figure 1: (a) Design and geometric parameter of SRK structure and (b) the build orientation (mark 
the vertical strut in the figure) 
 
Uniaxial Compression Response 
Uniaxial compression tests were carried out in Shimadzu Universal Testing Machine using 10 kN 
load-cell, and compression load was applied under displacement control at a rate of 0.1 mm/min. 
Video extensometer TRViewX was used to measure the accurate displacement between the 
faceplates. The engineering stress-strain data are obtained from the measured force (F) and 
displacement (h). The stress was calculated by dividing the force by the effective area which is 

obtained in terms of truss length ( l = 2c) 2 3 c2, whereas the strain is obtained by dividing the 
displacement by the core height. 
 
Compression tests are also simulated using ABAQUS® V6.16 commercial finite element software 
to compare the effective modulus of the SRK with the experimental results.  The strut material 
ABSplus™ is modeled with the uniaxial tensile stress-strain response measured along the print 
direction. The elastic response is governed with Young’s modulus of 1510 MPa and Poisson’s 
ratio of 0.35. 
 
RESULTS AND DISCUSSION 
 
The compression test results of the SRK with different relative density are shown in Figure 2. It is 
evident that the peak strength and effective modulus increase with the decrease in the slenderness 

Vertical strut 
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ratio. It is also seen that that SRK structures show different failure behavior with the change in the 
slenderness ratio. The core with lowest relative density (d =2.4 mm, h = 35mm) shows the failure 
within the linear elastic regime. As the slenderness ratio is very high, the struts failed by elastic 
buckling without any yielding. With the increase in the relative density (d =2.4 mm, h = 25 mm), 
there is some plastic deformation before reaching the peak strength as shown in the Figure 2. With 
further increase in relative density (d = 3 mm, h = 25 mm), we can see the significant plastic 
nonlinearity before reaching the peak strength. The stress gradually decreases with the increase in 
the strain. 
 
Table 2: Average peak strength and elastic moduli of unit SRK structure with different relative 
density. 

Relative 
density 

Peak Strength (MPa) Effective modulus 
(MPa) 

0.0407 0.1675  ± 0.012 7.48 ± 0.27 
0.0260 0.4754  ±  0.057 16.22 ± 0.78 
0.0133 0.9030  ± 0.062 29.65 ± 0.77 

 

 
Figure 2: Compressive stress-strain response of SRK units as a function of relative density  

 
All the samples, after substancial compression, the vertical strut starts to deform. Plastic bending 
of the vertical strut results in the distortion of upper and lower part of SRK leading to the 
deformation of the slanted struts. The two outer struts bend in an outward direction and a strut 
bend towards central strut. Further compression on the structure leads to the formation of surface 
cracks on the tensile side of the strut. These cracks open with further loading, and finally the whole 
structure bends forming multiple cracks on all struts, leading to the unit-cell softening and 
collapse.  
 
Figure 3 shows the comparison of the numerical and experimental results of the effective modulus 
of the SRK unit structures: within the relative density considered the effective modulus is linearly 
related to the relative density. The numerical results over predict effective modulus (10-25 %) 
from experimental measurements. In the numerical simulation, the struts are designed fully solid 

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

223



 

 

and with the uniform diameter. However, in reality, the parts produced by FDM have inherent 
porosity, surface roughness and other defects. SRK has both the slanted struts as well as the 
vertical strut as shown in the Figure 1. As mentioned before, the material properties used in the 
numerical investigation is taken from the tensile samples printed in the slanted direction. The parts 
printed in the vertical direction have the least strength and modulus. These anisotropic material 
properties and the porous nature of the printed parts have led to the discrepancies in the numerical 
and experimental results. 
 

 
Figure 3: Comparison of simulated and experimental results 

 

CONCLUSION 

In this paper, the strut reinforced Kagome structure unit cells are fabricated in FDM with different 
slenderness ratio and their compressive properties along with failure mechanism are investigated. 
With the decrease in the slenderness ratio, the peak strength as well as the effective modulus 
increases. The failure behavior also changes from the elastic buckling to plastic buckling with the 
decrease in the slenderness ratio. Both numerical as well as experimental results of the effective 
modulus show the linear variation with the relative density. The anisotropic material behavior and 
the porous nature of FDM printed structure have led to the discrepancies in the numerical and 
experimental results. The performance of SRK unit structure can be further improved by the 
variation in diameter of the slanted and vertical struts to optimize it for a given density. 
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