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Abstract—
 

Polylactic Acid (PLA) filament is one of the 

organic polymers that commonly wide-used in making a 

model by using a 3D Print method. This material can be 

applied on the UAV wing structure, by using semi-
 

monocoque structure concept. The sizes of the wing 

structure components
 
are

 
determined by the forces acting 

on the wing itself, and derived into shear and bending 

moment stresses, so it created an optimum semi-monocoque 

structure to carry the load. This paper discusses the use of 

3D printed PLA filaments for spars on the acrobatic UAV in 

order to optimize vehicle weight.
 

 

Index Terms—
 

UAV,
 

semi-monocoque wing structure,
 

Polylactic Acid filament,
 
3D print,

 
lightweight structure
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I.
 

INTRODUCTION
 

A flying vehicle has limits in various ways, one of 

them is the limitation of structural strength. This 

boundary is represented by a diagram called flight 

envelope, which is derived from the maximum limit of 

the UAV flight condition.  Thereby, the flight envelope 

act as the benchmark to determine loads withstood by the 

UAVs structure. 
 

The wing is the main part of a fixed-wing UAV that 

carries large structural loads. Aerodynamic force, weight, 

and propulsion force are the main forces that happened 

when the UAV is in flying condition. Therefore, those 

type of forces creates various type of internal loads such 

as bending moment, shear force, and torsional load. This 

paper is intended toget an optimum wing structure for 

fixed wing UAV with an optimum weight.
 

The racing plane division of the AKSANTARA ITB 

has designed an acrobatic UAV vehicle that has been 

flown at 2018 Indonesian Flying Robot Contest.
 

The 

designed vehicle has the following specifications, as 

shown in Fig.
 
1, Table I, and Table II:

 

 

                                                          

 
  

   

 

 

Figure 1. Racing Plane 
 
UAV 3 View Drawing

 

TABLE I.  RACING PLANE SPECIFICATIONS 

No Parameters Input Unit 

1 Length 1.02 m 

2 Height 0.22 m 

3 MTOW 3 kg 

4 Airframe Weight 0.89 kg 

6 Cruise speed 70 m/s 

7 Propulsion System 3400-Watt GoolRC Brushless motor 

 

TABLE II.  RACING PLANE WING PARAMETER 

No Parameters Input Unit 

1 Airfoil MH54 - 

2 Wing Area 0.392 m2 

3 Wing Aspect Ratio 5.0 m2/m2 

No Parameters Input Unit 

4 Wing Taper Ratio 1.545 m/m 
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5 Chord Root 0.333 m 

6 Wing span. B 1.308 m 

 

The UAV has 4 main speed conditions, which are Stall 

Speed (Vs), Maneuver Speed (Va), Cruise Speed (Vc), 

and Dive Speed (Vd). Those 4-speed conditions are 

shown in Table III:  

TABLE III.  SPEED CONDITIONS OF UAV 

Speed Condition Speed (m/s) 

Maneuver Speed (Va) 31.5 

Stall Speed (Vs) 11.3 

Cruise Speed (Vc) 70 

Dive Speed (Vd) 87.5 

 

From the specifications and speed conditions, the 

flight envelope is shown in Figure 2 as follows:  

 

 

Figure 2. Racing
 
Plane flight envelope

 

II.
 

DESIGN CONCEPT
 

A.
 

Wing Configuration 

The UAV wing design is a semi-monocoque structure, 

thus it has an internal structure to help the wing endure 

the
  

loadings. The components that included in internal 

structures are spar, skin, and ribs. 
 

B.
 

Material Properties 

Polylactic Acid (PLA) filament is one of the most 

widely researched and utilized biodegradable and 

renewable aliphatic organic polymer material. PLA 

filament has many advantages, some of them are easy to 

produce and biodegradable.
 

PLA filament can create 

many variations of difficult shape and geometry, by using 

3D Print manufacture process.  
 The material’s mechanical properties [2] used for the 

spar in this paper are tabulated in Table IV. 
 

TABLE IV.  MECHANICAL PROPERTIES OF PLA 

Property Unit Value 

Polymer density kg/m3 1210-1250 

Tensile Strength N/m2 21-60 × 106 

Tensile Modulus GPa 0.35-3.5 

Specific Tensile Strength  kNm/kg 16.8-48 

Specific Tensile Modulus kNm/kg 280-2800 

Melting Temperature oC 150-162 

 

Based on the Table IV about the PLA Filament 

mechanical properties, this type of polymer has a low 

density compared to other commonly used polymer, such 

as polycarbonate/PET polyester (1.47 gr/cm
3
) [3] and 

polyvinyl dichloride/PVDC (1.78 gr/cm
3
) [4]. PLA 

filament only has ultimate tensile strength, meaning that 

this material is brittle, since there’s no yield strength and 

no plasticity region. PLA filament can also be categorized 

as thermoplastic polymer, a kind of polymer that soften 

when heated and harden when cooled [5].  

III. MAIN WING LOAD AND INITIAL SIZING 

A. Lift Distribution 

To determine the lift distribution, we use Schrenk 

Method theory and half-span of main wing divided into 6 

sections [6]. Here is the equation to approximate the lift 

distribution along the wing half-span, from root to tip. 

 

                       
  

  
     

  

 
 
 

                             (1) 

      
   

      
   

  

 
                    (2) 

             
     

 
                   (3) 

 
Whereby, 

Le
 

= Elliptical Lift Distribution (N/m) 

Lt = Trapezoidal Lift Distribution (N/m) 

Lr = Lift at wing root section (N) 

y
 

= Location of each section (m)
 

b
 

= Wingspan (m)
 

λ
 

= Wing Taper Ratio  

 
Table V and Figure 3

 
shows the result from lift 

distribution calculation.
 

TABLE V. 
 

LIFT DISTRIBUTION FOR EACH SECTION  
 

Section
 

Le (N/m)
 

Lt (N/m)
 

Schrenk
 
Lift 

Distribution (N/m)
 

1
 

208.7
 

192.2
 

200.45
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2 204.5 179.2 191.85 

3 191.3 166.1 178.7 

4 166.9 153.1 160 

5 125.2 140.1 132.65 

 

 

Figure 3. Main wing lift distribution. 

From the Figure 3, the highest value of lift distribution 

is located at the wing root, which has value of 200.45 

N/m and the smallest value is located at wing tip which 

has value of 63.5 N/m. 

B. Shear Force and Bending Moment Distribution 

Lift force and structural weight created shear force and 

bending moment. Here are Table VI and Figure 4 which 

shown the shear force and bending moment distribution. 

 

 

Figure 4. Diagram of bending moment distribution. 

TABLE VI.  SHEAR FORCE AND BENDING MOMENT DISTRIBUTION    

Section 
Shear Force 

Distribution (N) 

Bending Moment 

Distribution (N.m) 

1 -116.7 38.6 

2 -89.82 24.7 

3 -65.5 14.3 

4 -41.97 6.9 

5 -21.12 2.3 

 

C. Initial Sizing 

1) Spar initial sizing. 

From bending moment diagram in Figure 4, the 

highest value of bending moment is located at wing root, 

which has value of 40.35 N.m. To analyze the stresses 

acting on the spar, wing box structure is idealized as a 

perfect rectangle, as shown in Figure 5. The location of 

the spar is between 25% to 75% of chord length [7]. By 

using the formula of bending stress, the value of beam 

cross-section area can be identified. 

 

Figure 5.  Idealized wing box cross-section. 

  
  

 
        (4) 

 

Whereby,  

M = Bending Moment (N.m)  

y  = Location of point of interest (m) 

I = Beam cross-section Inertial Moment (m
4
)   

σ = Bending Moment Stress (MPa) 

 

Based on the idealized wing box structure, bending 

moment load is equally distributed on each spar, depends 

on the number of the spar. Each spar cross-section uses I-

beam shape. Here is Table VII that shown the spar initial 

sizing data :  

TABLE VII.  3 SPAR CONFIGURATION INITIAL SIZING 

3 Spar Configuration 

Section Root 

Bending Moment each spar (N.m) 12.87 

Material σtensile (MPa) 59 

f.s. 1.3 

h (m) 0.028 

y (m) 0.014 

I (m4) 3.18 × 10-9 

One Spar Cross-section Area (mm2) 36 

Based on Table VII the conclusion is 3 spar 

configuration has lower total cross section area (number 

of spar x cross-section area) for each wing, it means that 
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3 spar configuration has lighter mass compared to 2 spar 

configurations. This caused by the lesser the number of 

spars, the higher will be the load held by each spar. The 

ratio between hs and ws is 2. The dimension of I-beam 

cross-section is shown by Fig. 6 below   

 

Figure 6. I-beam cross-section. 

2) Wing structure  final assembly. 

After initial sizing process has done, 3D drawing of 

spar and ribs by using CAD Software, SOLIDWORKS. 

These two parts are assembled together and created a 

complete semi-monocoque wing structure assembly as 

shown in Fig. 7.   

 

 

Figure 7. Main Wing structure final assembly.
 

The 3 spars that have been calculated in initial sizing 

process is located at 25%, 50%, and 72.4% chord length 

[4]. This decision made to minimize the effect of 

torsional load that caused by lift force, provide enough 

space for control surfaces, and give enough space for 

wiring system inside the wing box. 

IV. FINITE ELEMENT ANALYSIS 

A. Load Case and Boundary Condition 

In ABAQUS/CAE 6.14 the CAD Model of the spar 

was imported then analyzed. For the analysis of the finite 

element model, the physical and material properties of the 

model is needed. The loading of the wing has been 

calculated prior in chapter 3.2, whereby the load applied 

on the half- wing is from the integration of line equation 
to approximate Schrenk lift distribution. Equation 5 

below obtained from the trendline approach of the lift 

distribution, L(x).   

 

                                        
  

  

                                                                    (5)      

  

The value of a and b respectively are the initial and 

final point of each section. Since the wing assembly 

divided into 5 sections, the location of each load are 

located in the centroid of each section, and the x location 

of centroid (xc) can be obtained by the integration of the 

function L(x).  

 

      
 
    

             
 

 
   

            
 

 
   

                         (6)
 

 

By defining
 
the location and the magnitude of the 

load
 
that shown in Table VIII,

 
Figure 8 shows

 
the load 

and boundary condition of the wing model in finite 

element analysis : 
 

 

Figure 8. Loading condition of the wing assembly. 

TABLE
 

VIII.
 

WING LOADING

 

Load Case 
Section Load Applied 

(N) 

Load Location 

from Root (m) 

Lift Load 

1 25.56 0.065 

2 24.12 0.195 

3 22.14 0.325 

4 19.2 0.455 

5 14.46 0.58 

Supporting boundary condition is also applied in the 

model. The boundary condition for the model is set to 

point where the spar is attached to the fuselage, so fixed 

boundary condition is given on the root section of the 

spar, so
 
there is no any degree of freedom.
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B. Result 

The finite element analysis results of the spar for 

Maximum-Minimum Principal Stress are shown in Fig. 9 

and Fig. 10.  

 

Figure 9. Von mises stress on spar. 

 

 

Figure 10. Maximum stress location.
 

The red area
 
indicates maximum stress and the blue 

surface indicates minimum stress.  The maximum
 
stress 

occured near from the wing root, at the upper and lower 

part of the spar beam, which bear compression and 

tension. The stress distribution in spar model is having 

the maximum value of Von Mises
 
Stress of σVonMises

 

= 

44.23
 
MPa.

 
C.

 
Margin of Safety

 
To ensure that the material of the spar

 
doesn’t fail 

when load is applied throughout the structure, margin of 

safety (MOS) [8]
 

can be calculated with the equation 

below
 

 
                   

        

          
   

   
(7)

 

  Since the tensile strength of PLA is approximately 60 

MPa, the value of margin of safety for the wing spar is 

0.35. Meaning that the structure can withstand the applied 

loads without any material failure since the value of 

margin of safety is above zero.
 

V.
 

CONCLUSION
 

Polylactic Acid (PLA) filament can be applied as 

Racing plane UAV wing structure component. It has been 

proven by the result of the finite element method analysis, 

which shows that the applied limit load value is still 

below the material tensile strength and the structure has 

margin of safety of 0.35 at maximum lift condition 

applied on the UAV.    
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