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Abstract
We present a methodology for developing ultra-thin and strong formvar-based membranes with
controlled morphologies. Formvar is a thin hydrophilic and oleophilic polymer inert to most
chemicals and resistant to radiation. The formvar-based membranes are viable materials as support
structures in micro- and macro-scale systems depending on thinness and porosity control. Tunable
sub-micron thick porous membranes with 20%–65% porosity were synthesized by controlling the
ratios of formvar, glycerol, and chloroform. This synthesis process does not require complex
separation or handling methods and allows for the production of strong, thin, and porous formvar-
based membranes. An expansive array of these membrane characterizations including chemical
compatibility, mechanical responses, wettability, as well as the mathematical simulations as a
function of porosity has been presented. The wide range of chemical compatibility allows for
membrane applications in various environments, where other polymers would not be suitable. Our
formvar-based membranes were found to have an elastic modulus of 7.8 GPa, a surface free energy
of 50mNm−1 and an average thickness of 125 nm. Stochastic model simulations indicate that
formvar with the porosity of∼50% is the optimal membrane formulation, allowing the most material
transfer across the membrane while also withstanding the highest simulated pressure loadings before
tearing. Development of novel, resilient and versatile membranes with controlled porosity offers a
wide range of exciting applications in the fields of nanoscience, microfluidics, and MEMS.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Formvar has been widely used as both a support material for
various nano- and micro-structures in applications such as
transmission electron microscopy (TEM) grids and microfluidic
systems [1, 2]. The formvar molecular structure or Poly(vinyl)
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formal (CAS# 9003-33-2) reported by Sigma-Aldrich is shown
to be [C3H6O2]n with a reported density of 1.23 gml−1. This
polymer was found to be structurally stable at thickness of
50 nm, hydrophilic and oleophilic, inert to most acids and
solvents, and can be made into porous structures [3]. Addi-
tionally, formvar was found to have exceptional radiation tol-
erance and possesses interesting chemical, thermal and
electrical properties [4–7]. Microfiltration is a process based
around the osmotic pressure differential of two fluids wetting to
and separated by a filter. The pore size in microfiltration
membranes can range from ∼0.05 to 10 μm [8]. An example of
this functionality is seen in recent efforts to use semipermeable
membranes to desalinate water in a lab-on-a-chip system [9].
Many of the current commercial systems use two relatively
thick PTFE membranes one treated to be hydrophilic the other
treated to be hydrophobic with 0.2μm pore size. Other mem-
branes in such devices often face the challenge of remaining
structurally stable under high fluid pressures [10]. An ultra-
strong and thin formvar membrane overcomes many of these
challenges providing an adaptable support structure for thin
filters in similar applications. Its flexible morphology also
allows it to be transferred/placed onto a wide range of sub-
strates including glass and ETFE.

Formvar-based membranes can be used to enhance a range
of systems beyond microfluidic applications. Thin membranes
provide a way to increase the size and scalability of current
pressure sensing systems that utilize 2D materials [10].
Biological research into areas such as self-patterning mem-
branes may be enhanced with the inclusion of inert, strong, and
porous materials [11]. Recently there has been increased
interest in the use of 2D materials as tunable membranes for
gas purification [12]. The utilization of formvar-based mem-
branes would facilitate the physical assembly of such systems
[12]. Moreover, we have recently used these ultra-thin mem-
branes to transfer large-area graphene sheets onto various
substrates [13]. Because formvar can be easily dissolved in
chloroform, it provides a cleaner and faster transfer compared
to current existing polymer-assisted methods.

Herein we present thorough experimental and simulation
studies to develop novel ultra-thin and mechanically strong
formvar-based membranes with controlled porosities for
nano- and micro-fluidic systems. We demonstrate new results
of chemical compatability and wettability of formvar mem-
branes. The formvar was produced using a previously
reported method with alterations enabling porosity manip-
ulation [14, 15]. Our technique allows for control over
membrane characteristics governing selectivity, thus enabling
flexibility in regards to its functionality. We discuss the effect
of synthesis conditions on the membrane morphology and its
mechanical properties by utilizing a range of characterization
techniques including atomic force microscopy, drop shape
analysis, Raman spectroscopy, and scanning electron micro-
scopy. The membrane structural stability was also demon-
strated via numerical simulations. The stochastic model
characterizes the formvar membrane’s performance in a
pressure-driven loading scenario representative of those
expected in nano- and micro-membrane applications, such as
lab-on-a-chip devices or pressure sensors [16–18]. Our novel

comprehensive experimental studies coupled with simulations
models will contribute to the fundamental understanding of
the membrane properties, opening up pathways for new
groundbreaking technologies.

2. Methods

2.1. Membrane synthesis

Formvar resin (Poly(vinyl formal) CAS# 9003-33-2) used in
the membrane synthesis was mixed with chloroform to form a
solution with a ratio of 0.01 g ml−1, which was then further
diluted to a 40% stock solution and balance chloroform to
achieve the desired concentration. An amount of glycerol was
added to the surface and then the solution was vigorously
shaken for one minute, after which it was sonicated using a
Sonics Vibracell CV18 sonic probe at a 40% amplitude.
Clean glass slides were then dipped in the mixed solution and
left to air dry for 12 h [19]. The glass slides were stored at a
60° incline to allow excess formvar to run off. After drying,
the edges of the slides were scoured with a razor blade to
facilitate separation. The slides were then exposed to water
vapor at 105 °C for 30 s to separate the membrane from the
glass. The glass slide was dipped into a dish of deionized
water at a 35° angle to detach the membrane from the glass
and float it on the surface [13]. The floating membrane was
then transferred to the target substrate by placing the substrate
above the membrane and pressing down to submerge both.
The substrate and membrane system was then removed from
the water and air dried for 6 h.

2.2. Microscopy

Formvar membranes were assessed using a Magellan3 400
Scanning Electron Microscope and an FEI Quanta Scanning
Electron Microscope. The high magnification images were
converted to binary images and analyzed using ImageJ software
to determine area fraction of the pores for each sample [20].
The porosity was measured by comparing the black fraction to
white fraction after manually converting them to a binary image
such that the black regions corresponded to pores.

A Digital Instruments Enviroscope Atomic Force Micro-
scope by Veeco was used to provide additional information on
the structure and thickness of the membranes. Maps of the
membrane were generated via Gwyddion program to confirm
the information from SEM [21]. This program was used to
generate detailed maps of the surface structure and provide
thickness information. ImageJ binary processing was used to
determine the porosity of the membranes.

2.3. Drop shape analysis

To determine efficacy in fluid applications, a Kruss DSA25
Drop Shape Analysis was used to assess changes in wett-
ability and surface free energy of the different formvar
membranes. A 2 ml drop of deionized water or diidomethane
was placed onto the surface of the membrane, and the Kruss
program determined wettability and surface free energy of the
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samples by analyzing the contact angle of each fluid on the
membrane.

2.4. Short-term chemical compatibility

The range of formvar compatibility with other chemicals was
obtained using an existing reported method for polymer
compatibility [22]. Tributyl phosphate (99%), methanol,
toluene, 6 M HCl, chloroform, glacial acetic acid, triethyla-
mine (99.5%), decane, and kerosene were used. The formvar
was fully immersed in the chemicals for 1 h and 15 min to
ensure a practical minimum chemical resistance. Visual
inspection was performed every 15 min to track any degra-
dation of the films.

2.5. Raman spectroscopy

A graphene sheet was placed on the top of the membrane so
that Raman spectroscopy could be used to further evaluate the
condition of the formvar. A 532 nm Nd:YAG laser was used
to generate the scattering to characterize graphene sheets.

2.6. Nanoindentation

The elastic modulus of the formvar was determined using a TI
950 TriboIndenter with a pyramidal diamond tip. The formvar
used was a low porosity variety suspended over a 100 μm
channel. A set of 40 indentations was made over various
points along the channel.

3. Results and discussion

We focused on the effects of the synthesis parameters on the
morphological properties of the formvar-based membranes. A
set of thirteen different formulations was developed by
altering the chemical ratios of formvar, chloroform, and
glycerol, in addition to varying the sonication time. Formvar
produced using this technique does not require complex
separation methods as previously reported [23]. Table 1

highlights the specific ratios tested using the various char-
acterization techniques. The results showed that porosity was
most strongly affected by the ratio of chloroform to glycerol
(chloroform:glycerol). This trend is highlighted in figure 1
showing porosity increases from 20% to 65% with changes in
the glycerol concentration. It appears that longer sonication
times and formvar to chloroform ratio tends to have a lesser
effect on the porosity of the formvar membrane.

To generate a strong porous membrane, formulation 4 (in
table 1) proved ideal. A high chloroform:glycerol ratio pro-
vides higher porosity and longer sonication seems to further
contribute to this increase. The SEM images in figure 2
illustrate the porous structure of formvar-based membranes
with tunable porosities, from a highly porous lacy to lower
porosity holey material. While the lacy structures are often
used as supports on commercial TEM grids, the holey
structures—with smaller and more controllable pore sizes—
have proven to be beneficial in filtration systems. Additional

Table 1. Formvar formulations and subsequent compositions characterized along with resultant porosity.

Formulation
number

Formvar:chloroform
ratio (g:ml)

Formvar:glycerol
ratio (g:ml)

Chloroform:glycerol
ratio (ml:ml)

Sonication
time (s)

Average porosity
(approximated)

1 0.003 0.08 24 60 20%
2 0.003 0.16 47 60 40%
3 0.003 0.08 24 120 20%
4 0.003 0.16 47 120 50%
5 0.013 0.26 20 60 35%
6 0.013 0.52 40 60 40%
7 0.013 0.26 20 120 30%
8 0.013 0.52 40 120 No membrane formation
9 0.003 0.20 59 120 65%
10 0.003 0.17 50 120 40%
11 0.003 0.15 44 120 35%
12 0.013 0.67 51 120 65%
13 0.013 0.45 35 120 30%

Figure 1. Porosity of formvar membrane as a function of chloroform:
glycerol ratio.
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SEM images of the various formulations are included in the
supporting information, which is available online at stacks.
iop.org/NANO/29/215712/mmedia. Formvar-based mem-
branes with zero porosity can be used to transfer 2D materi-
als, such as graphene [13]. The binary images (figure 2(D))
generated by the SEM images were used in ImageJ to provide
the porosity percentage included in table 1. Additionally,
these images were used to quantify individual pore areas as
well as edge-to-edge pore spacing for developing statistical
distributions of membrane properties (table 2). Each porosity
value presented in table 2 was calculated from a set of ∼250
measurements. Pore area measurements, which were fit to
exponential distributions, included few large pores, many small
pores, and edge-to-edge pore spacing values. These measure-
ments were found to follow normal distributions. Figure 3
shows modeled distributions from table 2 overlaid with
experimental measurements. These statistical characterizations

are implemented to capture the stochastic nature of membranes
in the modeling presented in section 4.

The 2D and 3D AFM images were used to determine
surface roughness and porosity shown in figures 4(A)–(C).
Line plots of areas across the surface allowed for comparison
of roughness and textures between the different formulations.
The samples with higher porosity have a lower surface
roughness and a more level surface across the scanned areas.
Membrane thickness, which plays an important role for a
wide range of membrane-based applications, was found to
average between 100 and 150 nm for all of the formulations.

The surface energy and wettability measurements remained
constant across the formvar formulations 4 and 7 and did not
vary with the age of formvar up to at least two months. Table 3
shows the results of the testing, in which the surface was found
to be moderately hydrophilic and oleophilic [24]. This indicates
that the membrane wets well and can be viable in filtration and

Figure 2. (A) SEM image of holey formvar structure taken from formulation 1. (B) SEM image of lacy formvar from formulation 4. (C) SEM
image of holey formvar from formulation 7. (D) Binary conversion of C used for porosity calculations.

Table 2. Pore size and spacing distributions of select formvar formulations.

Pore area (μm2) Pore spacing (μm)

Formulation number Approximate porosity Average Std. Average Std.

1 20% 1.085 1.948 1.689 0.514
2 40% 2.316 2.598 2.040 0.603
4 50% 1.381 1.755 1.303 0.412
7 30% 2.006 3.137 1.839 0.573
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mass transfer apparatuses. Wettability of formvar membranes
was found to be consistent and stable in aqueous and organic
environments regardless of variations in production. This data
was collected as both contact angle (figure 5(A)) and the
information included in table 3.

For short-term chemical compatibility testing, large-area
graphene sheet was transferred over the formvar structure.
Graphene is an atomically thin carbon structure, which has a
distinct and strong Raman scattering response, making it useful
to detect deterioration of the formvar surface due to the

chemical exposure. Figure 5(B) shows representative Raman
spectra of a graphene/formvar sample, before and after a full
immersion in triethylamine. The nature of the Raman bands
(intensity and linewidth of D, G and 2D bands) of the gra-
phene/formvar sample before and after the chemical exposure,
did not significantly change indicating the unaffected nature of
the graphene [25]. The latter demonstrates the structural
integrity of the formvar was unaffected by the chemicals. If
there were a dissolution of the formvar, the graphene would
either be completely destroyed and produce no Raman response

Figure 3. Probability density functions of modeled pore area exponential distributions and pore spacing normal distributions compared with
measurements from SEM images.

Figure 4. AFM images of a high porosity holey formvar sample from formulation 4. (A) 3D render of the surface. (B) Heatmap indicating
elevation data from AFM. (C) Binary image conversion of C for porosity measurements.

Table 3. Results of contact angle measurements processed by Kruss DSA from multiple formulations of formvar.

Diidomethane contact angle Water contact angle Surface free energy Dispersive Polar

43.37°±1.6 63.34°±3.92 50.11 mN m−1±2.95 39.04 mN m−1±0.84 11.13 mN m−1±2.12
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or significant changes in the D and G band ratio would occur.
The chemical compatibility testing included: tributyl phosphate
(99%), methanol, toluene, 6M HCl, chloroform, glacial acetic
acid, triethylamine (99.5%), decane, and kerosene. Formula-
tions 1 and 4 were used to provide a range of porosity to
highlight any effects that may have on the chemical resistance.
Our studies revealed that only chloroform had a destructive
effect, fully dissolving the formvar in a few minutes. High
concentrations of HCl (above 6M) had minor deleterious
effects after an hour of exposure in bulk solution (see sup-
porting information). However, microfluidic flow tests have
been performed to accelerate and dramatize the effects
(5–20 μl min−1) of 6M HCl over the formvar and the HCl does
in fact break down the formvar completely where exposed. This
confirms the compatibility reported in the SDS from Sigma-
Aldrich stating Formvar is not compatible with strong acids.
Some of the chemicals used, such as kerosene, have been
previously tested using different methodologies and our find-
ings are in good agreement with previously reported ones [7].

To demonstrate the feasibility of formvar membrane
applications in microfluidic systems, the membrane was
suspended over a 100 μm channel and its elastic modulus was
determined via nanoindentation. A diamond tip was pressed
through the membrane and repeated 40 times over different
areas of two samples with formulation 1. The low porosity
was necessary to limit the amount of failed tests as the tip
passed through pores. The elastic modulus of our formvar
membrane was found to be 7.79±0.94 GPa via nanoinden-
tation, a value greater than twice that of other reported find-
ings [26]. This elastic modulus value may vary with changes
to the porosity and composition of the formvar. The plot in
figure 5(C) shows an example of the output data from a series
of indentations, at depths from 50 to 600 nm, on formvar
membrane from formulation 1 suspended over a channel.

4. Modeling and simulation of membrane structural
performance

Properties characterized by the experimental procedures
discussed up to this point are combined in a numerical

model to assess the formvar membrane behavior at an
engineering scale. This model demonstrates the effects of the
unique compositions on the structural behavior in a realistic
system.

4.1. Stochastic pore model development

A stochastic membrane model was developed with COMSOL
Multiphysics. The stochastic nature of the model captures
randomness in the pore formulations by generating repre-
sentative formvar samples drawn from the pore area and
spacing distributions fit to SEM measurements (table 2 and
figure 3). The thicknesses of all the formvar formulations are
characterized by a normal distribution with a mean of 125 nm
and standard deviation of 10 nm. 100 samples are drawn for
each formulation with each sample having greater than 100
individual pores. As such, a complete suite of simulations for
a given formulation involves more than 10 000 samples from
the relevant statistical distributions. The stochastic nature of
this model allows for the effects of inherent variability in the
membrane synthesis to be evaluated. Understanding the effect
of the natural pore variability on structural performance is
critical for application of formvar as a support membrane in
realistic, engineering-scale devices.

The model was leveraged to compare the unique for-
mulations’ structural performance in a pressurized microscale
device. Performance of formvar formulations 1, 2, 4, and 7
are compared through simulation of a membrane sample
spanning a circular opening with a 50 μm diameter loaded by
a uniform pressure. These four formulations were selected
due to their resulting porosities of 20%, 40%, 50%, and 30%,
respectively. A uniform pressure loading is realistic for
microscale systems, for example a microfluidic reactor where
the membrane is exposed to flows in a channel with fluids of
different densities on either side of the membrane. The
membrane is fixed around the edges and a uniform pressure is
applied, starting at 50 Pa and ramping to 400 Pa. The applied
pressure causes tensile stresses in the membrane as loads are
transferred to the clamped edges. The membrane does not
carry bending stresses, due to the extremely small thickness to
span ratio (0.0025). Young’s modulus of the formvar is

Figure 5. (A) Contact angle results of analysis from formulation 1. (B) Before and after Raman spectra of graphene transferred on formvar
membrane for compatibility testing. (C) Nanoindentation data of formvar from formulation 1 suspended over a channel.
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defined as 7.79 GPa, as determined by the nanoindentation
measurements. Maximum von Mises stress is predicted for
every porous sample of a formulation. Von Mises stress is
selected for evaluation of membrane performance as an
equivalent tensile stress accounting for tension in both in-
plane directions.

4.2. Simulation results and discussion

Capturing the stochastic nature of the pore generation is cri-
tical for understanding the likelihood of a membrane for-
mulation to maintain reliable performance for realistic
fabrication of microscale devices. A membrane with relatively

Figure 6.Model predictions of 125 nm thick formvar membrane under 400 Pa loading sampled from (A) formulation 4 with uniform size and
evenly distributed pores and even stress distribution (B) formulation 7 with large unevenly distributed pores and high stress concentrations.

Figure 7. (A) Average and (B) standard deviation of maximum von Mises stress predictions and relative (C) exponential distributions fit to
pore area measurements and (D) normal distributions fit to pore spacing measurements of formulations 1, 2, 4, and 7 from table 2.
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even-spaced pores allows for a more homogenous stress
distribution as shown in figure 6(A). On the contrary
figure 6(B) illustrates a membrane with large pores, some of
which are closely spaced, resulting in high local stress con-
centrations as the tensile loads are forced to transfer across a
small region. Stresses are higher near the edges of the
membrane where tensile load is carried to the clamped sup-
port. Therefore, failure tends to occur in areas with small pore
spacing between large pores, particularly close to the support
edges.

The importance in these stochastic predictions of failure
lies in understanding the reproducibility of formulations to be
used in microfluidic reactors as well as applications in
industry or otherwise. The membranes experimentally fail
after increasing flow rate and undergoing larger than allow-
able stresses. Membranes have been found to succeed con-
tinuously and reproducibly during operation under lower flow
rates where the fluid pressures do not cause exceedingly high
stresses.

Figure 7 shows the variation in structural performance for
the four formulations selected from table 2. The average
behavior of the formulations is compared in figure 7(A) and
the variability of the membrane behavior due to the irregu-
larities of the pore size and spacing as well as thickness is
shown in figure 7(B), where the dashed lines represent
one standard deviation upper and lower bounds of the max-
imum stress prediction. Formulations 1 and 4 are found to
have similar behavior with lower stress accumulation while
formulations 2 and 7 are found to be less structurally stable
and accumulate peak stresses at a faster rate. Membranes will
begin to tear when the equivalent tensile stress exceeds the
material’s tensile strength. Therefore, formulations 1 and 4
are expected to withstand higher pressure loadings before
failure than formulations 2 and 7.

Most significant in these findings is the link between the
pore area and spacing distributions (figures 7(C) and (D)) and
the membrane performance. Formulations 1 and 4 have area
densities concentrated at lower areas (<1.5 μm2) compared to
the densities of formulations 2 and 7 (>2.0 μm2). Pore spa-
cing distributions of formulations 1 and 4 are also con-
centrated below those of formulations 2 and 7. An interesting
observation is the similar structural performance of formula-
tions 1 and 4, despite these two formulations having the
greatest different in porosity at 20% and 50%, respectively.
Formulation 4 was found to have both the highest pore
density and relatively small pores, resulting in a highly porous
membrane while maintaining the consistent and low magni-
tude stress accumulation with pressurized loadings.

5. Conclusion

A method of producing thin membranes with selective por-
osities for microfluidic systems has been presented. It was
found that porosity was most strongly affected by the ratio of
chloroform to glycerol. Sonication, while being the impetus
for the porosity, does not seem to have significant control
over the final structure. The hydrophilicity and oleophilicity is

more fundamental to the formvar polymer and is independent
of structural and compositional changes. Our extensive che-
mical compatibility studies present possible areas of appli-
cations for formvar-based membranes in various chemical
environments. These membranes were additionally shown to
have an elastic modulus of 7.8 GPa, a Surface Free Energy of
50 mNm−1 and an average thickness of 125 nm.

The feasibility of the membranes in operating conditions
realistic to nano- and micro-devices has been demonstrated
through numerical simulations. For most applications a
strong, relatively high porosity membrane may be achieved
via a formvar:chloroform ratio of 0.003 and a Formvar:Gly-
cerol ratio of 0.16 with 120 s of sonication. Formulation 4
was found to have both the highest pore density by main-
taining small and consistently spaced pores, resulting in the
most consistent and low magnitude stress accumulation with
pressurized loadings. Lastly, development of stochastic
models, informed by the experimental membrane character-
ization, enables quantification of the natural variability in the
formvar material as well as implications of this variability to
desired applications.

Acknowledgments

The authors acknowledge financial support from the
Laboratory Directed Research and Development (LDRD)
program and the NNSA Plutonium Sustainment and Materials
Recycle and Recovery Program. This work was performed, in
part, at the Center for Integrated Nanotechnologies, an Office
of Science User Facility operated for the US Department of
Energy (DOE) Office of Science by Los Alamos National
Laboratory (Contract DE-AC52-06NA25396) and Sandia
National Laboratories (Contract DE-NA-0003525).

ORCID iDs

Enkeleda Dervishi https://orcid.org/0000-0001-5553-9298

References

[1] Goodhew P J, Beanland R and Humphreys F J 2001 Electron
Microscopy and Analysis 3rd edn (London: Taylor and
Francis)

[2] Suzuki T, Fujii T and Tanaka R 1984 Synaptosomal
cytoskeleton visualized by whole mount electron
microscopy Neurochem. Int. 6 573–87

[3] Shukla R P et al 2015 Interferometric measurement of
thickness of thin films of formvar deposited on glass plates
J. Opt. 29 85–93

[4] Stadermann M et al 2012 Radiation tolerance of ultra-thin
formvar films Appl. Phys. Lett. 101 071908

[5] Ebrahim S 2008 Electrical transport mechanism in polyaniline/
formvar blend films High Perform. Polym. 21 468–83

[6] Plompen A J et al 1996 Stopping powers of 200–3200 keV
4He and 550–1550 keV 1H ions in polyimide J. Appl. Phys.
80 1385–92

8

Nanotechnology 29 (2018) 215712 E Auchter et al

https://orcid.org/0000-0001-5553-9298
https://orcid.org/0000-0001-5553-9298
https://orcid.org/0000-0001-5553-9298
https://orcid.org/0000-0001-5553-9298
https://doi.org/10.1016/0197-0186(84)90131-1
https://doi.org/10.1016/0197-0186(84)90131-1
https://doi.org/10.1016/0197-0186(84)90131-1
https://doi.org/10.1007/BF03354675
https://doi.org/10.1007/BF03354675
https://doi.org/10.1007/BF03354675
https://doi.org/10.1063/1.4746403
https://doi.org/10.1177/0954008308095839
https://doi.org/10.1177/0954008308095839
https://doi.org/10.1177/0954008308095839
https://doi.org/10.1063/1.363277
https://doi.org/10.1063/1.363277
https://doi.org/10.1063/1.363277


[7] Callinan T D 1951 The thermal evaluation of formvar resin
J. Electrochem. Soc. 98 171

[8] Ngene I S et al 2010 A microfluidic membrane chip for in situ
fouling characterization J. Membr. Sci. 346 202–7

[9] Roelofs S H, van den Berg A and Odijk M 2015 Microfluidic
desalination techniques and their potential applications Lab
Chip 15 3428–38

[10] Li C et al 2015 Effects of graphene membrane parameters on
diaphragm-type optical fibre pressure sensing characteristics
Mater. Res. Innov. 19 S5-17–23

[11] Jiao F et al 2016 Self-repair and patterning of 2D membrane-
like peptoid materials Adv. Funct. Mater. 26 8960–7

[12] Xu B et al 2015 Two-dimensional graphene-like C2N:
an experimentally available porous membrane for
hydrogen purification Phys. Chem. Chem. Phys. 17
15115–8

[13] Auchter E, Marquez J, Yarbro S and Dervishi E 2017 A facile
alternative technique for large-area graphene transfer via
sacrificial polymer AIP Adv. 7 125306

[14] Moharir A V and Prakash N 1975 Formvar holey films and
nets for electronmicroscopy J. Phys. E: Sci. Instrum. 8
288–90

[15] Larramendi P C H 1987 Simplified and reliable procedure for
formvar coating single hole or slotted grids J. Electron.
Microsc. Tech. 5 383–4

[16] Mark D et al 2010 Microfluidic lab-on-a-chip platforms:
requirements, characteristics and applications Chem. Soc.
Rev. 39 1153

[17] Mannsfeld S C B et al 2010 Highly sensitive flexible pressure
sensors with microstructured rubber dielectric layers Nat.
Mater. 9 859–64

[18] Ma J et al 2012 High-sensitivity fiber-tip pressure sensor with
graphene diaphragm Opt. Lett. 37 2493

[19] Chowdhury A, Naik P A and Gupta P D 1999 Development of
free-standing submicron formvar films with multiple thickness
steps for XUV-soft x-ray applications Sadhana 24 551–5

[20] Farmer J et al 2012 Assessing porosity of proton exchange
membrane fuel cell gas diffusion layers by scanning electron
microscope image analysis J. Power Sources 197 1–11

[21] Ochoa N A et al 2001 Pore size distributions based on AFM
imaging and retention of multidisperse polymer solutes
J. Membr. Sci. 187 227–37

[22] Joseph Tratynek P C and Lyman W 1984 Test Methods for
Determining the Chemical Waste Compatibility of Synthetic
Liners (Cambridge, MA: Arthur D. Little, Inc.)

[23] Edwards C A, Walker G K and Avery J K 1984 A technique
for achieving consistent release of formvar film from clean
glass slides J. Electron Microsc. Tech. 1 203–4

[24] Renate Forch H S, Tobias A and Jenkins A 2009 Surface
Design: Applications in Bioscience and Nanotechnology
(New York: Wiley)

[25] Ferrari A C et al 2006 Raman spectrum of graphene and
graphene layers Phys. Rev. Lett. 97 187401

[26] Qian D et al 2003 Effect of interlayer potential on mechanical
deformation of multiwalled carbon nanotubes J. Nanosci.
Nanotechnol. 3 185–91

9

Nanotechnology 29 (2018) 215712 E Auchter et al

https://doi.org/10.1149/1.2778127
https://doi.org/10.1016/j.memsci.2009.09.035
https://doi.org/10.1016/j.memsci.2009.09.035
https://doi.org/10.1016/j.memsci.2009.09.035
https://doi.org/10.1039/C5LC00481K
https://doi.org/10.1039/C5LC00481K
https://doi.org/10.1039/C5LC00481K
https://doi.org/10.1179/1432891715Z.0000000001330
https://doi.org/10.1179/1432891715Z.0000000001330
https://doi.org/10.1179/1432891715Z.0000000001330
https://doi.org/10.1002/adfm.201602365
https://doi.org/10.1002/adfm.201602365
https://doi.org/10.1002/adfm.201602365
https://doi.org/10.1039/C5CP01789K
https://doi.org/10.1039/C5CP01789K
https://doi.org/10.1039/C5CP01789K
https://doi.org/10.1039/C5CP01789K
https://doi.org/10.1063/1.4986780
https://doi.org/10.1088/0022-3735/8/4/015
https://doi.org/10.1088/0022-3735/8/4/015
https://doi.org/10.1088/0022-3735/8/4/015
https://doi.org/10.1088/0022-3735/8/4/015
https://doi.org/10.1002/jemt.1060050411
https://doi.org/10.1002/jemt.1060050411
https://doi.org/10.1002/jemt.1060050411
https://doi.org/10.1039/b820557b
https://doi.org/10.1038/nmat2834
https://doi.org/10.1038/nmat2834
https://doi.org/10.1038/nmat2834
https://doi.org/10.1364/OL.37.002493
https://doi.org/10.1007/BF02745628
https://doi.org/10.1007/BF02745628
https://doi.org/10.1007/BF02745628
https://doi.org/10.1016/j.jpowsour.2011.08.064
https://doi.org/10.1016/j.jpowsour.2011.08.064
https://doi.org/10.1016/j.jpowsour.2011.08.064
https://doi.org/10.1016/S0376-7388(01)00348-9
https://doi.org/10.1016/S0376-7388(01)00348-9
https://doi.org/10.1016/S0376-7388(01)00348-9
https://doi.org/10.1002/jemt.1060010209
https://doi.org/10.1002/jemt.1060010209
https://doi.org/10.1002/jemt.1060010209
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1166/jnn.2003.199
https://doi.org/10.1166/jnn.2003.199
https://doi.org/10.1166/jnn.2003.199

	1. Introduction
	2. Methods
	2.1. Membrane synthesis
	2.2. Microscopy
	2.3. Drop shape analysis
	2.4. Short-term chemical compatibility
	2.5. Raman spectroscopy
	2.6. Nanoindentation

	3. Results and discussion
	4. Modeling and simulation of membrane structural performance
	4.1. Stochastic pore model development
	4.2. Simulation results and discussion

	5. Conclusion
	Acknowledgments
	References



