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Abstract 
Membrane structures, often supported by additional stiff structure, have been used for lifting surfaces since the first kites and aeroplanes. Since then, technology 

obviously has come a long way, but, using modern materials like wovens or laminates, membrane structures, often supported solely by pressure differential or in-

flated tubes, still offer great opportunities for constructing large lightweight lifting surfaces. 

While the actual structures often appear to be quite simple, the engineering process is determined by the strong non-linearity of their behaviour and the impact of 

flow forces on their actual shape. Thus, the accurate prediction of flow and structural behaviour and their interaction is required. 
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Membrane Structures come in all shapes and sizes, 

supported by pressure differential, additional struc-

ture or a combination thereof. Figure 1 shows a typical 

kite made of membrane material, supported by tubes 

stiffened by internal pressure. 

 

 

 

 

 

 

 

Figure 1: Kite made of membrane material (woven) supported by 

pressure differential and inflated tubes 

 

An important characteristic of material (film, fabric or 

laminate) used for membrane structures is its small 

thickness compare to the other extents. Due to this, 

bending stiffness and buckling strength are very small. 

Modelling of membrane structures has to  take this 

peculiarity into account by using appropriate ele-

ments, e.g. of shell type [1]. 

Further, if the bending stiffness is assumed to be negli-

gible, a most basic finite elements like the constant 

stress triangle (CST) [2] can be used. As this element 

takes only in-plane stresses into account its behaviour 

can be described by 

(1) 

with the Hessian matrix 

 

 

(2) 

 

 

 

 

On an actual membrane material, subject to compres-

sive stress, small wrinkles occur on the surface. This 

behaviour is not supported by above formulations. In 

combination with the triangular shape of the ele-

ment, they lead to out of plane deformations with fre-

quency and amplitude determined by the size of the 

elements. This issue can be resolved by using a wrin-

kling model. Here the stiffness under compressive 

stress is assumed to be zero and the wrinkles to be of 

sub-grid scale and therefore not actually modelled. 

Exemplary criteria to detect the onset of wrinkling are 

given in Figure 2: 

 

 

 

 

 

 

Figure 2: Mohr’s circle for mixed stress-strain criteria for onset of 

wrinkling 

A wrinkling model suitable for arbitrary material prop-

erties is described in [3]. It is based on the idea of a 

fictitious non-wrinkled membrane in place of the 

wrinkled one (see Figure 3). 

 

 

 

 

 

 

Figure 3: Wrinkled and fictitious non-wrinkled membrane 

With formulae (1) and (2) rotated to the X̂ coordinate 

system aligned with the principal strains, the Hessian 

matrix is modified that 22 and 22 vanish. 

Figure 4 gives analytical and simulation results for the 

bending stiffness of a pressurised tube with and with-

out wrinkling model. While the “stiff” tube has a line-

ar relationship between deformation and bending  

moment, the increase of bending moment required to 

bend the wrinkling tube starts to vanish as soon as 

wrinkles start to occur (beyond 1.0 on the abscissa). 

This behaviour as well as the agreement between sim-

ulation and analytical results can nicely be seen. 

 

 

 

 

 

 

 

Figure 4: Analytical and simulated required bending moment for 

deformation of pressurised tube with and without wrinkling 

model 

 

For membrane structures supported by aerodynamic 

forces a strong dependency between flow behaviour 

and shape exists. This necessitates the iterative cou-

pling of solutions for flow and structure. 

Generally, two different coupling methodologies can 

be described: If time-dependency of flow and defor-

mation is relevant for the result strong or implicit cou-

pling is required  (Figure 5), else, weak or explicit cou-

pling is sufficient (Figure 6). 

 

 

 

 

 

Figure 5: Flowchart for strong FSI coupling scheme 

 

 

 

 

 

 

Figure 6: Flowchart for weak FSI coupling scheme 
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