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Summary In this research, two kinds of fiber reinforced composite tubes with remarkable variable stiffness properties are 

investigated. The first kind of variable stiffness tube is composed of flexible matrix composite (FMC) and inner liner, namely fluidic 

flexible matrix composite (F2MC) tube. Significant changes in effective axial elastic modulus could be achieved through controlling 

the interior fluid. Base on the application of shape memory polymer (SMP), the second kind of variable stiffness tube is composed of 

multi-layered filament wound structures, namely shape memory polymer composite (SMPC) tube. Significant changes in effective 

engineering modulus can be achieved through regulating the environment temperature. Based on classical laminated-plate theory, 

two kinds of theory methods for both variable stiffness tubes are proposed. Moreover, the accuracy of the theory methods is 

demonstrated by the tensile test results. Finally, the effective axial elastic modulus and modulus ratio (variable stiffness ratio) are 

discussed under different fiber winding angles and fiber volume fractions for both kinds of tubes. The investigated results provide 

meaningful guidance to assist design and fabricate variable stiffness tubes in morphing skin applications. 

 
INTRODUCTION 

 

Traditionally, aircrafts are designed according to their special task, and usually optimized in the most concerned flight 

performance [1, 2]. However, in an integrated flight cycle with continuously varied flight parameters, the geometry of 

wings is not always optimal. Morphing aircrafts can solve this problem through changing their wing shapes to adapt the 

outside flight environment [3, 4]. Morphing skin is one of the key techniques to realizing morphing aircraft [5]. Recently, 

a new kind of variable stiffness skin was proposed to solve these problems [6, 7]. The skin is integrated by flexible 

matrix and variable stiffness tube. While the variable stiffness skin exhibits high out-of-plane stiffness, it can undergo 

large strain and has low in-plane stiffness. One of the key components is the variable stiffness tube.  

 

Fluidic Flexible Matrix Composite (F
2
mc) Tube  

 

The F
2
MC tube is manufactured by filament-wound FMC laminate for the outer tube and rubber material for the inner 

liner, as shown in Figure 1. The F
2
MC tube was firstly proposed by Shan et al. [7], which would experience large axial 

stiffness increase when close the valves. In this study, by applying classical laminated-plate theory and three-

dimensional anisotropic elasticity [8], a 3D analytical method is proposed to characterize the axial stiffness behavior of 

a single F
2
MC tube. In comparison with the experiment result, the analysis is deemed to possess satisfying accuracy in 

the effective axial elastic modulus prediction of the F
2
MC tube [9]. In addition, the effective axial elastic modulus and 

modulus ratio are discussed under different fiber winding angles and fiber volume fractions of the tube, as shown in 

Figure 2 and Figure 3. The analysis result shows that the modulus ratio can be regulated. The analysis results could 

provide references for design and fabrication of F
2
MC tube. 

 

  
Fig. 1 Filament wound of F

2
MC tube  Fig. 2 Curves of modulus versus fiber angle of   Fig. 3 Curves of effective axial 

F
2
MC tube with different fiber volume          ratio versus fiber angle of 

fractions: (a) closed-valve modulus;           F
2
MC tube with different  

                                      (b) open-valve modulus [6]               fiber volume fractions [6] 
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As a typical smart material, shape memory polymers (SMPs) have the capability of variable stiffness to external stimuli, 

such as hear, electricity, magnetic and solvent, et al. In this research, a shape memory polymer composite (SMPC) tube 

composed of multi-layered filament wound structures is investigated as shown in Figure 4. The SMPC tube possesses 

the flexibility under high temperature condition and the rigidity under low temperature condition. Significant changes in 

effective engineering modulus can be achieved through controlling the environment temperature. A three-dimensional 

theory method based on classical laminated-plate theory and Sun’s [10] thick laminate analysis is used to predict the 

theoretical effective axial engineering moduli of the SMPC tube in both cold and heated states. In order to verify the 

accuracy of the theory method, a tensile test is conducted on the SMPC tube. In comparison with tensile test results, the 

theory method is verified to possess satisfying accuracy in the effective axial engineering modulus prediction of the 

SMPC tube, as shown in Table 1. In addition, the effective axial engineering modulus and its modulus ratios are 

analyzed and discussed in different fiber winding angles and fiber volume fractions, as shown in Figure 5. The analysis 

results show that the modulus ratio can be regulated through changing the fiber-winding angle and fiber volume fraction. 

                 
Fig. 4 SMPC tube specimens               Fig. 5 Curves of elastic modulus versus fiber winding angle of 

SMPC tube with different fiber volume fractions: (a) 

cold state and heated state moduli; (b) modulus ratio  

 

Table 1 Comparison of experiment and predicted results 

 
Axial elastic modulus 

(cold state)/ MPa 

Axial elastic modulus 

(heated state)/ MPa 
Modulus ratio 

Experiment results 2692.5 34.1 79.0 

Predicted results 3065.4 36.2 84.7 

 

CONCLUSIONS 

 

To conclude, two kinds of filament wound tubes with variable stiffness are fabricated and analyzed. Significant changes 

of effective axial elastic modulus can be achieved. Two kinds of theory method are proposed based on classical 

laminated-plate theory to describe the effective axial elastic modulus. In comparison with the tensile test results, both 

theory methods are deemed to possess satisfying accuracy in the effective axial elastic modulus prediction. In addition, 

the variable stiffness ratios are discussed under different fiber winding angles and fiber volume fractions for both kinds 

of tubes. The analysis results show that the variable stiffness ratios can be regulated, which also show great potential in 

morphing aircraft applications.  
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