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The objective of this paper is to demonstrate a method for mechanically 

characterizing a 25 μm thick elastoviscoplastic hemodialysis membrane and for 

quantifying the force required to use that membrane in compression sealing.  First, 

methods are developed for mechanically characterizing the thin elastoviscoplastic 

membrane.  Then, a finite element model is developed, and experimentally verified, for 

predicting the force required to produce a compression seal in the elastoviscoplastic 

membrane compressed between hot-embossed polycarbonate laminae containing sealing 

boss features.  Experimental data for assessing the depth of penetration into the membrane 

as a function of force show an R2 value of 0.85 showing good repeatability.  The model 

was found to underpredict the force on average by 8.0% with a range between -21.9% and 

4.4% error in the strain region of interest. 
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INTRODUCTION 

Membranes are often used in chemical separation processes.  The integration of 

microchannels with membranes can reduce the amount of membrane required for 

separation processes that are mass transfer limited within the flow [1]–[3]. Rundel et al. [4] 

used laser welding to integrate a size exclusion membrane into a microfluidic device for 

purifying the products from poly(amidoamine) dendrimer synthesis. However, thermal 

processes such as laser welding can have unwanted heat effects on fragile separation 

membranes.  Other  microchannel filtration devices using polymer-based lamina and 

cellulose membrane have been reported [5], [6].  These devices were sealed with a 

combination of compression seals and adhesives.    

Compression sealing has many promising attributes for integrating membranes into 

microchannel separators.  Compression sealing does not require the addition of adhesives 

or other process steps which can increase cost and lower yield.  One of the earliest 

examples of integrating membranes and microchannels using compression sealing is 

Zelman et al. [7] who fabricated a metal microchannel hemodialysis device in 1977.  This 

device had channels that were 125 μm deep by 250 μm wide that were photochemically-

machined in stainless steel.  O-rings were used around the periphery of the device for 

compression sealing.  Although functional, this device was both heavy and expensive. As 

hemodialysis filters are generally disposable for sanitary reasons, a stainless steel 

architecture was found to be impractical economically.   

Polymers offer a cost effective, lightweight alternative to metals for hemodialysis 

devices, with the cost and density of polymers being low compared to metals [8].  Tuhy et 

al. [9] developed a simple flat plate hemodialyser design for filtering blood which was 
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sealed by compression of the membrane between polycarbonate laminae.  Issues extended 

out of the large surfaces areas of membrane required to minimize leakage, leading to the 

usage of large amounts of high-cost membrane and large force requirements for sealing.  

Paul et al. [10] produced a membrane-based micro valve using raised sealing bosses to 

reduce the size of the valve and modulate the required sealing pressure in an effort to 

minimize the deformation of microfluidic features.   

More recently, Zhao et al. [11], published work on the compressive properties of a 

polymer hydrogel membrane in a microfluidic assembly. The hydrogels were found to be 

effective in sealing the microfluidic system which has applications ranging from tissue 

engineering to in vitro cell cultures.  Paul et al. [2] found that a elastoviscoplastic (EVP) 

hemodialysis membrane had adequate elastic response to seal a hemodialyser.  Although 

the EVP membrane showed significant relaxation at the required bonding pressures, the 

hemodialysis membranes were found to retain adequate compression to seal the device 

over several weeks of testing.  However, no guidance was given for estimating the force 

requirement for compression sealing based on the EVP response of the membrane. 

No prior efforts have been made to quantify the force requirements for using EVP 

membranes for sealing within a microchannel device based on the mechanical properties of 

the membrane.  In the case of the hemodialysis membrane, challenges include compression 

testing of a 25 µm thick EVP membrane with a glycerol coating.  The objective of this 

paper is to demonstrate a method for mechanically characterizing a thin EVP membrane 

and for quantifying the force required to use that membrane in compression sealing within 

a microchannel device.  
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SIMULATION AND EXPERIMENTAL DETAILS 

Microfluidic Background 

Figure 1 shows a cross section of a unit cell design involving the sealing of a 

microchannel hemodialyser using an AN-69ST hemodialysis membrane as described in 

[2][12].  In this design, the hemodialysis membrane is sandwiched between two hot-

embossed polycarbonate laminae containing compression sealing bosses situated around 

the perimeter of flow channels and microfluidic headers.   

 

Figure 1. One layer schematic of our microfluidic architecture.  Sealing bosses are circled 

in yellow.  

Membrane Characterization 

AN-69ST is a hemodialysis membrane made of a polyacrylonitrile (PAN) 

copolymer.  To date, no compressive mechanical properties of the membrane have been 

published in the literature. Our membrane configuration is a flat sheet with 25 μm nominal 

thickness with a glycerol coating. The coating is used to protect the membrane from drying 

out during storage, without it AN-69ST becomes brittle when exposed to air. The 

effectiveness of this membrane has been well documented in the literature, with Herrera-
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Gutiérrez et al. [13] determining that its filtration properties are suited for nocturnal long 

term filtration. This hemodialysis approach has shown to increase life expectancy and 

quality of life [14], and is the application in which we have designed our filter.  

To collect the necessary data for the modeling effort, 1 x 1 cm square membrane 

sheets were arranged vertically in stacks of 20 membrane layers.  To minimize the effects 

of misregistration and minimize pretest deformations that could affect results, uncut 

membrane sheets were layered on top of each other and then cut to size using a sharp 

scalpel and a laser-scribed polyetherimide (PEI) template.  During stacking, efforts were 

made to use the wetting of the glycerol coatings to eliminate bubbles between layers.  No 

bubbles were observed between layers, eliminating the need to smooth the membrane stack 

and the potential for pretest strain.  

The nominally 500 µm thick stack was characterized using a 5969 Instron 

Universal Tester with a 30 kN load cell.  In order to minimize parallelism errors, the stack 

was loaded onto a self-leveling Instron platen (S5722B).  In order to eliminate the 

application of moments onto the stack during compression testing, an alignment template 

was used to ensure that the sample was centered on the compression platen.  To determine 

the uniaxial compressive behavior of the membrane, twelve stacks were characterized at a 

strain rate of 0.6 per minute.  This strain rate was chosen in a previous investigation to 

approximate the speed at which the membranes are loaded in producing the microfluidic 

unit cell [15].  

Strain was determined from the displacement recorded on the Instron.  A gauge 

repeatability study showed that under the loads used to characterize the stack, the accuracy 

of the Instron was on the order of ±2 μm.  Results from the twelve tests show very little 
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variability (Figure 2). Mantong et al.[16] used PAN fibers to increase the compressive 

strength of geopolymers, resulting in maximum stress values similar to those in Figure 2.  

 

Figure 2. Compression testing results for 1 x 1 cm square stacks of AN-69ST membrane. 

Standard error bars shown. 

A second test was conducted using the same procedure to determine the elastic 

strain during loading.  In this experiment stacks of membrane were measured before and 

after compression of known displacements. The elastic strain was determined by 

subtracting the difference between the thickness before and after the test (i.e. the plastic 

strain) from the known displacement in the experiment.  This elastic strain behavior was 

used in the validation experiment to help determine the total strain produced by a boss 

while under compression.   Using the elastic strain data, a regression curve was developed 

with an R2 value of 0.95 suggesting a good fit.   

 

 

 



 

6 

Validation Experiments 

Figure 3 shows the setup used to validate the finite element model developed in this 

paper.  The purpose of the setup was to simulate the pressing of a sealing boss into the 

hemodialysis membrane.  The setup is similar to that used for material characterization 

with the following exceptions.  First, a photochemically-machined (PCM) boss plate was 

added for pressing into the material.  Second, only a single layer membrane was used as 

the sample.  Third, a second PCM plate, with a raised feature (on which the single layer of 

membrane was placed), was added to reduce the possibility of transmitting pressure 

through the stack from a location outside of the boss feature 

The desired output of the model was to determine the force needed to achieve a 

particular compressive deformation depth (CDD).  The CDD is the depth the boss presses 

into the membrane under certain loading conditions.  In prior work, the optimal CDD for 

the microchannel hemodialyser used in that study, which contained an AN-69ST 

membrane, was found to be between about 0.02 and 0.8 strain [1] which in this paper is 

interpreted to be 0.4 strain on average.  Unfortunately, the strain recorded by the Instron 

was not found to be a good indicator of the CDD.  It was determined that this was due to 

the existence of warpage in the boss plate which created a simultaneous displacement as 

the plate flattened.  The deflection needed to flatten the plate was found to be ~20 μm, 

requiring approximately 0.55 N to flatten (2.2% to 11% of the applied force) [17]. Further, 

as the energy needed to remove the deflection is elastic, any force used to remove this 

warpage still transmits through the stack.  

Consequently, the CDD was determined by adding both the elastic and plastic 

components of the strain during pressing.  Based on prior work [1], the plastic component 
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of the strain was termed the contact pressure signature (CPS) and was determined using 

white light interferometric microscopy.  Therefore, to determine the CDD for a particular 

condition, the CPS was measured and added to the elastic strain as determined in the 

material characterization studies.  In these tests, no consideration was given for relaxation 

of the membrane.  Rather, various forces were applied and the immediate deformation that 

resulted was measured.  The immediate deformation was determined by using the 

“specimen protect” feature of the universal tester which removed the force upon reaching 

the desired force threshold.  The boss was then carefully separated and removed from the 

membrane and the resulting impression was imaged using white light interferometry. 

 

 

Figure 3  Experimental setup for validation experiments. 

To validate the model, a boss (proud feature) was photochemically-machined into 

304 stainless steel.  The dimensions of the boss were nominally 35 µm wide at the top of 

the feature by 35 µm high by 1 cm long (Figure 4 top).  The actual geometry of the boss 
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plate was imaged via a Zemeterics Zescope white light interferometic microscope and used 

to inform the FEA model (Figure 4 bottom). 

 

Figure 4. Photochemically machined boss imaged on a white light interferometic 

microscope. The z-axis (in µm) has been exaggerated for better visualization of the boss 

geometry. 

This boss was then pressed into the membrane at various forces (as previously 

discussed).  Prior to pressing, the membrane was gently wiped clean of its glycerol coating 

with a non-particle generating wipe to prevent the membrane sticking to the boss feature 

after it has been deformed. The CPS in the membrane was then measured along the length 

of the impression in 10 different locations and averaged to get an overall CPS for the boss 

length.  The elastic strain as determined by the regression curve for the elastic strain was 

added to the CPS to determine the CDD of the boss during loading.   
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Figure 5. Typical CPS profile scan: (left)top view; (right) 3D rendering. 

Finite Element Analysis of AN-69ST Membrane 

The material characterization curve was uploaded into ABAQUS, a commercially 

available FEA software.  A hyper elastic model, specifically Marlow [18]was used to 

determine the force required, prior to relaxation of the membrane, to obtain a depth of 0.4 

strain as previously discussed.  The Marlow model is an isotropic nonlinear hyperplastic 

model that is only dependent on the first invariant.  This formulation requires a single 

mode deformation, and can be informed via uniaxial data.  In the case of a single mode 

deformation, this model can have good agreement to experimental data, allowing for 

geometrically-complicated deformations to be examined. 

The Marlow hyperplastic model was used for several reasons.  First Marlow only 

requires one type of test to determine mechanical properties for its simulation.  Second, 

this model will determine the force required at time t=0 [11] (i.e. immediately after 

loading), prior to any relaxation, which is important for the present study since we are 

using an elastoviscoplastic membrane.  Relaxation considerations for the present 
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membrane have been investigated elsewhere [2].  Here we are interested in determining the 

force required for assembly of the microfluidic device. Finally, hyperplastic models like 

Marlow are capable of handling the large strains involved with our sealing system. 

Specifically, a 2D plane stress model was developed with a 1 cm length across the 

symmetry of the assembly. The boss was modeled as a rigid body based on the use of 304 

stainless steel.  The actual geometry of the boss was obtained as described above.  Contact 

interactions were achieved by using exponential contact with values of 0.1 micrometer and 

2 MPa.  These values were determined to allow contact to occur without having to reduce 

the incremental solving step to values that made the simulation time intensive.  

A CPS8R element was used to discretize the membrane. This element is an 8 node 

biquadratic plane stress quadrilateral which uses reduced integration.  Approximately 

35,000 nodes were used during this simulation.  Increasing node count beyond this value 

showed insignificant changes to the results for our purposes.   

In the simulation, a displacement into the membrane was given to the rigid boss 

feature.  For each displacement, the corresponding force on the boss was determined and 

plotted against these displacements, less an initial one µm clearance that was set between 

the boss and the membrane (Figure 6). 
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Figure 6. Initial geometry of the FEA model of a rigid boss into single layer deformable 

membrane. Bottom of membrane was fixed while the rigid boss was given a displacement. 

The corresponding force on the platen was recorded as a function of displacement.   

RESULTS AND DISCUSSION 

Results from our FEA experiment show several important factors to consider when 

using a force model to evaluate a small scale deformation.  First, as shown Figure 7, the 

strain field into the membrane around the boss is quite substantial, larger in volume than 

the boss volume that is pressed into the membrane. This result helps explain why simple 

analytical calculations can underrepresent the force required to obtain a certain strain by a 

factor of up to 10.  This shows that the compression of a boss into this membrane is 

dominated by the geometry of the boss which affects the overall strain within the 

membrane. 
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Figure 7. FEA result showing strain field around the boss at 0.05 strain.  

       Figure 8 shows results of the model compared with experimental results.  

These results show good agreement with our model.  Table 1 shows the percent error of the 

model compared to the experimental results.  These values were obtained by using a trend 

line for both sets of data (second order polynomial) to interpolate results between data 

points. The R2 value for the experimental data was found to be 0.85 and the average 

percent error was found to be -8.0% with a range between -21.9% and 4.4% error between 

0.3 and 0.5 strain (Table 1). 
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 Table 1. Percent error in predicting the force at three strains via interpolated values of the 

model and validation experiments. 

 

The units (force per cm of boss) of the x-axis were chosen to ensure ease of use 

when determining the sealing force required for test articles of various sizes.  To determine 

the force required for proper sealing of a device, the force per cm can be multiplied by the 

overall length of the boss around the perimeter of the device.   

Specifically, we are interested in the response to the membrane at around 0.4 strain 

of the boss into the membrane.  Table 1 shows that in this region of strain our model does 

very well at predicting force requirements.  At lower strains, our model shows an 

underestimation of force.  One possibility for explaining this underestimation of force is 

the use of stacked membrane layers during material characterization. At low levels of 

strain, the membrane layers may still be seating against one another or small bubbles 

between layers may absorb additional energy.    Further, as note in the methods section, the 

membrane tended to stick to the boss feature after it has been deformed.  There may have 

been variations in the amount of glycerol removed from sample to sample.  Consequently, 

any errors imparted by the separation of the membrane and the boss plate would be 

magnified at smaller strains. Finally, the warpage of our PCM boss plates could also have 

had greater affect at smaller strains.  Due to these factors, experimental investigations at 

strain values below 0.2 were found to show poor repeatability. Results of our model 

 

Strain 

Predicted  Force per Length of 

Boss 

Experimental Force per Length 

of Boss 

Percent Error 

 (N/cm) (N/cm)  

0.3 5.82 7.45 -21.9% 

0.4 11.38 12.16 -6.4% 

0.5 18.81 18.02 4.4% 
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beyond 0.5 strain start to deviate, greatly overestimating the force required for a given 

displacement.  This is due to the fact that after 0.5 strain the membrane begins to have 

severe plastic deformation, which our model being purely elastic cannot effectively model. 

 

 

Figure 8. Graph of CDD strain into the membrane as a function of force per cm showing 

ABAQUS results in blue and experimental validation in orange.  Standard error bars are 

plotted for the estimated CDD strain. 

CONCLUSIONS 

Methods for modeling and characterizing thin elastoviscoplastic membranes were 

found to provide good agreement with physical measurements of the boss deformation 

within a hemodialysis membrane as a function of pressure.  Forces needed to achieve a 

certain sealing pressure, based on membrane characteristics and a sealing boss design, 

were predicted to within 8% on average indicating that this process is well understood.  

The Marlow hyperplastic model was found to adequately address the large strains typical 

of compression sealing in elastoviscoplastic membranes.  However, care must be taken in 
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stacking membranes to enable compressive characterization of the membrane.  The simple 

nature of the model and the limited quantities of tests required to determine the properties 

needed for this investigation lends itself to be adaptable to the application of other 

elastoviscoplastic ultrafiltration membranes within microchannel devices.  
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APPENDICES 

Appendix 1: Varying Compression Area Experiments 

 Initial experiments were conducted with 1 cm length bosses of varying widths to 

determine the effect of area on the compression response of the membrane.  PCM test articles 

between 55 micrometers wide and 1000 micrometers were fabricated by Great Lakes PCM.  

These PCM test articles were “over etched” or etched beyond the 2 to 1 width to depth aspect 

ratio that PCM is generally limited to obtain required tolerances (Figure 8).  This allowed 

the varying width boss features to come in contact with the membrane while limiting the 

contact area that was not part of the raised boss feature.  Due to these tests limited area of 

contact, any additional contact could have a drastic effect on results; which is why this 

approach was used.  These PCM test articles were pressed into AN-69ST membrane on the 

Instron universal tester.  In addition to varying contact area, other factors such as strain rate 

and direction of pressing (parallel to or perpendicular to the direction of the membrane roll) 

were also investigated.  All runs and membrane samples were randomized and the tests were 

all performed at once over a three hour time period to limit unknown and uncontrollable 

variation.  Three replicates of each condition were run. 
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Figure 8. White light interferometric image of a 0.927 mm wide photo chemically 

machined feature. 

 A regression ANOVA was used to determine the effects of each factor of 

investigation using the statistical software package R. Results show no evidence against the 

null that direction of membrane sample has no effect on response (p-value 0.4), while both 

strain rate and area of compression were determined to effect results.  As a result of strain 

rate response, all further test results were run at one strain rate that approximated the loading 

time of our microfluidic clamp during leak testing.  The variation in width of the 

compression area showed a strong effect as can be seen in Figure 8.  This lead to the 

realization that the compression results were highly effected by geometry.  This is believed 

to be due to the effect of strain outside the compression area.  As the boss width becomes 

smaller the compression outside the boss area becomes a more significant percentage of 

stress, while with larger compression area this effect becomes small and above 200 

micrometers width of the boss has no significant effect on stress results.  Incidentally this is 

why compression tests are usually done where the platen is larger than the sample, in order 

to contain all the stress in the material in compression. In these experiments some strain was 
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extended outside the compression area, resulting in increasing stress per given strain as the 

contact width was reduced (Figure 9). 

 In addition this test showed that determining the exact time of contact within the 

noise of the 30 kN load cell for small featured bosses is not trivial.  As a result, a statistical 

method for determining contact was used. This was accomplished by selecting data that was 

clearly before contact and determine its average and standard deviation.  The point of contact 

was then selected by the first point that was farther than 3 standard deviations away from the 

mean value of the load cell noise.   

 

Figure 9. Stress vs Strain for two boss widths (55 and 200 micrometers) showing effect of 

reduced width on stress strain curve. 
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Appendix 2: Elastic to Plastic Stack Experiments 

 In order to determine the depth the boss had deformed into the membrane 

immediately after pressing, an experiment was conducted to relate elastic to plastic strain.  

Vertical stacks of membrane 20 sheets thick were measured prior to pressing with a digital 

barrel micrometer.  These stacks were nominally 500 μm and were placed into the Instron 

compression platen and preloaded with a 0.5 N touch force (to ensure contact).   They were 

then strained from values of 0.2 to 0.6 using the displacement measurement on the Instron.  

Then were quickly unloaded using the specimen protect feature on the universal tester, and 

were measured again with the barrel micrometer.  The micrometers tension screw was set to 

the lowest setting for all measurements, to minimize the micrometer from straining the stack 

post-test.  Using the total strain given by the Instron and the difference in the initial and final 

measurements with the barrel micrometer plastic and elastic strain components can be 

determined.  These values were then plotted as a function of total stress to give us a relation 

between plastic strain and total strain.  This data was used to convert the Contact Pressure 

Signature into the contact deformation depth, which is the max strain at the time of loading.   
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Figure 10.  Average total strain as a function of plastic strain from Elastic Plastic Stack 

Experiments 
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Appendix 3: FEA Model Details 

A Marlow hyper-elastic FEA model was used to determine the force requirements 

for initial loading for a given displacement into the membrane.  This model was chosen as 

the 25 micrometer membrane limited the types of test we could perform, in the end the model 

was informed by a uniaxial compression test on layers of membrane.  The layers were 

required to make known parallelism issues small in comparison to the sample thickness, as 

even with the self-leveling platen, a mis-parallelism of 20 micrometers was observed.  

Specifically the Marlow model is known as the first invariant strain energy density model. 

Specifically the Marlow strain energy potentials form is  

𝑈 = 𝑈𝑑𝑒𝑣( ) + 𝑈𝑣𝑜𝑙(𝐽𝑒𝑙), 

Where U is the strain energy density (strain energy per unit of reference volume), 𝑈𝑑𝑒𝑣 as its 

deviatoric component and 𝑈𝑣𝑜𝑙 as its volumetric component.  is the first deviatoric strain 

invariant and is defined as: 

_
2

2

2

1 3

2

1I      

where  are the principal stretches, the deviatoric stretches are
1/3

i iJ  , J is the total 

volume ratio, and 𝐽𝑒𝑙 is the elastic volume ratio for thermal expansion [19] . 

Convergence Study and Poison Ratio Sensitivity 

 A convergence study was performed to determine the required number of elements 

for convergence of the model.  It was determined that 8000 elements gave adequate 

convergence for our model, with an increase of 1000 elements leading to only a 0.08% 
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change in our force response at the given strain (0.32 strain or 8 micrometers penetration 

depth). Figure 11 shows the results of this convergence analysis. 

 

 
Figure 11. Convergence analysis graph at 0.305 strain (Approx. 7.6 micrometers) 

 

 

Poisson’s ratio was unable to be determined experimentally due to the sample being 

too thin to determine mid test.  Post test measurements on stacks deformation in lateral 

directions gave unreasonable values of Poisson’s ratio, likely due to the fact that there is 

plastic deformation simultaneously with elastic during loading.  As a result a sensitivity 

study was performed to determine the effect of varying Poisson’s ratio on the force response.  

Values of 0.38, 0.4 and 0.45 were input into the FEA model, and results were compared to 

experimental data at that strain.  The sensitivity study shows that a Poisson ratio of 0.38 

gives us the closest solution to our experimental data, while all force values vary at most by 

0.4%, resulting in minimal variation due to the choice of an arbitrary Poisson’s ratio in that 
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range.  Specifically the Marlow model being hyper elastic expects a Poisson’s ratio of 0.4-

0.5, but can inputted as lower, as long as it is close to the range expected. To simplify the 

simulation, a Poisson ratio of 0.4 was used as higher strain values gave difficulties in solving 

at 0.38, and the responses were fairly insensitive to modifying Poisson’s ratio in the range 

of interest. 
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Appendix 4: Contact Pressure Signature Procedure 

1.  Stainless steel PCM boss test article is sonicated in a mild cleaning solution to 

remove any debris that could alter results. 

2. A single layer of membrane is then layered down onto the patterned platen PCM 

feature that is 1 cm x 1 cm.  This improves the results by limiting contact outside 

the region of interest (Figure 6). 

3. Using a non-particle generating Kim wipe the membrane is gently wiped to remove 

excessive glycerol on the surface.  If this step is not done, the glycerol causes 

adhesion to the boss feature on separation, causing the CPS to be distorted by being 

pulled up, resulting in the CPS region of the membrane to be higher than the 

nominal height of the membrane (Figure 12).   

4. Pretest leveling platens were loaded up to approx. 20 kN and then the ball joint 

platen was constrained via industrial tape to limit its movement when loading 

samples on the platen. The preload of the self-aligning platen also helps by seating 

the ball joint that allows the platen to self-align, reducing unwanted effects of the 

platen movement. 

5. The boss feature, membrane, and patterned platen stack is then loaded onto the self-

leveling platen of the Instron.  

6. As the PCM layers in the stack cannot be considered flat, due to warpage as a result 

of material removal on one side via the PCM process, Force is used to control the 

Instron.  Force is conserved through the stack despite this warpage, at the flattening 

of the article is elastic in nature. 
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7. The stack is then loaded up to a certain force at 0.6 per min strain rate and then 

using Instrons specimen protect to immediately unload the sample to minimize the 

relaxation effect on the CPS. The boss plate is then carefully removed exposing the 

membrane indentation. 

8. The membrane is then imaged using a white light interferometric profiler at ten 

locations equally spaced along the length of the 1 cm boss impression (Figure 13). 

To avoid edge effects at the beginning and end of the impression, the first and last 

point were located approx. 100 microns from these regions. 

9. These values are then converted from CPS to CDD from curves obtained in the 

elastic plastic response experiments.  This converts plastic strain which is the 

CPS/(membrane thickness) to total strain. 

10. Each force was run three times with a total of 7 different forces ranging from 5 to 

25 N.  Below 5 N complete CPS impressions were unable to be obtained, so no 

data from tests below 5 N was used in the analysis. This suggests a lower limit to 

this procedure, possibly due to the residual effect of the glycerol on the CPS 

indentations. 

 



 

30 

      
Figure 12. Zescope image showing adhesion effect of glycerol and its effect on CPS 

measurement. Areas in red are CPS points that are higher than membrane surface, which 

are physically impossible during compression 
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Figure 13. Typical CPS measurement via Zescope 
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Appendix 5: Future work: The Compliant Span 

An investigation into variation of the CPS over test articles of various diameters show 

that with increasing diameter of the boss feature comes increased variability of the CPS.  

Results also show that sealing after a certain diameter of sealing boss will not be possible 

due to higher variability than the height of the boss.  This result is believed to be a product 

of increased tolerance issues at larger polymer embossing sizes.  As boss heights have been 

measured across the perimeter of the article and have shown to have very small variability 

(approx. ± 1 µm) against the nominal surface of the test article adjacent the boss, this result 

has led to the conclusion that the variability seen in increasing diameter test articles is a 

result of total thickness variation of the test article.  This variation in article thickness as a 

result of the embossing process is called the Parallelism of Locus of Sealing Points, or PLSP 

(Figure 14). This effect has been documented in the literature [20]. 

  

Figure 14. Graphical representation of the Parallelism of Locus of Sealing Points. PLSP = 

LSP high -LSP low 

 Initial experiments show that the PLSP will limit the overall size of our test article 

that will seal, unless some way to negate this variability is considered. In this experiment 

circular bosses of varying diameter were pressed into membrane, the CPS was measured and 

the CDD was determined for each boss diameter. The max to min difference of these 

measurements were then plotted vs. the diameter of the boss pattern and a line was fit to the 

data and extrapolated to determine max sealing size for our geometry (Figure 15).   
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Specifically our results show that a boss diameter of larger than 5.5 cm would create a 

variation larger than the Contact Deformation Envelope or CDE. 

 

Figure 15. PLSP vs Diameter of sealing boss. 

 To negate this variation and allow for larger flow geometry, the compliant span was 

developed.  The compliant span is an area on the non-boss lamina that has a recessed 

backside under the area where the boss will be pressing.  This creates an elastic span thats 

geometry can be adjusted to allow for deflection, reducing the PLSP inside the membrane 

(Figure 16). 

 

Figure 16. Graphical representation of the Compliant Span 
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 Using a cylindrical bending of a plate, with a concentrated line force at the center of 

the span, we arrive at: 

, 

where P is the force per unit length, W is y displacement (along the length of the boss), P is 

the force applied and D is the plate equivalent of EI, and specifically: 

, 

where h is the thickness of the span, E is Young’s Modulus and v is Poisson’s ratio [21]. 

 By controlling the width and thickness of this span we can adjust its elastic force-

displacement and calibrate the span to our membrane forces and our PLSP variation. A 

procedure for determining the geometry of the compliance mechanism is as follows: 

1. Determine Deflection needed to negate PLSM 

2. Determine Force needed for desired CDD 

3. Calculate Span geometry based on force and deflection needed 

A new process using the embossing press was developed for fabricating the 

compliant span.  Hot lamination [22] and embossing of polycarbonate was used to create 

the flow and compliant span geometry in one pressing. The non-boss lamina blank is 

machined via an ESI 5530 via laser tool to create the recessed area of the lamina, and a 

spacer ring identical to the recessed geometry was also fabricated out of PEI.  PEI having a 

higher glass transition temperature than PC allows this spacer ring to not fuse with the 

polycarbonate, which can be removed post press.  Another sheet of PC with a thickness of 

approx. 500 µm nominally is then placed on the spacer ring and PC blank.  A master with 

the flow geometry is then pressed into this sandwich, creating an embossed flow feature, 
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while binding the span layer to the PC blank below.  The spacer is then removed, resulting 

in a recessed area beneath where the boss will press (Figure 17).

 

Figure 17. Graphical representation of hot embossing/lamination of compliant span lamina. 

Blue represents PEI, red represents PC. 

Initial investigations into the response of the span geometry showed agreement 

with force displacement responses expected for this geometry (1.2% and 9 % difference for 

span thickness of 498µm and 580µm thick spans respectively), although warpage of the 

lamina showed an initial region of “priming” where curves gradually approached this 

linear section (Figure 18).  This effect should reduce as the lamina increases in size, due to 

the reduced force needed to flatten a warped plate as the length of the plate increases. 
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Figure 18. Force displacement response of 2 compliant span geometries. Red box shows 

“priming region” of response, blue shows elastic response of compliant span. 

Experiments were also run to see how the CDD is affected by the addition of the 

compliant span.  In these experiments, a circular boss of diameter 3 cm was pressed into a 

membrane that had a compliant span directly below it of 2.5 mm.  The CDD was then 

determined from measurement as described in Appendix 2. A measuring location scheme 

was developed for a total of 24 points along the boss, and is graphically represented in Figure 

19. A CDD strain of 0.4 was selected for the force parameter and the results were then 

averaged and compared to this value. Results show all CDD points remained within the 

CDE, inferring sealing (Figure 20). Average CDD strains and percent difference for these 

four runs are summarized in Table 2.  All average strain values were under the target strain 

of 0.4 indicating non boss membrane contact, which is expected in larger more complicated 

assemblies.  In addition, mis-registration of the boss to the compliant span could have 

affected these results. An improved registration technique has been developed and will be 

used in the next round of experiments. 
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Figure 19. Measuring locations on 3 cm boss compliant span experiment. 

 

Figure 20 CDD strain as a function of location for 4 runs of compliant span membrane 

experiments. Green lines represent the CDE. 
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Table 2. Summary of Average strain and % difference for membrane-span experiment.  

Run Target Strain Average Strain % Difference 
1 0.4 0.34 -15% 
2 0.4 0.30 -25% 
3 0.4 0.35 -12% 
4 0.4 0.37 -7% 

  Average -15% 
 

 To confirm sealing another experiment was developed to apply air pressure to the 

boss span system which was submerged in water (Figure 21).  This stack was then placed 

into the Instron and loaded up with 12 N/cm of boss length.  Pressurized air was then applied 

inside the perimeter of sealing, and the assembly was watched for bubbles escaping.  Sealing 

did occur on several of these runs, but implementation of this experiment proved difficult as 

registration between the boss, compliant span, and pressure inlet was difficult to obtain.  

Figures 22 showed two successful implementations of these experiments.  Initially 1 psi, our 

device operating pressure, was applied to these articles and if no leaks were present, pressure 

was increased until failure.  In both instances failure occurred around 6 psi. Wrinkling of the 

membrane is the result of failure due to the increase of the air pressure inside the article.   
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Figure 21. Sealing experiment setup. The left image is a cross section of the experimental 

setup, right is a top view of the test article. 

 

 

Figure 22. Two test articles tested for sealing.  Wrinkles show eventual failure at around 

6psi. 


