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Abstract—A simple rectangular wing box model with varying rib 

orientations has been analyzed by observing the impact in terms of 

its aeroelastic characteristics. This parametric design study has been 

coded with the use of computer programming and made fully 

integrated with the finite element solver of the normal mode and 

flutter analyses. Three parametric assessments have been taken into 

account: with the first study focusing on the varying of individual rib 

orientation; the second study considering the whole ribs to be 

oriented in parallel; and the final study considers all possible 

combination of rib orientations within the pre-defined design space. 

The overall finding suggests the variation of rib’s orientation 

resulted in increases of frequency spacing between the flutter modes, 

hence leading to significant improvement in aeroelastic performance 

with no additional weight penalty when compared to the baseline rib 

system. Among all the parametric design options, the zig-zag ribs 

configuration has turned out to be the best configuration with 

remarkable improvement in flutter speed of nearly 80%. 
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I. INTRODUCTION 

 
Air transportation has experienced an enormous growth 

due to being the fastest mode of transport. The demand for air 
transport has increased significantly as it also serves as a 
catalyst for economic and social growth. Nevertheless, an 
unfortunate consequence of this is the substantial increase in 
total fuel consumption, which in turn increases the impact on 

the environment through COx and NOx emissions. European 
initiatives such as ACARE 2020 [1] and also FLIGHTPATH 
2050 [2] provide key drivers for the aerospace industry over 
the next 30 years in which the aircraft manufacturers need to 
comply if they are to maintain their market share and have a 
competitive technical competence. These have motivated not 
only the industrial counterpart but as well as the academia 
and government agencies in venturing into various emissions 
reduction options. The key agenda is mainly to ensure that 
the improved aircraft can offer better overall efficiency while 
maintaining its overall performance.  

Extensive research studies have been performed, which 
are focusing on the improvement in structural and material, 
aerodynamic shape, control systems, propulsion and 
manufacturing technology. The last two decades have seen a 
growing trend towards the composite technology and it has 
certainly become the most important area in the construction 
of aerospace structural components due to their attractive 
strength to weight ratio property. The improvement of the 

 
propulsion technology has also been continuously made with 

the introduction of better materials, advancement in 
manufacturing process and enhancement on compressor 

system for better combustion process efficiency. Besides that, 
the approach of aeroelastic tailoring on aircraft design has 

also become an auspicious solution in improving its overall 
efficiency, which can be idealized through either active or 

passive control of aeroelastic wing system, or both [3,4]. 
Nevertheless, the external and internal configurations of the 

aircraft are still more or less similar since the past 50 years. 
 

Recently, there have been several attempts on the 

aeroelastic tailoring of interior wing configuration so that it 
behaves as if an anisotropic manner. One of the earliest 

known attempt was conducted by Harmin et al. [5] where the 
authors presented the aeroelastic effects due to the varying 

ribs orientation as well as crenellated skin orientation in 

parallel arrangement of metallic wing structure. Othman et al. 
[6] has adopted a similar case study but assessing the 

tailoring study for each of the varying rib orientation 
individually in terms of natural frequency and flutter solution. 

Meanwhile Francios et al. [7] have considered the effect of 
varying wing sweep angle of the spar and ribs orientation of 

an un-tapered wing configuration. A much recent study has 
also been conducted by Chan et al. [8] where the varying rib 

orientation has been implemented to a much realistic wing 
model of NASA Common Research Model (CRM). Besides 

that, there has also been a great deal of current research 
interest on the modification of wing interior structure 

planform geometry by using a curvilinear shape 
representation. Jutte et al. [9] presented the use of curvilinear 

rib and spar on the NASA CRM wing model, and Francios et 
al. [10] focused on the modification of spars and stringers 

planform geometry of a simple rectangular wing box model. 
 

Each of the studies above has shown an encouraging 
outcome with various degree of improvement in aeroelastic 
performance when compared with the linear wing interior 
wing configuration. Inspired by their findings, further 
investigation is carried out to seek the best possible 
combination of rib’s orientation whereby the impact of the 
variation in ribs orientation on the natural frequencies and 
flutter characteristics are the main focus in this work. A 
simple representation of a rectangular wing box model has 
been idealized for the investigation on the varying rib 
orientation in terms of natural frequency and flutter solution. 
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II. RESEARCH METHODOLOGY 

 
The studied wing model was designed based upon a 

similar characteristic of Goland wing box [11], which is 
composed of leading and trailing spars, with 10 ribs equally 
divided along the spars. Nevertheless, the overall dimension 
of the wing was designed based upon a wind tunnel test 
section of 1m×1m in cross section. The spacing betw een the 
ribs was in terms of the length of the rib, resulting into a 
number of nine square boxes along the wing span as shown in 
Fig. 1. The wing box has a dimension of 630mm in span, 
70mm in width and 5mm in height with the thickness of spars 
of 1mm. By default, the ribs are 0.5mm in thickness and they 
are located in perpendicularly to the spar direction. Both 
spars and ribs were modelled as a simple flat plate using 
MSC NASTRAN’s four-node quadrilateral shell elements 
(CQUAD4) with a material properties entry of spring steel 
and a boundary condition of fully clamped was defined at the 
root of the wing. Before the analysis was taken place, a mesh 
convergence study was performed in order to establish the 
finite element (FE) model with a mesh density that is 
sufficiently fine to permit a good approximation of the 
solution.  
 
 
 
 
 
 
 

 
Figure 1. Planform view of the baseline wing model 

 
Fig. 2 illustrates the FE and aerodynamic panel 

representation of the studied wing model. It should be noted 
that the structural FE model only considers the wing box 
section and this allows the problem to be simplified while 
retaining its essential characteristics. The total planform of 
the wing was completed by an aerodynamic panel of doublet 
lattice method (DLM). An interpolation method known as 
splining was incorporated to enable the computation of 
aeroelastic forces that acting on the structural grids. In this 
work, a well-known p-k method [12] was employed for the 
flutter analysis.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Aeroelastic wing model 

 
 

 
The varying rib orientations only consider the ribs that 

were located between the root and the tip of the wing, where 
they were numbered in sequence from 1 to 8 as shown 
previously in Fig. 1. The center of rotation was defined at the 
mid chord for each of the ribs and they were allowed to rotate 
without interfering its nearby ribs. Fig. 3 and Table I 
summarize on the considered orientation angles. 

 
BASELINE RIB'S POSITION  
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 Figure 3. Possible rib’s orientation  

 TABLE I. Rib’s angle of orientation   
Positive Orientation    Negative Orientation (Counter 

 (Clockwise)        Clockwise)  
           

 Angle, θ Thicknes       Angle, Thickness 

Position (˚) s (mm)   Position  θ (˚) (mm) 
            

1 14.04  0.4851    5   -14.04 0.4851 

2 26.57  0.4472    6   -26.57 0.4472 

3 36.87  0.4000    7   -36.87 0.4000 

4 45.00  0.3536    8   -45.00 0.3536 
               
 

A clockwise rotation with respect to the center of rotation 
was considered as positive orientation whereas a counter 
clockwise rotation was considered as negative orientation. In 
addition, thickness of the ribs is also varied as they are 
oriented in order to ensure that the total weight of the wing 
remains constant in all cases. All the procedures involved 
have been coded in MATLAB and the system has been fully 
integrated with the MSC NASTRAN solutions to simulate the 
parametric studies. 

 

III. RESULTS AND DISCUSSION 
 

A. Normal Mode Analysis of Individual and Parallel 
Oriented Rib Configuration 

 
The wing box model with varying individual rib 

orientation was first assessed by investigating its impact in 

terms of natural frequency and its corresponding mode 

shapes. Since each of the eight ribs was allowed to rotate into 

eight different angles excluding its baseline orientation, hence 

this will lead into a total of 64 possible tailored 
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configurations, while the parallel oriented rib configuration 

will only lead to a total of 8 possible tailored configurations.  
In this study, a total number of 10 desired eigensolution 

were specified and in general, they were composed of three 

bending, two torsional and five in-plane modes. However, 

since aeroelastic instabilities occurred due to the coupling of 

bending and torsional modes, only these modes were 

highlighted for the investigation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Variation of natural frequency of rib configurations in bending 

and torsion modes. 

 
Fig. 4 shows the variation of bending and torsional modes 

in terms normalized natural frequency with respect to the 

baseline model frequencies. Note that, all three bending 

modes were almost unaffected, with their differences were 

less than 1% when compared to the baseline wing system. In 

contrast, significant variation was visible in torsional modes 

where all the considered tailored rib configurations provide 

increases in natural frequency with a maximum of nearly 

8.5% from the baseline configuration. This suggests that the 

varying rib orientation offers significant impact to the 

torsional rigidity (GJ) of the wing while maintaining its 

bending rigidity (EI). This behavior is mainly due to the 

changes in the variation of structural mass and stiffness 

distribution along the wing, whereas for the baseline system, 

they were uniformly distributed. Furthermore, the 

symmetrical trend in natural frequencies are due to the 

symmetrical impact for a similar orientation magnitude of 

both positive and negative directions. 

 
 

 
B. Aeroelastic Analysis of Individual and Parallel Oriented 

Rib Configuration 
 

.  
The aeroelastic analysis of the baseline wing box model 

was first performed in order to grasp an initial understanding 

on the characteristics of aeroelastic instability before further 
investigation was conducted. Fig. 5 provides the frequency 

and damping ratio trends over a range of airspeed for the 
baseline wing box model. Note that as the airspeed increases, 

the frequency trend of the 1
st

 torsional mode moves closer to 

the 1
st

 bending mode indicating the coupling between them. 

The flutter was then identified when the damping trend of the 

1
st

 torsional mode changes in sign at an air speed of 15m/s. 

Further to this, it can be seen the 1
st

 bending mode converts 

into a non-oscillatory solution at an air speed of 12.5m/s and 
its damping trend change in sign at an airspeed of 16m/s, 

which indicate the divergence instability at this condition. 
This provides a positive outcome showing that the flutter 

occurs before the divergence, which conventionally accepted 
in terms of wing design aspect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. V-f and V-ζ plots of selected baseline wing model 

 
Following this, the aeroelastic analyses of tailored 

configurations can be conveniently analyzed in order to 

investigate the impact of oriented ribs in terms of flutter 

instability. Fig. 6 and Fig. 7 presents the flutter solution and 

its corresponding normalized values for both individual and 

parallel oriented rib cases. It can be observed that almost all 
of the tailored configurations were able to improve the flutter 

instability except in the case of parallel rib configurations that 

was oriented in negative orientation. In overall, the varying 

ribs orientation offers an improvement in flutter speed when 

compared to the baseline configuration. Note that, the highest 

improvement in flutter speed was obtained by rotating the 4th 

rib to a maximum negative orientation of -45° with an 

improvement ca n be seen of nearly 10%. This further 

confirms that, since the maximum negative orientation of the 

4
th

 rib configuration provides the greatest impact to the 1
st

 

torsional mode as 
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shown in the previous Fig 4, hence the greatest impact should 

be expected in the flutter solution as well. While the parallel 

ribs configuration can be seen with an improvement of nearly 

6% from the baseline flutter speed when the ribs were rotated 

in parallel at maximum positive orientation of 45°. 

 
Besides that, by investigating an individual oriented rib 

case, it was found that the negative rib orientation provides a 

higher flutter speed when compared with their corresponding 

solution of positive rib orientation. Meanwhile, for the 

parallel ribs case, there were degradation in flutter speed at 

negative orientation. These characteristics were possibly due 

to the shifting of the flexural axis, which bring an impact in 

terms of moment due the aerodynamics lift; resulting in the 

changes of the moment arm between the aerodynamic center 

and the flexural axis; hence leading to significant impact of 

the flutter solution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Flutter speeds for varying individual rib and parallel ribs 

orientations  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Normalized Flutter speeds for varying individual rib and 

parallel ribs orientations 

 
 

 
C. Optimal Design of Wing Configurations 
 

Due to an outstanding findings of the study, the 

investigation continued by considering all possible 

combination of ribs orientation. In order to simplify the 

parametric analysis, only three angles of -45°,0° a nd 45° 

were considered for the varying ribs orientation, hence 

leading to a total of 38 possible tailored rib solutions. These 

angles were selected based upon the previous results of 

individual rib case showing that both -45°and 45° orientation 

provides the highest improvement in flutter speed. Table II 

presents the five best ribs configurations that provides the 

highest flutter speeds, which were obtained from flutter 

analysis made on the 38 possible tailored rib configurations. 

On the other hand, Fig. 8 provides the planform view of their 

corresponding ribs configuration. It can be seen clearly that 

an outstanding improvement in the flutter speed of nearly 

80% was obtained with the zigzag ribs configurations. 
 
 

TABLE II. Five best configurations with respect to flutter solution 

Configuration 
Natural frequency (Hz) Aeroelastic performance 

   

1
st

 Bending 1
st

 Torsion Flutter speed (m/s)  
    

1 9.23 48.12 28.0 
 

2 9.23 
48.12 27.8  

  

3 9.23 47.48 27.7  

   

4 9.23 47.43 27.5  

   

5 9.23 46.94 27.3  

   

Best individual 9.21 28.43 16.9  

   

Best parallel 9.23 26.82 16.4  

   

Baseline 9.20 26.28 
15.4  

    
 
 
 
 
 
 
 

 
Figure 8. Planform view of five best configurations 

 
Fig. 9 presents the flutter analysis showing the V-f and V-ζ 

plots of the flutter modes (1
st

 bending and 1
st

 torsion modes) 

of the baseline, best individual, best parallel and best overall 
ribs configuration respectively. From the plots, it can be seen 
the frequency gap was significantly visible in the zigzag ribs 

configuration then followed by the individual and parallel 
ribs configuration when compared to the baseline rib system. 
As previously discuss, this in turn leads to the improvement 

of both flutter and divergence speeds which indicate by the 
red dashed lines and markers on the same figure. Note that, 
for all the four considered cases, the flutter instability occurs 

before the divergence, which provides a good characteristic 
of the wing system as the 
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divergence will lead into a catastrophic failure to the wing 

system.  
Fig. 10 illustrates the shifting of flexural axis of three 

selected configurations. It can be noticed that the flexural axis 

was slightly shifted as the rib oriented. This was due to fact 

that the mass and stiffness distribution were not uniformly 

distributed along the spanwise and the chordwise of the wing, 

hence induces bending-torsion coupling that delays the flutter 

instability. For both best parallel and zigzag rib 

configurations, the flexural axis was shifted slightly forward 

from the middle of the wing, while for best individual rib 

configuration, the flexural axis was not significantly changed. 

All in all, the overall findings were outstanding where it was 

found that the variation of rib’s orientation resulted in an 

increase of frequency spacing between the bending-torsional 

modes, which led to a remarkable improvement in aeroelastic 

performance when compared to the baseline rib 

configuration.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. Flexural axis of selected configuration  

 

IV. CONCLUSION 
 

The study suggests that varying ribs orientation offers an 
increment in frequency spacing of flutter modes through the 
increases of torsional frequency while the impact in bending 
modes is very minimal and can be neglected. This led to 
remarkable outcomes of the parametric study in terms of 
flutter solution where improvement of nearly 10% and 6% 
were obtained through the best individual and parallel ribs 
configuration respectively. On top of that, the most 
outstanding improvement of nearly 80% was obtained via the 
zigzag rib configuration. This study was set out not only to 
offer in improvement in flutter speed but as well a possibility 
in significant weight reduction. 

 
 
 
 
 
 
 
 
 

 
a) Baseline rib configuration b) Best individual rib 

    configuration 

     
     

     
 
 
 
 
 
 
 
 
 
 
 
 
 

c) Best parallel rib d) Zigzag rib configuration 

configuration 
 

Figure 9. Best wing configuration of each cases  
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