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Scalable technologies for the production of biocompatible complex microfibers of controllable size
and composition at competitively high throughput are urgently needed in order to meet the growing
demand for such microstructures in pharmaceutical and biomedical applications. Here, we introduce an
in-air microfluidic strategy with throughput greater than 1400 ml h−1 (corresponding to more than 17 000
m of fiber per hour). The microfibers of uniform diameter have regular inclusions, which can poten-
tially be used for encapsulating cells into a protecting and nutrient environment, or for finely tuning the
release of various actives at individualized doses. With the help of a recently developed prototype, we
test seven different liquid combinations and obtain seven types of fibers, whose average “dry” diam-
eter ranges between 94 µm and 170 µm. The principle of our approach is to solidify the complex
liquid structures generated by the controlled collisions of a drop stream with a continuous liquid jet,
in air, via ionic cross-linking. After the stream of water-based droplets, which constitute the inclusions,
collides in-air with the alginate-based jet (jet 1), the generated drops-in-jet compound is brought into
contact with a second jet (jet 2) containing divalent cations (Sr2+ or Ca2+) to initiate the solidifica-
tion. Finally, the fibers are collected “on the fly” via a horizontal spinning plate, allow to dry (i.e., to
fully equilibrate under controlled conditions), and characterized by their elongation at break and Young’s
modulus.
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I. INTRODUCTION

Regenerative medicine aims to replace diseased or
injured tissues, organs, or parts thereof so that almost any
injury or degenerative disease can be cured [1]. Despite
significant advances in recent decades, several problems
must still be solved before this long-held dream approaches
reality [2,3]. During this challenging journey toward the
successful graft of organ substitutes, ideas have emerged,
the realization of which promises groundbreaking med-
ical and pharmaceutical progress. The development of
ex-vivo models to mimic human organs is one of them.
Beyond their use for fundamental research into therapeutic
approaches, ex-vivo models can avoid animal testing and
bridge the interspecies gap in implementation [4]. Another
crucial need, which has attracted much attention, is the
development of screening platforms to test drug efficacy or
toxicity on cells. The motivation is obvious since achiev-
ing this would considerably accelerate drug discovery [5].
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Such platforms could also be used for diagnostic pur-
poses, for example to identify the antibiotic adapted to
a given bacterial infection. It is in this context that this
paper’s proposed approach for the production of hydrogel
fibers finds its motivation. To better understand the unique
advantages of our in-air microfluidic strategy over existing
methods, it is essential to first summarize the require-
ments associated with the two previously mentioned appli-
cations, namely the elaboration of ex-vivo organ mod-
els and the development of an effective (cell) screening
platform.

For both, the main challenges are of three types and
concern (i) the encapsulation of cells or actives, (ii) the
manipulability and traceability of the resulting inclusions,
and, even if not purely scientific in nature, (iii) the associ-
ated throughput and cost [1]. Regarding (i), it is essential
that the immediate environment of the cells (or actives)
mimic the natural conditions to which they would be
exposed in vivo. For actives, the difficulty lies in finding
materials that are biocompatible, biodegradable and enable
molecular diffusion with their surroundings. Moreover. for
cells to grow and proliferate, it is necessary to support
inter-cell exchanges and exchanges between the individ-
ual cells and the extracellular matrix. The former type
of exchange is needed for the cells to self-organize and
can only be initiated in three-dimensional cell clusters, as
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opposed to two-dimensional structures [6]. Consequently,
drops and beads have appeared as promising microin-
cubators for various cell cultures [7,8]. Exchanges of
the second type ensure the supply of nutrients and the
elimination of waste produced by the cells. Thus, the cells
must be incorporated into a porous and water-based mate-
rial, whose geometry and dimensions approach those nat-
urally encountered in vivo, ruling out molding approaches
[9]. Alginate, a natural porous hydrogel whose gelation can
be triggered via an ionic sol-gel transition, has proven its
suitability [10–12] and is therefore a promising material
for our applications.

At this stage, it is important to specify what is meant
by the manipulability and traceability of the encapsulated
cells or actives [point (ii)]. To build ex-vivo organ mod-
els, it is crucial to assemble various types of cells in
three dimensions. While bottom-up approaches have long
been proposed [13], no reliable and scalable method has
been reported for microbeads [14]. In contrast, promis-
ing results have been obtained with fibers [15]. Regarding
drug screening, neither beads nor standard fibers seem to
have delivered satisfying results to date. More precisely,
for beads to be traceable, a library must be elaborated
prior to any test and then be read together with the screen-
ing results, a rather fastidious task [8]. To avoid this
hurdle, it is possible simply to conserve the sequence
of drops or beads via their storage in long tubing [16].
Yet, several drawbacks have limited this approach. Cross-
contamination via the coalescence or fragmentation of
drops and via wall wetting is a major concern [17,18]. Fur-
ther, the risk of clogging [19], which increases with cells
or micro-organism cultures [20] is important. Moreover, in
this form, the approach is limited to short incubation peri-
ods as the exchanges between the drops (containing the
cells) and the carrying immiscible phase (e.g., mineral oil)
are insufficient to avoid the fatal accumulation of toxins in
the cells [21]. To overcome this issue, the drops can be kept
in place in the form of arrays of hanging drops [7]. Yet,
such arrays require complex interfacing and are subjected
to cross contamination. Finally, performing screening on
fibers seems to cause more problems than it solves as
the produced fiber must first be cut in elementary sam-
ples before screening can take place [22]. From this brief
review, it appears that the ideal structure for drug screening
should combine traceability (i.e., the possibility to iden-
tify individual samples) with their manipulability (i.e., the
possibility to control their spatial arrangement to subject
them to different local environments). Thus, the charac-
teristics of the continuous fibers produced by our method,
and more particularly the presence of similar but physi-
cally and regularly spaced inclusions of at least 100 µm
in a mechanically robust matrix made of alginate, consti-
tute, by design, a true solution to point (ii). We are not
aware that fibers presenting these attributes have ever been
produced. To obtain this unique geometry, we make use

of our knowledge of in-air microfluidics (IAMF) [23]. In
brief, droplets first collide in air with a continuous liquid
jet, in which they become engulfed. The resulting struc-
ture, called drops-in-jet, is then solidified “on the fly” via
a sol-gel transition. The droplets form the regular inclu-
sions and the jet, the hydrogel matrix in which they are
embedded.

Before entering into further technical considerations
(see Sec. II A), it is essential to evaluate the potential of
our approach to be translated from our academic labora-
tory into pharmaceutical and medical progress for all. On
this long and difficult journey, economically driven actors
play an important role, which explains why excessively
high costs and low throughput constitute the most com-
mon bottlenecks [6]. In this study, fibers can be produced
with a throughput of approximately 1400 ml h−1 (17 000
m of fiber per hour), which is orders of magnitude greater
than those achieved by classical on-chip microfluidics
[typically O(1) µl h−1] [24] or by microfluidics assisted
approaches [up to O(10) ml h−1] [25]. Other faster additive
manufacturing methods, based on lithography or hologra-
phy, have been proposed [26]. Yet, beside the toxicity of
the required photoinitiators and the deleterious effects of
UV radiation on cells, these processes can only be per-
formed with extremely costly equipment. Thus, require-
ment (iii), low cost and high throughput, is advantageously
fulfilled by our method, especially if compared to clas-
sical chip-based microfluidics, to three-dimensional bio-
printing and to other additive manufacturing approaches
[26,27].

To summarize, it appears that only our strategy can
provide adequate encapsulation, sufficient manipulability
and traceability of the encapsulated elements, and eco-
nomically viable production—the conditions required to
truly open up the path toward groundbreaking applica-
tions, such as the development of ex-vivo organ models
or the establishment of efficient screening platforms. In
this work, we apply our method with seven different liq-
uid combinations and obtain seven differently prepared
types of alginate fibers with average diameters ranging
from 94 µm to 170 µm. To do so, we change not only
the cross-linking agent (type of divalent cations), but also
the relative amount of the various ingredients, including
polyethylene glycol (PEG) and glycerol. By measuring
the Young’s modulus and the elongation at break of these
fibers, we demonstrate their good manipulability and iden-
tify the hydration level as the most critical parameter with
respect to fiber elasticity. The paper is organized as fol-
lows. First we explain our strategy, briefly comparing it
to existing alternatives. Then we specify the experimental
setup and selected materials combinations. Before char-
acterizing each fiber type, we discuss the equilibration
conditions used to ensure the reproducibility of our mea-
surements. Finally, we interpret our results and set out our
conclusions.
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II. PRODUCTION METHOD

A. General principle and comparison to existing
approaches

To understand the specificity of our method, it is impor-
tant to briefly review alternative approaches for fiber pro-
duction. In so doing, one needs to keep in mind that none
of them offers comparable geometry and dimension. The
state of the art of fiber production relies on electrospin-
ning, but only very few studies report sufficiently gentle
process conditions for the cells to survive and sufficiently
large electrospun fiber diameter for the cell to be encap-
sulated [28]. Coaxial electrospinning provides core-shell
structures and emulsion electrospinning gives separated
but irregular inclusions with variable and uncontrollable
size, spacing, and shape [29–33]. To gain regularity, it has
been proposed to first shape immiscible drops or plugs
with classical microfluidic chips before injecting the com-
pound jet in a vacuum [34,35]. This approach is, however,
limited to micrometric liquid samples. Indeed, the solid-
ification of the continuous jet, required to obtain a fiber,
is a challenge as it requires its isolation from the micro-
metric channel walls. The strategy of choice is based on
coaxial geometries where the outer fluid is immiscible
with the core, which constitutes the fiber precursor. The
sheath can be liquid [25] or gaseous [36] and can pro-
vide hydrodynamic focusing to reduce the fiber diameter
or to increase the yield. Note that maximum flow rates
are typically in the range from O(1) to O(10) ml h−1 [25],
thus significantly lower than with our method. Advanced
coaxial configurations have led to more complex struc-
tures [37], however, the latter are always invariant along
the fiber axis, excluding the possibility of forming phys-
ically separated cell clusters [15,38,39]. Furthermore, the
narrow channels that are necessary to shape the coax-
ial flow are a source of viscous shear and can therefore
only be used with low-viscosity fluids. This hinders the
formulations of bioinks, especially when proteins of the
extracellular matrix must be included. To overcome this
challenge, which is often associated with undesired clog-
ging, larger channels and nozzles have been employed,
shifting the method from microfluidics toward extrusion
[40,41] and further reducing the yields [27].

In contrast to these slow, complex and expensive pro-
cesses, our method is based on IAMF. The idea is to
replace the channels of a microfluidic device by a con-
tinuous liquid jet and to manipulate and combine the
components (e.g., droplets from regular droplet streams) in
air [23,42,43]. This does not require any carrying phase or
channel and, consequently, clogging cannot occur. More-
over, thanks to the absence of viscous stresses at the
channel walls, the throughput of IAMF can be orders of
magnitude greater than that offered by classical microflu-
idic devices. This absence also implies that, for processing
comparable volumes, IAMF requires much less energy

FIG. 1. Schematic illustration of the experimental setup (pro-
totype) designed for the production of advanced fibers. (Left)
Zoom into the two subsequent collisions respectively involving
droplets (blue) and jet1 (yellow), and the drops-in-jet structure
with jet2 (green). (Right) Overview of the various components
enabling the controlled collisions and collection.

than standard chip-based technology. No expensive equip-
ment is required, and the prototype (described in the
following section) was built in house with a moderate
budget [O(104) euros]. More precisely, our production
technique relies on two subsequent steps: the generation of
a controlled liquid structure called drops-in-jet via IAMF,
followed by its solidification via a sol-gel transition. The
whole process takes place in air, where the resulting fibers
are collected by a spinning disk. This principle and the
associated prototype are depicted in Fig. 1; pictures taken
during the process are shown later, in Fig. 2.

The geometry of the liquid structures produced by
IAMF, their occurrence and stability have been studied in
detail by our group [43,44]. The fragmentation of the drops
within the continuous jet can be limited by reducing the
drop inertia and by increasing the drop liquid viscosity and
surface tension [45]. The fragmentation of the jet, which
occurs if it is excessively deformed, can be prevented by
increasing the jet liquid viscosity or by making it viscoelas-
tic [46,47]. Thus, although we have chosen to fix here
the drop and jet diameters to approximately 150 µm and
320 µm, respectively, other dimensions [typically ranging
from O(10) µm to O(1) mm] could easily be reached. The
engulfment of the droplets in the jet is favored by, but not
strictly limited to, droplets whose diameter is equal to or
smaller than that of the jet [43]. In our study, the drops
are continuously produced by Plateau-Rayleigh instability,
which offers typical drop spacing ranging from twice to
four times the drop diameter. Using another drop forma-
tion technique, such as on-demand piezo-based inkjet, the
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(a) (b)

FIG. 2. (a) Kinetic and geometric parameters relevant for the production of fibers with regular inclusions. (b) Pictures of the col-
lisions observed in the collision plane. The collisions between the droplets and jet1 enable the formation of the liquid drops-in-jet
structure, which subsequently solidifies thanks to the supply of cations ensured by the collision with jet2.

spacing could be further varied, especially toward greater
values.

Once the targeted drops-in-jet structure is produced, it
is necessary to quickly and sufficiently solidify it to enable
its damage free collection. “On the fly” ionic cross-linking
had been successfully obtained with simple jets and com-
plex drops obtained by IAMF to produce simple fibers,
emulsions, suspensions, capsules, and Janus particles [36,
48,49]. Here, this strategy is adapted by introducing an
additional jet, which supplies the required cations to the
established drops-in-jet structure, allowing its geometrical
specificity to be maintained based on the presence of reg-
ularly spaced monodisperse inclusions. In this way, fibers
can be produced with a throughput in the range of approx-
imately 1400 ml h−1 (i.e., 17 000 m of fiber per hour),
and thus several order of magnitudes greater than those
reported by previously mentioned “on the fly” approaches
[48]. This very high production rate makes the damage-
free collection of the fibers difficult. The entry of fragile
fibers into liquid baths or their impact on static solid sur-
faces generates excessive stresses and irremediably leads
to loss of their physical integrity. As detailed in the next
section, this challenge has been successfully overcome by
adding a specifically designed spinning disk.

B. Prototype and parameters

The prototype enabling the fiber production comprises
three pressurized tanks for the separate supply of the drop
and jet liquids (see Fig. 1). The air pressure inside each
of the three tanks and, related thereto, the flow rates of
the three liquids are independently adjusted using an OB1
MK3+ pressure controller from Elveflow (Paris, France).

The droplet stream is generated with a droplet
generator (DG) following the well-known Plateau Rayleigh
instability [50,51], while the two jets are created using
simple nozzles (nozzle no. 1 and nozzle no. 2). The first
jet (jet1, yellow), made of an aqueous alginate solution,
constitutes the basis of the fiber. The regularly impacting
droplets (blue) are in turn building the regular inclusions
of the future fiber. Thus, it is essential that the droplets
are regularly embedded in the first jet, and that neither the
droplets nor the jet fragment. The collision parameters are
therefore adjusted to stably provide the desired drops-in-
jet regime (see the red section in Figs. 1 and 2). In order
to achieve an in-flight sol-gel transition of the drops-in-
jet structure generated, a second jet (jet2, green) is needed,
which immediately covers the previously formed com-
pound (droplets + jet1) and supplies the divalent cations
to initiate the cross-linking reaction. Details of the liq-
uid compositions can be found in Sec. III. By temporarily
stopping the drop stream, it is therefore possible to tem-
porarily suppress the inclusions in the fiber. Similarly,
different droplet streams can be used to produce inclusions
of different sizes, with different spacings, or to encapsulate
different actives or cells.

In the present setup, the DG is fixed, while the two
nozzles are mounted on microtraverses for an accurate
adjustment enabling, inter alia, the suppression of any
off-plane eccentricity. A camera with a resolution close
to 4 µm per pixel provides detailed collision pictures in
the collision plane. The collisions are illuminated from the
back using a stroboscopic light, which is connected to the
same signal generator as the droplet generator in order to
produce standing pictures. Here, the frequency is set to
fd = 15 500 Hz for all tested liquid combinations. The DG
has a fixed orifice diameter, Dorifice = 100 µm, and the two
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jets are created using two nozzles from Vieweg GmbH
(Germany) with inner diameters Dnozzle,1 = 340 µm and
Dnozzle,2 = 230 µm, respectively. The relevant kinetic and
geometric parameters [shown in Fig. 2(a)] are extracted
from the collision pictures [see Fig. 2(b)]. These param-
eters do not change much when testing the different liquid
combinations. The diameters of the droplets and the jets
are typically in the range of Dd = 150 ± 10 µm, Dj ,1 =
320 ± 5 µm, and Dj ,2 = 213 ± 5 µm. Here, the subscripts
d, j , 1 and j , 2 stand for the droplet, the first and the sec-
ond jet, respectively. The two collision angles, α and β, are
set to 25.5 ± 1.5◦ and 28 ± 2◦, respectively. The absolute
value of the droplet velocity, given by �ud = �Ldfd, is 6.7 ±
0.8 m s−1, where �Ld is the distance between two consec-
utive droplets. The two flow-rate equivalent jet velocities
|�uj ,1| and |�uj ,2| are measured and both are found to be 5.0 ±
0.2 m s−1. Further, the velocity of the generated structure
�ufiber, is estimated via a momentum balance and is found
to remain in the range of 5.0 ± 0.2 m s−1. The relative
impact velocities �U1 = �ud − �uj ,1, between droplets and
jet1, and �U2 = �uj ,2 − �udj ,1, between jet2 and droplets + jet1,
are calculated providing values of 3.0 ± 0.5 m s−1 and
1.9 ± 0.2 m s−1, respectively. The impact Weber numbers
of the subsequent collisions, that is, of the droplets with
respect to jet1, Wed = ρdDdU2

1/σd, and of the drops-in-jet
with respect to jet2, Wej ,2 = ρj ,2Dj ,2U2

2/σj ,2, remain below
35 for all tested liquid combinations. These small values
of Wed, in combination with Lj ,1/Dj ,1 = uj ,1/(Dj ,1fd) ≈
1 obtained for all sets of experiments, ensure that the
drops-in-jet structure is stably established for all investi-
gated collisions, despite the usage of low-viscosity liquids
[45,46].

It is important to note that the continuous monitoring
of the off-plane eccentricity and of the preset collision
parameters during the production process is supported by
a software application involving the control unit, the cam-
era, and the automated (motorized) microtraverses. Finally,
the fibers generated must be collected without inducing too
much stress and strain. At this early production stage, the
fibers are made of wet hydrogels, which are fragile and
easily stretchable, requiring soft handling. The collection
system therefore consists of a horizontal plate mounted
on a brushless motor, which is connected to the control
unit. The speed of the spinning plate, nplate, is controlled to
match that of the fiber at its impact point �ufiber. After the
fibers are collected, they are allowed to dry at room tem-
perature before further process steps follow. Details can be
found in Sec. IV B.

III. MATERIALS AND LIQUID PROPERTIES

A. Combinations investigated

Several studies on alginate-based fibers show that
their mechanical properties are strongly affected by the
manufacturing conditions, the molecular weight and the

structure of the sodium alginate, the type of cross-linking
agent, possible additives and their concentrations in the
solutions, as well as by the time of contact between the
cross-linking agent and the alginate [52,53].

Thoroughly testing all these effects would go far beyond
the scope of this work. Instead, we focus on the most
relevant parameters, investigating seven different types of
fibers, whose production conditions are listed in Table I.
The precise composition of each solution and correspond-
ing properties are given in the next section. Using prelim-
inary results (not shown), we first define a reference fiber
(fiber ref in Table I). This fiber contains inclusions formed
by droplets and is produced with calcium ions as cross-
linking agent, with PEG as plasticizer and without any
subsequent post-treatment (i.e., relying only on the sol-gel
transition happening in air).

To test the influence of the contact time between the
cross-linking agent and sodium alginate, a fiber similar to
the reference fiber is produced and placed, immediately
after collection, in a liquid bath. The bath contains the
same solution as jet2. The residence time of the fibers in
the bath is fixed to 5, 10, or 30 min. The resulting fibers
are named fiber bath 5 min, fiber bath 10 min, and fiber
bath 30 min, respectively (see Table I).

Next, a fiber without inclusions is produced (fiber w/o
drops in Table I). Practically, the same conditions as for the
reference fiber are used but the droplet stream is switched
off, leaving only jet1 and jet2 interact.

In order to evaluate the influence of a plasticizer on the
mechanical properties of the hydrogel, we prepare for jet1,
a sodium alginate solution without PEG. Different studies
show that PEG blended with sodium alginate can modify
the elasticity of the resulted fiber, which further affects its
Young’s modulus as well as its elongation at break [54,55].
The corresponding fiber is called fiber w/o PEG in Table I.

Finally, the influence of the cross-linking agent is inves-
tigated. Thus, we replace the widely used calcium chloride
(CaCl2), which provides calcium cations, by strontium
chloride (SrCl2), which supplies the strontium cations at
similar concentration. Note that whatever the cross-linking
agent, it is always present both in jet2 and in the droplets.
Thus, to obtain this last fiber, called fiber SrCl2 in Table I,
we change both the droplet liquid and that of jet2.

B. Solution composition and properties

(a) Jet1 or alginate solution
In this study, the molecular weight of the sodium

alginate (low molecular weight, low viscosity) and its con-
centration are kept constant for all tested liquid combina-
tions. Note that the exact molecular weight of the sodium
alginate cannot be provided by the supplier. To avoid
uncontrolled variations, the same batch is used through-
out the study. The sodium alginate selected, purchased
from Sigma Aldrich, USA, as low-viscosity alginic acid
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TABLE I. Different fiber types tested in this study and the corresponding conditions used for their production. Liquid combination
and composition for droplets, jet1, jet2, and liquid bath (if any).a

Liquids

Droplets Jet1 Jet2 Bath

G5 G5 Alg Alg EtOH EtOH EtOH
+ CaCl2 + SrCl2 w/o PEG + CaCl2 + SrCl2 + CaCl2

1. Fiber ref x – x – x – –
2. Fiber bath 5 min x – x – x – x
3. Fiber bath 10 min x – x – x – x
4. Fiber bath 30 min x – x – x – x
5. Fiber w/o drops – – x – x – –
6. Fiber w/o PEG x – – x x – –
7. Fiber SrCl2 – x x – – x –

ax = yes; – = no.

sodium salt from brown algae with 39% G-block and 61%
M-block, allows us to use reasonably high concentrations
while keeping the solution dynamic viscosity moderate
(see Table II). The chosen concentration has been speci-
fied via extensive preliminary studies using different types
of sodium alginates.

For the reference fiber, the alginate solution, Alg,
further contains polyethylene glycol 20 000 (Mw ≈ 20 000
g mol−1 from Carl Roth GmbH, Germany), both being dis-
solved in a mixture of distilled water and ethanol (from
Carl Roth GmbH, Germany). The mass fractions of the
four components (sodium alginate, PEG, water, and EtOH)
are 3.5%, 1.5%, 85%, and 10%, respectively.

The second alginate solution used for jet1, Alg w/o
PEG, is similar to Alg except that no PEG is added.
Thus, the mass fractions of the three components (sodium
alginate, water, and EtOH) are 3.5%, 86.5%, and 10%,
respectively.

The addition of ethanol was motivated by its ability
to promote, via surface tension reduction, the encapsula-
tion of the droplets [48] and to improve the mechanical
properties of the hydrogel network [56]. Yet, we observed
(but do not show) that droplet encapsulation is preserved in
the absence of surface tension difference and that the most

TABLE II. Properties of the liquids used in this study. All
measurements were carried out at ambient conditions of T =
23 ± 1 ◦C and RH = 40 ± 3%.

Dynamic Surface
Density (mPa s) tension σ

Liquid ρ (g dm−3) viscosity μ (mN m−1)

G5 + CaCl2 1187.5 7.9 65.2
G5 + SrCl2 1210.1 5.7 65.8
Alg 997.4 53.1 45.5
Alg w/o PEG 996.6 39.3 45.5
EtOH + CaCl2 981.6 3.3 26.6
EtOH + SrCl2 1035.1 3.2 27.3

relevant parameter influencing the mechanical properties
of the hydrogel is its hydration level (see Sec. V). Thus,
we expect that the removal of ethanol from jet1 would not
modify the results presented.

(b) Droplets or G5 solution
It is important to mention that, the cross-linking

agents are added not only to the liquid of the second jet
but also to that of the droplets. The reasons for this are
twofold. First, it supports the in-flight solidification of the
alginate solution, making it sufficiently fast to collect the
fibers. In practice, the distance between the collision point
and the collection plate is approximately 1 m, which leads
for typical fiber velocities ufiber ≈ 5 m s−1 to an avail-
able solidification time of only 200 ms. Even though the
gelation transition of sodium alginate is known to be fast
compared to other gelation processes [57], it is preferable
to initiate it from both the inside (via the droplets) and the
outside (via jet2) of the main jet (jet1). Second, the diva-
lent cations added to the droplets help to fix the shape and
position of the droplets (inclusions) inside the jet made of
alginate solution as regularly as possible. Indeed, the three
liquids, which are brought into contact, are miscible. To
limit the diffusion of the droplet liquid into the jet1 liquid,
and reciprocally, it is advantageous to trigger additional
and quasi-instantaneous gelation upon the contact between
them.

For the drop liquids (G5 + CaCl2 and G5 + SrCl2),
we use an aqueous glycerol solution with a mass fraction
of glycerol (≥ 98% purity, Carl Roth GmbH, Germany)
in distilled water (Kerndl GmbH, Germany) of 50%. The
addition of glycerol was used to economically increase the
liquid viscosity toward the value expected for bioink and
could be replaced in subsequent tests by PEG (not shown).
In order to test the influence of the cross-linking agent,
we add CaCl2 (Carl Roth GmbH, Germany) and SrCl2 (in
the form of strontium chloride hexahydrate, SrCl2 6H2O,
≥ 99% purity p.a., Carl Roth GmbH, Germany) both with
the same concentration of 1 mol l−1 to the droplet liquid

054006-6



IN-AIR MICROFLUIDIC FOR FIBER PRODUCTION PHYS. REV. APPLIED 19, 054006 (2023)

G5. Keep in mind that 1 mole of strontium chloride hex-
ahydrate contains the same number of strontium atoms as 1
mole of pure SrCl2, which, in turn, is equal to the number
of calcium atoms in 1 mole of CaCl2. Thus, the concen-
trations are comparable. The droplet liquids are dyed with
rhodamine B (C.I.45170, Merck, USA).

(c) Jet2 or cross-linking solution
The two aqueous solutions of jet2 (EtOH + CaCl2

and EtOH + SrCl2) are used to probe the influence of
the different divalent cations as cross-linking agent. Cal-
cium chloride and strontium chloride are added with the
same concentration as for the droplet liquids (1 mol l−1).
The aqueous solution, which is used for both liquids, is
a mixture of distilled water and ethanol with a mass ratio
of 50% : 50%. This high concentration of ethanol is used
to strongly increase the surface tension difference �σ

between jet1 and jet2, which leads to a quick coating of
jet1 by jet2 and thus promotes a uniform solidification. As
mentioned already, depending on the needs of the applica-
tion, and especially if cells are used, other chemicals could
be used to lower the surface tension.

(d) Bath
When a liquid bath is used, its composition is the

same as that of jet2. Thus, in the presently tested configu-
rations, it consists of a water and ethanol mixture at 50 : 50
(w : w), in which CaCl2 is dissolved at a concentration of 1
mol l−1. It is referred to as EtOH + CaCl2.

For completeness, the values of the surface tension σ , the
density ρ, and the dynamic viscosity μ of all previously
listed liquids are shown in Table II. The density is mea-
sured by weighing an exact volume of 100 ml (graduated
flask and analytical scale), the viscosity is determined with
a glass capillary viscometer, and the surface tension is
measured with the pendant drop method.

IV. FIBER CHARACTERIZATION

In this work, the regularity of the fibers is first opti-
cally assessed. Then the fibers are characterized by their
mechanical properties and, more precisely, by their elonga-
tion at break, ε, and Young’s modulus, E (see the Appendix
for details of the methods). To guarantee reproducibil-
ity, all measurements are carried out after the fibers have
been preconditioned. This step involves storing the fibers
under controlled conditions (temperature and humidity)
for a minimum period of time until they equilibrate with
these conditions. This conditioning step is justified by the
evolution of ε and E observed right after fiber collection.

A. Optical control of regularity

One of the key points of our method compared to clas-
sical electrospinning approaches is the regularity of the
fibers produced. These have a cylindrical shape with a con-
stant diameter. Further, when inclusions are present, they

(a)

(b)

FIG. 3. Recorded picture of (a) samples of fiber w/o drops in
wet state showing its uniformity immediately after collection and
(b) a sample of the reference fiber with regular inclusions in dry
state.

have a well-defined size and spacing period. To control
the regularity of the fibers, we image them and measure
their diameter. We thoroughly and consistently obtained
variations of less than 5% per sample and therefore do
not present or discuss the data further. Figure 3 illustrates
this aspect with pictures of (a) fibers w/o drops showing
the uniformity of the generated fibers immediately after
the collection, and (b) the reference fiber with regular
inclusions in equilibrated state.

B. Fiber preconditioning

After the different types of fibers are produced, similar
temperature and humidity conditions are applied in order
to obtain reliable and comparable measurements of their
characteristics. Indeed, immediately after the fibers are col-
lected, their hydration level is quite high and their wet state
is a source of difficulties for reproducible characterization.
This aspect is known and different studies show that the
mechanical properties strongly deviate when measuring
the same fiber or gel in dry and wet state [58–61].

To characterize this variability, we first follow the evolu-
tion of the reference fiber properties during the first instants
after its collection (i.e., in its wet state). The information
obtained in this way motivates the preconditioning of the
fibers. The duration of preconditioning is determined in a
second step, by measuring the fiber diameter, as explained
at the end of this section. In all experiments, the conditions
in which the fibers are left to equilibrate correspond to the
ambient conditions of our laboratory, which are controlled.
During the whole study, the temperature is found to be
T = 23 ± 1 ◦C and the relative humidity RH = 40 ± 3%.
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(a) (b)

FIG. 4. (a) The elongation with a fixed weight (approximately constant stress) ε1 and (b) the pseudo Young’s modulus E1 as a
function of time of the fiber reference type in the wet state, that is, immediately after the production and collection.

To follow the evolution of the fiber properties during
its first instants, the wet fiber is, immediately after col-
lection, clamped horizontally in the measurement device
described in the Appendix. To enable better control of the
fiber “age,” the measurements are preformed by a team of
two operators. A single freshly produced sample is used
in combination with a single weight, which, hung on the
middle of the fiber, produces a fixed stress. The tempo-
ral evolution of the fiber elongation, ε1(t), and its pseudo
Young’s modulus, E1(t), are followed, taking the instant
when the weight has been added as time origin t = 0 s.
Here, the pseudo Young’s modulus designates the instanta-
neous strain-stress ratio but does not strictly correspond to
the Young’s modulus, the fiber being inelastic. The results
are plotted in the form of ε1(t) and E1(t) in Figs. 4(a) and
4(b), respectively. Shortly after the stress has been applied,
the fiber continuously deforms and, as a result, ε1, and E1
vary. This can be attributed to the fact that the fiber behaves
like a wet viscoelastic hydrogel [62,63] and not like a solid
network, and that the residual water, which is stored in
the wet fiber, evaporates during the measurement proce-
dure, leading to a change of the fiber hydration level. This
continues until an equilibrium state between the fiber and
the surrounding environment is reached. These observa-
tions make it almost impossible to meaningfully compare
the different types of fibers in their wet state. Thus, we
decide to let the fibers fully equilibrate with the controlled
laboratory conditions, before further characterizations are
done.

In order to define the minimum drying or precondition-
ing period at ambient conditions, we produce five samples
of fiber w/o drops (see Table I). These samples are placed,
directly after collection, on a water-repellent substrate
(solid substrate covered with a polypropylene foil) and
their diameters are measured at regular intervals with the
help of a camera. Figure 5(a) shows an example of the fiber
w/o drops (fiber 3, diamonds) in wet (t = 0 min) and dry
state (tdry > 12 min). The diameters of the five samples D,
normalized by their diameters in dry state Ddry, are plotted

as a function of time in Fig. 5(b). The equilibration rate
is similar for all five samples before reaching the steady-
state plateau, which happens after tdry ≈ 12 min. From then
on, the fiber diameter does not further change, which sup-
ports the assumption that the equilibrium state is reached.
Note that the time period of tdry ≈ 12 min is defined as the
minimum fiber equilibrating time after collection for all
types of fibers produced within this study. In practice, we
always characterize fibers after they equilibrate for more
than 60 min.

V. RESULTS AND DISCUSSION

In this section we focus on the Young’s modulus, E, and
the elongation at break, ε, of the different fiber types listed
in Sec. III. The characterization procedures are explained
in the Appendix and all measurements are carried out at
ambient conditions with fibers equilibrated for at least 12
min (after tdry). The fibers are produced, collected, and
hung to equilibrate in air (laboratory conditions), leading
to a uniform sample dehydration.

A. Young’s modulus

The Young’s moduli of the seven differently prepared
fibers and their diameters are shown in Fig. 6. Here, at least
five samples of each type are characterized and the average
(gray) as well as the maximum (dark blue) and minimum
(light blue) values are plotted. The error bars represent the
standard deviations obtained on the measurement ensem-
ble of at least five points. This representation is motivated
by the fact that the E-values of various samples of one
fiber type are found to deviate. The reasons are probably
diverse and cannot be definitively identified. For example,
and despite images showing very regular structures, one
cannot totally exclude microscopic imperfections in these
structures. Other homogeneities (e.g, of the equilibrating
or cross-linking processes) could also cause these devi-
ations. Despite careful adjustment of the collecting plate
velocity with that of the fibers, small differences cannot be
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(a) (b)

FIG. 5. (a) Recorded pictures of a fiber w/o drops in wet (t = 0 min) and dry state (after tdry > 12 min, at T = 23 ± 1 ◦C and
RH = 40 ± 3%). (b) The temporal evolution of the normalized fiber diameter d = D/Ddry of five fiber samples after collection.

avoided, which may stretch the fibers and thus modify their
mechanical properties. Similarly, damage produced while
placing the fragile fiber in the measurement device, espe-
cially at the clamping sites, is expected to affect the results.
Such damage is limited by gentle handling of the fibers
and the smooth surface of the clamping parts but cannot be
totally eliminated. Finally, we identify the hanging of the
weights as another potential source of localized but criti-
cal damage. The latter is indeed not relevant to our study
but could constitute a large source of noise. Note that the
hypothesis of local damage (either from clamping or by
hanging the weights) is supported by the comparable low
data dispersion obtained for elongation at break. For mea-
suring the elongation at break, no weight is used and only
fibers which break away from the two clamping points are
analyzed.

The maximum Young’s modulus of the reference fiber
(with regular inclusions and without CaCl2 bath) Efiber ref
is found to be about 45 MPa in this work. It is important
to note that a cross-study comparison of E obtained for
different alginate-based fibers is extremely difficult, due
the large amount of influencing factors. The fiber prepa-
ration, additives, molecular weights, cross-linking time,
hydration level, etc. strongly affect the mechanical prop-
erties, as already demonstrated. The Young’s modulus of
alginate-based fibers can vary by several order of mag-
nitudes, for example between 0.2 MPa [64] if produced
with a classical microfluidic device and 6 GPa [65] if
obtained by a wet spinning technique. Other factors, which
may lead to large differences in values of the Young’s
modulus, may be the measurement device/technique itself,
as well as the fact that the stress-strain relation of the
fiber may not always be thoroughly linear. In the work by
Cuadros et al. [64], who used a Universal Texture Anal-
yser TA.XT2i (Godalming, Surrey, UK) in tension mode,
the stress-strain relation of alginate fibers is clearly linear
until the fiber fractures. Note that in our device, we obtain
linear strain-stress curves. Small deviations are observed
at origin, which are caused by a small prestrain of the fiber

when fixing it, and before loading it. Other studies, such
as those of Zhang et al. [66] and McNamara et al. [59],
who used a tensile tester XQ-1C (Shanghai, China) and
an Instron Universal Testing machine model 5569 (Can-
ton, MA, USA) respectively, show partly and even strongly
nonlinear strain-stress curves. This, of course, questions
the relevance of the deduced Young’s modulus. Thus,
quantitative comparison of the Young’s modulus is only
made for the results obtained within this study (i.e., for
fibers produced with the same method and characterized
with the same device and protocol). Discussion, including
results from other groups, remains at a qualitative level.

Placing the reference fiber, just after collection from the
spinning disk, in a liquid bath containing CaCl2 for 5, 10,
and 30 min, significantly decreases the Young’s modulus,
while increasing the fiber diameter. The Young’s modu-
lus is reduced by as much as a factor of 10 if the fiber is
immersed 5 min in a CaCl2 bath. This reduction contin-
ues if the fiber is left longer in the bath. Yet, the effects
seem to saturate. After 30 min and more (data not shown),
the Young’s modulus remains close to 1 MPa. Thus, aver-
aged over the first 5 min and over the last 20 min, the

FIG. 6. The Young’s modulus, E, and average dry diameter
obtained on at least five samples for each of the seven fiber types
studied. The average values with the standard deviation (error
bar) are shown in gray, while the maximum (minimum) values
are shown in dark (pale) blue.
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decrease rate is found to be approximately 8 MPa min−1

and 0.04 MPa min−1, respectively. Similarly, the effects on
the diameter are more important during the first 5 min.
During this period, Ddry increases by 28%, thus with an
average rate of more than 5% per minute while during the
last 20 min, the diameter changes only by less than 6%,
which corresponds to an average rate of less than 0.3%
per minute. Note that the strain obtained with the highest
stress (approximately 0.10 N mm−2) starts to deviate from
the linear curve, probably indicating the transition from
the elastic toward the plastic domain. These evolutions can
be attributed to the hygroscopic behavior of CaCl2 [67] in
combination with the different retention times in the liquid
bath. The longer the retention time, the more divalent cal-
cium cations diffuse into the alginate network. Thanks to
the higher calcium content and its hygroscopic behavior,
more water is present and the hydration level of the fiber
remains high, even if the fiber is left to equilibrate with
room conditions for several hours, a phenomenon referred
to as water retention rate of sodium alginate fibers [68].
The large diameters simply correspond to higher content
of residual water in the fibers. This is confirmed by the
comparison of the lineic weight of the fibers. After dry-
ing, the reference fiber has a lineic weight of approximately
10 µg m−1, while that of the fibers, first placed in a liquid
bath for 30 min, increases to about 27 µg m−1. Yet, after
some time in the bath, the adsorption of calcium cations
reaches its maximum and saturates, explaining why the
magnitude of these effects is stabilizing after 30 min. To
understand the evolution of the Young’s modulus, it is
important to note that the “hydrated” fibers behave rather
like hydrogels and not like solidlike networks. Conse-
quently, the increase in the fiber diameter is concurrent
with the strong decrease in the Young’s modulus down to
less than 1 MPa and the earlier mentioned transition toward
a plastic response. McNamara et al. [59] also found that
wet alginate fibers have a much weaker Young’s modu-
lus than their dry counterparts, an effect attributed to the
plasticizer role of water in biopolymer fibers [69]. In gen-
eral, different studies also observed that wet fibers are more
fragile and plastic than the same fibers characterized in the
dry state [60,61]. This point is further discussed at the end
of this section, where Fig. 7 shows the variations in the
averaged values of E with the averaged equilibrated diam-
eters, Ddry, that is, at first order, with the gel hydration
level.

Fibers w/o drops (meaning without inclusions) show
smaller diameters than those with inclusions. This is
expected since the materials carried by the droplets are
now missing. This effect is already visible while looking
at the corresponding liquid structures, namely drops-in-jet
and jet1, (see for example, the central pictures of Fig. 2
or those by Planchette et al. [43]). Yet, the effect is much
more pronounced once the fibers are left to equilibrate.
Indeed, looking at Fig. 2 or considering continuity, the

FIG. 7. Average Young’s modulus, E, as a function of the
average diameter of the equilibrated fiber, Ddry. Same data as in
Fig. 6; the fibers without drop/PEG are marked with blue/orange
diamonds; black +/× indicates the presence of Ca2+/Sr2+.
The continuous line shows the correlation given by E = 6 ×
1022D−11

dry , the error bars represent the standard deviations.

liquid section (or liquid diameter) ratio without and with
droplets is found to be around 0.94 (or 0.97), much closer
to 1 than the same ratio obtained comparing the section
(or diameter) of the equilibrated fibers, namely 0.51 (or
0.71). This is probably caused by the composition of the
droplet liquid, which contains, beside calcium cations, an
important amount of glycerol (50% by weight). Indeed,
glycerol is known to be hygroscopic and its presence in
the gel leads to an increased retention of water, similarly
to what happens when more Ca2+ is adsorbed. Conse-
quently, and as expected, the value of E is increased in the
absence of droplets. With a maximum of about 900 MPa,
it corresponds to the stiffest tested fiber.

Fibers w/o PEG (i.e., fibers without PEG but with reg-
ular inclusions) show a significantly smaller diameter than
the reference type with PEG. As already observed for the
fibers left in a Ca2+ bath and for those made without
droplets, this decrease in diameter is accompanied by an
increase in the Young’s modulus. This might be attributed
to the hygroscopic properties of PEG, which is at the ori-
gin of greater hydration level in equilibrated fibers [70].
Thus, in the absence of PEG, the water retention decreases
and, consequently, the Young’s modulus increases. These
results are also in agreement with several studies show-
ing that using polyethylene glycol (or any hygroscopic
plasticizer) leads to a reduction in the Young’s modulus
[71–74].

Finally, by replacing Ca2+ with Sr2+, we observe a
smaller but comparable diameter of 105 µm instead of
118 µm for the reference fiber. The variation in the
Young’s modulus is significant, with a maximum increas-
ing from 45 MPa to 80 MPa (more than 70%) but remains
of the same order of magnitude. Using fracture curves,
Zhang et al. report more robust mechanical performance
of strontium-alginate fibers compared to calcium-alginate
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ones [66,75]. However, the published stress-strain curves
being nonlinear, no Young’s modulus value is given, pre-
venting any direct comparison. In our case, we cannot
exclude that the increase in E obtained by using Sr2+ is
caused by the decrease in the fiber hydration, indirectly
measured by Ddry.

To clarify this point, the previous data are plotted in
Fig. 7 in the form of E versus Ddry. The error bars repre-
sent the standard deviations obtained on the measurements
of at least five different samples for each fiber type. Inter-
estingly, for all studied fibers, a strong correlation between
E and Ddry can be found, which is well represented by the
function E = 6 × 1022D−11

dry (continuous gray line). Thus,
it seems that the variations in the Young’s modulus are
primarily caused by the changes in Ddry, and therefore, at
first order, by the variations in the hydration level. This
interpretation is in agreement with the results of Olivas
et al. [73] who showed that whatever the gel composi-
tion, their hydration level, tuned by conditioning under
variable relative humidity, is the parameter most influ-
encing their mechanical properties. More particularly, the
authors reported that the higher the hydration, the lower the
Young’s modulus. Replacing Ca2+ with Sr2+ may lead to
further variation in E but this seems negligible compared
to the effects of Ddry.

The results obtained without PEG also indicate a
decrease in the water retention correlated with an increase
in the Young’s modulus, in qualitative agreements with
other studies [71–73].

When glycerol is missing (i.e., in the absence of
droplets), a similar trend is observed: the average dry diam-
eter is reduced and the measured value of E increased,
following the previously mentioned correlation given by
E = 6 × 1022D−11

dry . Glycerol being known to increase the
water retention of alginate gel [72,74], our interpretation is
similar to that for PEG. Like Gao et al. [74], we observe
greater effects for PEG than for glycerol. Yet, when present
in our experiments, glycerol has a weight percentage 2.3
times larger than PEG, making this comparison irrelevant.
Interestingly and more importantly, while the structure
of the fiber with and without droplets is different, no
significant deviations from the previously mentioned cor-
relation are found. This may indicate that the presence
of inclusions, probably associated with local composition
gradients, do not have strong effects on the fiber elasticity.
Further, it is important to keep in mind that our data have
some uncertainty, which calls for careful interpretation
rather than definitive conclusions.

B. Elongation at break

Let us now take a closer look at the elongation at break,
ε, of the fibers. Here again we test at least five samples of
each type and keep the average value, which is plotted in
gray with the minimum and maximum values in dark and

FIG. 8. The elongation at break, ε, of the seven different types
of fibers. For each type, the average value (gray) with standard
deviation, as well as the maximum and minimum values (dark
and pale blue) obtained for at least five samples are given.

pale blue, respectively (see Fig. 8). The error bars indicate
the standard deviations for all measured samples on each
fiber type. As already mentioned, for these measurements,
we only evaluate fibers which break in between the two
clamping points, which automatically eliminates the pos-
sible errors mentioned for the Young’s modulus and partly
attributed to undetected damage at the clamping positions.
Avoiding strong clamping, however, also induces the pos-
sibility that the fibers are held too weakly and thus slide a
little, producing another type of measurement error.

The breaking elongation of the reference fiber remains in
the range of 18 ± 5%, which is comparable to the breaking
elongation of alginate-based fibers including PEG found
in the literature. Wang et al. [54] obtained a breaking
elongation between 19% and 24% for sodium alginate
fibers (Mv = 120 000 g molg m−1) containing PEG6000
with mass fractions between 2% and 10%. Keeping the
fiber in a liquid bath containing CaCl2 does not signifi-
cantly increase this value. In contrast, replacing Ca2+ by
Sr2+ increases the elongation at break up to 26 ± 6%. The
observed average breaking elongation therefore increases
by a factor of 1.4 compared to the reference case. Similar
results were obtained by Zhang et al. [66] who reported
an increase in the breaking elongation of pure sodium algi-
nate fibers cross-linked with strontium ions by the factor
of about 1.6 compared to fibers cross-linked with calcium
ions. The effect is attributed to the stronger ionic bonding
of the strontium cations with the carboxylic group of the
alginate molecules. It is therefore expected that not exactly
the same factor is found with a different type of alginate
[66,75].

The most dramatic effect on the breaking elongation is
caused by the removal of PEG (see fibers w/o PEG). The
elongation at break decreases to values of about 5% ± 2%.
The absence of the plasticizer leads to more rigid fibers,
which consequently break at smaller deformations. For
comparable composition, similar values are reported in the
literature, where ε ranges between 4% and 9% [54,66,68].
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Finally, it seems that inclusions do not have any notable
effect on the elongation at break, as suggested by the values
obtained for fibers w/o drops. This observation may result
from two contrary effects that roughly cancel each other
out. As seen in Fig. 6 and reported in the literature [73,74],
glycerol has a plasticizing effect and is therefore expected
to increase the elongation at break. Thus, its removal,
which stems from the absence of droplets, should signif-
icantly reduce ε. Simultaneously, this absence also leads
to a more regular fiber, in which no inclusions are present.
The latter can be seen as localized defects and thus as
sources of local stress inhomogeneities, which can trigger
the rupture. To put it another way, the absence of inclu-
sions is expected to increase the elongation at break, which
is in practise not observed. We thus make the hypothe-
sis that the two previously mentioned effects (absence of
plasticizer and absence of local inhomogeneities)- more or
less cancel each other out. To go further, additional exper-
iments are needed, which could for example use droplets
but without any glycerol and would include the localiza-
tion of the rupture point relative to the inclusion positions.
This goes beyond the purpose of our work.

VI. CONCLUSIONS

We have experimentally investigated how fibers with
and without regular inclusions can be produced via the
in-flight collision of a regular droplet stream and two liq-
uid jets. The throughput could be increased by an order of
magnitude (approximately 1500 ml h−1) compared to the
highest value reported by other research groups working
on fiber production via IAMF. We designed an experimen-
tal setup or prototype which allows an online feedback
loop on the droplets and jet alignment, and enables us to
smoothly collect the generated fibers at velocities of about
5 m s−1. The available time span between the collision
point of the three liquids and the collection plate is of the
order of 200 ms, fairly short compared to the solidifica-
tion time offered by other fiber production technologies,
but sufficient to produce uniform fibers with comparable
mechanical properties. In this study we tested seven dif-
ferent liquid combinations, whereby the average diameters
of the fibers, allowed to equilibrate under controlled lab-
oratory conditions, were found to be between 94 µm and
170 µm. To manufacture these fibers with regular inclu-
sions, we used droplets with Dd ≈ 150 µm consisting
of aqueous glycerol solutions containing SrCl2 or CaCl2,
which collided with the first liquid jet. The jet was based
on aqueous sodium alginate solutions, with and without
polyethylene glycol, with a diameter of about 320 µm.
The second jet, with a diameter of about 210 µm, con-
sisted of aqueous solutions also containing SrCl2 or CaCl2.
To generate the fibers, the sol-gel transition of the sodium
alginate jet was initiated from the inside, via the droplets,
and from the outside, via the second jet, by means of ionic

cross-linking triggered by divalent cations, here Sr2+ and
Ca2+. After the collected fibers were left to equilibrate,
their mechanical properties, namely Young’s modulus and
elongation at break, were determined with the help of a
measurement device manufactured in-house.

The maximum Young’s modulus and the elongation at
break of the reference fiber were found to be 45 MPa
and 18 ± 5%, respectively. This fiber was obtained using
sodium alginate and PEG in combination with CaCl2 as
cross-linking agent in the droplets and the second jet. Plac-
ing similar fibers in a liquid bath containing the liquid of
the second jet (aqueous solution of CaCl2), however, dras-
tically reduced the Young’s modulus, by about an order
of magnitude, while the elongation at break did not seem
to be significantly affected. This effect was attributed to
the hygroscopic behavior of CaCl2, which led to highly
hydrated fibers even after equilibration with the room
conditions. Wet fibers generally show weaker mechani-
cal properties than their dry counterparts. Sodium algi-
nate fibers with PEG and without inclusions, as well as
pure sodium alginate fibers without PEG but with inclu-
sions, had the two greatest elasticity moduli obtained
in this study, respectively close to 900 MPa and 460
MPa. As expected, the absence of either glycerol or
PEG, well-known hygrophilic plasticizers, increased the
Young’s modulus values. As in other studies, the concur-
rent decrease in the water retention seems to indicate that
this effect is directly correlated to the hydration level of the
hydrogel. The absence of either PEG or glycerol, however,
did not have the same effects on the elongation at break.
Without PEG but with inclusions, the elongation at break
was found to be very small, around 5 ± 2%, which can
be explained by the absence of PEG’s plasticizing effect.
When droplets were removed, no significant variation in
the elongation at break was measured. This may simply
result from stronger plasticizing effects of the PEG in com-
parison to the glycerol. This could also be caused by two
contrary effects, namely the lack of glycerol’s plasticiz-
ing action and the suppression of stress inhomogeneities
probably developing around the inclusions. Further exper-
iments should help clarifying this point. Finally, SrCl2 was
used for cross-linking the reference alginate solution con-
taining PEG. In this case, the breaking elongation could
be increased by a factor 1.40, while the increase in the
Young’s modulus by a factor 1.77 rather seemed to be
caused by the reduced hydration level.
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(a) (b)

FIG. 9. Measurement principle and sketch of the device used for the determination of the elongation at break ε (a), and Young’s
modulus E (b).

APPENDIX: FIBER CHARACTERIZATION
METHODS

To obtain the elongation at break, ε, and the Young’s
modulus, E, we use the same measurement device, which
was designed and built in-house. Schematic illustrations
are shown in Fig. 9. The device consists of a base (gray,
fully colored), which is fixed, and a one-axis microtra-
verse (blue, fully colored) mounted on the base. The
cross-hatched areas indicate the two parts, which are used
to clamp the fibers. Further, the green-colored elements,
attached to the microtraverse, can be moved by operat-
ing it. It is important to note that all edges with which the
fibers may come into contact are rounded off to eliminate
irregularities, which could damage the fibers. For the same
reason, surfaces clamping the fibers are well polished.

For the measurement of the elongation at break ε =
lb/l0, the fiber is carefully clamped in the measurement
device, whereby slacking must be avoided [see Fig. 9(a)].
At this point, a camera is used to measure the initial length
of the fiber l0. After that, the samples are quasistatically
elongated with the help of the microtraverse until the fiber
breaks. The whole elongation process is videorecorded for
an accurate determination of the breaking point. The break-
ing length of the fiber lb = l0 + �l is measured with the
help of the last recorded frame showing an intact fiber.

The determination of the Young’s modulus E = �σ/�ε

is performed with the same device [see Fig. 9(b)]. This
parameter quantifies the slope of the stress-strain diagram
of a certain elastic material. Here, σ stands for the nor-
mal stress in the fiber. At the beginning, the fiber is again
carefully clamped in the measurement device, whereby
slacking must be avoided, and a picture is taken to esti-
mate l0. In the next step, the first weight m1 is placed in
the middle of the fiber (at about l0/2) and another pic-
ture is recorded. The added weight leads to an elongation
of the fiber ε1, while the fiber is subjected to a force
Fg,1 = m1g. The elongation corresponding to m1 can be
calculated as ε1 = (1 + 4h2

1/l20)
1/2 − 1. The weight force

Fg,1 is balanced by tensions FN ,l and FN ,r on each side of

the fiber. In the case of symmetry, FN ,l = FN ,r = F1 and
the induced stress can be calculated as σ1 = F1/A, where
A = D2π/4 defines the cross section of the fiber and D is
the fiber diameter. This procedure is carried out by using
five weights in total with an increasing mass from m1 to
m5, varying between 0.0312 g and 0.5017 g. This leads to
a stress-strain diagram including five data points for each
fiber. By fitting these points with a linear function, the
Young’s modulus E can be estimated. To ensure that the
stretching of the fiber is in the range of an elastic defor-
mation, pictures are taken after each weight is removed
from the fiber. These pictures are used to control the fully
elastic relaxation of the fiber to its initial stage. Note that
the linear fitting function of the stress-strain relation usu-
ally shows a small positive intercept (i.e., a nonzero stress
at l0). This can be attributed to some prestrain of the fiber.
In order to compensate this slight offset, l0 is corrected and,
consequently, the respective measured strain values are
slightly modified. The resulting Young’s modulus values,
however, do not change significantly when implementing
this correction since it represents a variation of less than
0.5%.
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