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A B S T R A C T

Multilayer architecture is widely employed in membrane technologies. Among them, polydimethylsiloxane 
(PDMS) films are often laminated onto porous supports to either serve as selective layers for pervaporation or as 
gutter layers for gas separation. However, the interfacial properties governing adhesion between PDMS and 
porous supports remain poorly understood. Here, we examine the adhesion between PDMS and symmetric 
polyvinylidene fluoride (PVDF) membranes as well as asymmetric polyethersulfone (PES) membranes. Compared 
with bulk PVDF and PES films, the PDMS-infiltrated membranes exhibit interfacial fracture toughness (Gc) values 
that are 3–25 times higher, attributed to mechanical interlocking. The Gc value increases with increasing pore 
size and porosity of the membranes. Analysis using the Gent model suggests that the fracture depth of the 
infiltrated PDMS is approximately 100 -200 nm for membranes with pore sizes below 100 nm, and 1 -2 μm for 
membranes with pore sizes above 200 nm. These findings provide fundamental insights into adhesion mecha
nisms in multilayer membrane systems and offer design guidelines for improving the mechanical integrity of 
composite membranes.

1. Introduction

Membrane-based separation technologies are versatile and energy 
efficient. Multilayer configurations are commonly employed in many 
applications [1,2]. Polydimethylsiloxane (PDMS), one of the most 
permeable polymers, can be directly laminated onto porous supports, as 
in pervaporation membranes [3,4], membrane bioreactors [5], gas 
separation membranes [6–8], and even desalination membranes [9]. 
PDMS is also versatile and can be further modified to enhance separation 
performance [10] or other surface/interfacial characteristics [11]. The 
interfacial properties between PDMS and porous supports, particularly 
adhesion, are important for the performance and reliability of these 
membrane technologies [12]. However, quantitative studies of the 
adhesion between PDMS and porous membranes remain limited [12,
13].

In a broader sense, the adhesion between porous membranes and 
polymer films remains poorly understood. Recently, the adhesion be
tween asymmetric polyethersulfone (PES) membranes and a 

polypropylene (PP) substrate, often used in microfiltration devices, was 
systematically investigated [14–17]. Given their low surface energies, 
intrinsic (thermodynamic) adhesion between the PES membranes and 
PP is low. Consequently, mechanical interlocking from infiltrated PP in 
the membrane pores, driven by capillary pressure [15,16] or hydraulic 
pressure [17], is necessary for achieving strong interfacial fracture 
toughness. However, achieving effective pore infiltration can be difficult 
during high-throughput manufacturing, especially for membranes with 
small pore sizes and low surface porosities [17]. For these membranes, 
enhanced chemical interactions using plasma treatment can improve the 
adhesion strength, even with limited polymer infiltration [14].

Beyond the aforementioned studies, a few studies have probed 
adhesion between PDMS and porous supports using AFM-based inden
tation/scratch tests [12,13]. However, such tests do not provide quan
titative values of adhesion strength or detailed failure mechanisms. In 
this study, we systematically quantify the adhesion strength between 
PDMS and porous membranes using peel tests. Both symmetric PVDF 
membranes and asymmetric PES membranes were examined. The effects 
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of membrane chemistry, pore size, and debonding strain rate on the 
adhesion strength of the PDMS-infiltrated membranes were quantified. 
The observed interfacial fracture toughness is analyzed using the clas
sical Gent model developed for pulling elastomers out of cylindrical 
pores. Most importantly, a fracture depth of PDMS associated with the 
mechanical interlocking is estimated, which is important for designing 
PDMS/porous supports that simultaneously achieve robust adhesion and 
optimal membrane performance.

2. Materials and methods

2.1. Materials

Two symmetric PVDF membranes (V-100 and V-650) and four 
asymmetric PES membranes were fabricated by Merck using a standard 
phase inversion process. The V-100 and V-650 membranes correspond 
to the commercial “VVPP” and “DVPP” membranes, which have been 
chemically modified to be hydrophilic. The four PES membranes 
(denoted as “S”) contain two different surface chemistries (“U” for un
modified and “M” for acrylamide-modified), each with two different 
nominal pore sizes (200 nm and 20 nm), which are referred to as S- 
U200, S-M200, S-U20 and S-M20, respectively. The acrylamide modi
fication results in a slight decrease in water contact angle, e.g. from 
66.5 ± 3.7◦ for S-U200 to 60.8 ± 3.3◦ for S-M200. The PDMS used was 
Sylgard 184 with a base-to-curing-agent ratio of 10:1.

2.2. Mechanical properties of PDMS

Mechanical properties of the cured PDMS films were characterized 
by static tensile testing using an Instron (5965, 50 N load cell) at room 
temperature under five different strain rates: 10, 50, 200, 500, and 
2000 %/min. At each strain rate, the sample was stretched until failure, 
and the resulting stress-strain curve was used to estimate the tensile 
fracture toughness of the PDMS at the corresponding strain rate. The loss 
modulus (Eʹ́ ) of the PDMS as a function of frequency (0.01 - 200 Hz) at 
room temperature was measured using dynamic mechanical analysis 
(DMA, TA Instruments, Q800). A strain amplitude of 0.1 % was used to 
ensure a linear mechanical response.

2.3. Adhesion sample preparation and testing

A PDMS precursor (10: 1 ratio, total mass, 2.5 g) was manually mixed 
for 2 min, degassed under vacuum for 1 h, and then poured on top of a 
membrane sample. A 1-mm spacer was used to control the PDMS 
thickness above the membrane, and the pore-wetting time was 
approximately 30 min. At this thickness (1 mm), cohesive failure of 
PDMS did not occur during the peel test, enabling us to quantify the 
interfacial debonding between PDMS and the membranes. For all four 
asymmetric PES membranes, the tight-pore side was in direct contact 
with the PDMS. The PDMS precursors quickly wetted the membrane 
pores due to their low surface energy and viscosity (3.5 Pa⋅ s, according 
to the manufacturer specification) [15,16], as illustrated in Fig. 1. 
Complete pore wetting by PDMS was evidenced by a change in 

membrane appearance from white to nearly transparent. The 
PDMS-infiltrated membrane sample was cured at 150 ◦C for 1 h and then 
cut into 40 mm × 12 mm specimens for the peel tests.

Both dense PVDF and PES films were prepared as control samples to 
examine the impact of pores on adhesion behavior. The films were 
prepared by uniaxial compression using a thermal press at 180 ◦C for 
PVDF (Tm = 155 ◦C) and 260 ◦C for PES (Tg = 200 ◦C) with a pressure 
of approximately 50 MPa for 5 min [18]. Using the same procedures as 
described above, PDMS/PES film and PDMS/PVDF film bilayers were 
prepared. Lastly, pre-cured PDMS/dense PVDF and pre-cured 
PDMS/dense PES bilayers were prepared by laminating the pre-cured 
PDMS films onto the dense PVDF and PES films. However, their adhe
sion strength could not be quantified because the bilayers separated 
upon loading.

The adhesion between PDMS and the membranes (or dense films) 
was quantified using a T-peel test (ASTM D1876) performed on an Ins
tron 5965 universal testing machine (50 N load cell) with peel strain 
rates from 10 %/min to 2000 %/min. For each sample, the PDMS layer 
was manually separated from the membrane to create unbonded regions 
that served as grips during tensile testing. For each system, four repli
cates were tested. All tests were conducted at room temperature.

2.4. Imaging and spectroscopic measurements

SEM (Thermo Fisher Apreo, Volumescope, 1,129,194) was used to 
characterize the morphology of both virgin membranes and the PDMS- 
infiltrated membranes. Cross sections of the membranes used for SEM 
imaging were obtained by fracturing in liquid nitrogen. A 2-nm plat
inum coating was deposited on each sample to mitigate charging effects. 
AFM (Cypher, Asylum Research) was also used to characterize the 
interfacial morphology of PDMS infiltrated membranes. To minimize the 
impact of roughness on the phase images, the cross sections were pre
pared using a Leica Microsystems cryo-ultramicrotome (model EMUC7 
with EMFC7 sectioning system) equipped with an ultra–AFM MT16182 
Diatome blade (feed: 100 nm, speed: 1 mm/s) at − 140 ◦C. A cantilever 
(PPP-NCSTAuD, Nanosensors) with a force constant of 7.5 N/m and a 
resonance frequency of 157 kHz was used for all scans.

ATR-FTIR spectroscopy was performed at room temperature using an 
Agilent Cary 630 FTIR spectrometer equipped with a diamond crystal. 
Background spectra were acquired before each measurement. Mea
surements were conducted on the debonded PDMS surfaces to detect any 
membrane residuals. The characteristic C–F vibration bands were 
examined as signals for PVDF, while aromatic and sulfonic vibration 
bands were examined as signals for PES.

3. Results and discussion

3.1. Properties of the membranes and PDMS

Fig. 2 shows representative SEM images of both the surfaces and 
cross-sections of the V-650, S-U200 and S-U20 membranes. Note that V- 
100 possesses a symmetric pore structure similar to that of V-650 (SEM 
images are shown in Fig. S1). Likewise, S-M200 and S-M20 possess 

Fig. 1. Schematic illustration of membrane/PDMS adhesion sample preparation and testing.
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nearly identical pore structures to S-U200 and S-U20, respectively, 
because the chemical modification does not alter the membrane 
morphology (SEM images of S-U20 are shown in Fig. S1). The charac
teristics of all membranes are listed in Table 1. The pore size rating was 
obtained by a standard particle retention method, the overall porosity 
was determined by mass/volume measurements, and the surface 
porosity was estimated from SEM images.

Fig. 3 shows the viscoelastic responses of pure PDMS at room tem
perature: (A) frequency dependence of the loss modulus Eʹ́ (ω) and (B) 
tensile rate dependence of the fracture toughness (Gc,0). Gc,0 was esti
mated from Gc,0 = Wf h, where Wf is the strain energy density at failure 
(estimated from the area under the stress-strain curve (inset of Fig. 3B) 
at a given strain rate) and h is the thickness of the PDMS (~1 mm). Note 
that the Gc,0 value obtained in such a way assumes that the entire PDMS 
thickness contributes elastic energy to the crack propagation, and 
therefore, represents the upper bound of the intrinsic fracture toughness 
of PDMS.

Both properties displayed similar frequency- and rate-dependent 
scaling behaviors. Specifically, Eʹ́ ∼ ωm, with m ≈ 0.28 (R2 = 0.99), 
while Gc,0 ∼ ε̇n, with n = 0.3 (R2 = 0.92). The physical origin of the 
similar scaling behavior between the linear viscoelastic response (Eʹ́ (ω)) 
and nonlinear fracture response (Gc,0) is unclear. Similar rate- 
dependence of fracture toughness has been reported for other elasto
mers [19,20], which is attributed to the viscoelastic dissipation during 

crack propagation. Although PDMS possesses a Tg of approximately 
− 123 ◦C and the segmental relaxation rate is expected to be several 
orders of magnitude faster than the applied strain rates, a correlation 
nevertheless exists between dynamic modulus and fracture toughness. 
Similar correlations have also been observed in 
Johnson-Kendall-Roberts (JKR) - type adhesive contacts between PDMS 
and other substrates [21]. Nevertheless, Gc,0 values increase from 
approximately 200 N/m to approximately 1000 N/m with increasing 
strain rate. These values are consistent with a prior report, in which the 
fracture toughness of PDMS (Sylgard 184) was approximately 500 J/m2 

at a strain rate of 25 %/min [22], and fall within the range reported in 
the literature [23].

3.2. T-peel test results

Fig. 4A shows the unbonded region (manually separated PDMS layer 
and the membrane) and bonded region. A representative cross-sectional 
SEM image of PDMS-infiltrated V-650 is shown in Fig. 4B, confirming 
the complete pore-wetting by PDMS. The PDMS layer and membrane in 
the unbonded region were mounted onto the grips of the Instron 
(Fig. 4C) to conduct the T-peel test. Representative force-extension 
curves from the peel tests are shown in Fig. 4D. The interfacial frac
ture toughness, Gc, was calculated from the steady-state peel force (Fpeel, 
the plateau on the force-extension curve), Gc = 2Fpeel/w, where w is the 
width of the sample (w = 12 mm).

Fig. 5 summarizes the Gc values for both PDMS/PVDF membranes 
(Fig. 5A) and PDMS/PES membranes (Fig. 5B). All membranes and 
dense films display increasing Gc values with increasing peel rate, with 
the power exponent ranging between 0.11 and 0.34, except S-M20 
(n = 0.59), as listed in Table S1. The Gc values for PDMS/PVDF films 
increase from approximately 5 N/m to approximately 15 N/m with 
increasing peel rate, which are slightly larger than those of PDMS/PES 
films (approximately 2 -6 N/m). These Gc values are more than one 
order of magnitude larger than the values reported for PDMS adhesion 
with glass slides (approximately 0.2 J/m2 from JKR-type contact 

Fig. 2. SEM images of the membranes. (A) V-650 surface; (B) V-650 cross-section; (C) S-U200 surface; (D) S-U200 cross-section; (E) S-U20 surface; and (F) S-U20 
cross-section.

Table 1 
Properties of all the membrane samples.

Membranes Thickness 
(μm)

Nominal pore 
size (nm)

Overall 
porosity (%)

Surface 
porosity (%)

V-100 103 100 60 40
V-650 115 650 64 43
S-U200 175 200 80 18
S-M200 175 200 80 18
S-U20 140 20 73 10
S-M20 140 20 73 7.5
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measurement) [24].
As mentioned earlier, adhesion between pre-cured PDMS film and 

PVDF (or PES) films was too small to determine using the T-peel tests 
(samples separated upon loading), consistent with the JKR- 
measurements. The higher Gc values obtained for the PDMS/PVDF 
films could be caused by the remaining roughness of the PVDF film 
(densified from the membranes). From AFM measurements 
(30 μm × 30 μm), the RMS roughness was 32.4 ± 18.9 nm for a similarly 
densified PES film. Such roughness would cause small degrees of PDMS 
interlocking for PDMS cured atop the PVDF and PES films but reduces 
the adhesion with pre-cured PDMS (elastic) by reducing contact area.

The Gc values for all membranes are significantly larger than those of 
the corresponding dense bilayers, but remain lower than the fracture 

toughness of pure PDMS. For the PES membranes with the same pore 
size, no significant differences were observed between the two different 
membrane chemistries (“U” vs “M”), indicating that mechanical inter
locking is the main contributor to the interfacial fracture toughness.

Fig. 6 plots the ratios of interfacial fracture toughness as a function of 
nominal pore size for all the membranes, normalized by flat films 
(Gc,mem/Gc,film, Fig. 6A) or by fracture energy of PDMS (of Gc,mem/Gc,0, 
Fig. 6B). Note that both ratios show negligible dependency on peel rates 
(Fig. S2 and S3), and the values shown in Fig. 6 are averages across the 
different peel rates. For both PVDF membranes and PES membranes, the 
Gc,mem/Gc,film ratio increases with increasing pore size: from approxi
mately 5.7 (V-100) to approximately 12 (V-650), and from approxi
mately 3 (S-U20) to approximately 27 (S-U200).

Fig. 3. (A) Loss modulus of PDMS as a function of frequency at room temperature, strain amplitude is 0.1 %. (B) Tensile fracture toughness (Gc,0) of PDMS as a 
function of peel rates. Inset shows a representative stress-strain curve from which the Gc,0 value was obtained (the shaded area under the curve). The error bars 
represent the standard deviation from averaging four replicates at each peel rate. The lines represent linear fit of the data with corresponding slopes labelled.

Fig. 4. T-Peel tests information. (A) Photo of PDMS/membrane samples showing the bonded and unbonded regions; (B) SEM image of the cross-section of PDMS/ 
V-650 showing full infiltration of the pores; (C) Photo of one sample during T-peel test; (D) representative force-extension curves from the peel tests of four replicate 
samples (V-650, peel rate: 20 %/min), from which the interfacial fracture toughness was determined.
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Previous research has shown that hierarchical roughness can effec
tively enhance mechanical interlocking in epoxy resins [25]. In that 
study, 0.3-μm dendrites and high-angle pyramids led to adhesion 
enhancement of 1.5 % and 50 %, respectively, relative to flat surfaces. 
However, the combination of the two (0.3-μm dendrites on 2-μm 

high-angle pyramids) resulted in an adhesion enhancement of approxi
mately 200 %. These results suggest that the membrane pore structures 
(Fig. 2) are even more effective in promoting mechanical interlocking 
than the above-mentioned surface features.

Interestingly, the Gc,mem/Gc,0 ratio correlates reasonably well with 

Fig. 5. Interfacial fracture toughness (Gc) as a function of peel rate for PDMS bonded with (A) two PVDF membranes (V-650 and V-100) and dense PVDF film, and 
(B) four PES membranes (S-U200, S-M200, S-U20, and S-M20) and dense PES film. Tensile fracture toughness of pure PDMS films (Gc,0) data is included in both plots.

Fig. 6. Ratios of (A) Gc,mem/Gc,film and (B) Gc,mem/Gc,0 for all six membranes. The ratios are average values of different peel rates, and the error bars correspond to the 
standard deviations.

M. Moni et al.                                                                                                                                                                                                                                   Journal of Membrane Science 758 (2026) 126018 

5 



the surface porosity of the asymmetric PES membranes, increasing from 
3 %-7 % for the 20-nm membranes (S-U20 and S-M20) to 15 %-18 % for 
the 200-nm membranes (S-U200 and S-M200). In contrast, for the 
symmetric PVDF membranes, the Gc,mem/Gc,0 ratios (12 % - 22 %) are 
substantially lower than the surface porosity of both membranes 
(~40 %).

Adhesion of elastomers often exhibits weak power-law dependence 
(n = 0.1-0.3), due to viscoelastic dissipation during crack propagation 
[19]. All samples except S-M20 showed rate dependence within this 
range, indicating that the dissipation in PDMS dictates measured energy 
release rate. We attribute the slightly stronger rate dependence of S-M20 
to the acrylamide coating on the membranes. Even though the same 
coating was used in S-M200, its impact is negligible due to the large pore 
size.

From SEM images of debonded surfaces, representative examples of 
which are shown in Fig. 7, interfacial failure appears to be the dominant 
debonding mechanism. ATR-FTIR analysis confirmed the absence of 
PVDF or PES residues on debonded PDMS surfaces (Fig. S4). Further
more, nodules were observed across the PDMS surfaces, suggesting that 
fracture of the PDMS occurs near the top surfaces of the membranes. 
Collectively, these observations indicate that mechanical interlocking of 
PDMS within the membrane pores is the main contributor to the 
observed interfacial fracture toughness.

3.3. GENT model analysis

During peeling, cavitation occurs at the non-porous interface regions 
between PVDF (or PES) and PDMS, due to the low intrinsic thermody
namic adhesion between the two. This causes stress concentrations to be 
transferred to the infiltrated PDMS inside the membrane pores. Gent 
et al. analyzed the adhesion strength caused by mechanical interlocking 
of elastomers within arrays of cylindrical pores in metal plates [26]. The 
observed work of detachment of the infiltrated elastomers can be 
described by 

Gʹ
a =Ga

(

1+4
(

l
a

)

nπa2
)

+ lUbnπa2 (1) 

where Ga is the work of adhesion between two flat surfaces, l and a are 
the effective debonding length and diameter of the pores (from which 
the elastomer debonded), n is the number density of pores (number of 
pores per unit area); and Ub is the specific fracture energy of the elas

tomer (which can be adjusted by curing conditions).
Here, the fracture toughness obtained from the peel tests involves the 

same two contributions as the Gent model: intrinsic thermodynamic 
adhesion energy (the first term in Eq. (1)) and volumetric dissipation 
energy associated with PDMS fracture (the second term in Eq. (1)). By 
approximating the top layer of the membrane as an array of cylindrical 
pores, the interfacial fracture toughness can be analyzed using the Gent 
model. Based on Eq. (1), the fracture depth of PDMS within the mem
brane pores (l) can be calculated using the experimentally determined 
Gc,mem (corresponding to the Gá term in Eq. (1)) and Gc,film (corre
sponding to the Ga term in Eq. (1)). The values of Ub for PDMS were 
calculated from the Gc,0 values shown in Fig. 3B. Fig. 8A summarizes the 
calculated values of l, averaged from different peel rates, as a function of 
pore size for all six membranes. Note that the surface porosity (Table 1) 
used to estimate the pore number density (n) may be underestimated 
because of the metal coating used for SEM imaging [27], which would 
lead to a slight overestimation of the calculated fracture depth (l).

The fracture of PDMS most likely occurs at the most constricted re
gions within the porous membranes. The effective fracture depth was 
estimated as approximately 100-200 nm below the membrane surfaces 
for S-U20 and V-100, but approximately 1-2 μm for S-U200 and V-650. 
Note that the pore size rating (e.g. 20 nm) of these membranes 
approximately corresponds to the smallest particle size that the mem
brane can reject. Given the broad distribution of pore sizes, the pore size 
rating often corresponds to the narrowest constriction, or “pore throats” 
within the membrane pore network [28].

Fig. 8B shows a representative cross-sectional atomic force micro
scopy (AFM) phase image of the PDMS/S-U200 interface, revealing re
gions where the PDMS is connected through narrow necks. It is therefore 
likely that fractures occur at these pore throats located nearest the 
membrane surface, as marked in the inset of Fig. 8B. Interestingly, the 
range of l values shown in Fig. 8A coincides with the typical “skin layer” 
thickness for asymmetric membranes (e.g. S-U20 and S-U200), as esti
mated from the flow path length based on Darcy's law [1,2,29,30]. 
Symmetric membranes such as V-100 and V-650 are generally not 
considered to possess distinct skin layers. Nevertheless, the results 
suggest the presence of similar near-surface pore constrictions that 
localize stress and ultimately govern PDMS fracture.

4. Conclusion

In summary, this study provides the first systematic examination of 

Fig. 7. Representative SEM images of debonded surfaces. (A.1) V-650, (B.1) V-100, (C.1) S-U200 and (D.1) S-U20. (A.2)-(D.2) are the corresponding PDMS surfaces. 
The peel rate was 50 %/min for PDMS-V100 and was 10 %/min for the remaining samples.
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adhesion behavior between infiltrated PDMS and porous membranes, 
including two symmetric PVDF membranes and four asymmetric PES 
membranes. All membranes displayed interfacial failure during the peel 
tests, and the corresponding interfacial fracture toughness, Gc, increased 
with peel rate. Compared with dense films, the porous membranes 
exhibited Gc values that were approximately 3 to 25 times higher, 
attributed to mechanical interlocking of the infiltrated PDMS. For each 
membrane type, the Gc value correlates well with pore size and porosity: 
larger pores or higher porosity lead to higher Gc values. Analysis using 
the Gent model suggests that PDMS fracture occurs in the pore throats 
near the membrane surfaces, approximately 100 - 200 nm below the 
surface for membranes with pore-size ratings at or below 100 nm, and 
approximately 1 - 2 μm for membranes with pore-size ratings at or above 
200 nm.

These findings provide fundamental insights into the interfacial in
teractions between PDMS (and potentially other elastomers) and porous 
supports and can guide the design and manufacturing of membrane 
devices. For applications involving relatively thick PDMS selective 
layers (e.g., several micrometers or thicker), infiltration beyond the 
fracture depth does not further enhance adhesion, but instead increases 
transport resistance. Therefore, excess infiltration should be avoided to 
maintain high membrane permeance. In contrast, for applications 
employing ultrathin PDMS selective layers (e.g., on the order of hun
dreds of nanometers), the corresponding infiltration depth is much 
smaller, resulting in lower interfacial adhesion than the values reported 
in this work, as predicted by the Gent model. Unfortunately, conven
tional peel tests are not sufficiently sensitive to quantify the adhesion 
strength of such ultrathin systems. Alternative techniques, such as 
blister tests, are therefore required.
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