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1 Abstract 
 

Optotune AG, based in Zürich, Switzerland, produces tunable lenses by using a hydrostatic pressure in 

combination with a viscoelastic silicone membrane. In this thesis, the lens technique is used to develop a 

tunable aperture. Furthermore, the influence of membrane design parameters on the required actuation 

force has been investigated.  

Tunable Optofluidic Aperture 

Conventional tunable lens designs comprise a transparent fluid contained by a glass plate and a silicone 

membrane in axisymmetric setup. The use of a light absorbing fluid instead of a transparent fluid creates a 

tunable aperture. Application of such apertures can be advantageous in the mobile camera phone market 

because of their small size and cheap production.  

The concept of the aperture was proven by building demonstrators. Two architectures have been used, a 

single and double liquid design. Both designs repeatedly showed trapped fluid in the center of the aperture, 

which is an undesired effect.  

Experiments were done to investigate the influence of several parameters on the dark spot in the center.  

Surface tension, contact angle, hydrophilic properties, glass coating, particle size , particle concentration, 

pressure and fluid viscosity were tested. Only pigment particle size and concentration showed a large 

influence on the dark spot. If the concentration of particles is low enough and the size of particles is small 

enough, a clear aperture is created. However, the clear aperture showed a soft aperture edge. This soft edge 

caused a lens effect.  

The lens effect can be compensated for in a double liquid design with one dark and one transparent fluid 

having matching refractive indexes. While prototyping, the pigments diffused through the membrane to the 

transparent fluid, which colored the transparent fluid red. Furthermore, the double liquid design is more 

complicated to mass produce in mobile phone size. 

 Membrane model identification 

Any tunable lens or aperture containing a silicone membrane and fluid container needs an actuation force 

(hydrostatic pressure) to reach a focal length (lens deflection). The required pressure depends on the design 

parameters of the silicone membrane. This thesis enables Optotune to estimate the needed pressure, while 

varying design parameters. A correct estimation of the required pressure and actuation force will save 

development time of Optotune‟s products. 

The deflection versus pressure relation of Optotune‟s silicone membranes is investigated in this thesis. The 

shape of the membrane is modeled as a spherical cap. Various aperture diameters, thicknesses, prestrains 

and deflections have been measured. The stress strain curves of the membranes were fitted with a Mooney 

Rivlin material model. A developed „Shape Predictor‟ software uses this model to instantly model a lens 

shape and can calculate several properties such as the force needed to drive the lens. 

Conclusion 

This thesis proved the functionality of the tunable optofluidic aperture  but could not eliminate certain side 

effects. Research results on the material model has created a better understanding of the membrane 

material. Software tools have been developed to be use the research in production and design at Optotune.  
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2 List of variables 
𝜆 [-] Material stretch: ratio between new length and old length 

𝜀 [-] Material strain: ratio between extension and old length 

V [m3] Volume 

A [m2] Area 

t [m] Thickness 

𝑙 [m] Length 

𝑟 [m] Aperture / flat radius of circular membrane 

𝑅 [m] Bulge radius  

𝑧 [m] Deflection height of membrane bulge at center  

𝜃 [deg] Deflection Angle (see Fig. 37) 

𝐹 [N] Force  

𝜎 [Pa] Stress  

𝑐10, 𝑐01 [Pa] Mooney Rivlin parameters  

𝑌 [Pa] Young‟s modulus  

𝛼 [-] Biaxial correction factor  
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3 Tunable optofluidic aperture 

3.1 Why a tunable aperture ? 

An aperture (Fig. 1) is used to control two photographical aspects: 

- amount of light captured 

- depth of field 

When the aperture is wide open, more light is captured by the photo sensor. An extra effect is a very short 

depth of field . The photographical effect can be seen in Fig. 2. When the aperture is closed, less light is 

captured and a wider depth of field is obtained (Fig. 3).  

 
Fig. 1 Aperture 

mechanism of Canon 
50mm f/1.8 II lens 

 
Fig. 2 At f/5.6, the flowers are 
isolated from the background. 

 
Fig. 3 At f/32, the background 

competes for the viewer’s attention. 

 
 

3.2 Design motivation for tunable aperture 

Current mobile phone lenses do not use an adjustable aperture yet. In the trend of increasing the 

photographic quality of mobile phone cameras, the adjustable aperture could play an important role. The 

aperture technique developed at Optotune has two main advantages. 

 The aperture can be constructed small enough to fit in a mobile phone camera (<  7x7 mm) 

 The aperture design potentially has a low piece count  
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3.3 The single liquid aperture technology 

 

Optotune has developed tunable lenses, based on a silicone 

membrane containing an optical fluid.  Their manually tunable 

lens is shown on the right. The lens is built up by an optical fluid, 

sandwiched between a glass plate and a silicone membrane.  By 

turning the outer ring, the focal length can be changed.  

 

Fig. 4 Manual Lens product 

 

Fig. 5 cross section of the single liquid lens. A container (lightblue) containg a transparent optical liquid (grey) is closed by a 

membrane (dark blue). An actuator (black) pushes the sides of the membrane down. Because of constant fluid volume, the 

center of the membrane bulges upwards. 

When the outside of the membrane is pressed down, the inside 

of the membrane will come up, due to the constant liquid 

volume. One can imagine this setup works as a convex lens 

When light rays are aligned with the axis of rotation. Optotune 

has developed this principle in a manual tunable and electrical 

coil tunable form. The latter has been scaled into mobile phone 

size, to create a zoom lens for mobile phone cameras. 

 
 

Fig. 6 flat and convex lens 

Optotune discovered that when the membrane is pulled up, the 

inner part of the membrane touches the glass. Then a flat circle 

was formed on the bottom, without lens action. The circle can be 

enlarged by pulling up the outside of the membrane even further. 

The idea came that when the fluid would be dark, an aperture 

could be made. 

 
 

Fig. 7 concave lens and aperture 
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3.4 Proof of concept by the University of Singapore 

 

Fig. 8 Aperture demonstrator by Yu Hongbin, National University of Singapore, 2008 

Fig. 8 shows an optofluidic aperture, using the same principle as described in the previous section. This 

picture has been made during research at the National  University of Singapore(Hongbin, 2008). The 

biggest difference with Optotune‟s idea is the actuation principle (here fluid is being added and removed). 

Furthermore, the fluid used in this demonstrator is water based. Internal experience with water based fluids 

used in membrane containers always showed evaporation. The water vapor simply escapes through the 

membranes used by Optotune (this property of membranes is used on purpose in Gore-Tex® materials).   
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3.5 State of the art 

This section contains a brief overview of current trends in small aperture design. More information about 

each design can be found by searching for the patent or the given source.  

Samsung roll up blades (WO 20090142050) 

 

Fig. 9 Samsung Roll up blades aperture 

Advantages: continuous enlargement of aperture area, fairly circular, MEMS production, clear aperture 

region. 

Disadvantage: not yet on the market 

 

 

Fribourg University – Dynamic micro iris 

 

Fig. 10 Fribourg University, Dynamic microfluidic spiral iris (Müller, 2010) 

Advantages: circular 

Disadvantages: spiral infrastructure blocks a percentage of light, external pump/reservoir needed. 
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Artificial Muscle - 5 blades design 

 

Fig. 11 Artificial Muscle, 5 blades aperture design 

Advantages: clear aperture region 

Disadvantage: not completely circular, many parts used 

Transparent Crystals (US2008317459 A1) 

 

Fig. 12 Transparent Crystals, Liquid Crystal panel aperture design 

Advantage: known and cheap production method 

Disadvantage: low contrast 
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 Flextronics – 2 blades (WO 2008137057) 

 

Fig. 13 Flextronics, two blades aperture design 

Advantages: clear aperture region 

Disadvantage: not completely circular, mechanical complexity 

 

3.6 Technical specifications 

Specifications have been made to indicate what the properties of the final product should be. This is a first 

indication and can be used during design of an eventual prototype. The minimal aperture is set to 0 mm, 

because the aperture could be used as shutter and aperture at the same time.  

Optical Characteristics  

Minimum aperture diameter 0 mm 

Maximum aperture diameter 2 mm 

Shutter/Aperture speed 10 ms (millisecond) 

  

Mechanical Characteristics  

Dimensions (W x H x L)  7.5 x 7.5 x 1 mm3  

Clear Aperture 2 mm 

Weight Light 

  

Electrical Characteristics  

Power Consumption < 50 mW 

Input Voltage 2.7  V  

Input Current <20 mA 

Interface to Control Electronics I2C or PWM 

Cycle Life > 100„000 

  

Thermal Characteristics  

Operating Temperature -20°C to +65°C  

Storage Temperature -40°C to + 85°C 
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3.7 Membrane material 

This research will not discuss the membrane material, for finding the right material to use for the lenses is a 

huge research project on its own. Optotune is continuously performing this research in a separate 

department.  

The membrane material used in this thesis and most of Optotune‟s products is internally called SE0904. 

3.8 Actuation methods 

This section shows various actuation methods which have been identified as suitable. 

3.8.1 Electrostatic: zip actuator  

 

 

Fig. 14 Zip actuator aperture design 

Electrodes are printed on the membrane. A very thin isolation layer is printed on the metal housing. A 

voltage difference is applied between the housing and the electrode on the membrane. Therefore the 

electrode is attracted to move to the housing, which changes the membrane shape.  

  

3.8.2 Electromagnetic: ferrofluid actuator 

 

Fig. 15 Ferrofluid actuated aperture design 

If ferrofluid is used as a dark fluid in the aperture, the fluid can be part of the actuator. By changing the 

magnetic field density at the outer diameter of the aperture setup, the fluid will be attracted to the outside, 

which makes the membrane come down on the inside, creating an aperture.  

V=0

V1>0
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A small quantity of oil based ferrofluid has been tested in Optotune and directly showed that the viscosity is 

much too high create a clear aperture on the glass. Water based Ferrofluid could not be used as it would 

evaporate through the membrane. 

 

Fig. 16 Ferrofluid on glass plate above permanent magnet 

Fig. 16 shows Ferrotec S12n on a glass plate, lying on a magnet. From the picture we can see that the fluid 

is too viscous and therefore too slow to creep to the magnetized area. Also  the aperture in the middle is 

still brown. Waiting until the aperture clears up takes long (>> 1 minute). 

 

3.8.3 Electromagnetic: coil actuator 

 

Fig. 17 Optotune coil actuator design 

The coil actuation principle is used in Optotune‟s electrical lenses. In Fig. 17, the orange part in the picture 

resembles a permanent magnet. The yellow part is a coil wounded around the bobbin. The bobbin is glued 

onto the membrane and is able to move vertically. When a voltage is applied on the coil, the bobbin will 

move.  
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3.9 Liquid selection 

Various tests have been performed to identify suitable fluids for the aperture.  

Qualitative goal of liquid selection 

To select a liquid having 

- light absorbing properties (black) 

- a fast escaping action from the glass – membrane contact region 

- no toxicity 

- temperature specification fitting operating temperatures requirements 

- compatibility with membrane and casing 

Identification of qualitative specification 

- Light absorbing properties 

o Fluid either being black or being able to solve a colorant, for example: 

 Oil based black ink 

 Food colorant powder 

 Carbon black  powder 

- A fast escaping action from the glass – membrane contact region 

o Surface tension: when the surface tension of the liquid is higher than that of the surface, 

the liquid will not stick onto the surface. The higher the surface tension, the faster the 

liquid will flee away 

o Viscosity: the lower the viscosity, the quicker the fluid will be able to move away from the 

contact region 

- No toxicity 

o No irritation to skin, eyes 

o No swallowing risk 

o No environmental damage 

- Temperature requirements 

o Stable region:  [-40  ,  +85] degC 

o Operation region: [-20 ,  +65] degC 

o No evaporation of fluid  

 Low vapor pressure: <1 atm for whole Temperature range 

 High boiling point:  > 85 degC 

o No combustion: high flash point: > 85 degC 

o Stable mass: not hygroscopic 

- Compatibility with membrane and casing 

o Does not solve the silicone membrane and/or casing plastics 

o Does not leave drops on the membrane  

  



Tunable Optofluidic Aperture 
Thesis Master of Science J.T.M. Mutsaerts  

 

 

This information is confidential to Optotune and is not to be copied or forwarded to any 3rd party without our prior written consent.      Page 18 / 67 

 

 
 

Proposed test methods 

- Surface tension, viscosity 

o Pressure test by sandwiching a dark fluid between glass and membrane. As the membrane is pressed 

on to the glass, the speed with which the fluid moves away from the pressure area becomes visible. 

Also, one can see the clarity of the aperture area. As higher the surface tension and as lower the 

viscosity, the better the result will be. 

- Light absorbance  

o Test compatibility with dyes and pigments 

- High temperature stability, high boiling point, low vapor pressure 

o oven test: 85 degC, 48 hours 

- Low temperature stability, low melting point 

o fridge test: -30 degC, 48 hours 

Properties of typical liquids 

- Water (dyed black)  

o Lipophobic: water escapes from the lipophilic silicone membrane 

o Surface tension: 72 mN/m  is very high and therefore the water flees away quickly 

o High temperature stability: Water evaporates over time 

- Oil based ink 

o Dries out (fluid evaporates) 

o Low surface tension, sticks to surface 

- OL0907 (used for 1st Manual Lens aperture demonstrator) 

o Surface tension marginally good, not high enough 

o High viscosity 

- OL0904  

o All properties ok, but forms drops on the membrane when heated 

- OL0903 

o All properties ok, but is too aggressive to use together with plastics 

- OL 0901  

o Melting point = -6 degC. All other properties are ok 

o Surface tension 31 mN/m  

- OL0902 (favorite fluid) 

o Melting point = -6 degC. All other properties are ok 

o Surface tension 36 mN/m 

Testing fluid OL0902 with black dye 

- Using oil based ink 

o Decrease in surface tension because of ink mixture. Ink has a low surface tension in order to wet the 

paper  

o Filtering the ink mixture with 0.2 µm increases the surface tension, but also decreases the opacity 
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3.10 Feasibility demonstrators  

To investigate the functionality of the aperture principle, several demonstrators are made. The technique for 

the demonstrators is shown in 3.3. 

3.10.1 Manual aperture demonstrator 1  

 goal    

o Test functionality of aperture principle  

 transparent fluid  

o OL0907  

 ink    

o Pelican oil based black ink (15 ml)  

 

 

 

Fig. 18 Aperture demonstrator shows a black spot in the center 

Results 

 As shown in this picture, some fluid is trapped in  the center 

 A small particle appears to be right in the middle, allowing other fluid particles to stay in this region 

 The intensity of the spot depends on the speed with which the ML was opened 

Possible improvements 

 Decrease concentration of ink 

 Filter ink particle size
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3.10.2  Manual aperture demonstrator 2  

 goal    

o Solve „trapped fluid‟ problem  

 transparent fluid  

o OL0902 (identified fluid from liquid selection)  

o higher surface tension: 36mN/m 

o lower viscosity 

 ink    

o Pelican oil based black ink (3 ml)  

 mixture filtered with 1mu filter 

 

Fig. 19 Aperture demonstrator 2 

Results 

 the spot, seen in demonstrator 1, is gone 

 optical region in center shows a lens effect 

o optical region is not flat 

o the quality of the optical region depends on speed of opening the aperture 

 the fluid is transparent at the side of the transparent region  

o not enough ink applied 

o lens effect on the aperture edge 

Proposed improvements 

- deposit silicone layer on glass plate 

o a Silicone layer / selected coating will create a lower surface energy 

o fluid will flow away faster 

- try with more drops of ink (2-3 instead of 1) 

o fluid will be less transparent on the sides 

 



Tunable Optofluidic Aperture 
Thesis Master of Science J.T.M. Mutsaerts  

 

 

This information is confidential to Optotune and is not to be copied or forwarded to any 3rd party without our prior written consent.      Page 21 / 67 

 

 
 

 

3.10.3 Manual aperture demonstrator 3  

 goal    

o test influence of surface tension on trapped fluid problem 

 transparent fluid  

o H2O(l) distilled  

o higher surface tension: 72mN/m 

o lower viscosity 

 ink    

o Allura Red (food colorant)  

 membrane 

o SE0904-017 6/7/8 

o t0 = 222µm, t1 = 102 µm 

o prestrain: 48% 

 glass 

o Silicone coated (SE0904) layer 

 

 

Fig. 20 Demonstrator 3 built with water and red colorant 

Results: 

 just a high surface tension is not enough to make a clear aperture in the Manual Lens demonstrator 

 again, the clarity of the aperture depends on the speed with which the membrane is moved down 
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3.10.4 Manual aperture demonstrator 4  

 goal 

o Test influence of contact angle on trapped fluid problem 

 transparent fluid  

o OL0902 (6.6544 g)  

 ink    

o Pelican oil based black ink (0.1297 g)  

o 0.9009 g of mixture filled 

 bottom glass 

o Lens convex curved bottom glass to increase contact angle with membrane 

 

Fig. 21 Demonstrator 4 built with a lens as bottom glass 

Results: 

- The trapped fluid in the middle remains and creates extra convex lens 

- Depending on the transparency of the fluid, the outer region will act as a concave lens 

- Increasing the contact angle has no significant influence on the trapped fluid 

 

 
Fig. 22 Simulation of bottom contact angle (made with Matlab tool ‘shape predictor’) 
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3.10.5 Positive pressure experiment  

 

From earlier experiments, it is reasonable to conclude that to create  a negative pressure in the fluid will not 

result in a clear aperture. There might be too little force pushing the fluid away from the aperture area. A 

discussion about the trapped fluid can be found in 3.12. In search of a working method, experiments have 

been performed with a positive pressure on the fluid. This type of actuation might be able to push the liquid 

away and create a clear aperture. The next picture shows a 3d cross section of the experimental setup. 

 

Fig. 23 Positive pressure experimental setup 

The air pressure underneath the membrane bulge is controlled manually with an air pressure regulator. The 

bulge pushes up against a drop of fluid. As the bottom of the air chamber is closed by a cover glass, light 

from underneath can be shined through the created aperture. The bulge creates an aperture on the glass by 

pushing away the fluid. The next pictures, taken with a microscope camera, show the results. 

 

Fig. 24 (a,b,c) Test results with positive pressure. Picture c shows dirt on the membrane. The test setup is in open air, 

therefore the membrane is never completely clean. A picture with trapped fluid in the center is not available. 

Several experiments have been done with this test setup. The following conclusions are made: 

 A low concentration of ink with small particle size can produce a optical transparent area 

 A higher concentration of ink does create a dark spot in the center (no picture available) 

 A bigger particle size creates a dark spot in the center  

 It is not confirmed that there is no lens effect in the center 

 The aperture edge is not sharp  

Dark fluid drop 

 Camera view 

Positive pressure 
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3.10.6 Manual aperture demonstrator 5  

To investigate how the positive pressure discussed in the previous section performs in a closed membrane 

setup, a new demonstrator is being made based on the manual lens design. However, to create a positive 

pressure, the design is somewhat changed by inserting a second lens shaper. 

Fig. 25 shows the simulation of the double liquid design made by the Shape Predictor (Matlab tool, see 4.4). 

Two containers are put on top of each other, with different fluids, separated by the membrane (blue). As 

the top container moves down into the bottom container, a bulge is created that presses onto the glass 

plate.   

 

 

Fig. 25 Simulation of the positive pressure lens created in Matlab tool ‘Shape Predictor’ 

The simulation has been used to calculate the fluid volume in the top and bottom containers.  

The volume of top and bottom fluid is very critical, because it determines the possibility to create an 

aperture and changes the height of the outer membrane ring. With the wrong amount of fluid, the range of 

the setup is very limited. 

By using matching refractive indexes of the fluids, the lens effect in the aperture edge and in the center are 

solved. 

Results 

 

Fig. 26 Double liquid demonstrator shows the typical black circle 

Again, the demonstrator showed the black circle. The fluid has not been filtered well enough and contains 

visible black particles. 

  

Glass plate 
membrane 
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3.11 Troubleshooting  

Several actions have been undertaken in order to solve the dark circle problem we have seen in previous 

sections. To summarize the various attempts and their arguments, Tbl. 1 is shown underneath. Properties of 

the demonstrator setup are described and argumentation for and against their influence are shown. 

As the various properties create a multidimensional space of possible combinations, the demonstrators were 

designed to, as good as possible, test the influence of the single property. 

The last mentioned solution “Slots in glass” is yet to be tested. 

Solution to „trapped fluid‟ Arguments pro Arguments contra 
Surface tension 
Hydrophilic/phobic 

Flatter drop means higher 
likelihood to form dark circle 

- Tested with water, stain stayed 
- Only mercury is higher 

Viscosity High inertia of fluid will have 
the fluid stay in the middle 

- Tested with water, stain stayed 
 

Colorant Particle Size Smaller colorant decreases 
viscosity and flows away quicker 

- colorant travels through 
membrane (in double liquid 
setup) 

Contact angle Higher „zip angle‟ between 
membrane and glass will push 
away fluid 

 Tested with lens bottom  glass, 
dark stain appeared 

Concentration Lower concentration of dark 
fluid will make stain less visible 

Softer aperture edge, higher 
edge lens effect 

Slots in glass (not yet tested) Fluid can flow away from center 
through slots in glass 

Optical effect of slots 
 

Tbl. 1 Troubleshooting table 

3.12 Trapped fluid discussion 

Several experiments are done while trying to solve the trapped fluid problem. A critical view on this 

problem is presented in this section.  

Regarding the fluid, the current design is very limited by the use of transparent liquids used by Optotune. 

To identify a fluid having the correct properties for long term use in the membrane setup requires a lot of 

time. The used fluids  are not necessarily compatible with the pigments and a better combination of 

pigment and fluid could be found. 

The functionality of the aperture has not proven to ever completely solve the trapped fluid problem. The 

question “Would the aperture of a demonstrator with transparent liquid show a completely flat aperture 

region?”  cannot be answered. The suspicion is though, that it would not. The possibility to measure the 

aperture surface height of a demonstrator with transparent fluid exist and would give an answer. The answer 

given by this experiment would only apply to one fluid, so more fluids should be experimented with. 

However, each demonstrator costs money and time and there was no time left for this experiment.  
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3.13 Conclusions on aperture design 

Lens technologies developed at Optotune are based on silicone circular membranes. Such a membrane 

encloses a container of optical fluid and is able to change its surface. This principle has the potential to be 

used as an optical aperture. With little mechanical components, such an aperture could be made small and 

cheap. 

A silicone membrane in 2d axisymmetric circular setup is pulled down to a glass plate, as a result of 

hydrostatic underpressure. The volume between the glass plate and the membrane is filled with a dark fluid.  

 The contact region creates an optical aperture, the size of which can be changed. 

 The contact region shows not to be completely transparent. A dark circle forms on the glass plate. 

The dark circle problem could not be solved by 

 increasing surface tension of the dark liquid  

 adjusting Hydrophilic / Hydrophobic characteristics. 

 Increasing the contact angle between the membrane and the dark liquid  

 Applying a negative or positive pressure  

Two methods having a positive influence on the dark circle are identified: 

 Decrease of concentration of black particles 

 Decrease of size of black particles 

However, applying these methods has disadvantages: 

 Soft aperture edge with lens effect 

 Curvature of membrane (lens effect) in the center 

The lens effect in the aperture edge and center can be solved by using a double liquid setup with matching 

refractive length. Though, also this setup  has its disadvantages: 

 More complicated to produce 

 Takes up more size 

 Pigment leaks through the membrane from the dark fluid to the transparent fluid. 
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3.14 Aperture Outlook 

In order to design a functioning tunable aperture, I have the following recommendations. 

 Measure optical surface shape of the aperture region of a single liquid demonstrator 

o Fill the demonstrator with Optotune‟s transparent optical fluid, no added pigment 

o Use various tuning speed 

o Conclude whether the aperture region shows a lens shape 

o Investigate influence of fluid type and properties on surface shape 

o Later on, add pigment and perform the same test 

 Experiment with micro slots in the bottom glass 

o Fluid can escape from the aperture region through the slots 

o Measure surface shape of aperture region  
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4 Membrane model identification 
Optotune designs lenses based on silicone elastomer membranes. The membrane, being placed in an 

axisymmetric setup, functions as a lens when a pressure underneath the membrane is applied and a bulge 

forms. The pressure is applied through an optical fluid. After choosing a silicone elastomer material 

(SE0904), the membrane can be dimensioned by choosing a membrane thickness, applying a certain 

prestrain and choosing an aperture radius of the circular setup.  

A complex part of the design phase of a lens comprises the calculation of the deflection of the membrane at 

a combination of previously mentioned parameters. From the deflection of the membrane and the fluid‟s 

refractive index, the focal length of the lens can be calculated. Finding the influence of thickness, prestrain 

and aperture radius on the deflection of the membrane is important for two reasons: 

 Motor size design; calculate maximum needed force on the lens shaper  depending on membrane 

parameters 

 Design of membrane production ; what is the production sensitivity to changes on membrane 

parameters 

The influence of the membrane parameters on the deflection will be measured experimentally in this 

section. A measurement setup is designed, able to test membranes having various properties. Later on, these 

measurements will be simulated by material models. 

Results of this section will be used for the mechanical design of lenses. The experiments will be done on 

deflections in the center. The optical shape will not be covered in this research. In optical design, surface 

accuracy needs to be < 1 μm, where in mechanical design, the surface is only determined by the center of 

the bulge and is approximated as a perfect sphere.  

This research only investigated using the material SE0904. Research methods could readily be applied to 

other materials. 

 

Fig. 27 Overview of membrane material problem 

 In Fig. 27, the membrane material problem overview is given. Every combination of input parameters gives 

a different output as center deflection and ring deflection. The method to get the deflection values can be 

through experiments with bulge tests, through a linear model (Rosset, 2009) or with the Mooney Rivlin 

material model. To visualize the results, a visualization tool has been developed in MATLAB®. The tool is 

able to display various geometrical setups for various Optotune lens designs, based on the material models 

derived in this thesis. 

Input: 
Membrane

• r Aperture radius
• t Thickness 
• ε0 Prestrain
• p Pressure
• Material SE0904

Process:
Model

• Bulge test results
• Linear model
• Mooney Rivlin model

Output: 
Deflection

• Center
• Ring

• VISUALISATION TOOL
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4.1.1 Center and ring distinction 

To calculate the stress in the membrane, a model based on a spherical pressure vessel is shown in this 

section. Measurements done at Optotune (Graetzel, 2009) show that the contour of a blown up membrane 

resembles the shape of a sphere.  

 

Fig. 28 Shaped membrane in bare lens setup (pink) and single lens shaper setup (blue) 

In Fig. 28, a two dimensional plot containing two membrane setups is shown. The first line (pink) shows a 

membrane slightly blown up because of a positive hydrostatic pressure in the fluid beneath the membrane. 

If one pushes a „lens shaper‟ onto the membrane, the center comes further upwards and the side next to the 

lens shaper shapes accordingly. The shape on the other side of the lens shaper will be referred to as „ring‟. 

 

4.1.2 Experiment design 

The membrane is clamped between two metal plates. A distributed force is applied by magnets, clamping 

the plates together. The membrane and plates setup closes a pressurized cylindrical container with a 

pressure sensor. The setup is held in place by a threaded ring.  

 

 

Fig. 29 Cross section of deflection versus pressure test setup.  

  

Ring 

Lens shaper Center bulge 

Pressure sensor 

Pressure input 

Bulge holes 
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4.1.3 Measurement devices and accuracy 

The air pressure is supplied by a manual pressure regulator, type Bellofram T41. The pressure is measured 

by a digital pressure sensor, type Intersema MS5803. The accuracy of the pressure sensor is 10 Pa. The 

height of the bulge is measured by a Werth multisensor coordinate measurement machine. The maximal 

inaccuracy of the measurement machine is 5 µm. To obtain these accuracies one needs to monitor the 

pressure over time to insure the regulator keeping constant pressure.  

 

 
 

 

Fig. 30 Measurement devices: Multisensor Coordinate Machine, Pressure Regulator, Pressure Sensor 

 

4.1.4 Description of legend for measurement plots 

Each measurement plot has a legend. The explanation for the legend is given in Fig. 31. The measurement 

ids are the ids stored in the measurement database. 

 

Fig. 31 Explanation of measurement legends 
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4.2 Bulge measurements 

The word „bulge‟ is often used to describe a deflected circular membrane. In this report, a distinction is 

made between the bulge shape and the ring shape (Fig. 28). 

4.2.1 Deflection versus pressure – influence of radius 

 

Fig. 32 Measurement of single membrane with varying aperture diameter 

In Fig. 32, the deflection versus pressure measurement of a 40 μm SE0904 membrane without prestrain is 

shown. This measurement shows that when the aperture diameter is increased, the deflection increases. As 

the aperture area grows quadratically with respect to diameter, it can be shown that deflection can be 

normalized to aperture area (𝐴 = 𝜋𝑟2), as seen in Fig. 33. 

 

Fig. 33 Deflection versus pressure measurement, normalized to aperture area 
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4.2.2 Deflection versus pressure – influence of prestrain 

 

Fig. 34 Deflection versus pressure measurements – influence of prestrain 

In Fig. 34, several deflection versus pressure measurements are showed. All used membranes are from the 

same production batch and plate. The aperture radius is kept constant and thickness before prestrain (t0 in 

the legend) is nearly identical. The only varied parameter is prestrain and therefore also thickness after 

prestrain. Several observations have been made. 

 The nonzero prestrained membranes have a linear start region 

 The more prestrain, the stiffer the membrane 

 At higher deformation, the nonzero prestrained membranes can become weaker than the zero 

prestrained membrane due to a steeper slope  

 

4.2.3 Simulation approach  

To simulate the deflection versus pressure measurements, the stress strain behavior of the membrane 

material needs to be identified. A material model will be fitted to the stress-strain curve and this fit can be 

used to simulate deflection versus pressure experiments. However, due to the membrane stretch not being 

constant over the cross-section of a bulge (Fig. 35)(Rosset, 2009), choosing the strain and thickness to use 

for the stress will influence the stress-strain curve. Three stretches are chosen in this report. 

 Stretch at the pole (center) of the membrane bulge 

 Stretch over the arc length of the cross section of the bulge 

 Stretch over the surface increase of the bulge 
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240 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 14.0

249 SE0904 t0: 42.0 p: 17.5 t1: 30.4 d: 14.0

257 SE0904 t0: 41.0 p: 46.5 t1: 19.1 d: 14.0

264 SE0904 t0: 42.0 p: 65.7 t1: 15.3 d: 14.0

271 SE0904 t0: 41.0 p: 72.4 t1: 13.8 d: 14.0
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Fig. 35 Thickness, and therefore stretch, changes through the cross section of the bulge. The outside of the bulge only 

experiences uniaxial strain, the middle experiences biaxial strain 

4.2.4 Thickness, stretch and strain in equibiaxial setup 

Silicone elastomer material is often modeled as incompressible (I. M. Ward, 2004). This assumption implies 

a Poisson ratio of 𝜈 ≈ 0.5 and that the volume remains constant as used in  Eq. 1. 

 

Fig. 36 principle directions of stretch 

 𝜆𝑥𝜆𝑦𝜆𝑧 = 1 Eq. 1 

 
𝜆 =

𝑙 + ∆𝑙

𝑙
= 𝜀𝑥 + 1 

Eq. 2 

Eq. 2 explains the relation between stretch and strain. Both are used in various applications where one of 

both leads to simpler formulas.  

In equibiaxial setup, thickness of the membrane and stretch (and therefore strain) are linked. The relation is 

given in the following calculations. Note, 𝜆𝑥 = 𝜆𝑦 = 𝜆 in equibiaxial setup. 𝜆𝑧represents the stretch in 

thickness direction. 

 𝑉0 = 𝑉1 → 𝐴0𝑡0 = 𝐴1𝑡1 = 𝐴0𝜆𝑥𝜆𝑦𝑡1 Eq. 3 

 
𝑡1 =

𝑡0

𝜆2
 

Eq. 4 

 

𝜆𝑥  

𝜆𝑦  

𝜆𝑧  
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4.2.5 Bulge radius 

The next step is to link the deflection of the sphere, which in the end determines the focal length of the 

lens, to a new spherical radius R. This is needed to apply the formula for a complete vessel, to a slightly 

deflected bulge.  

 

Fig. 37 Geometry of spherical bulge 

From the geometry as depicted in Fig. 37, one can create Eq. 5. 

 𝑅2 = (𝑅 − 𝑧)2 + 𝑟2 Eq. 5 

Rewriting of Eq. 5 leads to: 

 
𝑅2 = 𝑅2 − 2𝑧𝑅 + 𝑧2 + 𝑟2 

Eq. 6 

 𝑅 =
𝑧2 + 𝑟2

2𝑧
 Eq. 7 

 

4.2.6 Stretch of arc length 

The stretch in the membrane can be approximated by the stretch over the arc length of the membrane‟s 

cross section. The arc length of a spherical cap is calculated as follows. 

 

 𝜃 =  sin−1  
𝑟

𝑅
  Eq. 8 

 𝑙1 = 2𝑟 Eq. 9 

 𝑙2 = 2𝑅𝜃 = 2𝑅 sin−1  
𝑟

𝑅
  Eq. 10 

 𝜆𝑎𝑟𝑐 =
𝑙2
𝑙1

=
𝑅

𝑟
 sin−1  

𝑟

𝑅
  Eq. 11 
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0 < 𝑧 < 𝑅:              𝜆𝑎𝑟𝑐 =
𝑙2
𝑙1

=
𝑅

𝑟
 sin−1  

𝑟

𝑅
  

𝑅 < 𝑧:                      𝜆𝑎𝑟𝑐 =
𝑙2
𝑙1

=
𝑅

𝑟
  π − sin−1  

𝑟

𝑅
   

Eq. 12 

 

As the deflection becomes bigger than the bulge radius, a correction is needed as seen in Eq. 12.  

4.2.7 Stretch in bulge center 

The stretch in the center can be measured by painting four dots in the center of the circular membrane. 

When the pressure is increased, the measured distance between each couple of dots leads us to the stretch 

in the center.  

  

Fig. 38 Biaxial stretch measurement, measuring distance between dots in center. 

The objective of measuring the stretch in the center is to use it for determining stress in the membrane. The 

stretch in the center leads us to the thickness in the center (4.2.4). This thickness can be used in the vessel 

function.  

A linear relation has been found between the measured stretch in the center and the arc length stretch. The 

arc length stretch is the ratio l2/ l1 as shown in Fig. 38 and can be calculated directly from the measured 

deflection height in the center. This relation is independent of thickness, prestrain and aperture diameter of 

the membrane. Furthermore, it shows that it is not necessary to do biaxial measurements anymore, these 

can be predicted with only the height measurement.  

Arclength l2 

Base length l1 

Length of center initial 

 

Length of center 
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Fig. 39 linear relation between arc length stretch and stretch in the center 

The fitted relation is given in Eq. 13. Please note, the relation is found completely empiric and has no 

physical explanation so far. 

 𝜀𝑎𝑟𝑐 = 0.7 ∙ 𝜀𝑐𝑒𝑛𝑡𝑒𝑟  Eq. 13 

 𝜆𝑎𝑟𝑐 = 0.7 ∙ (𝜆𝑐𝑒𝑛𝑡𝑒𝑟 − 1) + 1 Eq. 14 

 

The error on the fitted line is plotted in Fig. 40. No specific pattern has been found. The legend is kept the 

same as in Fig. 39.   

 

Fig. 40 Error made in relation to fitted line. 
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4.2.8 Stretch of surface 

In the last section, a relation has been found between the stretch in the center of the bulge and the stretch 

over the arc length of the bulge. In this section, a new stretch will be introduced based on constant volume 

and the stretches will be compared. 

Stretch with constant volume 

The membrane‟s deformation into a spherical cap will increase its area, and due to the constant volume 

properties of elastomer this will lead to a decrease of the membrane‟s thickness (Rosset, 2009): 

 

Fig. 41 Surface area of bulge in flat and in blown-up state 

 
𝜆𝑥𝜆𝑦𝜆𝑧 = 1 

Eq. 15 

 

𝜆𝑧 =
𝐴1

𝐴𝑐𝑎𝑝
=

𝜋𝑟2

𝜋(𝑟2 + 𝑧2)
=

𝑟2

(𝑟2 + 𝑧2)
 

Eq. 16 

 

𝜆𝑧 =
1

𝜆𝑐𝑎𝑝
2  ⟶  𝜆𝑐𝑎𝑝 =  

(𝑟2 + 𝑧2)

𝑟2
 

Eq. 17 

4.2.9 Stretch comparison 

In Fig. 42, the various stretches calculated in previous sections are shown. Later on, these stretches are used 

to calculate thickness and eventually stress. Stretch in the center is calculated by the empirical Eq. 14. Arc 

length stretch is calculated by the analytical Eq. 12. Surface stretch is calculated by the analytical Eq. 17. 

Comparing the stretch over arc length and surface showed 𝜀𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ≈ 𝜀𝑎𝑟𝑐 ∙ 0.7 . 

Fig. 42 presents the three stretches. All three can now be calculated from the known z-height, given a 

spherical model. The stretches can later be used to calculate a thickness. 
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Fig. 42 Stretch comparison: stretch versus deflection as percentage of half sphere. 
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4.2.10 Bulge thickness calculation 

In order to calculate the stress in the bulge, which will follow later this chapter, the thickness needs to be 

determined. As the thickness of the bulge is not constant over the cross section, one needs to approximate 

the thickness to use it later in stress calculations. The previously calculated stretches each have their own 

thickness. 

 
𝑡1 =

𝑡0

𝜆𝑝𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛
2 

Eq. 18 

 

𝑡2,𝑐𝑒𝑛𝑡𝑒𝑟 =
𝑡1

𝜆𝑐𝑒𝑛𝑡𝑒𝑟
2 

Eq. 19 

 

𝑡2,𝑎𝑟𝑐 =
𝑡1

𝜆𝑎𝑟𝑐
2 

Eq. 20 

 

𝑡2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝑡1

𝜆𝑠𝑢𝑟𝑓𝑎𝑐𝑒
2 

Eq. 21 

 

4.2.11 Stress calculation 

The center is modeled as a spherical vessel. Consider a vessel under static equilibrium with a spherical 

surface. Newton‟s first law of motion states the stress around the wall must have a net resultant force that 

equals the internal pressure across the cross section. 

 
Fig. 43 Spherical vessel: Fstress=Fpressure 

 

As clarified in Fig. 43, the resultant force from stress in the membrane must equal the force resulting from 

the pressure in the fluid (see Eq. 14).  

 

 𝐹𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒  Eq. 22 

 

Now to specify the force resulting from stress in the membrane: 

 𝐹𝑠𝑡𝑟𝑒𝑠𝑠 = 𝜎 𝐴𝑤𝑎𝑙𝑙 = 𝜎2𝜋𝑡𝑅 Eq. 23 

In Eq. 23, the following derivation for Awall has been used: 
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𝐴𝑤𝑎𝑙𝑙 = 𝜋 𝑅𝑜𝑢𝑡𝑒𝑟

2 − 𝑅𝑖𝑛𝑛𝑒𝑟
2 = 𝜋 𝑅𝑜𝑢𝑡𝑒𝑟

2 −  𝑅𝑜𝑢𝑡𝑒𝑟 − 𝑡 2  

𝐴𝑤𝑎𝑙𝑙 =  𝜋 𝑅𝑜𝑢𝑡𝑒𝑟
2 − 𝑅𝑜𝑢𝑡𝑒𝑟

2 + 2𝑡𝑅𝑜𝑢𝑡𝑒𝑟 − 𝑡2  

𝐴𝑤𝑎𝑙𝑙 ≅  2𝜋𝑡𝑅 

Eq. 24 

In Eq. 24, the square of thickness t  is negligible when assuming a thin sheet.  

Now to calculate the resultant force from the pressure inside the vessel. The resultant force must equal the 

force over the cross section, so we obtain: 

 
𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑝 𝐴𝑐𝑟𝑜𝑠𝑠 = 𝑝 𝜋𝑅2 

Eq. 25 

 

Combining Eq. 23 and Eq. 25 enables us to express the stress as function of the pressure. 

 
𝜎 =

𝑝𝑅

2𝑡
 

Eq. 26 
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4.2.12 Calculated stress strain curve and Mullins effect 

The stress in the membrane can be calculated using Eq. 26 and will characterize the membrane material. 

Later on, the stress strain curve will be fitted and used to predict deflection versus pressure curves.  

To calculate the stress from the deflection versus pressure measurements, we use the vessel formula Eq. 26. 

The pressure „p‟ is given by the measurements. The radius „R‟ is calculated directly from the measured 

deflection height. The thickness „t‟ shall be measured at the base of the bulge. As at the base the membrane 

has an extreme curvature and there is no space to measure thickness, the thickness has to be approximated.  

As shown in 4.2.9, the average strain over the arc length is  a factor 0.7 of the strain in the center. 

Therefore, the thickness is not constant over the membrane arc. Three thicknesses have been identified 

in previous sections. The thickness in the centre is used for the stress strain calculations, as this thickness 

showed the best fit (stress strain curves had the most overlap). 

  

Fig. 44 Stress strain curve based on thickness in center 

Stress strain plot 

Fig. 9 shows the stress strain calculated from various membrane measurements. Measurements that start at 

a higher strain have a nonzero prestrain. The figure shows stress strain for measurements with membranes 

having various thicknesses, diameters and prestrains. Each line represents the stress strain calculated from a 

single membrane. Each point is calculated from a deflection versus pressure measurement.  
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The stress strain curve should represent one material model. All stress strain curves should align into one 

curve. The cause of having various branches when reaching higher strain might be the Mullins effect. The 

Mullin‟s effect states that the stress strain curve of a hyperelastic material depends on the highest strain the 

material ever experienced. If an elastic band is bent once to a large extent, it will behave weaker than before.  

The unknown parameter is the maximal strain that the membrane has experienced during production. To 

produce a membrane with prestrain, a membrane is stretched much further than necessary. During this 

process the membrane might weaken.  

Measurement tool and placement effect 

Fig. 45 shows a measurement performed with the measurement tool in Fig. 46. The yellow line, 

representing the 15mm diameter bulge, clearly behaves weaker in the deflection versus pressure than the 

other, smaller apertures. This behavior is also visible in the calculated stress strain plot. This effect is visible 

in every membrane tested with this tool, except for the membrane with no prestrain, shown in Fig. 47. 

The explanation for this effect lies in the prestrain procedure. The 15mm aperture is designed in the center 

of the measurement tool. As we have seen in section 4.2.9, the center of a membrane bulge stretches much 

more than the average stretch. Therefore, the Mullin‟s effect in the center after prestrain is much higher 

than in the outer parts of the membrane. Because there is more Mullin‟s effect in the center, the center will 

behave weaker afterwards. 

One could argue that the middle of the measurement tool moved up after applying pressure and influenced 

the measurement. This is not the case, since in Fig. 47 we cannot see any offset. 

 

Fig. 45 Deflection versus pressure shows extreme deflection for d=15mm 
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204 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 10.0

205 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 11.0

206 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 12.0

207 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 13.0

208 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 14.0

209 SE0904 t0: 51.1 p: 87.0 t1: 14.6 d: 15.0

Ø 15 mm  
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Fig. 46 Measurement tool with 15mm aperture near center 

 

Fig. 47 Deflection versus pressure without prestrain, no extreme deflection in 15mm 
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236 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 10.0

237 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 11.0

238 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 12.0

239 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 13.0

240 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 14.0

241 SE0904 t0: 40.0 p: 0.0 t1: 40.0 d: 15.0

Ø 15 mm  

Ø 15 mm  
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4.2.13 Mooney Rivlin fit 

To be able to simulate the deflection versus pressure experiments, a Mooney Rivlin hyperelastic material 

model is fitted to the stress strain curve. The various measurements are put together in a point cloud and 

are fitted by the green line. Stress calculated by using thickness/stretch in the center gave the best fitting 

result. Eq. 28 shows the fitted parameters used in the Mooney Rivlin equibiaxial material model (M. Wissler, 

2005).  

 
𝜎𝑀𝑅 = 𝑐10 ∗ (𝜆2−𝜆−4) − 𝑐01 ∗ (𝜆−2−𝜆4) Eq. 27 

 𝑐10 = 235220 

𝑐01 = 12442  
Eq. 28 

 

Fig. 48 Mooney Rivlin fit – thickness taken from stretch in center 

 

4.2.14 Linear model calculations  

Next to the possibility of using Mooney Rivlin‟s model for simulation, a linear model can be used. This 

model is introduced to Optotune by Dr. Rosset (Rosset, 2009). The model is based on a constant Young‟s 

modulus. This implies that the model must be an approximation. The model uses a function that 

compensates for the biaxial stress in the middle of the membrane. On the outsides of the membrane, the 

stress is much more uniaxial. 

The stress has two components: an elastic contribution due to the stretching, and the eventual presence of a 

residual stress 𝜎0 , induced by the fabrication process, or by a voluntarily applied prestretch . We use the 
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following formula to calculate the stress in the membrane. 𝑌∗ represents the biaxial stress and can be 

replaced as seen in Eq. 29. 

 
𝜎𝐿𝐼𝑁 = 𝜀1𝛼𝑌

∗ + 𝜎0 =
𝑌

1 − 𝜈
𝛼𝜀1 + 𝜎0  Eq. 29 

 
𝛼 ≈  1 − 0.24𝜈  Eq. 30 

 

𝜎𝐿𝐼𝑁 =
𝑌

1 − 𝜈
  1 − 0.24𝜈 𝜀1 +  𝜀0  Eq. 31 

 

In these formulas, Y* is the biaxial Young„s modulus, Y the Young„s modulus, ν is the Poisson coefficient, 
and s is the strain. α is a parameter that depends on the Poisson coefficient, and which accounts for the fact 
that the stress state at the membrane„s border is not equi-biaxial due to the clamped boundary condition. 
Eq. 30 is shown by Small and Nix with numerical simulations (M. Small, 1992). 

Following the calculation as presented in Dr. Rosset‟s dissertation, the true strains needed in Eq. 31 are 
calculated from the engineering strains and are formulated in the following equations. 

 
𝜀1 = ln(𝜆𝑎𝑟𝑐 ) = ln(𝑙2/𝑙1) Eq. 32 

 
𝜀0 = ln(𝜆𝑝𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛 )  Eq. 33 

Using this stress to calculate the pressure is done in the next equation. This pressure can be used when 

simulating a deflection versus pressure experiment, as shown in the next section. This model is presented in 

(Rosset, 2009). 

 
𝑝𝐿𝐼𝑁 =

2𝜎𝐿𝐼𝑁𝑡2,𝑎𝑟𝑒𝑎

𝑅
 Eq. 34 

 

The Young‟s modulus used in this linear model is Y = 0.7 MPa. Eq. 34 is the same vessel function as used 

before (see Eq. 2), however, the linear stress calculation and the thickness calculation are different. 
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4.2.15 Simulation of deflection versus pressure experiments 

 

 

Fig. 49 One measured Deflection versus pressure curve and it’s  simulations (Appendix B) 

In Fig. 49, two deflection versus pressure measurement results are depicted, together with Mooney Rivlin 

simulation curves based on the Mooney Rivlin parameters from Eq. 28. The red curve represents a 

simulation using a linear model based on a static Young‟s Modulus.  

The red curve, the linear simulation, is not so far away from the measurement result. This line has been 

fitted by adjusting the Young‟s modulus as input parameter to the linear model. In all shown results 

(Appendix B), the Mooney Rivlin model is closer to the measurement values than the linear model. We can 

conclude that the Mooney Rivlin material model has a better fit.  
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4.2.16 Simulation error calculation 

Simulations are of little value when the simulation  error is not known. This section will calculate simulation 

errors for the Mooney Rivlin as well as the linear model. To determine the error on estimating deflection 

versus pressure curves, the root mean square is used. 

The root mean square error method is widely used in simulation error calculation. This method is 

independent of error sign changes as it takes the square of the error value. Also, the calculation does not 

change the unit of the input values. Eq. 37 describes the calculation for a measured deflection 

percentage(z%) and its simulated value. 

  

 
𝜖𝑅𝑀𝑆 =  𝑚𝑒𝑎𝑛((𝑧%𝑚𝑒𝑎𝑠 − 𝑧%𝑠𝑖𝑚 )2) Eq. 35 

 

The RMS error of all measured membranes shall be evaluated, to get an indication of the error made on 

simulating a membrane deflection versus pressure curve. To compare various membrane diameters, the 

deflection has to be normalized with the radius. We then obtain a deflection percentage which can be 

compared through all membranes. 

 
𝑧% =

𝑧

𝑟
 Eq. 36 

 

Evaluation of all measured membranes has lead to the following statistics, as shown in T. 2. Every 

measured membrane has its own RMS error.  

Error model RMS (𝑧%) 
Mooney Rivlin 0.0549 

Linear model 0.1146 
T. 2 Root mean squared error statistics. Mooney Rivlin’s model shows the better results 

The root mean square error of the Mooney Rivlin model is the lowest.  

When fitting Mooney Rivlin parameters for simulating a certain membrane, it makes sense to only use 

closely related membranes for the fitting process. For example, if a simulation is wanted for a membrane 

without prestrain, the best results will be obtained when the used Mooney Rivlin parameters are fitted on 

experiments on membranes without prestrain. 
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4.3 Ring measurements 

 

At Optotune, no research has been done before on the ring deflection next to the lens shaper (see Fig. 28). 

The ring deflection, depending on the pressure and membrane parameters, is an unknown. However, the 

shape and deflection of the ring have a large influence on the focal length of the lens when the lens is 

controlled open loop. There are two negative effects of a large ring deflection 

 More force is needed as the ring membrane is an extra spring to be loaded 

 More stroke is needed as the ring deflection takes up a large volume 

A tool has been designed to measure the shape and height of the ring deflection. This tool, together with its 

cross section, is presented in Fig. 50. The inner radius  is 3 mm. The ring starts at radius 4.2 mm and ends at 

radius 6 mm. The tool can be clamped in the deflection versus pressure measurement setup and then be 

used for experiments. Four cuts have been made to measure the ring deflection and contour from above. In 

the cross section, the membrane is visualized by a blue line. When pressure is applied underneath, the lens 

and ring will deflect upwards. 

 

Fig. 50 Tool to create a lens and ring deflection (3d + cross section view)  
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4.3.1 Deflection measurements 

Fig. 51 shows the result of deflection versus pressure measurements done on the ring geometry in Fig. 50. 

From the dark blue line and the red line, one can conclude that more prestrain on the membrane makes it 

stiffer. Then, from the red line to the black line, we can conclude that the thicker membrane is stiffer.  

 

Fig. 51 Ring deflection versus pressure measurements 
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296 SE0904 t0: 103.0 p: 0.0 t1: 103.0 d: 6.0 

297 SE0904 t0: 100.6 p: 72.0 t1: 34.0 d: 6.0 

298 SE0904 t0: 44.9 p: 79.0 t1: 14.0 d: 6.0 
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4.3.2 Contour measurements 

 

Fig. 52 Lens - Ring contour measurements 

Fig. 52 shows three membranes measured with the ring deflection tool. We look at the effect of thickness 

and prestrain on ring deflection, at a constant lens deflection (focal length). Measurement id 300 is 

compared with measurement id 299, which is thicker and measurement id 301, which has more prestrain.  

Increasing thickness 

In Fig. 52, going from measurement id 300 to 299 by increasing thickness, one can notice the ring 

deflection is higher. This is possible, as the pressure is also higher (7933 Pa versus 4233 Pa) to deflect the 

thicker membrane lens to 1.5 mm height.  

Increasing prestrain 

In Fig. 52, going from measurement id 300 to 301 by increasing the prestrain, the ring deflection decreases 

height.  The pressure increased slightly from  4233 Pa to 5240 Pa. The prestrain also caused the membrane 

to become thinner.  

 

4.3.3 Calculations for a bulge ring 

In this section, the stress for the ring around the lens shaper (see Fig. 28) is calculated. The complexity of 

the stress in the ring consists of a biaxial prestrain, combined with a uniaxial strain caused by the deflection. 

The same approach as to the center calculations will be used here. 
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Fig. 53 FStress in the ring shaped membrane equals Fforce 

Consider a vessel under static equilibrium with a spherical surface. Newton‟s first law of motion states the 

stress around the wall  must have a net resultant force that equals  the internal pressure across the cross 

section. 

 𝐹𝑠𝑡𝑟𝑒𝑠𝑠 = 𝜎 𝐴𝑤𝑎𝑙𝑙 = 𝜎2𝜋𝑡3(𝑟3 − 𝑅 + 𝑟3 + 𝑅) Eq. 37 

 𝐹𝑠𝑡𝑟𝑒𝑠𝑠 = 𝜎4𝜋𝑡3𝑟3 = 𝜎2𝜋𝑡3(𝑟1 + 𝑟2) Eq. 38 

 

Awall exists of the circumference of r1 and r2. 

Now to calculate the resultant force from the pressure inside the vessel. The resultant force must equal the 

force over the cross section, so we obtain: 

 𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑝 𝐴𝑐𝑟𝑜𝑠𝑠 = 𝑝 2𝑅 ∙ 2𝜋𝑟3 = 𝑝 2𝑅𝜋 𝑟2 + 𝑟1  Eq. 39 

Across is modeled as the area of 2R when it travels over the circumference.  

 

Now we can calculate the pressure in the membrane ring.  

 
𝑝 =

𝜎𝑡3

𝑅 
 

Eq. 40 

 

𝜆 =
𝑙3
𝑙1 

 

Eq. 41 

 

𝑡3 =
𝑡1

𝜆 
 

Eq. 42 

 

 

  

Fpressure 

Fstress 

Fstress 

 
h 

R 
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The next set of equations explains the various lengths of the membrane. 

Length before prestress 
horizontal projection of l2  
Rotated and stretched 
Blown up 

𝑙0 

𝑙1 = 𝑟2 − 𝑟1 

𝑙2 =  (𝑟2 − 𝑟1)2 + ℎ2 

𝑙3 = 𝑅𝜃 

Eq. 43 

 

 

4.3.4 Stress calculation - Mooney Rivlin model 

As before in the center bulge section, the stress is calculated to use in deflection versus pressure simulation.  

The stress calculated from the Mooney Rivlin material model exists from a uniaxial and a biaxial part. The 

prestrain is applied equibiaxial, whereas the stress applied when deflecting the ring is uniaxial. 

 
𝜎𝑀𝑅 ,𝑏𝑖 = 𝑐10 ∗ (𝜆𝑝𝑟𝑒

2−𝜆𝑝𝑟𝑒
−4) − 𝑐01 ∗ (𝜆𝑝𝑟𝑒

−2−𝜆𝑝𝑟𝑒
4) Eq. 44 

 
𝜎𝑀𝑅 ,𝑢𝑛𝑖 =  2 ∗ 𝑐10 + 2 ∗

𝑐01

𝜆
 ∗ (𝜆2 −

1

𝜆
) Eq. 45 

 
𝜎𝑀𝑅 = 𝜎𝑀𝑅 ,𝑢𝑛𝑖 + 𝜎𝑀𝑅 ,𝑏𝑖  Eq. 46 

 

To calculate the pressure with the Mooney Rivlin model, Eq. 40 - Eq. 42 are used. Eq. 46 describes the 

stress calculated by the Mooney Rivlin model. 

4.3.5 Stress calculation – linear model 

This section describes an adapted version of the Linear model as seen in use for the bulge center. Now this 

model will be applied to the ring around the lens shaper.  

 
𝜎𝐿𝐼𝑁 = 𝑌 ∗  𝜀𝑝𝑟𝑒 + 𝜀  Eq. 47 

 
𝜎𝐿𝐼𝑁 = 𝑌 ∗  ln(𝜆𝑝𝑟𝑒 ) + ln(𝜆)  Eq. 48 

 

 

4.3.6 Simulation of ring deflection 

Eq. 40 can be used in deflection versus pressure simulation. After plugging in the stress from the previous 

sections, the simulations are shown in this section. 

In the following plots, the same Mooney Rivlin parameters and Young‟s modulus are used as in the 

deflection versus pressure simulations of the center (4.2.13). 
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Fig. 54 Ring deflection versus pressure – Mooney Rivlin Simulation 

  

Fig. 55 Ring deflection versus pressure– Linear model Simulation 
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296 SE0904 t0: 103.0 p: 0.0 t1: 103.0 d: 6.0
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296 SE0904 t0: 103.0 p: 0.0 t1: 103.0 d: 6.0

296 SE0904 t0: 103.0 p: 0.0 t1: 103.0 d: 6.0  LIN

297 SE0904 t0: 100.6 p: 72.0 t1: 34.0 d: 6.0

297 SE0904 t0: 100.6 p: 72.0 t1: 34.0 d: 6.0  LIN

298 SE0904 t0: 44.9 p: 79.0 t1: 14.0 d: 6.0

298 SE0904 t0: 44.9 p: 79.0 t1: 14.0 d: 6.0  LIN
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4.4 Matlab “Shape Predictor” visualization tool 

 

 

Fig. 56 Matlab tool ‘Shape Predictor’ shows a membrane setup according to its geometry 

This interface is able to interpret geometrical values for a membrane setup and directly show the shape. The 

shape is calculated from the axisymmetric integration of the volume under the membrane. The pressure 

under the center and ring are calculated and an iteration process ensures that both pressures are the same. 

This means that the ring deflection and center deflection are matched in order to have a constant pressure 

in the fluid. 

 

  
 

Fig. 57 Examples of simulations made in ‘Shape Predictor’ 

Three different types of lens setups are modeled: 

 no lens shaper, only a circular membrane filled with fluid 

 one lens shaper to move up and down. (as in manual lens demonstrator) 

 two lens shapers, one moves up and down (as in coil lens product)  

 Double container, two lens shapers and two fluids 
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Two types of modeling are implemented: 

 Linear model (Young‟s modulus) 

 Mooney Rivlin model (c10, c01 parameters) 

Furthermore, several features are implemented: 

 2D / 3D view 

 Radius / Diameter view 

 Aperture view 

 Pressure iteration tool 

 Help documentation 

 Shape library  

 Movie recording 

 Screenshot  
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4.5 Membrane conclusions and outlook  

The Mooney Rivlin model used by the Shapepredictor has a lower root mean square error than the 

previously used linear model. However, the model should be improved further and more research should be 

done to investigate the membrane stress-strain identification.  

Conclusions 

 At constant pressure, a smaller radius creates a smaller deflection. The ratio between aperture area and 

deflection remains constant when changing the aperture radius. 

 The factor between strain over the arc length of the cross section and in the center of the bulge has 

been found to be approximately 0.7. 

 The factor between strain over the surface area of the membrane and over the arc length of the cross 

section has been found approximately 0.7. 

 The calculated stress strain plot based on deflection versus pressure experiments indicates that with the 

current production method, the membrane material model weakens when a larger prestrain is applied. 

 Well fitting Mooney Rivlin parameters for the material SE0904 have been found: 

o c10 =  232540;  

o c01 =  17043; 

  A well fitting Young‟s Modulus for the material SE0904 has been found: 

o Y = 0.7 MPa 

 Various lens designs can be modeled much more accurate than before using the ShapePredictor.  

 The shape of the rings between lens shaper(s) and the outside diameter has a large effect on the focal 

length of the lens.  

 The pressure under the rings can be calculated by a developed extension of the previously used linear 

formula. 

 Measurements can be stored in a developed measurement database 

Outlook 

 Deflection versus pressure measurements can be further improved by applying closed loop pressure 

control 

 “Shapepredictor” software tool can further support rapid lens design at Optotune 

 The optical shape of the membrane should be validated by inserting calculated Mooney Rivlin 

parameters in Finite Element Modeling software 

 Membrane modeling can be improved by using a varying thickness model 

 The production thickness is not constant over the membrane surface. Knowing and monitoring the 

thickness spread improves modeling possibilities 

 The maximal stretch that the membrane experience influences the stress strain curve, according to the 

Mullin‟s effect. During production of prestrain, the maximal stretch should be monitored and used for 

research. 

 Application of prestrain seems to induce uncertainty in stress strain plot. Identification of production 

sensitivity should be continued. 

 Other Optotune materials can be tested according using the technique of this thesis 
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5 General conclusions and outlook 
More detailed conclusions can be found at the end of chapter 3 and 4. 

Tunable Optofluidic Aperture 

Several aperture demonstrators have been developed. Although testing for various designs, fluids and 

materials, a dark spot caused by trapped fluid remained in the optical aperture. 

The „trapped fluid‟ problem has not been completely solved. All investigated solutions have unwanted 

disadvantages. I recommend to measure the surface shape of the aperture, when filled with a transparent 

fluid. An accurate measurement can validate the functionality of the tunable optofluidic aperture concept. 

Membrane model identification   

Deflections of axisymmetric circular membranes have been measured for varying thickness, prestrain, radius 

and pressure. The calculated stress versus strain curves have been used to extract a material model. A 

Mooney Rivlin fit to the stress strain curve improved the prediction of deflection versus pressure. 

A „ShapePredictor‟ tool is developed to enable Optotune employees to rapidly design a lens and calculate 

the amount of fluid needed, the force of the actuator etc. Furthermore, a database containing all the 

measurements is made. 

Membrane model identification brings Optotune knowledge about their materials and production 

processes. This knowledge can be used e.g. to improve actuator design, material choice and production 

quality. The identification can be continued by:  

 using the Mooney Rivlin parameters in finite element modeling and evaluating the optical surface 

 evaluate the effect of prestrain production steps on stress strain behavior 

 using the measured thickness profile in deflection versus pressure prediction 
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Appendix A Simulation action plan 
 

1. Search in Membrane Measurement Database for earlier tests on the correct membrane material 

2. If not enough measurements found, perform Deflection Pressure measurements with Pressure Tester 

3. Calculate Stress Strain curve using the developed Matlab scripts 

4. Fit Mooney Rivlin parameters to the stress strain curves 

5. Simulate lens design with Shape Predictor software, using the fitted Mooney Rivlin parameters 
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Appendix B  Matlab measurement database 
 

 

Fig. 58 Measurement database tool in MATLAB® 

To save all measurements in one location, an object oriented database has been constructed. The database 

can be called upon as a function and returns the wanted measurements. The following code returns all 

measurements , having material SE0904 and measurement technique „confocal‟ as an object array, without 

showing the guided user interface shown in Fig. 58. 

M=input_membrane('technique','confocal','material','SE0904','showgui',0);  

 

Types of measurements: 

 Biaxial  Biaxial strain measurement when blowing up membrane bulge 

 Confocal Deflection versus pressure of membrane bulge 

 Contour Contour measurement of membrane surface 

 Microscope Manual microscope deflection versus pressure 

 Ringcontour Contour measurement of membrane ring surface 

 Ringheight Deflection versus pressure of membrane ring 

Minimal required fields: 

 User  „JMU‟ , ‟MAA‟ , ‟CHG‟ 

 Technique „confocal‟, „biaxial‟ 

 Timestamp numerical time value 

 Material  „SE0904‟ 

 Thickness [m] 

 Prestrain [%] 

 Radius  [mm] 
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Appendix C  Matlab thesis start menu 
 

 

Fig. 59 Start menu displaying all Matlab work done during thesis  

This Graphical User Interface is called startmenu.m and can be found in the main folder of the Matlab tools 

made during this thesis. Every button has a tooltip description and opens another GUI or analysis. Many of 

the results analysis scripts use the measurement database to select the desired measurements to use.  
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Appendix D Simulation plots 
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