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Abstract 

 

This report focuses on the study and analysis of the fluid-structure interaction between a 

polymer membrane following linear elastic isotropic material law and a constant-viscosity fluid. 

A sinusoidal movement is imposed in a part of the membrane, as a result of this movement a 

small perpendicular flow is induced in the fluid, meaning this kind of technology could be useful 

for pumping or propulsion in a wide range of scales.   

The aim of this project is to achieve the most stable and trustworthy simulation using the finite 

element software COMSOL. Different configurations and imposed displacement functions will 

be discussed, as well as how changing these affects the membrane’s behaviour.  It is concluded 

that ramping of the imposed displacement as well as strict time-stepping method for the study 

are key to avoid chaotic results. 

Finally, power balance is performed in the system in order to show its efficiency as well as the 

error in the simulation.   
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Introduction 
 

 

The aim of this report is to present the work and conclusions of my Final Year Project on an 

oscillating membrane producing fluid flow. This project has been executed in Polytech 

Montpellier Engineering School, IMAG (Institut Montpelliérain Alexander Grothendieck) and 

LMGC (Laboratoire de Mécanique et Génie Civil).  This work is the continuation of the previous 

project: “Caractérisation d’un système d’assistance cardiaque” by Nathan Collin, which proved  

that when a small rubber membrane moves following a sinusoidal function surrounded by a 

water-like fluid, the movement of the membrane in the y axis induces flow in the x axis. 

The project discussed in this report has as main objective to achieve the best and most stable 

configuration of the system so that following projects on this subject know to which point the 

simulation is trustworthy. 

In order to find the most stable results, different study methods and boundary conditions will 

be explored. Next, a power balance study will be executed on the chosen configuration to 

evaluate the error in the simulation’s results.  

First, the structural analysis will be performed in order to understand how the membrane 

responds to the imposed displacement. Eigenfrequencies studies, Discrete Fourier 

Transformations and displacement plots will be presented to illustrate the vibrating states of 

the membrane; as well as the power balance for the solid-mechanic simulation.  

Once the solid part is stable, the fluid-structure interaction will be studied. Although many 

aspects could be analysed, this report will focus on the resulting flow and the system’s power 

balance. 

All this will be done using the software COMSOL for 2D simulations, and MATLAB as a tool for 

the postprocessing of certain results. 
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1. Structural analysis 
 

The solid part of the system consists of a membrane of dimensions 20mm long and 1 mm wide 

with a handle 
10

3
mm long and 0.5 mm wide. The material is defined by its density, 1120kg/m3; 

its Young modulus, 4MPa; and its Poisson ratio, 0.49[-]. Finally, the mesh is formed by triangular 

elements of size 2.5e-4m. 

 

The following simulations are all 2D, and computed under the following conditions: 

 Plain strain condition.  

 Linear elastic material.  

 Outer boundary of the membrane defined as “free” (no stress)  

 Sinusoidal displacement imposed in the y direction in all the boundary of the handle.  

The function for the displacement will be changed throughout the report, but the frequency will 

always remain 50 Hz and the amplitude 1 mm. Note that even if the imposed displacement is 

only applied in the y direction, it is very important to activate the displacement in x and make it 

zero, failure of doing so will result in non-convergence of the equations.  

 

1.1. Imposed displacement 𝑦(𝑡) = 𝐴 ∙ 𝑠𝑒𝑛(𝜔 ∙ 𝑡)  
 

The first function of displacement to be tested is the simplest sinusoidal, where A is the 

amplitude of 1 mm and ꞷ equals 2π ∙ frequency = 100π rad/s.  

Once the simulation is completed, the results can be analysed. In the following plot the 

displacement of different points of the membrane is presented: 

Figure 1: Membrane mesh 

Handle point 

Mass center  

Tip point 

Figure 2: Displacement plot for different points of the membrane, first imposed displacement. 
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By looking at this single plot it can be concluded that the simulation is incorrect at some point, 

since the displacement of the tip goes as big as 20m, when the membrane is only 2 cm long. In 

order to further understand this issue, the same study was carried out but now using different 

time-steps. 

Time step is defined as the incremental change in time for which the governing equations are 

being solved, for this simulation the time-step is a function of the displacement’s frequency, 

being: 

𝑑𝑡 =
1

𝛼 ∙ 𝑓
 

Where alpha is the number of points with a solution per cycle and f is the frequency of the 

imposed displacement.  

Different studies with different alphas are executed. In the following image a comparison 

between the deformation states of the membrane with different time-steps at time 0.88s is 

presented:  

 

Figure 3: Deformation states of the membrane for different time-steps, t=0.88s 

 

By analysing the previous figure, it is deducted that different time-steps present different modes 

of vibration. Next, an Eigenfrequencies Study is computed, the following table shows the 

systems eigenfrequencies in Hertz.  

 

Eigenfrequencies (Hz) 

  39.839 245.24 670.10 1041.1 1275.9 

 

Once the eigenfrequencies are known it is easy to show the eigenmodes of vibration and 

compare them to the deformation states of the membrane, which is done in the following figure, 

showing how different alphas present different eigenmodes. 
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After analysing these results, it is concluded that numerous eigenmodes of the membrane are 

being activated simultaneously, which makes the results untrustworthy. This is due to the 

imposed displacement, since its function is y(t)=A∙sen(ω∙t), its velocity is v(t)= A∙ω∙cos(ω∙t), 

which means that at time 0s, velocity is at its maximum. This initial infinite acceleration activates 

all eigenmodes. 

 

1.2. Imposed displacement 𝑦(𝑡) = 𝐴 ∙ (1 − 𝑐𝑜𝑠(𝜔 ∙ 𝑡))  
 

Applying this new displacement, the velocity function is now v(t)= A∙ω∙sen(ω∙t), which avoids 

the initial infinite acceleration, since v(t=0) =0.  

From this point on, all the solid-mechanic studies will be computed with a time step of 2.5e-4s 

(α=80) and Generalized Alpha method with strict time stepping, since we found this 

configuration allows the most stable results.   

First the displacement of the tip is analysed, in the following figure it is observed how now the 

displacement is cyclic and stable.  

 

Figure 5: Displacement of the membrane's tip, second imposed displacement 

Figure 4: Comparison of deformation state and eigenmode of vibration of the membrane for t=0.88s 
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Next, to identify which eigenfrequencies are still being activated, a Discrete Fourier transform is 

performed on the data, this transform will turn the data from the time domain to the frequency 

domain, allowing us to see which frequencies are present on the data.  

From Figure 6, it is deducted that the displacement data presents two different frequencies of 

excitation, the first peak at around 40Hz, corresponds to the first eigenfrequency of the system 

(39.839 Hz) and the second one of 50 Hz, corresponds to the frequency of the imposed 

displacement. 

 

Figure 6: Discrete Fourier transform applied to the displacement of the tip's data 

Although this simulation is already stable, the influence of the first eigenmode in the results is 

still very notable, this is due to the membrane being excited to its maximum displacement from 

the very first cycle of the simulation.  

 

1.3. Ramped imposed displacement 𝑦(𝑡) = 𝑟(𝑡) ∙ 𝐴 ∙ (1 − 𝑐𝑜𝑠(𝜔 ∙ 𝑡)) 
 

In order to avoid exciting any eigenfrequency, a ramping function is applied to the imposed 

displacement; this function is defined as: 

𝑟(𝑡) = {
10𝑡, 𝑡 < 0.1

1, 𝑡 ≥ 0.1
 

First, the displacements plot is presented. It can be observed how the ramping function avoids 

any abrupt movements by starting the displacement smoothly, which results in a cyclic and 

stable tip’s displacement with a frequency equal to the imposed one.  

 

 

Figure 7: Imposed and tip's displacement, ramped results. 
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In addition to the displacement, total reaction force in the handle and injected power plots are 

presented in this section since these magnitudes will be of use in following sections. First, he 

total reaction force is computed directly as a function of COMSOL. On the other hand, the 

injected power is calculated as the product of total reaction force’s y component times velocity 

in any point of the handle. Note that the velocity of the handle in the x direction is null.  

 

Figure 8: Total reaction force, y component, in the handle 

 

Figure 9: Injected power in the membrane 

Summing up, after analysing three different imposed displacement options, it is concluded that 

ramping is the easiest way to achieve the most stable and trustworthy results. From this point 

on these ramped results will be referred to as solid-mechanics results.   

 

1.3.1. Power balance for the Solid Mechanic simulation 

 
In order to evaluate whether the selected configuration is correct enough it must be determined 

to which point the results differ with the theory. To do so the Principle of Virtual Power is applied 

to the simulation results.  

The PVP states that the virtual power due to the acceleration in the virtual velocity field is equal 

to the sum of the virtual powers due to the external and internal efforts.  

 

𝑃𝑎 = 𝑃𝑒𝑥𝑡 + 𝑃𝑖𝑛𝑡  

∬ 𝜌 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 = ∬ 𝑓𝑖 ∙ 𝑣𝑖 ∙ 𝑑𝑆 + ∫ 𝑇𝑖 ∙ 𝑣𝑖 ∙ 𝑑𝐿 − ∬  𝜎𝑖𝑗 ∙
𝑑𝜀𝑖𝑗

𝑑𝑡
∙ 𝑑𝑆 
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Where: 

 𝜌 ≡ density of the membrane (kg/m3) 

 𝑣 ≡ velocity field in the membrane (m/s) 

 𝑎 ≡ acceleration field in the membrane (m/s2) 

 𝑓 ≡ non-contact efforts (in this case, since gravity is not considered, 𝑓 is null) 

 𝑇 ≡ contact efforts (N/m). Computed as Reaction force/1[m]  

 𝜎𝑖𝑗 ≡ Cauchy stress components in the membrane (Pa) 

 
𝑑𝜀𝑖𝑗

𝑑𝑡
 ≡ Strain rate components in the membrane (1/s) 

Rearranging the equation’s terms it is concluded that the injected power in the membrane must 

be equal to the acceleration plus the internal power. This is computed in the software as: 

 

∫ 𝐹𝑦 ∙ 𝑣𝑦 ∙ 𝑑𝐿 = ∬ 𝜌 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 + ∬  𝜎𝑖𝑗 ∙
𝑑𝜀𝑖𝑗

𝑑𝑡
∙ 𝑑𝑆 

 

Note that, in this particular case, the first component corresponds to the injected power since 

the outer boundary of the membrane is defined as free (𝜎=0), so the line integral can be 

performed either on all the boundaries or only in the handle.  

 

As stated at the begging of this section, its aim is to estimate the simulation’s miscalculations. 

Theoretically, the sum of the internal and inertial terms should be exactly the injected power, 

and so it can be said that the different between these two represents the error in the 

calculations, which is defined as: 

 

𝑒 =  
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒𝑠 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
≈ 26% 

 

 

Figure 10: Power components in the membrane. Solid mechanic simulation  

Handle 
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Note that these surfaces do not refer to any specific cycle, they are the mean values of the 

surfaces under the curves per cycle from time 0.1s to 1s:  

𝑆 =
1

90
∫ 𝑃 ∙ 𝑑𝑡

1

0,1

 

In conclusion, with the chosen configuration, the simulation’s error is about 26%, which is an 

expected value for dynamic finite-element simulations that can be improved, if necessary, by 

using a finer mesh and time-step.  

Figure 11: Power balance in the membrane. Solid-mechanic simulation 
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2. Fluid-Structure Interaction analysis 
 

The next part of this report consists on placing the membrane that has been previously analysed 

inside a fluid domain. This fluid domain is 70mm long and 12mm wide, these dimensions have 

proven to be big enough not to interact with the membrane’s movement. The centre of the 

membrane is positioned in the point (0.025, -0.001) m, this non-symmetrical position in the y 

axis aims to compensate the non-symmetrical imposed displacement. 

 

 

Figure 12: Fluid and membrane system 

The Newtonian fluid is defined by its density, 1000kg/m3, and its dynamic viscosity, 1e-3 Pa∙s. 

And the boundary conditions under which the simulation is computed are: 

 Incompressible flow 

 No initial flow, which means no initial difference of pressure between the inlet and the 

outlet of the domain. 

 No slip condition in the walls nor the membrane.  

Once the simulations are defined, the triangular mesh is built. In this case, the system is divided 

into two parts: the solid, which’s mesh is fine, elements of 2.5e-4m, and the fluid, with a coarser 

mesh of elements between 1e-3 to 4.8e-5m, and two boundary layers on the domain’s walls.   

 

 

 

Figure 13: FSI mesh 
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Finally, before computing the solution, some study settings must be defined: in this case BDF 

with strict time stepping is used as study method, and the time step is again equal to 2.5e-4s.  

 

2.1. Resulting flow and fluid velocity 
 

As stated earlier on this report, the movement of the membrane induces fluid flow, in this 

section that flow will be studied as well as its direction and magnitude. The objective of this part 

is not to achieve a stable and permanent flow, since a much longer study time would be needed, 

but to illustrate that the flow is indeed generated.  

The following figure shows the resulting flow, defined as the integral on the inlet or outlet of the 

x component of the velocity of the fluid. In this plot both, the inlet and outlet, results are 

presented, as we can see the difference is minimal, since the working fluid is incompressible.  

 

Figure 14: Fluid flow in the inlet and outlet 

 

Furthermore, it is observed that the direction of the flow is the opposite to what it was initially 

expected, in the following image it can be seen how the movement of the membrane affects the 

velocity of the surrounding fluid creating the flow shown by the arrows. 

 

Figure 15: Fluid velocity and flow clip 
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2.2. Power balance for the FSI simulation 
 

In this section the power balance will be executed on the FSI system. First, the solid part will be 

studied, next, the fluid domain and finally, the system as a whole.  

 

2.2.1.  Membrane  
 

As previously explained the Principle of Virtual Power states: 

𝑃𝑎 = 𝑃𝑒𝑥𝑡 + 𝑃𝑖𝑛𝑡 

∬ 𝜌 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 = ∫ 𝑇𝑖 ∙ 𝑣𝑖 ∙ 𝑑𝐿 − ∬  𝜎𝑖𝑗 ∙
𝑑𝜀𝑖𝑗

𝑑𝑡
∙ 𝑑𝑆 

Which in this case will be computed as: 

∫ 𝑇𝑖 ∙ 𝑣𝑖 ∙ 𝑑𝐿 = ∫ 𝐹𝑦 ∙ 𝑣𝑦 ∙ 𝑑𝐿 − 𝑃𝑚𝑒𝑚𝑏−𝑓𝑙𝑢𝑖𝑑 = ∬ 𝜌 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 + ∬  𝜎𝑖𝑗 ∙
𝑑𝜀𝑖𝑗

𝑑𝑡
∙ 𝑑𝑆 

 

Note that in this case the outer boundary of the membrane is no longer free, since it is in contact 

with the fluid, this means the external power on the membrane is no longer only due to the 

injected power, but also to the power exchange between the membrane and the fluid. This new 

term will not be computed in this section so we can appreciate it in Figure 17.  

 

Figure 16: Power components in the membrane. FSI simulation 

 

Figure 17: Power balance in the membrane. FSI simulation 

Handle 
All 

boundaries 
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2.2.2. Fluid domain 
 

Next, the PVP is applied to the fluid:  

𝑃𝑎 = 𝑃𝑒𝑥𝑡 + 𝑃𝑖𝑛𝑡  

Where: 

 𝑃𝑎   represents the time derivative of the kinetic energy of the fluid. 

  𝑃𝑒𝑥𝑡  is the power injected from the membrane to the fluid, hence the integral will be 

performed in the outer boundary of the membrane. 

 𝑃𝑖𝑛𝑡  corresponds to the viscous dissipation in the fluid.  

∬
𝜕𝑘

𝜕𝑡
∙ 𝑑𝑆 −  ∫ 𝑘 ∙ 𝑣𝑥 ∙ 𝑑𝐿 + ∫ 𝑘 ∙ 𝑣𝑥 ∙ 𝑑𝐿 = ∫ 𝜎𝑓𝑖 ∙ 𝑣𝑓𝑖 ∙ 𝑑𝐿 −  ∬ 2𝜇 ∙ 𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 ∙ 𝑑𝑆 

 

𝑆𝑖𝑗 =
1

2
∙ (

𝜕𝑣𝑖

𝜕𝑥𝑗

+
𝜕𝑣𝑗

𝜕𝑥𝑖

) 

𝑘 =  
1

2
∙ 𝜌 ∙ 𝑣𝑖

2 

Where: 

 𝜌  ≡ density of the fluid (kg/m3) 

 𝑣  ≡ velocity field in the fluid (m/s) 

 𝜇  ≡ dynamic viscosity of the fluid (-) 

 𝜎𝑓 ≡ Total Stress vector (Pa) 

 

Figure 18: Power components in the fluid. FSI simulation 

 

Figure 19:Power balance in the fluid. FSI simulation 

Inlet Outlet Ext membrane 
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2.2.3. System 
 

In order to analyse the error in the FSI simulation the power balance should be performed on 

the entire system. 

Considering the previous equation for the membrane: 

∫ 𝐹𝑦 ∙ 𝑣𝑦 ∙ 𝑑𝐿 − 𝑃𝑚𝑒𝑚𝑏−𝑓𝑙𝑢𝑖𝑑 = ∬ 𝜌 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 + ∬  (𝜎𝑖𝑖 ∙
𝑑𝜀𝑖𝑖

𝑑𝑡
+ 2 ∙ 𝜎𝑖𝑗 ∙

𝑑𝜀𝑖𝑗

𝑑𝑡
) ∙ 𝑑𝑆 

 

And realising that:  

𝑃𝑚𝑒𝑚𝑏−𝑓𝑙𝑢𝑖𝑑 = ∫ 𝜎𝑓𝑖 ∙ 𝑣𝑓𝑖 ∙ 𝑑𝐿 

 

The system’s power balance can be written as: 

∫ 𝐹𝑦 ∙ 𝑣𝑦 ∙ 𝑑𝐿 = ∬ 𝜌𝑚 ∙ 𝑣𝑖 ∙ 𝑎𝑖 ∙ 𝑑𝑆 + ∬  𝜎𝑖𝑗 ∙
𝑑𝜀𝑖𝑗

𝑑𝑡
∙ 𝑑𝑆

+ (∬
𝜕𝑘

𝜕𝑡
∙ 𝑑𝑆 − ∫ 𝑘 ∙ 𝑣𝑥 ∙ 𝑑𝐿 + ∫ 𝑘 ∙ 𝑣𝑥 ∙ 𝑑𝐿) + ∬ 2𝜇 ∙ 𝑆𝑖𝑗 ∙ 𝑆𝑖𝑗 ∙ 𝑑𝑆 

 

Which means that the injected power in the handle of the membrane must be equal to the sum 

of the inertial plus internal powers in the membrane and the fluid.  

 

Figure 20: Power balance FSI 

 

Figure 21: Zoomed power balance FSI 

Handle 

Ext membrane 

Solid Solid Handle 

Fluid Fluid Inlet Outlet 
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𝑒 =  
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒𝑠 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
≈ 30% 

 

After comparing both terms of the balance an error of 30% is found. This value is still normal in 

this kind of simulations, the fact of it being bigger than the previous could be due to the coupling 

of solid and fluid software, the coarser mesh in the fluid, etc.  

Finally, it should be interesting to know the efficiency of the system. To do so the inertial power 

of the fluid is compared to the injected power: 

 

𝜂 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑′𝑠 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
≈ 1% 

 

Again, note that the values for the surfaces are mean values, not referred to any specific cycle. 

Through this formula the amount of energy that is indeed useful to create the flow is compared 

to the injected energy in the system. The efficiency computed this way is very small due to the 

symmetry of the inertial power curve. As shown in the following plot, the injected power is non-

symmetrical, which means the injected energy in the system is not zero, however, for the 

acceleration of the fluid term this is not the case, which makes the defined efficiency almost 

null. 

 

Figure 22: Inertial vs injected power in the system 
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Conclusions 
 

The possibilities of this kind of technology are infinite, from cardiovascular devices with 

numerous key advantages such as size, to less hazardous water propulsion devices for jet-skis 

or small boats.  

Throughout this report several conclusions have been stated. First, for the solid-mechanic 

results, it is concluded that ramping of the imposed displacement as well as strict time-stepping 

method for the study are key to avoid chaotic results. 

Finally, the error calculated for the simulation is concluded to be acceptable and expected for 

dynamic studies with the current meshes and time step. However, at such an early stage the 

efficiency of the system is too small and needs to be further study. 
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