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ABSTRACT: This study elaborates developing two different types of cellular internal structures 
to improve the bending stiffness and to reduce the weight of a vertical take-off and landing 
unmanned aerial vehicle (UAV). Whereas the number of different cellular structures is limited in 
traditional manufacturing techniques, 3D printing not only provides a variety in cellular structures 
but also allows to manufacture such complex structures efficiently. Since bending of UAV wings 
can be closely modelled as bending of cantilever beams, 3D printed cantilever beams with two 
different cellular structures, i.e. diamond honeycomb and 3D-Kagome, are designed and fabricated 
using acrylonitrile butadiene styrene. Subsequently, they are elaborated based on their bending 
stiffnesses and relative densities. Based on the experimental results, the honeycomb structure is 
selected as the wing structure of the prototyped UAV. The results show that the diamond 
honeycombs can bear the overall loading on the UAV with 31.8% weight reduction when 
compared to a conventional system consisting of ribs and spars. 

KEYWORDS: Additive manufacturing, Fused deposition modelling, Diamond honeycomb 
structures, Kagome structures, Acrylonitrile butadiene styrene, Unmanned aerial vehicles.

INTRODUCTION 

Cellular structures consisting of periodic geometries are a promising class of high-performance 
designs (Yoo, 2015). They are classified as 2D and 3D solid structures (Gibson et al., 2010) 
whereas 2D cellular solids include honeycomb structures with various core shapes. Generally, 
honeycombs are lightweight structures with high energy absorption capabilities (Zhou et al., 
2017). Specifically, the diamond cell shape has superior in-plane stiffness than other honeycombs 
(Wang et al., 2004). In addition, it has a remarkable fracture toughness (Alonso et al., 2006) which 
can help prevent crack propagation in 3D printed systems (Mehndiratta et al.). On the other hand, 
3D cellular structures can be classified into lattice, syntactic porous and foam types (Ashby et al., 
2001). Studies show that single-layered Kagome lattice structures have superior strength, stiffness 
and stability properties than other lattice trusses (Joo et al., 2010). Therefore, it is preferred in 
various lightweight applications. Considering the necessity of the weight reduction for the 
increased endurance and range (Govdeli et al., 2016), Kagome lattice is an important candidate for 
the unmanned aerial vehicle (UAV) wings. In addition, Kagome lattice shows superior 
performance in energy absorption with high impact resistance (Walter et al., 2005), which can 
facilitate the durability of a 3D printed UAV during crashes.  
In this study, the diamond honeycomb and 3D-Kagome structures are investigated for their 
bending stiffnesses and weights. To determine the bending stiffnesses, a set of cantilever beam 
bending experiments are carried out with various sandwich structures containing different 
honeycomb and 3D-Kagome cores. Finally, their feasibility for the incorporation in a UAV design 
is evaluated. 
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DESIGN, PRINTING METHOD AND MATERIAL

Referring to the ISO 1209-1 standard for 3-point bending test of cellular plastics, cantilever beams 
are set to follow the dimensions shown in Fig. 1. All the cantilever beams with dimensions 250 x 
60 x 22 mm are designed using Solidworks with two 1mm-thick face sheets sandwiching the 
different cores. Each cantilever beam has a 48mm solid portion, which is firmly clamped during 
the experiment. This ensures that one end of the cantilever beam is fixed while the other end is free 
to move.    

Table 1: Different honeycomb structures and their properties. 

  
Figure 1: Standardized dimension of the cantilever beams and Honeycomb structures with different infill 
rates: 3%, 5% and 8%. 

Table 1 shows the infill rate and the relative densities of the cross-section area of the diamond 
honeycomb cantilever beams. The core of the diamond honeycomb sandwich structure has a 
constant wall thickness of 0.4mm. The different infill rates determine the amount of material used 
in the volume. For instance, a 3% infill rate means that approximately 3% of the volume is 
occupied by the solid material while the remaining 97% are the unoccupied volume. The relative 
density of the cantilever beam section in bending is calculated by the ratio of the cellular solid 
density to the material density. 

The design of the Kagome structures is possible in two ways. Either the diameter of the trusses is 
adjusted or the elevation angle between the diagonal truss and the base plane is changed. The 
optimal angle of elevation is about 45° to 55° and the truss diameter should be around 1.7mm to 
2.2mm (Hou et.al, 2017). This provides a guideline for the design of the 3D-Kagome structures. 
The Kagome trusses shown in Fig.2 have a standardized length of 12.58 mm and the elevated 
trusses have an elevation angle of 54°. The bottom and top planes are formed with the equilateral 
triangles and hexagonal semi-circular trusses. The only variation between the three different struts 
is the diameter of the trusses whereby they are slowly increased from 1.5 mm to 3mm. 
Simultaneously, the mass of the beams and the relative density increase as well. 

Specimen Number / Material Infill Rate (%) Relative Density (%)

I /ABS 3 9.45 
II /ABS 5 13.2 

III /ABS 8 14.8 
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Table 2: Different Kagome structures and their  
properties. 

  
 Figure 2: 3D-Kagome structures with different truss 
diameter. 1.5mm (top), 2mm (middle) & 3mm (bottom).

All the cantilever beams are printed vertically upwards using the ABS material on Stratasys Fortus 
450mc. The T12 nozzle which extrudes a layer thickness of 0.178mm is used for all the printing 
jobs. The bending tests are done using the Shimadzu Autographer Universal testing machine. A 
cantilever beam fixture is manufactured using Aluminium 6061 specifically to clamp the 
cantilever beam in position so that it does not shift in the transverse direction from the longitudinal 
axis of the beam during the experiment. The experiment is carried out at a testing speed of 
1.3mm/min with a stroke limit of 50mm. Normally, the testing is completed when a brittle fracture 
occurs at the cantilever beam root. This shows that the core structure distributes the load from the 
edge to the root of the cantilever beam as planned. In some rare cases, the core material fails due to 
the compression instead of bending, which indicates that there are some printing defects and the 
sample needs to be discarded. Each experiment is repeated at least 3 times to obtain a reliable 
result. 

RESULTS AND DISCUSSION 

Diamond Honeycomb  

In the diamond honeycomb structures, the bending stiffness of the cantilever beam generally 
increases as the infill percentage increases. The bending stiffness coefficient, which is the ratio of 
the average bending stiffness over the relative density, is used to determine the optimal infill for 
the cantilever beam. Figure 3 shows the force (N) vs displacement (mm) plot for the diamond 
honeycomb cantilever beams of the selected infill rates. The force vs displacement curves 
generally have a constant gradient except for the 3% infill where there is a slight curvature. This is 
due to the insufficient walls in the core region of the sandwich structure compared to other infills. 

Table 3: Diamond honeycomb bending stiffness and coefficient values. 

Specimen 
Number/ 
Material

Truss 
Diameter 

(mm)

Relative Density
(%)

IV/ABS 1.5 9.23 

V/ABS 2.0 11.8 

VI/ABS 3.0 15.9 

Specimen Number / 
Material

Infill Rate (%) Average Bending 
Stiffness (N/m)

Fmax/D

Bending Stiffness 
Coefficient

I /ABS 3 4544.72 48092.28 
II /ABS 5 7343.46 55632.27 

III /ABS 8 8957.17 60521.42 
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Figure 3: Force vs displacement for 2 samples 
each with different infill. 

Figure 4: Force vs displacement plots for 2 
samples of each Kagome truss diameter.

3D-Kagome  

The 3D-Kagome designs have a lower bending stiffness compared to the diamond honeycomb 
structure. Table 4 shows that there is no significant change in the bending stiffness coefficient 
when the diameter of the trusses is increased from 1.5mm to 2mm. There is a slight increase in the 
bending stiffness coefficient with the truss diameter increasing to 3mm. In addition, the diamond 
honeycomb core structure effectively transfers the load from the loading edge to the cantilever 
beam root. Conversely, the 3D-Kagome core structure does not distribute the load effectively and 
the face sheet of the sandwich structure experiences wrinkling. There are alternating regions of the 
face sheets under tension and compression. These are the regions of the high-stress concentration 
which show the weaknesses of the 3D-Kagome design under the bending load. Both the diamond 
honeycomb and 3D-Kagome structures experience an instantaneous brittle fracture when the 
structure reaches its maximum loading.  

Table 4: The Kagome bending stiffness and coefficients. 

3D PRINTED FIXED-WING VTOL UAV PROTOTYPE 

The reasoning behind 3D printing a UAV is to explore the manufacturing of unconventional 
designs which are very costly and almost impossible with the conventional methods such as lathe, 
milling or injection molding. However, due to the low specific stiffness of the thermoplastics used 
for FDM, it is also a challenge to keep the UAV lightweight. A heavy UAV structure may result in 
low maneuverability, reduced payload capacity, longer take-off distance, higher fuel or battery 
power consumption for the same mission. Furthermore, it may not be flightworthy at all, especially 
for surveillance and cargo missions where the endurance is of high importance. Therefore, in this 
section, the effect of the 3D printed cellular structures is discussed and compared with a 
conventional UAV design. 

Specimen Number/ 
Material

Struts Diameter (mm) Average Bending Stiffness 
(N/m) Fmax/D

Bending Stiffness Coefficient

IV/ ABS 1.5 3512.90 38059.58 

V/ ABS 2.0 4482.79 37989.70 

VI/ ABS 3.0 6369.37 40058.93 
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The results obtained from the experiments highlight the fact that the diamond honeycomb structure 
has a superior bending stiffness compared to the 3D-Kagome trusses. Hence, the diamond 
honeycomb is selected as the wing interior structure of the 1 meter fixed-wing UAV. The UAV is 
manufactured using the same FDM method. The result of the cantilever beam bending experiment 
provides a guideline for the accurate infill rate for the UAV. The 3D printed components near the 
fuselage and the mid-rotors are printed with 8% infill as it experiences higher loading compared to 
the components found in the wings and flaps. Smaller components are joined using melted plastic 
to form the overall UAV geometry. After assembling the electronic components, the UAV is tested 
for flight. Moreover, the same UAV model is manufactured with the conventional structural 
elements such as ribs and spars. In this case, the UAV components are joint using some 
mechanical slides at the ribs. Therefore, the ribs are designed thicker and heavier than the other 
structural elements on the UAV body as they are the main elements under the wing loading.  
However, the performance of the joints is not satisfactory due to the dimensional inaccuracies of 
the 3D printed joint elements. Finally, when compared to the model with the conventional ribs and 
spars, the diamond honeycomb wings provided a 31.8% weight reduction. The conventional and 
the diamond honeycomb models are shown in Figs. 5-6, respectively. 

Figure 5: Conventional ribs and spars internal 
structure excluding the electronics (2.2 kg).
     

Figure 6: Diamond honeycomb internal structure 
excluding the electronics (1.5 kg).

CONCLUSION 

The low specific stiffness of the FDM materials is a significant challenge for 3D printing of 
UAVs. Structural weight of the UAV increases drastically since very thick components are needed 
to obtain a sufficiently stiff system. In this study, two cellular structure types, i.e. diamond 
honeycomb and 3D-Kagome, are proposed to reduce the structural weight of the system. The 
experiments show that the diamond honeycomb structure exhibits a superior bending stiffness 
when compared to 3D-Kagome structures. Next, this structure is selected as the wing interior 
design of a UAV model. When compared to a conventional design fabricated with the ribs and 
spars, the honeycomb wing weighs 31.8% less while keeping the structural integrity.  

Future work will be done to increase the available number of data for various infill rates. By this 
manner, a smoother change of infill will be realized for a given load distribution over a UAV, 
which will further reduce the structural weight. Besides, understanding the mechanics of the 
distortions over the 3D-Kagome trusses will be helpful to produce stiffer 3D printed components. 
Thus, 3D-Kagome structures may also be applicable for future applications. 
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