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PDMS membranes with tunable gas permeability  

for microfluidic applications† 

A. Lamberti,a* S.L. Marasso,a,b M. Cocuzzaa,b,c

The air permeability of PDMS membranes is easily tuned 

acting on their composition. Varying the mixing ratio 

between oligomers and curing agent it is possible to strongly 

influence the chemical and mechanical properties of the 

elastomer resulting in a huge increase of the gas molecules 

permeation across the membrane. 

PolyDiMethylSiloxane (PDMS) has become the preferred material for 

Lab On a Chip (LOC) and microfluidic analysis platforms due to its 

properties: easy processability, gas permeability, easy adhesion and 

bonding to different substrates, biocompatibility, transparency, low 

cost processing for device fabrication.1-3 The PDMS permeability has 

extensively used to add new features and characteristics to 

microfluidic devices. Permeability has been employed to move fluids 

inside micro channels to obtain an accurate control of the liquid and a 

complete filling of the device.4 Using this mechanism is then possible 

to fabricate pumps, valves or switching ports integrated directly on 

the chip avoiding any contamination of external material, since a thin 

membrane of PDMS acts as a barrier towards the reagents and 

biological species during handling. Microfluidic bioreactor systems 

take advantage of PDMS permeability to ensure gas diffusion inside 

the reaction chamber for cells culturing application.5 In fact, gas 

permeation is essential for cells survival and evolution. Moreover, cells 

analysis needs long time experiments (from hours to days) and, 

usually, in an incubator at a fixed temperature of 37 °C.6 This often 

involves bubbles arising inside the microfluidic channels and 

consequent potential test failure. In order to solve this issue PDMS 

permeability has been successfully exploited to appropriately remove 

bubbles inside microfluidics employing active debubbler.7,8 Employing 

the same principle cells handling has successfully carried out.4,9 

Considered the wide range of applications of permeable PDMS 

membranes it is evident the great scientific interest in obtaining an 

easy and effective method to tune the PDMS permeability in a 

controlled way. 

Previous investigations on the PDMS permeability were carried out 

focusing on the relationship between thickness, diffusion area and 

microchannels Aspect Ratio (AR) with respect to pressure.10,11 In this 

work we propose a study on the material itself by varying the ratio 

between the oligomers and curing agent. In fact, while the influence 

of PDMS composition on the chemical properties and the mechanical 

behaviour is well known,12-15 a characterization of the permeability 

properties with respect to composition is missing in literature. The 

experimental tests demonstrated that the composition is not a 

negligible parameter since flow rate variation up to 300 % was 

observed by increasing the mixing ratio (MR). 

The high flexibility of the silicon-oxygen (Si-O) chains in silicones 

provides “openings”, which are free volumes that allow gas diffusion 

inside the network.16 Free volumes, often named “holes”, thermally 

generates and disappears with the movement of polymer chains. The 

diffusion of gas molecules in the rubber membrane is a process in 

which the gas molecules migrate from “holes” to “holes”. Figure 1a 

schematically depicts the three different mechanisms involved in 

permeation: the solution of the gas molecules at the polymer/gas 

interface, the diffusion through the membrane, and finally the 

evaporation out of the membrane. The rate of permeation is a specific 

function of a given gas and rubber and it depends on both solubility 

and the diffusion rate. 

In most of applications, permeability of a membrane is used to 

characterize the rate of permeation. Permeability is usually calculated 

by the following equation16: 

  
   

    (     )
  (1) 

Where, P is the permeability for a given gas in a given membrane, v is 

the volume of gas which penetrates through the membrane, δ is the 

thickness of membrane, A is the area of membrane, t is time, p1 is the 

partial pressure of the gas on the higher pressure side of the 

membrane, and p0 is the partial pressure of the gas on the lower 

pressure side of the membrane.  

Before studying the permeability in microfluidic conditions we 

decided to investigate the chemical and mechanical properties of the 

PDMS membranes. 
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Figure 1. 3D scheme representing the gas diffusion mechanism in a PDMS 

membrane (a). ATR-FTIR transmittance spectra for PDMS at different mixing 

ratio (oligomer:crosslinker): 5:1, 10:1, 20:1, 30:1 (the inset shows the zoom of 

the Si-H vibrational band centred at 910 cm-1) (b).Young’s modulus and cross-

links value as a function of the mixing ratio (c)  

PDMS samples for tensile measurements and IR characterization were 

prepared mixing the polymer base and the curing agent (Sylgard 184, 

Dow Corning) with different weight ratios (5:1, 10:1, 20:1 and 30:1). 

The mixture was then poured into PMMA moulds and thermally cross-

linked (more details about the fabrication process can be find in the 

ESI). 

Transmittance FTIR spectra, collected in Figure 1b, allow to analyse 

the influence of the MR between the PDMS oligomer and the curing 

agent on the resulting elastomeric network. The oligomer molecules 

are identified by the -Si(CH3)2O- repeating unit and vinyl termination 

groups (−CH=CH2), while silicon hydride functionalities are 

characteristic groups of the curing agent. 

The crosslinking reaction is described by the hydrosilylation of 

oligomer vinyl-terminations with the cross-linker Si-H groups. A MR 

equal to 10:1 is the standard composition (suggested by the producer) 

representing the correct balance between the two components in 

order to obtain the minimum amount of unreacted species in the 

cross-linked network. All the bands of the FTIR spectra can be 

assigned to PDMS group vibrational frequencies. The most 

pronounced intensity variation increasing the MR is associated with 

the silicon hydride group, which has a direct influence onto the 

resulting elastomeric network. The zoom reported as inset of Figure 

1b allows to appreciate its behaviour: decreasing the amount of 

crosslink agent a gradually more slack lattice is obtained, which 

should correspond to a higher density of free volumes. Similar 

behaviour can be observed acting on the curing temperature as 

described by Berean and co-workers.17 In their work they found that 

an optimal cross-linking temperature of 75 °C results in membranes 

with the highest gas permeation, significantly higher than those 

cross-linked at room temperature or above 100°C. This evidence was 

ascribed to the structure of polymer chains that form the highest 

intensity of Si–H stretching bonds resulting in a more relaxed polymer 

matrix. Thus the optimized structure and extra free volume increases 

the diffusion rate, allowing the gas molecules to move more easily 

within the polymer matrix at this optimum temperature. 

Previous works18,19 demonstrated that varying the mixing ratio of the 

bi-component elastomer precursors it is possible to strongly influence 

the mechanical properties of cross-linked material. For this reason the 

elastic modulus of the free-standing PDMS membrane was 

investigated by tensile measurements. The results collected in Figure 

1c show that the Young’s modulus increases with the amount of cross-

linker since a tighter network is formed. Indeed lower than suggested 

quantities of crosslinker could lead to a lower crosslinking density.  

The molecular weight between cross-links (Mc) was calculated by: 

    
     

 
 (2) 

where Y is the elastic modulus, Rg the gas constant and T the absolute 

temperature.20 

The average molecular weight between cross-links (plotted together 

with Y in Figure 1c) resulted to be extremely high for the 30:1 mixing 

ratio where the quantity of prepolymer is in large excess with respect 

to the cross-linking agent and it decreased together with the ratio. 

Looking at the tensile characterization, the 30:1 PDMS could be the 

best candidate in order to improve the gas permeability thanks to the 

high Mc and so supposedly higher free volumes between chains. 

Unfortunately the high disparity between prepolymer and curing 

agent leads to a highly sticky and not manageable PDMS film. For 

these reasons we discarded 30:1 PDMS for the flow rate analysis and 

we focused our attention on the remaining three compositions: 5:1, 

10:1 and 20:1.  

The three PDMS mixtures have been used to fabricate membranes by 

spin coating with thicknesses in the range 10-40 µm. After the thermal 

cross-linking, the area of the membrane was defined by manual 

cutting and peel off. The PDMS membrane was assembled following 

the experimental set up depicted in Figure 2a. 10:1 PDMS was used to 

replicate a microfluidic pattern designed for the permeability 

experiments (see ESI). The obtained microfluidic cover chip was 

manually assembled on top of a glass substrate exploiting the “stamp 

and stick” bonding.21 The PDMS membrane was sandwiched between 

the outlet port of the channel and a homemade11 PDMS 

interconnection exploiting the same bonding method as before (more 

details are reported in ESI).    
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Figure 2. 3D scheme representing the assembling procedure of the microfluidic 

test device (a), cross-section images of the assembled structure in which the blue 

arrow indicates the flow direction (b), and the whole experimental set-up (c). 

The drop of blue dye in panel b) represents the liquid source while in panel c) the 

real tubing system experimentally used is shown (vii - viii).  

The resulting device is a dead-ended microfluidic channel (Figure 2b). 

A suitably designed PMMA ring was used to avoid gas leakage when a 

polyethylene (PE) tube was connected to the PDMS interconnection 

(an in-deep description of microfluidic chip assembly is reported in the 

ESI). The fluidic characterization setup, depicted in Figure 2c, 

consisted on a syringe pump (i) connected through a ‘T’ joint (ii) to 

both a commercial pressure transducer (iii) and the PDMS 

interconnection (iv). Pressure data vs time were recorded through a 

multimeter unit (v) connected to a pc (vi). The pressure transducer 

was used in a feedback control circuit to maintain constant pressure 

with the syringe. The flow rate was measured by optical evaluation of 

the microchannel length filled by water under negative pressure (inset 

Figure 3). Knowing the section of the microchannel it is possible to 

calculate the air volume that has passed through the membrane in a 

certain time. 

Flow rates across the PDMS membrane (20 µm thick) measured for 

various pressures are presented in Figure 3. The data exhibit a linear 

behavior in the range of applied pressure, but there is a noticeable 

difference among the three compositions. 10:1 PDMS behaves 

similarly to previously investigated membranes in analogous 

conditions.4 Conversely the compositions that deviate from the 

standard MR show a totally different conduct.  

  
Figure 3. Air flow rate across PDMS membranes (20 µm thick) as a function of 

the relative pressure applied for the three PDMS compositions under 

investigation. The working principle of dead ended microfluidic channel for flow-

rate measurements is represented in the inset. 

As presupposed by mechanical measurements the 5:1 composition, 

with a very low molecular weight between cross-links, exhibits values 

of air flow-rate four times lower than the standard composition. On 

the contrary the 20:1 PDMS, characterized by the greater Mc, allows 

flow values up to 13000 nl/min. 

In order to quantitatively evaluate the permeability values for the 

different PDMS compositions we need the real surface areas and 

thicknesses of the PDMS membranes when the gas pressure is 

applied. Indeed pressurized elastomeric membranes undergo a strain 

depending on their elastic modulus and a consequent thickness 

reduction. We have implemented a finite element model (by Comsol 

Multiphysics) representing the experimental setting with suitable 

boundary conditions to compute the desired values. The results are 

collected in Table S1 while a representative example of 3D maps 

obtainable by the structural-mechanical model is shown in Figure 4a. 

The maximum stress values are localized at the radial boundary of the 

membrane (clamped between the microfluidic channel and the top 

interconnection) and in the middle of the deflected area. Thanks to 

the calculated real areas and mean thicknesses of the pressurized 

PDMS membranes it is possible to evaluate P solving Eq1.  

The resulting data are shown in Figure 4b and they exhibit a linear 

increase by reducing the amount of curing agent in the PDMS 

mixture. This trend is in line with the results of flow-rate 

measurements and with the assumption of higher free space density 

for increased MR. We find a linear pressure dependence of 

permeability coefficient for 5:1 and 10:1 PDMS composition. The 

sample 20:1 instead shows a decrease of the permeability for the 

higher pressure value investigated. This behavior can be explained 

considering that this composition exhibits the lowest elastic modulus 

and must therefore incur in the greater deformation of the membrane 

under pressure. The results of the simulation show that for 0.75 bar of 

pressure difference there is the greater percentage changes of area 

and thickness of the membrane. Recalling the dependence of the 

permeability (Eq. 1) by these two parameters it follows its decrease. 

 

Page 3 of 5 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Figure 4. In a) an explicative FEM simulation result is reported: 3D map showing 

the deformation induced in the PDMS membrane (10:1, 20 µm thick) increasing 

the pressure while the stress intensity is graphically displayed as colour scale. In 

b) the comparison of PDMS membrane permeability varying the elastomer 

mixing ratio and the applied gas pressure is shown. In the inset the behaviour of  

PDMS permeability as a function of the pre-deflection membrane thickness is 

reported.  

This dependence takes account that high pressure acting on the 

elastomeric sample can reduce the amount of free volume available 

for penetrant transport.16 This effect should be much more evident as 

the polymer is deformable under stress.  

With the aim to verify the dependence of PDMS permeability on the 

membrane thickness, three different thicknesses were fabricated and 

results are displayed as inset in Figure 4b. 

As modelled by Equation 1, the permeability shows a linear 

relationship with membrane thickness and permeability increment of 

500% is obtained passing from 10 to 40 µm thick samples. 

Conclusions 

In summary we have investigated the effect of PDMS composition on 

its permeation properties to air. The experimental set-up was 

designed in order to obtain information directly on the exploitability 

of PDMS membranes for microfluidic applications. The chemical and 

mechanical properties were investigated to gain a whole 

understanding on the material. FEM simulations were used to 

estimate the geometrical characteristics of the stressed membranes 

allowing the evaluation of permeability coefficients. Our work 

demonstrates that increasing the PDMS mixing ratio it is possible to 

boost the air permeability up to 300% with respect to the standard 

10:1 composition. This result can be used to optimize the microfluidic 

devices in which the permeability of PDMS is the fundamental 

property simply acting on the precursors mixing ratio. 
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