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Investigating Pore-Opening of Hydrogel Foams at the Scale
of Freestanding Thin Films

Sébastien Andrieux,* Mayur Patil, Leandro Jacomine, Aurélie Hourlier-Fargette,
Sascha Heitkam, and Wiebke Drenckhan*

Controlling the pore connectivity of polymer foams is key for most of their
applications, ranging from liquid uptake, mechanics, and acoustic/thermal
insulation to tissue engineering. Despite their importance, the scientific
phenomena governing the pore-opening processes remain poorly understood,
requiring tedious trial-and-error procedures for property optimization. This
lack of understanding is partly explained by the high complexity of the
different interrelated, multiscale processes which take place as the foam
transforms from an initially fluid foam into a solid foam. To progress in this
field, this work takes inspiration from long-standing research on liquid foams
and thin films to develop model experiments in a microfluidic “Thin Film
Pressure Balance.” These experiments allow the investigation of isolated thin
films under well-controlled environmental conditions reproducing those
arising within a foam undergoing cross-linking and drying. Using the example
of alginate hydrogel films, the evolution of isolated thin films undergoing
gelation and drying is correlated with the evolution of the rheological
properties of the same alginate solution in bulk. The overall approach is
introduced and a first set of results is presented to propose a starting point for
the phenomenological description of the different types of pore-opening
processes and the classification of the resulting pore-opening types.

1. Introduction

From cushioning to building, food, or biomedical industries,
polymer foams are widely used lightweight materials formed by
the assembly of closely-packed gas pores in a polymeric carrier
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matrix.[1,2] As shown in Figure 1a, neigh-
boring pores can either be separated by thin
films (often called “membranes” in the solid
foam), leading to what is commonly called
a “closed-cell foam,” or they can be inter-
connected after rupture of the films, lead-
ing to a (partially) “open-cell foam.” The per-
centage of interconnected pores is referred
to as the “pore connectivity”[3,4] or “pore
interconnectivity”[5–7] and has a crucial im-
pact on most of the final foam properties,
including liquid/gas uptake, foam mechan-
ics, acoustic/thermal insulation, or its ca-
pacity to host bacteria and cell colonies for
biomedical applications.[8–14] Despite the di-
versity of existing applications and the po-
tential for innovation in key areas such as
biomedicine, sustainability, and energy sav-
ings, the influence of the formulation and
foaming procedure on the pore-opening
process is still poorly understood. The op-
timization of the pore connectivity there-
fore relies on tedious trial-and-error proce-
dures driven by specific industrial needs.[15]

While this approach worked well over the
last decades, rapid product evolution driven

by environmental and innovation pressure now requires a more
predictive understanding of the underlying processes.

Reasons for the current lack of predictive control of the
pore-opening process in polymer foams are manyfold. Since
solid foams are created by the foaming of an initially fluid-like
matrix, the final pore morphology is controlled by the deforma-
tion and transport of the solidifying matrix between the pores
driven by interfacial forces. The latter arise from the increasingly
tight packing of the foam bubbles during the foaming process.
This leads to highly complex structure/property relations in an
evolving multiscale structure. Locally, the pore connectivity is
controlled by the thinning and rupture of the thin films (typically
10–1000 nm thick) separating neighboring pores. The reliable
description of these two interrelated processes evokes hot topics
of ongoing research, including film thinning in the presence of
partially mobile interfaces, polymerization/cross-linking under
soft confinement or the statistics of thermally initiated hole for-
mation in a viscoelastic thin film.[16–21] Once ruptured locally, the
equilibrium of interfacial and bulk-film stresses leads to a variety
of possible hole openings in-between the extreme cases of a fully
open or a fully closed film. A selection of characteristic mor-
phologies is shown in Figure 1b. Depending on the viscoelastic
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Figure 1. a) Scanning electron microscopy images of polymer foams with increasing pore connectivity: A) closed-pore polyethylene foam,[30] B)
polyurethane foam (Connor Kemp), C) open-pore polyester urethane foam.[31] b) Selection of different types of pore-openings in hydrogel foams: A)
Polyurethane hydrogel foam,[32] B,D–F) Freeze-dried chitosan hydrogel foams cross-linked with genipin,[33] C) Monolayer of latex bubbles.[34] c) The
drainage and rupture of a foam film can be reproduced using an isolated film with the same pressure conditions. The gray arrows show liquid draining
out of the film. Adapted from.[35]

state of the film and its thickness profile upon rupture, the final
pore-opening may consist of round pinholes in the center or
on the boundary of the film, holes may be bounded by a bulge
or thick rim, they may be torn (rather than round) or partially
closed with dangling material. These different scenarios indicate
the complexity of the underlying processes which need to be
disentangled towards a predictive understanding. It is therefore
important to establish 1) a classification of the different types of
pore-openings and 2) a link between the type of pore-opening,
the foam formulation, the foaming process, and the overall foam
morphology (pore size, density, etc.).

Isolated investigations already shed some light on cell-opening
in polymer foams, whether the polymer foams originated from a
liquid foam template[9,22,23] (an approach commonly called “liq-
uid foam templating”[24–26]) or an emulsion template[3,27] (poly-
merized high internal phase emulsion or polyHIPE[28]). These
studies show that foams with higher solid content are more likely
to be closed cell. Alternatively, Andrieux et al.[29] showed that the

addition of “intruders” (cellulose nanofibers in chitosan foams)
could drastically reduce the pore connectivity of foams even at
a constant solid content. The authors argued that the increased
elasticity brought about by the cellulose nanofibers prevented the
films from rupturing during solidification and drying. A more
chemical approach was also investigated, as Quell et al.[3] showed
that the morphology of emulsion-templated polystyrene foams
and their pore connectivity can be easily modified according to
whether polymerization is initiated in the continuous or the dis-
persed phase.

However, studying the underlying mechanisms behind pore
connectivity at the scale of the foam remains a complex issue as
effects driven by foam processing and foam structure are tightly
interlinked with the formulation. Moreover, even though pore-
opening occurs during solidification, it is virtually impossible to
follow the evolution of the foam films within a 3D foam dur-
ing this process with common lab-scale instruments, limiting the
analysis to the morphology of the final foam.
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To reduce some of the complexity of the underlying phe-
nomena, we focus here on initially liquid foams whose bub-
bles/pores are generated by a physical (rather than chemical)
foaming mechanism,[36] and which are solidified once the liquid
foam has found its mechanical equilibrium structure. To inves-
tigate the evolution of the foam films, we then take inspiration
from an experimental approach in liquid foam science which in-
vestigates the properties of individual foam films in dedicated
“Thin Film Pressure Balances” (TFPBs).[35,37,38] In these devices,
the environmental conditions of the film are controlled in a man-
ner that reproduces those of the overall foam, as discussed in the
following.

As sketched in Figure 1c, a liquid foam is characterized by its
overall liquid content (or “liquid fraction”) 𝜑, its average bub-
ble/pore size <R>, the liquid pressure pl and the gas pressure
pg of the pores. If hydrostatic pressure differences are neglected,
the liquid pressure pl is constant throughout the interconnected
liquid matrix. The gas pressure pg of a pore depends on the ge-
ometry of the pore, which, in turn, is related to its size.[39,40] In
a foam with modest polydispersity, one can make the hypothe-
sis that to first approximation all gas bubbles are at the same gas
pressure pg. The difference between the gas and liquid pressure
pc = pg - pl is then to first approximation constant and commonly
called the “capillary pressure”. For a foam in the low-density limit
(i.e., 𝜑 < 0.1) with a surface tension 𝛾 , the capillary pressure can
be estimated as[41]

pc ∼
𝛾⟨R⟩𝜑1∕2

(1)

which shows the importance of the pore size and the liquid frac-
tion. This capillary pressure creates the main driving force which
drains the continuous phase out of the films between neighbor-
ing pores. In the case of a liquid foam, this drainage proceeds un-
til the film ruptures, or until an equilibrium is reached in the thin
films, i.e., when the “disjoining pressure” created by the interac-
tion of the stabilising agents balances the capillary pressure.[31]

TFPBs are designed to create individual, free-standing horizon-
tal films of controlled radius R at pressure conditions reproduc-
ing the capillary pressure in a foam. Since the average radius of
the foam films is to first order equal to the average radius of the
pores,[39,40,42] one can use Equation (1) to link the conditions in
the TFPB to the properties of the low-density foam by applying
the appropriate capillary pressure. More complex expressions are
available in the literature to express the capillary pressure for
higher liquid fractions.[41,43] Using interferometric techniques,
the evolution of the thickness h of the film (Figure 1c), and its
rupture, can be monitored with nanometric accuracy.

Here we use a purpose-designed microfluidic TFPB
(“𝜇TFPB”) which we optimized to work with viscous liquids and
with liquids that undergo solidification (Section 2.2.4).[35] This
allows us to produce a film under the same pressure conditions
as in the liquid foam template, and to follow its evolution during
solidification. As a model system, we use alginate films which
are cross-linked via calcium ions (Section 3.3). Since these foams
are typically dried after (or during) cross-linking, we also dry the
films in the 𝜇TFPB in a final step. The creation of holes in the
𝜇TFPB-supported film via rupture simulates the pore-opening
process in the foam. It can arise at any moment during the

drainage/solidification/drying process. The probability of rup-
ture and the final hole shape depend on the formulation and the
competing processes of film drainage and solidification, which
can be quantified with the 𝜇TFPB.

We introduce here a first set of preliminary studies and use
them to make a first suggestion of how the different scenarios
and pore-opening types may be classified. For this purpose, we
chose as main parameters the capillary pressure pc and the rel-
ative time t/tgel upon film formation. Here tgel is the gel time
of the bulk alginate solution determined using bulk shear rhe-
ology (Section 3.3). t/tgel is therefore related to the viscoelastic
properties of the matrix. We show that this approach allows us to
propose a first phenomenological classification of pore-opening
morphologies while putting in evidence some underlying gen-
eral trends. Future work needs to refine the appropriate control
parameters of the formulation (including the stabilizing agent)
and the solidification process(es) with the goal to establish a fun-
damental understanding across different formulations and foam-
ing processes.

2. Experimental Section

2.1. Materials

Calcium chloride dihydrate (CaCl2,2H2O), potassium sorbate,
and 𝛿-gluconolactone (GDL) were purchased from Sigma-
Aldrich. Ethylene glycol-bis(𝛽-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA) and alginic acid sodium salt (i.e., algi-
nate) were purchased from Alfa Aesar, USA. Sodium hydroxide
(NaOH) was purchased from Merck, Germany. The surfactant
Glucopon 600 CSUP (a mixture of nonionic alkyl (C12-C14)
polyglycosides) was kindly provided by BASF, Germany. All
chemicals were used as received.

2.2. Methods

2.2.1. Preparation of the Solutions

The alginate solutions were prepared based on a procedure from
Sang.[44] The principle was to dissolve the calcium ions along
with a chelating agent (EGTA) which bound the calcium ions at
neutral pH. The alginate was then added to this solution, and
gelation did not occur until the pH decreased down to ca. 4. To
prepare a 0.002 m Ca-EGTA solution, 100 mL of Milli-Q water
was poured into a glass bottle. Then 0.002 m of CaCl2,2H2O and
0.02 m of EGTA were added under continuous slow stirring.
To inactivate the calcium ions in the solution, a 0.1 m sodium
hydroxide solution previously diluted in Milli-Q water was added
to reach a stable pH of 7 ± 0.5. The solution was then transferred
into a volumetric flask to reach 200 mL. To prepare the alginate
solutions without CaCl2,2H2O/EGTA, 200 mL of Milli-Q water
were firstly poured into a glass bottle. Then 2 wt% of alginate
was added under continuous stirring using an overhead stirrer
at 50 °C for 2 h.

The solutions of 0.002 m Ca-EGTA and 2 wt% alginate were
the main stock solutions which were mixed in equal volumes to
obtain the required concentrations (0.001 M and 1 wt%, respec-
tively) for the film studies. The concentration of the surfactant
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Glucopon 600 CSUP was kept constant at 0.5 wt% in all the exper-
iments and was added to the Ca/EGTA-alginate solutions under
gentle stirring to prevent the formation of bubbles. It was chosen
to be well above the critical micellar concentration (CMC = 0.006
wt%, see Figure S1, Supporting Information). The solutions were
kept for a maximum of two weeks.

The gelling of the alginate solutions was achieved by adding
𝛿-gluconolactone (GDL) to acidify the solutions.[45] After adding
GDL (1.25 wt%), the solution was kept under stirring for 5 min
for complete mixing and then kept in an Elma Transsonic
T1-H-20 ultrasonic bath for 5 min at 130 kHz to remove any bub-
bles formed during stirring.

2.2.2. Surface Tension Measurements

The surface tension measurements were performed using a
Tracker tensiometer from Teclis. The solutions were filtered
through syringe filters with a pore size of 0.2 μm. The rising bub-
ble configuration was used except for the solution containing al-
ginate + Ca/EGTA + surfactant, for which the pendant drop con-
figuration was more suitable (the color of the solution and its
slight turbidity did not allow for an accurate optical determina-
tion of the shape of the bubbles in the rising bubble configura-
tion). In each case, a bubble (drop) of 8 (5) μL was generated at
maximum speed and the measurement started as soon as the
set volume was reached. The given error on the surface tension
value was a combination of the device error (0.1× 10–3 N m–1) and
the fact that equilibrium was not always fully reached during the
measurement when relaxation was slow. The temperature was
set to 20 °C.

2.2.3. Bulk Shear Rheology

Viscosity Measurements: Viscosity measurements were car-
ried out using the HR20 rheometer from TA instruments at
20 °C. The cone-plate geometry was used during the study with
a diameter of 60 mm, a truncation gap of 28 μm, and an angle of
1° 00 min 47 s. The cone-plate geometry allowed to have a homo-
geneous shear rate across the sample. The shear rates were varied
from 0.1 to 1000 s–1, with an acquisition time of 10 s per point.
The final viscosity for each sample was taken as the zero-shear
viscosity from the Cross model fitted to the data.

Gelation Kinetics: To quantify the temporal evolution of the
viscoelastic properties of the gelling solutions, oscillatory rheol-
ogy was carried out using a Bohlin rheometer (Gemini 150) at
20 °C. The plate-plate geometry was used during the study with
a gap of 1 mm between the plate and surface at the frequency
of f = 1 Hz (𝜔 = 2𝜋f) and an amplitude of 1%. The plate-plate
geometry allowed to 1) use a larger sample volume than with a
cone-plate geometry, and 2) avoid any heterogeneity of the cross-
linking process in the sample due to different confinements as
the gap is constant across the sample. The samples were put in
the rheometer while taking the precautions that there were no
bubbles. Then the measurements were started approximately 20
min after the addition of GDL as described in Section 3.3. All
times presented on the rheology graphs are defined with respect
to the moment at which the GDL was added.

Figure 2. Schematic drawing of the microfluidic thin-film pressure balance
(𝜇TFPB). For more details see ref. [35]. The zoom shows the microfluidic
chip in which the film is formed and its various inlets/outlets. Adapted
from.[35]

Since we realized that the gel points showed some variation
between experiments, we chose to run the rheology experiments
in parallel to the film drainage experiments, as explained in Sec-
tion 3.4. This allowed us to follow in real time the rheological
properties of the gelling system and initiate film drainage at a
known relative time t/tgel.

2.2.4. Film Drainage and Rupture

A home-built microfluidic thin film pressure balance (𝜇TFPB)
was used to form stable horizontal films and to study their
drainage/gelling/drying behavior. The 𝜇TFPB was thoroughly
described in our previous work[35] and is schematically shown in
Figure 2. Briefly, a microfluidic chip in which a film is formed is
connected to an optical system and a pressure control set-up (Fig-
ure 2). The ELVEFLOW pressure controller OB1 Mk3 was used to
independently set the gas pressure pg and the liquid pressure pl,
which are both defined relative to the ambient pressure. The ac-
cessible pressure range of the pressure controller is 0 – 20 000 Pa
and the pressure controller has an accuracy of 1 Pa. A bottle was
connected between the gas outlet of the pressure controller and
the gas inlet of the microfluidic chip. This bottle contained some
water to provide a water-saturated atmosphere within the chip
and prevent evaporation. Before each experiment, a gas pressure
of 20 000 Pa was applied for 5 min, while leaving the chip slightly
open to allow for humid airflow.
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A second bottle containing the foaming solution was con-
nected between the pressure controller and the chip. It was al-
ways ensured that the liquid level in the bottle was at the same
height as the film (Figure 2) to set the hydrostatic pressure to 0 Pa
(with an error of ± 2 mm, i.e., 20 Pa). A liquid pressure (typically
500 Pa) was then applied until the liquid reached the film holder
(aka “bike wheel”[35,46]). The radius of the hole at the center of
the bike wheel was 0.5 mm. The liquid pressure was set back to
0 Pa as soon as the hole in which the film formed was filled with
liquid. The gas pressure pg and the liquid pressure pl were both
0 Pa and the capillary pressure pc was thus 0 Pa as well (see Sec-
tion 1). The film had then the form of a thick lens which did not
drain over time. This lens was let at rest for 5 min to allow for
all the surface-active species to migrate to the interface to ensure
that the interface was at equilibrium (see Section 3.1.1). This also
ensured that the chip was saturated with water vapor.

Film drainage was induced by applying a finite capillary pres-
sure pc by adjusting the gas pressure at constant liquid pressure
(pl = 0 Pa), i.e., the gas pressure was identical to the capillary
pressure. Since the capillary pressure drives the film drainage,
the liquid was expelled out of the film, as schematized by the gray
arrows in Figure 1c. The time t = 0 s corresponds to the time at
which the capillary pressure was applied. Images of the film were
captured using a polychromatic 12-bit CCD camera (UEye UI-
3580LE-C-HQ from iDS Imaging Development Systems GmbH).
The images were generated via interferometry, which allows to re-
late the film color to its thickness.[37] The capillary pressure was
kept constant during the entire experiment.

Once the film had drained to an equilibrium profile (i.e.,
one observed no evolution for 15 min), a gas outlet, closed for
drainage experiments, was slightly opened to allow for a gentle
airflow above and below the film for drying experiments (while
the pressures set on the pressure controller were maintained).
The bottle that contained water to saturate the atmosphere with
water in the chip was switched with an empty bottle so that the
air flowing around the film was dry. Note that since the pressure
was controlled by a pressure controller, the gas flow rate in the
drying experiment was not controlled quantitatively. The influ-
ence of the drying rate on the morphology of gelled films will
be the scope of a future study. The drying time t = 0 min was
taken at the time at which the gas outlet was opened. To prevent
the film from being replenished by the liquid in the microfluidic
channels upon drying (via osmotic effects), the liquid inlet was
disconnected from the chip as soon as the gas inlet was opened.

Film Thickness via Colorimetric Mapping: To be able to esti-
mate the thickness of the thin films, a colorimetric map was gen-
erated using a MatLab code based on Fresnel optics: the spectrum
of reflected light intensity can be derived from Fresnel equations
for reflection and transmission. For zero inclination angle, the
reflected intensity Ir and transmitted intensity It are given by

Ir =
(

n1 − n2

n1 + n2

)2

, It =
4n1n2(

n1 + n2

)2
(2)

with n1 = 1.00 the refractive index of air and n2 the refractive in-
dex of the alginate solution (close to water, Section 3.2) or of dry
alginate (Section 3.4).[47] Multiple reflection paths from the film
interfere with each other. The reflection from the front side of
the film carries the relative intensity Ir and undergoes a phase

shift of 𝜋. Light that passes the film thickness h for 2N times un-
dergoes a phase shift of 2𝜋2Nn2h𝜆−1 and carries the relative in-
tensity I(2N−1)

r I2
t with 𝜆 the wavelength. Superposing all reflected

contributions yields the spectrum of reflected light. To compute
the visual color impression in Figures 5III and 7II, the reflected
spectrum is multiplied with the CIE 1964 color matching func-
tions. The result was transferred to RGB for plotting by

RGB = M ⋅ XYZ (3)

with

M =
3.1338561 −1.6168667 −0.4906146

−0.9787684 1.9161415 0.0334540
0.0719453 −0.2289914 1.4052427

(4)

3. Results

The present study focuses on an alginate-based system, the
chemistry of the system remaining identical throughout the pa-
per at hand. We first discuss the interfacial and bulk properties
of the system in its liquid state (Section 3.1) to choose an appro-
priate formulation and to provide a frame of reference for the
drainage behavior of the liquid films. We use surface tensiometry
results (Section 3.1.1) to determine whether the alginate adsorbs
at the air-liquid interface. In Section 3.1.2, we show the viscos-
ity of alginate solutions at various concentrations and determine
the concentration range of the solution used for thin-film exper-
iments. We then show film drainage for the non-gelling solution
to provide a reference behavior for drainage at two capillary pres-
sures, namely 500 and 2000 Pa (Section 3.2). We continue with
an investigation of the kinetics of gelation of the system via oscil-
latory rheology (Section 3.3) to precisely match the advancement
of gelation and film drainage in the 𝜇TFPB. Finally, we present
in Section 3.4 the drying experiments within the 𝜇TFPB with the
various film morphologies obtained for the different experimen-
tal conditions.

3.1. Characterization of the Non-gelling Solution

3.1.1. Surface Tension

To gain insight into the interfacial properties of the investigated
solution, we characterized the surface tension of a 1 wt% algi-
nate solution, in the presence and in absence of the Ca/EGTA
and the surfactant. The results are shown in Figure 3. The pure
alginate solution shows a slow relaxation, approaching an equi-
librium surface tension of (57.7 ± 1.0) × 10–3 N m–1. This sur-
face tension decrease seems to indicate that alginate is surface
active at long timescales. This has been reported in the literature
and may be associated with the slightly hydrophobic nature of
the protonated carboxyl groups protruding above the air–water
interface while the hydrophilic, deprotonated carboxyl groups re-
main in the water.[48–51] When using the 1 wt% alginate solution
with 0.001 m Ca/EGTA, the overall relaxation remains very sim-
ilar with a slight increase of the equilibrium surface tension to
(60.6 ± 1.0) × 10–3 N m–1.

Upon addition of 0.5 wt% surfactant Glucopon 600 CSUP to
alginate and Ca/EGTA, the surface tension relaxes very rapidly
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Figure 3. Surface tension of solutions of increasing complexity leading to
the complete formulation used for the gelling experiments. The Ca/EGTA
concentration is 0.001 m and the surfactant is Glucopon 600 CSUP.

(within 10 s) to its equilibrium value of (29.1 ± 0.2) × 10–3 N
m–1. This value is very close to the surface tension of pure Glu-
copon 600 CSUP solutions of (29.3 ± 0.2) × 10–3 N m–1. We can
thus assume that the surface of the solution used for the thin
film studies is fully covered with the Glucopon surfactant and
that the effects that alginate and Ca/EGTA have on the surface
tension are negligible in the presence of a high concentration
of surfactant. Since Glucopon is a nonionic alkyl polyglycoside
we do not expect any aggregation between the surfactant and the
negatively charged polymer. Although some weak hydrogen in-
teractions may act between the surfactant and the alginate, these
would not be strong enough to alter the conformation of the algi-
nate chains in solution.[52] The lack of affinity of the alginate for
the interface in presence of surfactant is a valuable advantage for
the gelling film experiments (see Section 3.4), as one can there-
fore assume that the interface does not gel along with the “bulk”
of the film, meaning that the viscoelastic properties of the inter-
face should remain unchanged throughout gelation.

3.1.2. Viscosity of Alginate Solutions

Figure 4a shows how the viscosity varies with shear rate for the
example of a 1 wt% alginate solution containing i) no additives, ii)
0.001 m Ca/EGTA, and iii) 0.001 m Ca/EGTA with 0.5 wt% Glu-
copon 600 CSUP (the surfactant). The last solution corresponds
to the solution used in Sections 3.2 and 3.3 (without GDL, which
triggers cross-linking). We see that all solutions follow a shear-
thinning behavior obeying the Cross model (dashed lines, all fit-
ting parameters are provided in Table S1, Supporting Informa-
tion). First, one notices that the zero-shear viscosity depends on
the presence of surfactant and/or Ca/EGTA. The pure alginate
solution has the highest zero-shear viscosity, while the alginate
with Ca/EGTA and surfactant is the least viscous. One may at-
tribute this difference in viscosities to the screening of the neg-
ative charges of alginate as the ionic strength of the solution in-
creases: i) The pure alginate solution does not contain any added

ions (i.e., no other ions than the sodium ions brought by the al-
ginate itself). ii) Since after addition of Ca/EGTA the solution
is brought back to a neutral pH by addition of NaOH (see Sec-
tion 2.2.1), the ionic strength of solutions containing Ca/EGTA
is increased. iii) Upon further addition of surfactant, the viscos-
ity decreases further, which may come from ionic impurities.
Although Glucopon 600 CSUP is an alkyl polyglycoside and is
therefore non-ionic, it is a technical surfactant and negatively
charged impurities originating from its synthesis may remain.[53]

There may also be some weak interactions between the surfactant
and the polymer, as discussed in Section 3.1.1.

We use the fits to the Cross model to determine the zero-shear
viscosity of pure alginate solutions at different alginate concen-
trations (blue curve in Figure 4b). As expected, the viscosity in-
creases rapidly with increasing alginate concentration. One can
distinguish two regimes with two different slopes. Below an algi-
nate concentration of ca. 0.25 wt%, the viscosity follows a power
law of exponent ≈ 0.7 with the concentration, which is between
0.6 and 1.3 and thus corresponds to the semidilute unentangled
regime.[54,55] Above a concentration of 0.25 wt% alginate, the vis-
cosity follows a power law of exponent ≈ 2.6. Such a strong depen-
dency of the viscosity on the concentration is typical in polyelec-
trolyte solutions in the semi-dilute entangled regime.[54,55] In the
latter regime, we also measured the viscosity of the complete so-
lutions containing Ca/EGTA and the surfactant (red curve in Fig-
ure 4b). Although the viscosities systematically lie below those of
the pure alginate solutions, which is in line with the observations
from Figure 4a, the viscosity follows globally the same power law.
One can thus conclude that the addition of Ca/EGTA and surfac-
tant to the alginate slightly lowers the viscosity of the solution
(probably through the screening of charges) but does not intrin-
sically alter the behavior of the alginate chains in solution.

To ensure homogeneous gelation of the solutions, it is advis-
able to work in the semi-dilute entangled regime. Therefore, we
chose in the following to conduct all further experiments at a con-
centration of 1 wt% alginate + 0.001 m Ca/EGTA + 0.5 wt% sur-
factant (arrow in Figure 4b). This solution has a zero-shear vis-
cosity of (0.47 ± 0.20) Pa s.

3.2. Drainage of Non-gelling Films

First, we carried out film drainage experiments in the 𝜇TFPB
with non-gelling films at two different capillary pressures pc us-
ing the formulation identified in Section 3.1.2. Figure 5I,II shows
examples of characteristic image sequences of films submitted to
pc = 500 Pa (Figure 5I) and pc = 2000 Pa (Figure 5II). The im-
ages were chosen at moments which represent a similar stage of
evolution in the film thickness profile. They correspond to dif-
ferent times for the different pressures, as discussed later. Glob-
ally, at both capillary pressures, the films show a similar drainage
behavior, starting from a thick lens-like film forming a thicker
zone (the “dimple”[56,57]) in its center (Figure 5I,IIa). This dimple
expands together with the film. The bright colors indicate film
thicknesses in the range of 100–1000 nm[56,57] (Figure 5I–IIb,III).
The films drain further until black regions appear (Figure 5I–IIc),
commonly called Newton black films (NBFs), which correspond
to a hydrated surfactant bilayer of ca. 5–15 nm in thickness.[35,31]

One may thus assume that the black regions are depleted of
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Figure 4. a) Viscosity of 1 wt% alginate solutions without additives, with 0.001 m Ca/EGTA and 0.001 m CA/EGTA + 0.5 wt% surfactant (Glucopon
600 CSUP). The dotted lines correspond to the fit by the Cross model for each solution (the Cross model parameters are reported in Table S1 of the
Supporting Information). b) Viscosity of alginate solutions as a function of the alginate concentration without additives and 0.001 m Ca/EGTA + 0.5
wt% surfactant (Glucopon 600 CSUP). The lines are best fits to a power law. The error bars correspond to the largest error of the average over three
measurements for each of the solutions from a), which was reported to all the data points. The dotted arrow shows the alginate concentration used in
this article for the thin film investigations.

Figure 5. Drainage of non-gelling alginate films at different capillary pressures: I) pc = 500 Pa and II) pc = 2000 Pa. All images are at the same scale and
the scale bar is 250 μm. t = 0 is taken when the capillary pressure pc is applied. III) Colorimetric map of the film thickness calculated for water.

polymer.[58,59] The NBF region(s) keep expanding (Figure 5I–IIc)
until a full Newton black film is reached (Figure 5I–IIe). We do
not see “Common Black Films”[31] since the surfactant is non-
ionic and the natural surface charges of the gas/water interface
are screened by the ionic nature of the alginate and the additives.
Although showing similar drainage characteristics, a higher cap-
illary pressure induces faster film drainage. When draining at pc
= 500 Pa, the first NBF appears after 80 s, while the first NBF
appears after 40 s at pc = 2000 Pa. Similarly, the film has reached
its full NBF state after 90 s at pc = 500 Pa whereas it took 53 s for
the film at pc = 2000 Pa to reach equilibrium.

As a first order approximation, the characteristic drainage time
𝜏d of the film may be approximated as[60,61]

𝜏d ∼ 𝜂

pc

(R
h

)𝛽

(5)

with 𝜂 being the viscosity of the fluid, pc the capillary pressure,
R the film radius, h the film thickness. 𝛽 is a dimensionless ex-

ponent set by the boundary conditions, i.e., by the viscoelastic
properties (interfacial rheology) of the interfaces. For a free-slip
boundary condition (fully “mobile” interfaces leading to a plug
flow), 𝛽 = 0, while for the no-slip condition (“immobile” or
“rigid” interfaces leading to a Poiseuille flow),[60,61] 𝛽 = 2. Most
systems lie between these two idealized cases.[57,60,61] We chose
here to keep a constant surfactant concentration to avoid adding
the interfacial rheology of the system as a tuning parameter. As
interfacial rheology can be a crucial parameter in the drainage
behavior of thin liquid films,[37,62,63] its effect on the drainage and
rupture of gelling films deserves its own study and is left out of
the paper at hand.

We see from Equation (5) that the characteristic drainage time
varies inversely with the capillary pressure, which is verified to
first approximation by our observations from Figure 5, where the
drainage is approximately two times faster for pc = 2000 Pa than
for pc = 500 Pa. Moreover, one can observe a rapid jump in film
thickness from thick regions (colorful regions with thicknesses
above several hundreds of nm) directly to a NBF (Figure 5I–IIc,d).

Macromol. Rapid Commun. 2022, 2200189 2200189 (7 of 13) © 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mrc-journal.de

Table 1. Rheological properties of the gelling bulk alginate solutions corresponding to the three film experiments (A,B,C).

Experiment pc [Pa] tgel [min] t/tgel at drainage t/tgel at drying G ’ at drainage [Pa] G ’’ at drainage [Pa] G ’ at drying [Pa] G ’’ at drying [Pa]

A 2000 259 0.40 0.47 0.48 2.48 0.56 2.60

B 2000 310 0.54 0.57 0.77 3.00 0.88 3.09

C 500 289 0.41 0.56 0.44 2.33 0.67 2.71

This suggests the presence of strong attractive forces, likely due
to depletion forces arising from the polyelectrolytes (or, more pre-
cisely, their counter-ions).[54] A similar drainage behavior was ob-
served in thin liquid films containing wormlike micelles.[64] Fur-
ther experiments are underway to quantify this effect and to val-
idate this hypothesis.

No film broke within the experimental time (≈ 5 min), indi-
cating that even though the Newton Black Films are very thin,
they are very stable within the 𝜇TFPB. Alkyl polyglycosides are
known to make stable Newton Black Films for capillary pressures
up to several kPa.[65,66] Moreover, the 𝜇TFPB device is designed to
dampen vibrations and the atmosphere surrounding the film is
saturated with water to prevent evaporation in order to improve
film stability.[35]

3.3. Rheological Characterization of the Gelling Systems

We induced gelation via the addition of 1.25 wt% GDL into the
1 wt% alginate solution containing calcium ions chelated with
EGTA (0.001 m Ca/EGTA) following the protocol described in
Section 2.2.1. GDL self-hydrolyses over time, inducing an acid-
ification which results in the release of the calcium ions from the
EGTA and the physical cross-linking of the alginate by the cal-
cium ions.[67]

We carried out oscillatory rheology at f = 1 Hz (Section
2.2.3) to follow the kinetics of gelation in parallel with the thin
film experiments described in Section 3.4. Figure 6 shows the
evolution of the storage modulus G ’ and loss modulus G ’’ with
the relative time t/tgel, tgel being the gel point given in Table 1.
Both moduli increase with time in a well-known manner for gel
formation, showing a cross-over that we took as the gel point.
We show results for three experiments A, B, and C, for which
we present film studies in Section 3.4. The relative kinetics of
gelation collapse well for all experiments with G ’ = G ’’ ≈ 5.4 Pa
at the gel point. However, the gel time varies between 259 min
and 310 min for the different experiments. We attribute the
differences in the gel times to uncertainties in weighing the
GDL and differences in the lab temperature before the samples
were put in the temperature-controlled rheometer (20 min
elapsed between the addition of GDL into the alginate solution
to the start of the oscillatory rheology measurement). Note that
the gel times are always two orders of magnitude larger than
the film drainage times as determined in Section 3.2, allowing
us to start film drainage over a long timeframe before gelation.
Long gel times also allow us to set the 𝜇TFPB experiment up
and form the lens-like film before the alginate solution becomes
too viscoelastic (see Section 2.2.4), making the experiments with
gelling films as close as possible to the ones with non-gelling
films.

Figure 6. Gelation kinetics of the alginate-based system (1 wt% alginate,
0.001 m Ca/EGTA, 0.5 wt% Glucopon 600 CSUP) for the experiments A, B,
and C, at a frequency of f = 1 Hz and a strain of 1%. Gelation was triggered
by acidification via addition of 1.25 wt% GDL at t = 0 s. The time t has been
normalized by the gel time tgel, taken at the crossover between G’ and G’’.
The gel times are: A: 259 min; B: 310 min; C: 289 min (see Table 1).

To have the best precision possible on the rheological proper-
ties of the gelling alginate film as the film drains in the 𝜇TFPB,
we carried out the oscillatory rheology measurements in paral-
lel with the 𝜇TFPB experiments shown in Section 3.4, i.e., we
used part of the solution after addition and dissolution of GDL
for characterizing the kinetics of gelation and the rest of the same
solution for the generation of gelling films in the 𝜇TFPB. The ex-
periments A, B, and C in Figure 6 correspond to the films A, B,
and C in Figure 7 and in Table 1.[68,16]

3.4. Drying of Films undergoing Gelation

Goal of these experiments is to mimic as closely as possible
the behavior of a liquid foam undergoing 1) bubble compaction
through the capillary pressure, 2) gelation and 3) drying at the
scale of an isolated free-standing film. To this end, we wait for
the initial liquid lens in the 𝜇TFPB to cross-link for a given time
t/tgel (well before the gel point) and subsequently apply a given
capillary pressure pc (500 or 2000 Pa) to drain the film. The latter
corresponds to the foaming step in the generation of a hydrogel
foam from a liquid foam template, as the capillary pressure in
a foam originates from its structure (Equation 1, Section 1).[24,25]

Once the film stops evolving under the applied capillary pressure
(typically after 15 min), we allow a slow gas flow around the film
to initiate the drying process (Section 2.2.4).
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Figure 7. I) Diagram showing the drying of thin films undergoing gelation which were drained at different capillary pressures and relative times, i.e.,
t/tgel ≈ 0.4 and 0.54. t = 0 min in the photographs corresponds to the start of drying, which was initiated after drainage stopped. All images are at the
same scale. The films A, B and C correspond to the experiments in Figure 6 and Table 1. II) Colorimetric map of the film thickness calculated for dry
alginate.

We show here the results of three characteristic experiments,
A, B, and C. Their kinetics of gelation are shown in Figure 6,
while Table 1 gathers their viscoelastic properties at the times of
interest (drainage and drying).

Figure 7I shows how the different films evolve from the
drained stage until being fully dried depending on the capillary
pressure pc and the relative time t/tgel upon draining, related to
the cross-linking degree. At sufficiently high capillary pressures
and far from the gel point, the film breaks immediately as dry-
ing starts (zone “no stable film” in Figure 7I). Too close to the gel
point, the thick lens cannot be deformed into a film since the so-
lution is too viscoelastic (zone “no film formation” in Figure 7I).
This is probably due to a finite yield stress after a given cross-
linking degree which cannot be overcome by the applied capillary
pressure. Therefore, the solution cannot be pressed out of the liq-
uid lens and no film is formed. In-between these extreme zones,
films can be formed, drained, and dried, showing very different
behavior depending on their position in the (pc, t/tgel) diagram
(Figure 7I).

Figure 7IA–C shows image sequences obtained during the
drying process of three different films that were drained at dif-
ferent (pc, t/tgel) couples. Note that the gelling solution contains
1 wt% of alginate and 0.5 wt% surfactants. The films therefore
lose almost 98.5 wt% of their mass upon drying. As summarized
in Table 1, film A was drained at pc = 2000 Pa and at a relative
time t/tgel = 0.40. Film B was also drained at pc = 2000 Pa but
at a later relative time t/tgel = 0.54. Finally, film C was drained

at pc = 500 Pa but at a relative time close to that of film A, i.e.,
t/tgel = 0.41.

Looking at film A in Figure 7I, even before drying, the gelling
film formed a circular Newton Black Film (NBF) surrounded by a
thick heterogeneous bulge (t= 0 min). The NBF looks like a black
hole, but it is actually composed of a hydrated surfactant layer, as
discussed in Section 3.2. The NBF expands during drying and the
rim becomes increasingly colorful (t = 10 and 720 min). This is
because the drying leads to an increasingly thin film, strengthen-
ing the contrast between different colors in the reflected light. We
cannot measure reliably the film thickness, since we do not know
precisely the refractive index of the dried film, but we can esti-
mate it to be of the order of 100–400 nm using the literature value
of the refractive index of pure alginate (approximately 1.38)[47] to
produce a color map (Figure 7II).

Comparing the film after 720 and 1384 min, one sees that the
film stopped evolving after 720 min meaning that it is completely
dried. Note that the NBF broke to form a hole during drying, but
NBFs are so thin and reflect so little light that the exact point at
which the NBF broke remains unknown. The final film there-
fore contains a large hole of the same shape as the circular NBF
it originated from, although larger. Such a circular opening has
been previously observed in the literature (see Figure 1b-B) and
such a morphology was coined as “pinhole,”[69] sometimes sur-
rounded by a bulge (see Figure 1b-C).

The gelling film in Figure 7IB is very thick when the drying
process is started (t = 0 min) and does not show any NBF region.
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Figure 8. a) Phenomenological description of the expected structures of dried hydrogel films from drying various morphologies of drained hydrogel
films. The surfactants are not represented on the figure for the sake of clarity. b) Diagram showing the possible film morphologies following the drainage
and drying of gelling films, as a function of the two parameters pc and t/tgel.

Upon drying, the film thins, which is visible by the colors. We
can estimate the film thickness to be larger than a few hundred
nanometers. The film remains fully intact with a central zone
which is about 500 nm thinner than the film border (Figure 7II)
but remains itself thicker than 500 nm. The film stops evolving
after 180 min, indicating that it is completely dried. One can thus
assume that a foam generated in the same condition of capil-
lary pressure and at the same cross-linking stage would remain
closed-cell as the example in Figure 1b-A.

Finally, the film formed at lower pc and t/tgel is also initially very
thick (Figure 7IC) and heterogeneous, and does not present any
NBF region. Similar to the film B, it thins upon drying, creating a
thinner zone in the central lower part of the film which becomes
first white and then gray, indicating a film thickness of less than
100 nm (Figure 7II), while the rim of the film remains a few hun-
dred nm thick. After 180 min, this thinner region ruptures and
a tear appears while other regions of the film continue thinning.
Upon further drying, the tear continues expanding, reaching a
slightly elliptic shape. Such film opening process would lead to
open-cell foams. Open-cell foams with irregularly shaped holes
seemingly originating from a tear have also been reported in the
literature, as seen in Figure 1b-E.

We can see from this set of experiments that by using the same
formulation but different processing conditions, very different
dry film morphologies can be obtained. In very general terms
one can say that the capillary pressure pc and the relative time
at which the capillary pressure is applied (t/tgel) control the thick-
ness profile of the film obtained at the end of drainage. The thick-
ness profile of the drained film controls the fate of the film during
the drying process together with the viscoelastic state of the film.
Within the (pc, t/tgel)-ranges where films can be obtained, one
can already distinguish two important categories. The first cat-
egory arises when capillary pressures are sufficiently high and
the film sufficiently fluid during drainage (small t/tgel) so that
one (or more) polymer-free zones (NBF) are formed in the film
before drying. These zones will naturally rupture during drying.

Since the shape of these zones is imposed when the film is still
fluid, they are fairly circular in shape, leading to neat pinhole-
type pore connections. The second category is the one in which
the entire film contains polymer before drying. This scenario is
obtained when the capillary pressure is sufficiently low and/or
the crosslinking advanced enough to avoid strong film drainage.
When the drained film is sufficiently thick and homogeneous,
it merely thins during the drying process maintaining its in-
tegrity. However, if the film locally contains much thinner zones,
the stresses created through shrinkage upon drying and cross-
linking are localized in the thin zones and may lead to a tear
in the film. Since the film is already solid-like at this stage, the
tear expands during further drying but maintains its characteris-
tic “tear-shaped” form.

4. Discussion

We have seen in Section 3.4 that different couples of capillary
pressure pc and relative time t/tgel yield dried films of very dif-
ferent morphologies. One can see in Figure 7I that both pc and
t/tgel have an influence on the morphology of the drained film,
which in turn affects the morphology of the dried film. Combin-
ing our different observations and conclusions from Section 3.4
with what is known from the literature, we propose in Figure 8a
a phenomenological diagram showing how different morpholo-
gies of drained films may yield a given morphology of dried films.

The proposed scenarios are limited by two extreme cases: 1)
When pc is too high and t/tgel too low, films break already in the
liquid state (“no stable film”, Figure 8b). In the initially liquid
foam, this leads to foam collapse. 2) When pc is too low and t/tgel
too high, the thick lens cannot be deformed into a thin film due
to the finite yield stress of the viscoelastic liquid (“no film forma-
tion”, Figure 8b). It will be important in future work to quantify
this yield stress and to relate it to the characteristic stresses aris-
ing in the liquid lens to define this limit more quantitatively.
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In between these two limits, different scenarios may arise de-
pending on the position of the system in the (pc, t/tgel) diagram
(Figure 8b). At sufficiently high pc and low t/tgel, a Newton Black
Film (NBF) is formed in the drained film. Since the NBF does not
contain polymer, it yields a hole in the dried state (for example
film A in Figure 7I). If the NBF spans across the entire film, the
final film would be “fully open,” leading to a fully open-cell foam.
If the NBF covers only part of the film, its rupture during drying
would lead to a “pinhole.” This pinhole generally expands upon
drying and may also form a bulge depending on the capacity of
the viscoelastic matrix to flow.[70] Future studies need to establish
more quantitative relationships between the hole shape and the
film viscoelasticity.

At lower pc and higher t/tgel, the drained film may contain poly-
mer everywhere. The drained film can then be homogeneous or
inhomogeneous in thickness. In both cases, film rupture before
drying is unlikely. The simplest case is that both films dry without
rupture, leading to (in)homogeneous dry films which are fully
closed. Film B in Figure 7I is an illustrative example of this sce-
nario. These films, in turn, lead to fully closed foams. However,
as shown in the film C of Figure 7I, the contraction of the films
during drying and further cross-linking may lead to sufficiently
high stresses within the film to lead to a fracture. This is most
likely to occur in the thinnest part of inhomogeneous films where
stresses are concentrated and where the film is most fragile. This
fracture is likely to expand during the drying process, due to the
increasing film stresses. However, in contrast to the pinhole, its
shape will remain irregular, due to the solid-like nature of the
surrounding film. Independently of the precise hole shape, this
fracture will lead to open-cell foams.

Although we see in Figure 8b that the consideration of the cap-
illary pressure pc and relative time t/tgel upon draining allows to
establish different categories of film fates, the use of t/tgel clearly
oversimplifies the consideration of the viscoelastic properties of
the bulk phase upon cross-linking. Future work needs to be based
on a more complete investigation of the evolution of the viscoelas-
tic properties during gelation (viscosity, yield stress, shear modu-
lus) and how they influence the different drainage and drying
stages. Moreover, one also needs to consider that different ef-
fects (depletion, confinement effects, etc.) are likely to lead to
non-negligible inhomogeneities in the film whose local evolution
may differ significantly from the bulk gel.[68] Indeed, the micro-
to nanometric dimensions of the films within the 𝜇TFPB may
induce changes of the polymer conformations which, in turn,
may affect the kinetics of gelation. Although this effect has been
investigated in hydrogels from low-molecular-weight gelators,[16]

such an experimental investigation is still lacking for polymeric
hydrogels. Resolving this crucial question is out of the scope of
the paper at hand, and we therefore assumed here that any effect
of soft confinement on the kinetics of gelation is either negligi-
ble or constant throughout all samples. Future work will have
to address this question to provide an accurate characterization
of the evolution of the viscoelastic properties of the film upon
drainage and drying. Further developments of the 𝜇TFPB and its
coupling with other characterization methods such as X-ray or
neutron scattering are necessary to provide a more quantitative
understanding of the competition between the capillary pressure
and the viscoelastic properties of the gelling film.

5. Conclusion and Outlook

We used a home-built microfluidic thin-film pressure balance
(𝜇TFPB) to show its potential for the investigation of pore-
opening processes in hydrogel foams at the scale of isolated free-
standing films. We focused on a single alginate-based gelling
system and varied the relative timescales of drainage and gela-
tion by varying the capillary pressure pc and the relative time
t/tgel. We demonstrated that within this simple framework one
already has access to a wide range of film morphologies upon
draining and drying. We showed for the first time isolated films
forming a hole/crack while not leading to complete film rup-
ture within a thin film pressure balance. We provided a first phe-
nomenological description of the different pore-opening mech-
anisms at play in these films, and we claim that they can be re-
lated to pore-opening mechanisms in hydrogel foams. We also
showed that a single formulation can lead to at least three dif-
ferent thin film morphologies, simply by tuning physical param-
eters such as the capillary pressure and the relative time t/tgel.
While previous research mainly focused on modifications of the
chemistry/physical chemistry of the system (e.g., the concen-
tration of the polymer/surfactant),[3,9,27] our experiments con-
firm that physical parameters linked to the foaming process and
foam morphology are also important levers to fine-tune foam
connectivity.[22,23]

We provide here a very simple framework to explain char-
acteristic film morphologies which depend on the capillary
pressure and the relative time t/tgel. Future work needs to refine
this framework, e.g., by identifying the decisive viscoelastic
properties (both of the bulk and the interface). In this process,
questions of gelation in the vicinity of interfaces and under
(soft) confinement need to be addressed and their influence
on pore-opening processes needs to be established. For this
purpose, it will be essential to improve the 𝜇TFPB by coupling
it with more elaborate techniques to measure the drainage and
rupture of the solidifying film more quantitatively. Moreover,
the drying protocol needs be optimized to be closer to the drying
process(es) arising in foams. In many practical cases, hydrogel
foams are actually freeze-dried. Further studies will therefore
have to consider different drying protocols and their influence
on the final film morphology. For example, freeze-drying may
lead to morphologies such as the partially open film seen in
Figure 1b-D.

To reduce some of the complexity, we worked here with sys-
tems in which the gel time is larger than the characteristic ex-
perimental time. Since many systems used for foaming gel more
rapidly, future work also needs to address how the gelation kinet-
ics influences film drainage and rupture.

We also worked with one surfactant type only that makes
highly stable films with mobile interfaces that are not involved in
the cross-linking process of the bulk film. Future investigations
need to vary systematically the surfactant type to investigate its
manifold influences on the drainage and cross-linking process
of the bulk film.

Last but not least, even though we chose a hydrogel as a
model system, we are confident that the methods introduced in
this paper apply to non-aqueous polymer foams such as, e.g.,
polyurethane foams.
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