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ABSTRACT: We demonstrate how to generate highly ordered, solidified foam structures from chitosan
hydrogels usingmillifluidic cross-flow techniques. In this, aqueous chitosan solutions (containing surfactant)
and air are injected simultaneously at constant flow rates in a millimetric T-junction device, in which the gas
thread breaks up to form extremely monodisperse bubbles. These bubbles travel along a tube in which the
cross-linker glyoxal is added at constant flow rate via another T-junction in order to start the gelification of
the chitosan. The bubbles are collected in appropriate devices, where they form hexagonally close-packed
structures under the influence of gravity and/or confinement before the gelification process freezes the foam
structure. The successful application of this technique requires the optimization of foam stability in
conjunction with an appropriate choice of gelification time and the viscosity of the solution, both being
strongly dependent on the chitosan concentration. Furthermore, reliable generation of monodisperse foams
calls for a thorough calibration of the bubbling device for highly viscous and non-Newtonian fluids. Both
aspects are presented here, relying in particular on rheological investigations, along with some resulting foam
structures.

1. Introduction

Solid foams are composed of closely packed air bubbles
integrated into a continuous solid phase. They have very versatile
properties (lightness, low density, compressibility, high surface-
to-volume ratio, high liquid adsorption capacity, etc.) and are
used in a wide range of applications. The properties of solid
foams are closely related to their density and their structure
(bubble size and size distribution), which therefore need to be
controlled with sufficient accuracy. We show here how this
accuracy can be provided using aqueous polymer solutions in
millifluidic cross-flow techniques to generate equal-volume bub-
bles which spontaneously organize into highly ordered (hexago-
nally close-packed) liquid foam structures under the influence of
gravity or confinement, as shown in Figure 1. Once formed, these
structures are solidified through the cross-linking of the polymer
by an appropriate agent. We therefore benefit from a quasi-
two-step process, in which an equilibrium liquid foam with well-
controlled structural properties is formed, which subsequently
solidifies.1,2

The polymer we use is chitosan (section 2), a biopolymer which
is produced from chitin,3-7 the most abundant natural polymer
after cellulose. Chitosan forms biocompatible and biodegradable
hydrogels via covalent reactions with dialdehyde groups (cross-
linking). The cross-linker which we employ here is glyoxal
(section 2).

Chitosan hydrogels have been widely studied and used for
decades in different applications, including drug delivery, wound
healing treatment, and thickening agents in the food industry.7-10

Creating foams from these gels, especially sponge-like, open-
cell foams, may greatly improve some of their properties such as
high surface-to-volume ratio, an increased liquid absorption
capacity, lightness despite a certain stiffness, or possible exchange
with air. Foamed chitosan gels are already used in some appli-
cations such as wound bandage or tissue engineering.7,8 The
controlled foaming of hydrogels using micro- or millifluidic

techniques has been attempted in recent years in particular for
alginate gels2,11,12 in a search for well-controlled material proper-
ties, for example toward scaffold development, inwhich pore-size
control is a key parameter to ensure andoptimize cell growth.11,13

Reliable foam generation and solidification of polymer solu-
tions are complex physicochemical processes, which are governed
by a range of interdependent parameters, such as the (non-
Newtonian) viscosity and gelification time of the polymer solu-
tion.We therefore performed a number of rheological (section 3),
interfacial (section 4), and foaming (section 4) studies to choose
appropriate chemical compositions and experimental conditions
whichprovide sufficient time for foaming and sufficient foam stabi-
lity before solidification. These investigations included the calibra-
tion of the millifluidic cross-flow device for our non-Newtonian

Figure 1. Examples of highly structured monodisperse, gelified chit-
soan foams. Top: bubbles form close-packed, crystalline structures in a
Petri dish due to gravity. Bottom: bubbles form close-packed structures
due to confinement in a tube.
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solutions, which is presented in section 5. In section 6 we show
some of the ordered gelified foam structures obtained after
combining the results of the preinvestigations.

2. Materials and Methods

2.1. Materials and Preparation of the Polymer Solutions.
Chitosan from crab shells was purchased from Sigma-Aldrich
in powder form (CAS: 9012-76-4), with a medium molecular
weight between 0.2 � 106 and 0.4 � 106 g/mol and a degree of
deacetylation ranging between 75% and 85%. Chitosan is
insoluble in most solvents, but the deacetylation allows it to
become soluble in acidic14,15 solutions by protonation of free
amino groups as16

Chit-NH2 þH3O
þ / Chit-NH3

þ þH2O

The properties of chitosan solutions are strongly influenced by a
range of parameters, such as the pH, the temperature, the mole-
cular weight of the chitosan, and its degree of deacetylation.17 In
our case, the decisive parameter is the concentration CCh of the
chitosan in the solution, which influences significantly the
gelification kinetics and physical properties of the solutions, in
particular their viscosity.

We prepared a chitosan stock solution of Cch = 2 wt % by
dissolving the corresponding amount of chitosan in 0.1 mol/L
acetic acid at 25 �C. Dissolution and homogenization were
ensured by stirring for 48 h at room temperature. This stock
solution was then diluted in 0.1 mol/L acetic acid to obtain a
range of solutions with chitosan concentrations Cch between
0.5 and 2.0 wt %. The pH of the chitosan solutions increased
slightly with increasing chitosan concentration andwas between
4 and 6.5.

In order to stabilize foams generated from these solutions, we
added the surfactant Lutensol AT25 (fatty alcohol alkoxylate
with a C16/C18 chain and a degree of ethoxylation of 25,M =
1360 g mol-1, critical micellar concentration (cmc) in water =
4.3 � 10-6 mol L-1 46) provided by BASF. AT25 is a nonionic
surfactant chosen to avoid electrostatic interactions between the
charged chitosan and the surfactant. After a range of foam-
ing tests, which are discussed in more detail in section 4, we
decided to use an AT25 concentration of 0.59 wt % throughout
the experiments, which corresponds to 1000 times the cmc in
pure water.

The chitosan solutions are gelified using the organic com-
pound glyoxal (C2H2O2, 40% in water, CAS: 107-22-2), which
was purchased from Sigma-Aldrich. Following the protocol
provided by Payet,18 we added the glyoxal at a proportion of
20 μL for 5 g of chitosan.

2.2. Methods and Procedures. Rheology. In order to char-
acterize the bulk physical properties of the solutions and their
gelification behavior (section 3), we used a rheometer (Physica
MCR 300, Anton Paar, Germany) equipped with a cone-plate
geometry (cone CP50-2: cone angle: 2�, diameter: 49.96 mm,
truncation: 48 μm) in continuous and oscillatory mode, respec-
tively. A trap was used to prevent evaporation of solvent during
the measurements. The temperature was kept constant at 23 �C,
using a thermostated bath. For investigation of the gelification
times, the solutions are homogenized using amagnetic stirrer for
30 s after the glyoxal was added using the concentrations
described in section 2.1.

Interfacial Tension. The interfacial tension (section 4) was
measured using the Wilhelmy technique (NYMA) and cross-
checked using a pendant drop device (Tracker from TECLIS).
Since equilibration times can be quite long (up to 4 h) in the
presence of chitosan, we conduct the measurements in a sealed
container to avoid evaporation.

Foaming. Initial foamability tests were performed by hand-
shaking the solutions violently in a closed container for 1 min
andby imaginghowthe resulting foamdecayswith time (section4).

The setup for the generation of monodisperse and gelifying
foams, whose functioning is discussed inmore detail in section 5,
contains three syringe pumps (KdScientific KDS-100-CE with
Becton Dickson seringes) to provide constant gas and liquid
flow rates. The syringe pumps are connected to the foaming
device, for which we use either commercial Kynar T-junctions
(Kynar T-junction with an inner channel diameter of 1.25 mm
and circular cross sections and Tygon R-3603 tubing with an
internal diameter of 1.6 mm from Fisher Scientific) or T-junc-
tions built in-house using high-precision drilling in polycarbon
blocks for better visibility of the bubble generation process.

Bubble diameters are measured by taking images of several
monolayers of bubbles organized in a close-packed hexagonal
lattice and by measuring several times the length of an array of
5-10 bubbles.

Imaging. Foams and bubbles are imaged using different
cameras fromAlliedVisionTechnologies (MarlinCCD camera)
and a VDSVosskuhler high-speed high-resolution CMOS camera
(up to 500 frames/s).

3. Characterization of Chitosan Solutions

Successful generation of monodisperse, ordered foam struc-
tures is largely controlled by the interplay between the gelification
time τg and the viscosity η of the chitosan solutions. Since both
parameters are simultaneously and strongly coupled to the
chitosan concentration CCh, we determine these relationships
here in more detail with the aim to choose a range of appropriate
concentrations, which simultaneously provide (i) sufficiently
rapid gelification to avoid foam breakage before solidification,
(ii) sufficiently slow gelification to avoid blocking the foaming
device and to allow the bubbles to self-organize in the foam
before substantial solidification sets in, (iii) sufficiently high visco-
sities to enhance foam stability, and (iv) sufficiently low viscosities
to ensure the reliable generation of equal-volume bubbles and to
allow their self-organization within the foam.

To determine the viscous and gelification behavior of the
solutions, we use a cone-plate rheometer (section 2.2), which is
used in continuous rotation mode for the measurements of the
viscosity and in oscillating mode for the measurement of the
gelification time.

3.1. Viscous Properties of Nongelified Chitosan Solutions.
Allmeasurementswere carriedout over a rangeof shear rates _γ
(from 0.1 to 100 s-1) and for chitosan concentrations between
0.3 and 2 wt %. We find that the viscosity of concentrated
chitosan solutions decreases non-negligibly with time even at
constant shear rate. As a result, the values for higher concen-
trations and higher shear rates are expected to depend on our
measuring protocol. Since our principal interest here lies in the
viscosity in the limit of zero shear rate (η0) and a characteriza-
tion of the general behavior of the chitosan solutions corre-
sponding to our experimental conditions (in terms of typical
shear rates and characteristic flow times), we decided on the
following protocol: we measure at a small number of shear
rates only, starting at the lowest shear rate (range 0.1-100 s-1)
with a fixed measurement time of 1000 s per data point.

Figure 2 shows how the viscosity η changes under these
measuring conditions as a function of shear rate _γ for a
selection of chitosan concentrations (CCh= 0.9, 1.5, 1.7, 1.9,
and 2 wt %). We notice first of all that the viscosities of the
solutions depend dramatically on the chitosan concentra-
tion, changing over almost 4 orders of magnitude as the
concentration is increased from0%(purewaterη=0.001Pa
s) to only 2% wt (η ∼ 6 Pa s). Furthermore, with increasing
chitosan concentration the solutions display an increasingly
shear-thinning (i.e., non-Newtonian) behavior.17-19 These
properties indicate strong interactions between the polymers
and long relaxation times, respectively, having important
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consequences on the generation of bubbles in millifluidic
devices (section 5). As seen in Figure 2, Newtonian behavior
is recovered for all solutions in the limit of low shear rates.
We determine the zero-shear rate viscosities η0 by fitting the
data to the “Cross equation”,20-22 which is commonly used
to describe the behavior of polysaccharide solutions:

η ¼ η¥ -
η0 -η¥
1þða _γÞp ð1Þ

Here η¥ is the viscosity in the limit of very high shear rates,
for which we use the viscosity of water (i.e., η¥=0.001 Pa s).
a corresponds to the polymer relaxation time, and p is a
positive exponent. The resulting fits are shown alongwith the
data in Figure 2, while the resulting zero-shear viscosities η0
for thewhole range of ourmeasurements are shown inFigure 4
together with the gelification time τg (which is discussed in
the next section).

The η0 data are fitted well by a single power law:

η0 �ACB ð2Þ

with A= 0.32( 0.05 Pa s and B= 4.2( 0.3. The exponent
of 4.2 is much higher than what is expected for polyelec-
trolyte solutions (B e 1.5).23 The reasons for this are mani-
fold. First of all, the ionic strength of our solutions (≈ 0.1M)
is sufficiently large to have Debye lengths of the order of
1 nm, meaning that charges are strongly screened and that
the polymers interact more like neutral polymers. However,
even for neutral polymers in the concentrated, entangled
regime standard reptation theory predicts that B e 15/4.24

This additional deviation for chitosan solutions has been
discussed intensively in the recent literature (ref 25 and
references therein) and is now commonly assigned to the fact
that chitosanmolecules experience additional (attractive) inter-
actions which are not taken into account in standard repta-
tion models. Of particular importance is the effect of
hydrogen-bonding andhydrophobic interactions26 requiring
the consideration of “sticky-reptation”-type models27 which
predict exponents of up to 8.5.

Comparison with chitosan solutions investigated under
similar conditions in the literature18,25 also allows us to
conclude that our measurements are done for a range of
chitosan concentrations corresponding to the concentrated,
entangled regime, hence justifying the fact that they are well
described by a single power law.

3.2. Gelification Time τg. In order to determine the gelifi-
cation time τg of the chitosan solutions in the presence of
glyoxal, we follow the gelification process by determining the
elastic and viscous modulus (G0 and G00, respectively) of the
samples as a function of time t after the injection and homo-
genization of glyoxal. For details of the solution preparation
and the rheometer see section 2.2.

A typical example for a chitosan concentration of 1.6wt%
at excitation frequencies of 5, 10, and 15 Hz is shown in
Figure 3. The curves show for each frequency the classical
behavior of solidification: while the viscousmodulusG00 goes
through a small maximum, the elastic modulus G0 increases
significantly with time to reach a plateau when the solidifica-
tion process terminates. The crossover of both curves is
generally taken as the gelification point, since at this point
thematerial goes fromone dominated by viscous behavior to
one dominated by elastic behavior. This crossover is, how-
ever, sensitive to the excitation frequency, which is why we
preferred to follow the approach suggested by Chambon
et al. and successfully employed for chitosan gelifica-
tion:18,28-30 Following from the fact that the material struc-
ture becomes scale-invariant at the gelification point,
the ratio of the viscous and the elastic modulus G00/G0 is

Figure 2. Viscosity as a function of shear rate _γ for different chitosan
concentrations.

Figure 4. Gelification time τg and zero shear rate viscosity η0 as a
function of chitosan concentration CCh. The viscosity is fitted by eq 2
with A = 0.32 ( 0.05 Pa s and B = 4.2 ( 0.3.

Figure 3. A typical example (chitosan concentration CCh = 1.6 wt %)
of how the elastic and viscous moduli, G0 and G0 0, respectively, change
upon gelification at different excitation frequencies. Inset: plotting G0 0/
G0 provides a unique crossover point at the gelification point and hence
awell-defined (frequency-independent)measure of the gelification time.
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independent of the excitation frequency at τg. This means
that considering G00/G0 as a function of time provides a
unique crossover of all curves at τg. An example of a resulting
curve is shown in the inset of Figure 3 for the chitosan
concentration of 1.6 wt % with a crossover at G00/G0 = 1.05
at τg ≈1500 s.

Using this approach, we determine the gelification time τg
for a range of chitosan concentrations. The results are
displayed together with the zero shear rate viscosities η0 in
Figure 4. This figure allows us to choose an appropriate
window of chitosan concentrations based on the require-
ments of the foaming process, which are discussed in more
detail in sections 4 and 5. In our case we decided to workwith
a chitosan concentration ofCCh= 1.9 wt%, which provides
us with a gelification time of τg= 820( 80 s and a zero shear
rate viscosity of η0 = 4.37 ( 0.13 Pa s.

4. Optimization of Foamability and Foam Stability

In order to stabilize the foams against coalescence, an appro-
priate surface-active stabilizer needs to be chosen. Already the
chitosan by itself, under the conditions used by us (section 2.1),
appears as highly surface active. This fact is illustrated in Figure 5,
where we show how the surface tension σ of our standard
chitosan solution (1.9 wt % chitosan in 0.1 mol/L acetic acid)
changes as a function of time after rapid generation of a gas/
liquid interface (Tracker device, section 2.2). While the surface
tension of purewater and thewater/acidmixture remains literally
unchanged with time (72 and 71 mN/m, respectively, sketched in
Figure 5), that of the chitosan solution drops significantly but
slowly to about 52 N/m, indicating the slow arrival of surface
active species at the interface. This observation is confirmed by
the fact that reasonably stable foams can be generated from these
chitosan solutions without adding any additional surfactants.
This could be due to the presence of surface active impurities in
the chitosan powder, but we believe it to be a true effect of the
hydrophobicity of the chitosan. First, with a degree of deacetyla-
tion between 75 and 85%, the chitosan molecules contain
significant hydrophobic sections. Second, a low pH is required
to sufficiently protonate the amino groups of the chitosan to
render the remaining parts hydrophilic. In our case, we find a pH
of 6-6.5 for the highly concentrated chitosan solutions, meaning
that the free amino groups become less protonated, leading to a
further increase of hydrophobicity of the chitosan chains and

hence a strong surface activity.31 The tendencyof themolecules to
arrange their hydrophobic and hydrophilic parts at the gas-liquid
interface may be further enhanced by the fact that electrostatic
intramolecule interactions are strongly screened in our solutions
(section 3), providing therefore more flexible polymer chains.

The typical equilibration times of the chitosan-enriched interfaces
are of the order of 10 min (Figure 5), which is too slow for our
foaming process, in which foams of closely packed bubbles are
generated within a few seconds, and in which the coalescence of
bubbles needs to be absolutely avoided to maintain the mono-
dispersity and ordered structure of the final foam.We therefore add
a low-molecular-weight surfactant, which, on average and at
sufficiently high surfactant concentration, diffuses to the interface
in a few milliseconds. Since the chitosan is charged, we chose the
nonionic surfactantLutensolAT25 (section2.1) for this purpose.As
shown in Figure 5, the addition of this surfactant at a concentration
of 0.59wt%(which corresponds to1000 times its cmc inpurewater)
not only decreases further the surface tension (42 mN/m) but also
greatly accelerates the main decrease to a few seconds.

Since the AT25 has a very low critical micellar concentration
(cmc = 4.3 � 10-6 mol/L in pure water), reasonably large sur-
factant concentrations need to be used to ensure that all the
interfaces in a foam can be covered sufficiently (and sufficiently
quickly) to ensure foam stability. This is due to the fact that foams
have a very large surface to volume ratio. In order to choose the
appropriate surfactant concentration, we performed simple
foaming tests by shaking (section 2.1) for a range of concentra-
tions of AT25 in pure water. Results are shown in Figure 6a,
where the left image, taken immediately after shaking the tubes
(t= 0 min), provides an indication of the foamability, while the
right image, taken after 30 min (t = 30 min), provides an
indication of the foam stability over a period relevant to our
typical experimental time scale. It is obvious from these results
that very high concentrations ofAT25 are required to ensure both
foamability and foam stability, which iswhywe fixed theworking
concentration atCAT25=1000 3 cmc (corresponding to 0.59wt%).

Since the presence of the chitosan increases significantly the
viscosity of the solution, the foams are stabilized additionally by
the fact that gravity-driven drainage of liquid is reduced suffi-
ciently to avoid the otherwise rapid formation of thin films which
are very sensitive to rupture. This is illustrated inFigure 6b,which

Figure 5. Evolution of the surface tension σ of a rapidly generated gas/
liquid interface (“rising bubble” in the TRACKER device) for pure
water, our acid/water mixture (sketched), our standard chitosan solu-
tion (CCh= 1.9 wt%), and the chitosan solution with added surfactant
(1000 3 cmc of AT25).

Figure 6. Foamability (left, t = 0 min) and foam stability (right, t =
30 min) of (a) aqueous solutions of the surfactant AT25 expressed as
multiples of the critical micellar concentration (cmc = 4.3 � 10-6 mol
L-1) and (b) chitosan solutions with increasing chitosan concentration
at constant surfactant concentration (AT25 at 1000 3 cmc).
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shows how foamability and foam stability improve with increas-
ing chitosan concentration for a constant surfactant concentra-
tion (1000 3 cmc).

5. Monodisperse Foam Generation

5.1. Bubble Generation. As sketched in Figure 7, we gene-
rate highlymonodisperse foams (polydispersity<5%) using
amillifluidic technique in which the foaming solution and air
are injected simultaneously and at constant flow rates (Ql

and Qg, respectively), into two neighboring branches of a
T-junction.32,33 When working in the right flow rate ranges
(in our case both flow rates are of the order of 1-100 mL/h),
the forming gas thread is pinched off by the liquid flow in an
extremely regular manner, producing very monodisperse
bubbles entrained by a well-defined amount of liquid, which
sets the total liquid content φ of the created foam to φ =
Ql/(Ql þ Qg). One period of the periodic bubbling process is
shown inFigure 8a and typical images of obtained bubbles in
Figure 8b. The diameter of the generated bubbles is of the
order of the geometric dimensions of theT-junction,which in

our case are chosen millimetric (all three channels have a
diameter of 1.25mm) to facilitate the devicemanufacture but
can be driven down to smaller dimensions.32Moreover, as in
other device geometries, the bubble diameter and the final
liquid content can be controlled elegantly by adjusting the
ratio of the flow rates34-37 and bubble production rate can be
driven up to a few hundred bubbles per second.

We calibrated our T-junction device with two reference
solutions: pure water (η = 0.001 Pa s) and pure glycerol (η =
1.5Pas), bothcontaining thesurfactantAT25ata concentration
of 1000 3 cmc. The surface tension of both solutions is close to 45
mN/m. The resulting bubble sizes (diameterDB) are found to be
highly reproducible and are shown in Figure 8c as a function
of flow rate ratioQg/Ql. Each data point consists of data taken
fordifferent liquidandgas flowrateskeeping their ratioconstant
(50mL/h<Ql<125mL/h; 10mL/h<Qg<400mL/h).As is
found for many different device geometries,34-38 our data are
well captured by a simple power law

DB ¼ R
Qg

Ql

� �β

ð3Þ

Figure 7. Setup to generate the monodisperse foams: two syringe pumps deliver the chitosan solution and air at constant flow rate into a T-junction,
where the gas thread breaks up into extremely monodisperse bubbles. These travel further down a tube where a second T-junction is used to inject the
glyoxal solutions (here:Qg=Ql= 25mL/h,Qgl=2.5mL/h,CCH=1.9wt%þ 0.59wt%AT25).A “delay line” of 20 cmallows the glyoxal to diffuse
into the solution before the foam exits the tube and is collected in appropriate dishes.

Figure 8. (a) One period of the bubble generation in the T-junction device for the glycerol/surfactant mixture (Qg = Ql = 30 mL/h). (b) Resulting
bubbles forwater/surfactant solution for increasing gas flow ratesQg. (c) Calibration of theT-junction: for theNewtonian solutions (water andglycerol
þ 0.59 wt%AT25), the relationship between the bubble diameterDB and the flow rate ratioQg/Ql is well described by a power law (eq 3 with: water:
R= 1.92( 0.02 mm, β= 0.17( 0.01; glycerol: R= 1.38( 0.02 mm, β= 0.18( 0.01). This is not the case for the strongly shear-thinning chitosan
solutions (here CCH = 1.9 wt % þ 0.59 wt % AT25), for which the absolute liquid flow rate Ql is also a decisive parameter.
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with R= 1.92 ( 0.02 mm and β= 0.17 ( 0.01 for the case of
water andR=1.38( 0.02mmand β=0.18( 0.01 for the case
of glycerol.While the exponent remains virtually unchanged, the
prefactor drops in the case of glycerol due to the increased
viscosity.

For the moment, we are not able to rationalize quantita-
tively either the measured exponent or the prefactor of this
scaling. Intensive research over the past few years has
established that the generation of monodisperse bubbles
and droplets in these kinds of devices falls into three main
flow-condition-dependent regimes: the squeezing regime,
the dripping regime, and the jetting regime.34-37,39 The squeez-
ing regime is pressure-driven32 and occurs at low capillary
numbers (Ca = ηU/γ , 1, with U being the liquid velocity)
and for confined bubbles, which block the channel. Bubble
sizes in the squeezing regime are commonly found to be
independent of the liquid viscosity and the interfacial tension
andarewell describedbyDB∼ (Qg/Ql)

1/3.34-37,39For increasing
capillary number (Ca ≈ 1, dripping regime), viscous forces
start to play a role in bubble detachment and the bubble size
becomes (also) a function of the capillary number. If the
bubbles aremuch smaller than the channel, i.e., if they can be
considered as unconfined, the bubble size becomes a function
of the capillary number only. The jetting regime occurs when
inertial forces start playing a role (high Reynolds number),
which is not the case here.

Calculating typical capillary numbers for our cases (water:
10-4 < Ca <10-3; glycerol: Ca ≈ 1) and considering the
typical bubble sizes/shapes in the channel (Figure 8a), we see
that we happen to be between the squeezing and the dripping
regime, having as a consequence, that bubble sizes depend on
the flow rate ratio and on the liquid viscosity. Quantitative
comparison with previously established results is also ren-
dered difficult by the fact that most previous work has been
done in channels with flat, rectangular cross sections, which
do not only have a quasi-two-dimensional geometry but also
corners through which liquid may flow more easily. We will
therefore refrain from any more detailed comparison here
but remind the reader that the device can be very well cali-
brated for Newtonian liquids, as is obvious from Figure 8c.

Unfortunately, this is less straightforward for non-New-
tonian liquids, such as the chitosan solutions employed here.
Figure 8a shows two data sets for our standard chitosan
solution (CCh= 1.9 wt%) for two different liquid flow rates
Ql = 2 mL/h andQl = 25 mL/h (only the gas flow rateQg is
varied in each curve). Unlike in the case of Newtonian
liquids, the data cannot be collapsed in order to be expressed
as a function of the flow rate ratio Qg/Ql only, but depends
strongly on the absolute liquid flow rateQl. This is a natural
consequence of the strongly non-Newtonian flow behavior
of such highly concentrated chitosan solutions subjected to
the flow conditions in the T-junction device. The flow of the
solution being confined to the liquid film formed between the
wall and the bubble surface leads to shear rates _γ of the order
of 10-1000 s-1 (assuming a film thickness of the order of
100 μm). Comparing this with the viscosity results of Figure 2,
we see that in this regime the chitosan solution is extremely
shear thinning. One would therefore expect that bubble sizes
increase with increasing liquid flow rate. The same general
argument may also explain why the slope cannot be the same
as that of Newtonian liquids: changing the gas flow rate Qg

changes the confinement of the liquid flow and therefore its
local shear rate.

However, as in the case for the Newtonian solutions,
we find that the calibration of the chitosan solutions is
sufficiently reliable from an experimental point of view,
meaning that if care is taken to work always under the same

conditions, the generated bubble sizes are verymonodisperse
and reproducible.

5.2. Gelification. In order to gelify the foamwe add another
T-junction just after the bubble generation (Figure 7) where
we inject a diluted glyoxal solution (0.16 wt %) at constant
flow rate Qgl, calculated to reproduce the same conditions
used for the measurements of the gelification time τg in
section 3. To allow the glyoxal to diffuse into the liquid, we
let the bubbles travel along a “delay line” of 20 cm. This also
enhances significantly the stability of the final foam, which
we collect in containers at the end of the delay line.

6. Structure of the Obtained Gelified Foam

All the samples demonstrated in this section are generated
using the parameters given in Table 1. Some general examples of
the obtained gelified foamsare shown inFigures 1 and7. InFigure 9
we showsome close-up images of different numbers of hexagonally
close-packed layers of bubbles spontaneously obtained by deposit-
ing the foams in Petri dishes. In the left column of Figure 9 we
showwhat the foams look like just after gelification, i.e., contain-
ing the original amount of water. As the number of bubble layers
increases, one sees clearly the appearance of three black rings in
each bubble, which is an image of the three touching bubbles in
the layer underneath.40 The right column showswhat these foams
look like after they have been dried under ordinary room
conditions for 24 h. While the wet foams are very robust gels,
the dry ones become very brittle.

7. Conclusions and Outlook

We have demonstrated a simple technique that can be used to
generate extremely monodisperse, ordered foam structures from
chitosan gels using millifluidic cross-flow techniques. This article

Table 1.

parameter value

chitosan concentration CCh 1.9 wt %
concentration of glyoxal solution 0.16 wt %
liquid flow rate Ql 25 mL/h
gas flow rate Qg 25 mL/h
glyoxal flow rate Qgly 2.5 mL/h
T-junction diameter 1.5 mm
temperature 20-23 �C
tube length 20 cm

Figure 9. Close-up examples of obtained foam structures in the wet
state immediately after gelification and when dried at the open air.
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puts an emphasis on the general introduction of the technique in
conjunction with the characterization of the foaming properties
and the gelifying behavior of the employed polymer. Future work
should exploit in depth its potential to generate a range of foam
structures of different bubble sizes and densities (spherical vs
polehydral bubbles) and to explore in detail the physical proper-
ties of the obtained foams.

In order to obtain ordered bubble crystals, like the ones shown
in Figure 9, one needs to work initially with foams that have a
liquid content of more than 30% (random close-packing of
spheres corresponds to 36%) to ensure that bubbles remain
spherical and glide easily one past another to find their optimal
location in the hexagonally close-packed structure. Ordered,
gelified foams with lower liquid content and therefore with
nonspherical bubbles can be formed by allowing the liquid to
drain, either due to gravity or through the application of pressure
gradients.41 With highly viscous liquids, such as the chitosan
solutions used here, this draining process takes time, which
requires an even more delicate fine-tuning of foam stability and
gelification time.

There should, however, also be a great interest in generating
monodisperse chitosan foams with disordered structures. These
can be achieved by tuning the liquid and gas flow rates in such a
way as to produce immediately foams of low liquid fractions. In
some preliminary tests we have seen that this may also be a
promising route to generate open-cell foams. While the foams
generated at high liquid content seem to maintain closed cells
upon gelification, those containing a smaller amount of liquid
and hence larger and thinner films separating the bubbles are
more likely to experience film rupture upon gelification such that
holes are created between bubbles, while the overall bubble
structure is “frozen”, leaving behind a sponge-like material.

The generation of gelified foams entrains two particularly
interesting fundamental questions, which are already receiving
increasing attention due to their relevance to applications: the
first concerns the understanding of the functioning of a number
ofmicro- ormillifluidic techniques for non-Newtonian solutions.
The second concerns the long-term “stability” of the gelified
porousmaterials. For example, in some cases, wewere not able to
permanently “freeze” the gelified foam structures. In those cases
the elastic modulus of the gel network was not sufficient to
counterbalance pressure differences between bubbles, hence
driving a self-amplifying gas exchange from the smaller to the
bigger bubbles known as foam coarsening.42 Important funda-
mental questions are therefore related to the existence of a
limiting elasticity of the continuous phase to entirely stop the
coarsening or, in more general terms, to the bubble size distribu-
tion obtained in a coarsening foam which has a non-negligible
network elasticity. Similar questions have been posed for foams
containing particles confined to the gas/liquid interface43 or at
high concentrations in the bulk liquid separating bubbles.44

Last but not least, we have seen that in the case of the surface
active chitosan it is not necessary to add low-molecular-weight
surface active agents if the delay line is sufficiently long to allow
the chitosanmolecules to arrive at the bubble surface (this process
is probably accelerated by the shear between the bubbles and the
solid tube walls) and to allow the reticulation to progress
sufficiently to stabilize significantly the bubbles in the foam. This
fact may be particularly interesting for biological or medical
applications in which the integration of surfactants into the gel
may pose a problem.

In very general terms, techniques of this kind should easily be
transferable to a large range of polymers and reticulants. In the
case of monomeric acrylamide solutions, which are polymerized
and cross-linked simultaneously in the solidifying foam, this has
been demonstrated by Van der Net et al.1 Sang et al. successfully
used physically cross-linked (ionic) alginate solutions containing

ferrofluid particles to render the foamed gels stimulable.2 In
general, using milli- or microfluidic techniques for the well-
controlled generation of multiphase systems with one solidifying
component presents a very promising and versatile “lego-type”
route to the fabrication of simple or complex materials with
equallywell-controlled properties.For example, the solidification
of the continuous phase of monodisperse (and highly structured)
foams, emulsions, or even multiple emulsions generates versatile
porous materials (for example, for scaffolding11), while the poly-
merization of the discontinuous phase of (multiple) emulsions
leads to efficient manufacture of monodisperse solid particles.45
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