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Abstract: This study presents an innovative 3D-printed
rheometric tool designed for the in situ analysis of phase
transitions, providing a solution to the limitations of con-
ventional rheometric methods. Standard techniques often
face challenges in accurately capturing rapid gelation kinetics
due to insufficient mixing capabilities and test preparation
times. The new tool, adaptable to all conventional rheometers
equipped with a disposable shuffle, incorporates a custom
spiral channel geometry that allows immediate and efficient
merging of two-component systems directly within the mea-
surement system. The natural roughness of the 3D printed
surface and the possibility of tuning plate and channel sizes
make the tool evenmore promising. The instrument has been
validated on three different systems: polyvinyl alcohol with
borax, which undergoes rapid chemical gelation; sodium algi-
nate with calcium chloride, which is characterized by rapid
chemical gelation induced by ions; and Pluronic F68 solu-
tions, which exhibit a concentration-dependent phase transi-
tion, from a crystal phase to a solution of randomly distrib-
uted spherical micelles. The 3D printed tool optimizes the
study of chemorheological measurements in situ, capturing
the evolution of viscoelastic properties in real time for the
three cases.

Keywords: 3D printing, gelation kinetics, phase transition,
rheology

1 Introduction

In situ rheometry has become an important tool for char-
acterizing the rheological properties of various materials,

especially when fast time-dependent phenomena, such as
phase transitions, are involved. This technique allows for
real-time monitoring of the viscoelastic properties of the
evolving sample, thus providing insight into its microstruc-
ture and morphology dynamics [1]. Knowing how such
properties vary with temperature and/or concentration
can provide information about the stability, reactivity,
and in situ microstructure of the material [2]. In addition,
monitoring the real-time rheology of complex fluids allows
for experimental adjustments, from the laboratory to the
industrial scale, to rapidly changing systems in terms of
formulation, temperature, and applied mechanical forces.

Phase transitions are widely studied phenomena for
several categories of products, particularly thermorever-
sible gels [3–8] or chemical gels that photopolymerize
using radiations, such as ultraviolet light [1,9–11]. Phase
transitions are fundamental to rheology because they sig-
nificantly affect the flow characteristics of these materials
[12]. Understanding the impact of phase transitions on
rheology is critical for designing and optimizing the prop-
erties of various materials in diverse fields, from biological
systems to composites and granular suspensions [12–15].

One important factor in sol–gel transition is the char-
acteristic time τ, of the transient gelation and the kinetics
connected to the gel formation. τ can be extremely short, as
in the case of some of the systems studied in the present
work, namely, aqueous solutions of polyvinyl alcohol (PVA)
upon the addition of sodium tetraborate (borax) [16–21] or
aqueous solutions of sodium alginate in contact with the
solution of calcium chloride (CaCl2) [22–24].

Monitoring phase transitions can be even more com-
plicated for materials where the transition occurs in the
presence of a chemical modifier (such as a crosslinking
agent) or because of changes in some physicochemical
parameter, such as pH [25,26]. For these materials, the
kinetics are often characterized by a two-step dynamic,
with a fast phase transition in the early stages followed
by a slower evolution.

During the last decades, real-time rheology has been
developed by using rotational rheometers equipped with
standard tools. Among these, one of the most widely used
tools is the Couette geometry, which has always been used
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to makemeasurements that canmonitor the reaction kinetics
of different materials [27–31]. It consists of two concentric
cylinders: one of them is fixed, and the other rotates. This
geometry has been used to monitor in situ phase transitions
due to its ability to induce controlled shear conditions that
enable the observation of structural changes in materials
under varying temperatures and shear rates.

In many in situ gelling studies, the sample is placed in
dialysis tubes and immersed in a solution of crosslinker for
various periods of time before being removed and cut to
size for rheological testing [32–35]. Other methodologies con-
sist of pouring the gelled polymer into tissue culture plates
containing a crosslinker-soaked filter paper. The sample is
then incubated for the required gelation time and subse-
quently loaded onto a rheometer for measurements [36–38].
None of the above methods, however, offers an adequate
experimental description of the gelation kinetics.

In the last decade, more specialized rheological methods
have been proposed involving the modification of a commer-
cial rheometer. One experimental set-up [39,40] used a rota-
tional rheometer with a modified bottom plate and a Petri
dish containing a series of filter paper, a semi-permeable
membrane, and the sample. The filter paper was soaked
with the crosslinker, and the semipermeable membrane
allowed the diffusion of the crosslinker to the sample to be
gelled.

More recently, Besiri et al. [41] proposed a new system
to monitor the in situ gelation of alginate with CaCl2. They
designed and built a homemade lower plate to inject CaCl2
instantaneously into the alginate solution [22,24,41,42].
Palma et al. [43] made rheological measurements using a
rheometer equipped with a crosshatched geometry to
improve the radial diffusion of the calcium chloride in
the alginate solution (already kept within the plates). Their
results are very similar to the one reported by Besiri et al.,
although in both cases, the focus was on the diffusion time
of calcium chloride, assuming sample homogenization.
Indeed, the diffusion of calcium chloride occurs in parallel
with the gelation process (i.e. calcium chloride diffuses and
reacts with alginate, probably on the same time scale), and
the homogenization of the system is, frequently, an uncon-
trolled issue.

In general, to date, in the literature, attempts to mea-
sure a rapidly changing rheology are few and still not
optimized. In this work, we propose an innovative rheolo-
gical tool designed, engineered, and 3D printed in-house
for the in situ measurements of the kinetics of fast phase
transitions. We demonstrated the efficiency of the new set-
up by using it to monitor the kinetics of three different
gelling systems, namely, PVA–borax solutions, alginate
solutions gelling under the action of calcium ions, and

Pluronic F68 aqueous solutions, undergoing concentra-
tion-driven phase transitions.

2 Materials and methods

2.1 Materials

PVA (CTS Conservation, 87.7% hydrolysis, Mw = 6.7 × 104

g/mol), sodium tetraborate (borax) (CTS Conservation,
Mw = 381.37 g/mol), sodium alginate (Sigma Aldrich, Mw =

8.4 × 104 g/mol), calcium chloride (Sigma Aldrich, Mw =

110.98 g/mol), Pluronic F68 (Sigma Aldrich, Mw = 8,350 g/mol),
bi-distilled water (Sigma Aldrich), and calibration fluid
(Cannon, Instrument Company, viscosity 96 mPa s at 25°C)
were used.

2.2 Sample preparation

2.2.1 PVA/borax

The PVA solution was prepared by dissolving 8% wt PVA in
bi-distilled water at 80°C by magnetic stirring at 200 rpm
for 8 h. The solution was then stored for 2 days at room
temperature before use. A 4% wt solution of borax was
made by dissolving the salt in bi-distilled water at room
temperature by magnetic stirring at 100 rpm for 2 h until
full dissolution. The PVA solution was used in combination
with the borax solution in a 4:1 proportion for the gelation
in situ experiment.

2.2.2 Alginate/CaCl2

Sodium alginate was dissolved in water at a concentration
of 2% wt at room temperature and magnetic stirring for
24 h at 200 rpm. In the same way, a 75 mM solution of
calcium chloride was prepared. The alginate solution was
mixed with the CaCl2 solution in a 5:1 proportion for the
gelation in situ experiment, following Besiri et al. [41].

2.2.3 Pluronic F68

The Pluronic F68 solution (45% wt) was prepared by disper-
sing the polymer in cold water at 5°C. The solution was stored
at 5°C for 5 days and periodically subjected to magnetic stir-
ring at 300 rpm to allow for complete dissolution. The
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Pluronic F68 solution was mixed with bi-distilled water in a
1:1 proportion for the gelation in situ experiment.

For the PVA–borax and alginate–CaCl2 systems, a
somewhat rapid increase in moduli is expected due to
the formation of chemical networks [16], while for the
third system, the reverse trend, that is, a lowering of
moduli is expected for the change occurring in phase tran-
sition [44–46].

2.3 Custom-made 3D-printed plate

To perform in situ rheological measurements and to obtain
information on the early stages of phase transition, a 3D-
printed plate was created. The CAD of the plate was devel-
oped using the open-source software Fusion 360 (Figure 1).
The goal was to monitor the kinetics of phase transitions
for these two-component systems where two different solu-
tions react when in contact from the earliest instants.

The plate is characterized by a diameter of 40 mm and
a thickness of 6 mm and hosts two small holes on the rim,
with a diameter of 0.5 mm, which are used to indepen-
dently feed two different solutions. These are brought in
contact at the exit holes on the plate surface as the test
starts, upon injection into the channels (diameter 1 mm –

Figure 1b) using syringes. The needles of the syringes (2 cm
in length) are allocated in a straight channel, as shown in
Figure 1b), which reaches the plate centre, where the sepa-
rate spirals receive the two solutions. Along each of the two
spiral-like channels, there are six equally spaced exit holes
(diameter 0.5 mm – as shown in Figure 1c). The holes of the
six couples are adjacent to each other so as to guarantee
the best local mixing conditions. The spiral shape, in turn,
aims at guaranteeing the most homogeneous mixing

conditions around the plate surface. It must be stressed
that mixing of the fluids occurs only outside the spiral
channels once the rheology test is started. Capillary effects
can be considered negligible due to the high pressure
imposed by the user through the syringes.

Following CAD optimization, the next step involved 3D
printing of the tool. The printing was done with a Raise 3D
E2 printer (Raise 3D Technologies, Inc., Irvine, CA) using
polylactic acid (PLA). Figure 2 shows microscopic images of
the 3D printed tool, obtained with Axioskop 2 plus Zeiss,
equipped with a digital camera (Optika C-P12). The images,
analysed with the ImageJ software, show PLA printed on a
single surface (in a and b) and the roughness of the printed
layer, measured to be roughly 150 μm (in c).

Once the plate was printed, it was mounted on the
Anton Paar rheometer using the shaft for disposable mea-
suring tools. Some pictures of the measuring system are
shown in Figure 3.

The new tool underwent all the required steps to be
used with the rheometer, including registration of the new
geometry, setting of the measuring parameter window,
and motor adjustment for inertia correction. As reported
below, a calibration fluid was used to compare the perfor-
mance of the plate with that of the standard tools provided
by the manufacturer.

2.4 Rheological protocols and
measurements

Rheological measurements were performed on a stress-
controlled rotational rheometer MCR 702 (Anton Paar,
Graz, Austria) equipped with a Peltier unit for temperature
control. Tests were performed in the linear viscoelastic

Figure 1: CAD design of the parallel plate, adaptable to the Anton Paar rheometer via the disposable attachment. The drawing shows (a) the whole
plate set-up with the trajectories of the double internal spirals; (b) the middle transversal section of the plate showing the syringe input hole and the
spirals channels; and (c) different spirals, coloured in red and blue with white dots representing the positions of the exit holes.

An innovative rheometric tool to study chemorheology  3



regime using the custom-made parallel plate geometry, as
illustrated below. A gap of 1 mm between plates was
always used for all experiments. To prevent sample eva-
poration of the aqueous solutions during the measure-
ment, a solvent trap consisting of a low-viscosity silicon
oil sealing (ηoil = 0.1 Pa s at 25°C) was poured around the
rim of the PLA plate. Oscillatory shear isothermal tests

were conducted on the PVA–borax and the
alginate–CaCl2 systems at a temperature of 25°C to monitor
the sol-to-gel transition as a function of time. Tests
included a pre-mixing phase that was made possible by
the specially designed set-up of the tools. The Pluronic
F68 solution was instead tested at 40°C by monitoring the
inverse, gel-to-sol transition upon dilution of the Pluronic
solution, whose microstructure changed from soft body-
centred cubic (BCC) crystals to a micellar solution
[44–47]. In all cases, measurements were performed under
an oscillatory frequency of 1 rad/s and a deformation of 3%.

Measurements of the PVA–borax and alginate–CaCl2
systems were performed in the same way as follows: an
oscillatory time sweep test started with the 1 mm plate gap
empty. Then, the two solutions were simultaneously
injected inside the plate through the inlet of each channel.
The amount of materials to be injected was specifically
calculated to exactly fill the gap between the two plates
and the cavities inside the 3D-printed plate while achieving
a specific final composition. A movie of the procedure is
reported in the SI. For the Pluronic F68 solution, due to its
high viscosity, it was decided to use a different protocol:
the measurement started after loading the aqueous solu-
tion of Pluronic. Later, a predetermined amount of water,
which guarantees a change in Pluronic F68 concentration
such as to produce a transition from a BCC phase to a
micellar solution, was injected from both holes.

Figure 2:Microscope pictures of the PLA printed layer, captured at (a) 3×
magnification, (b) 10× magnification, and (c) 3× magnification.

Figure 3: Set-up for rheological measurements with 3D printed PLA plate.
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3 Results and discussion

In order to validate the new tool, the calibration fluid was
first used to perform a frequency sweep test, as shown in
Figure 4. The measurements were compared with those
obtained with a standard 40 mm stainless steel plate. Up to
frequencies of about 100 rad/s, themeasurements were essen-
tially coincident, while at higher frequencies, some discrepan-
cies were observed. In particular, a spurious cross-over at the
highest frequency can be seen, not expected from the calibra-
tion certificate of the fluid and not present in the standard
tool data. As a consequence, in the subsequent measure-
ments, frequencies above 100 rad/s were never used.

The positive results obtained from the calibration fluid
measurements allowed us to use the novel set-up to per-
form in situ phase transition measurements of different
systems. The first system considered is the one formed by
sodium alginate and CaCl2. Alginate is a polysaccharide
derived from seaweed in the form of a sodium salt. In an
aqueous solution, long polymer chains are freely dispersed in
water. When CaCl2 is added, calcium ions (Ca²⁺) replace
sodium ions (Na⁺) on the alginate chain. The latter can be
considered as an egg box with interstices in which Ca²⁺
may pack and coordinate [48]. This leads to cohesion between
the different alginate chains and, consequently, to a 3D gel
network. This has been well explained by the so-called “egg-
box model” [48], which simplifies the cooperative process
involving polysaccharides and divalent cations.

The gel formation is a rapid process that can be con-
trolled by varying the concentration of both sodium alginate
and calcium chloride, as well as temperature. In our case,
tests were carried out by injecting 0.9 ml of 2% w/w alginate

and 0.2ml of 75mM CaCl2 aqueous solutions into the two
lateral holes of the plate. These concentrations allow us to
work on a stoichiometric excess of alginate in comparison to
the calcium chloride. The optimal “merging” of the systems is
guaranteed by the fact that both systems fall between the
measuring plates at the same time and are spatially distrib-
uted, owing to the design of the plate. Systematic time sweep
measurements were performed to verify alginate gelation.
Figure 5 shows the increase in moduli as a function of time
after sample mixing, whichmarks the onset of gelation due to
the presence of CaCl2. The viscoelastic moduli sharply
increase up to a final value, characteristic of the gel strength
at 25°C. It is evident that the interaction kinetics are quite fast,
and the very early stages of gelation are difficult to be caught.

Inspired by the pioneering work of Scott Blair and
Burnett [49], the gelation process can be described as a
first-order kinetic reaction in the concentration of the limiting
reactant, which determines the final number of chemical
bonds in the formed gel [50]. The elastic modulus (G′) can
be, then, considered as an approximate measure of the
number of bonds; the most likely kinetic situation in the early
gelation stages would be that the rate of increase of G′ at any
time is proportional to the number of bonds already formed.
Later, however, at long times, there should be a deceleration
process as the number of bonds diminishes. Hence, the
kinetics of gelation can be fitted through the three-parameter
exponential raise to the maximum equation, as follows:

( )= + − ⋅⎡⎣ − ⎛
⎝−

⎞
⎠
⎤
⎦∞G G G G

t

τ
1 exp ,0 0 (1)

where G∞ represents the value of the viscoelastic moduli at
time infinite, G0 is the value of the viscoelastic moduli at

Figure 4: Frequency sweep test carried out on the calibration fluid at
25°C and 1% strain, with the 40 mm PLA plate (red symbols) and a regular
40 mm steel plate (blue symbols).

Figure 5: Small-amplitude oscillatory shear measurements at 25°C and
3% strain and an angular frequency of 1 rad/s on alginate and CaCl2
samples.
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time zero (unfitted – they are the moduli values of the
alginate solution at the final concentration, in the absence
of calcium chloride), τ is the characteristic time of the
gelation process, and t is the experimental time. This
type of fit has been used for the experimental data on G′,
and the fitted characteristic time τ has been, then, fixed to
fit G″ too. The best fit through the data is obtained with the
parameters shown in Table 1, and the relative curves are
reported in Figure 5 with lines (continuous for G′ and
dashed for G″).

It is possible from the parameters presented in Table 1
to evaluate the onset of the gelation process by measuring
the time at which G′ = G″. This time is 0.13 s, suggesting that
the sol–gel transition is fast.

The results shown in Figure 5 are in line with those
already found in the literature. Besiri et al. [22], to monitor
in situ the gelation of sodium alginate solutions combined
with calcium chloride solutions, designed a system similar
to the one presented in this article, where a certain amount
of CaCl2 was gradually added to the alginate solution, the
last already kept between the two plates. The addition was
done from the bottom plate, through two holes, making
difficult the mixing efficiency and the temperature control.
From the comparison made between the results achieved
here and those presented in several articles published by
the same group [22,42], similarities were found in terms of
the trend of the moduli over time. Unfortunately, the tests
conducted here and those carried out by Besiri and co-
workers cannot be directly compared due to the different
types of alginates used.

The same type of test was carried out on the
PVA–borax system. The formation of the gel network in
solutions of PVA and borax is an example of chemical
cross-linking that transforms the liquid solution into a vis-
coelastic gel [51]. This process occurs through the forma-
tion of hydrogen bonds and chemical interactions between
PVA and borax molecules [52]. The PVA solution is charac-
terized by the presence of long linear molecules; when
borax is added, the latter dissolves in water by dissociating
into borate and sodium ions. In the same way, as with
alginate and CaCl2 solution, borate ions form complexes
via hydrogen bonds with the hydroxyl groups (−OH) pre-
sent along the chains of PVA. In parallel, the incoming

boric acid, which forms when sodium tetraborate is added
to an aqueous solution, can also react with the hydroxyl
groups of PVA to form boron–ester complexes, producing
covalent bonds between the different chains of PVA [17].
The combination of hydrogen bonds and boron–ester
bonds between the PVA chains creates a three-dimensional
structure [19], within which water is trapped, transforming
the solution into a viscoelastic gel. As in the previous case,
this system shows very fast early stages of gelation kinetics,
followed by a slower evolution at longer times.

Tests were carried out by injecting 0.9 ml of 8% w/w
PVA solution on one side and 0.2 ml of a 4% w/w aqueous
borax solution on the other side into the perforated plate.
These concentrations allow us to work on a stoichiometric
excess of PVA in comparison to borax. As in the previous
case, the rapid increase of the moduli during the first
instants of the test marks the onset of the gelation and is
followed by slower kinetics at longer times (Figure 6). Mea-
surements were also conducted on PVA samples at the
same PVA concentration but in the absence of borax to
get an initial value of the moduli before gelation, used
for the following fit.

The test provides several pieces of microstructural
information about the hydrogel that has formed: during
the first fewminutes of the test, the rise of the moduli is rapid
as the two solutions in contact begin to react and gel. At later
times, the gelation slows down due to the decrease in the
available bonds. The kinetics of the gel formation can be
followed, again, by fitting the rheological data with equation
(1), as previously explained. The best fits through the data are
obtained with the parameters shown in Table 2. Fitted lines
are also reported in Figure 6, along with the experi-
mental data.

Table 1: Parameters obtained by the fits on the experimental data
reported in Figure 4

G G0 (Pa) (G∞ – G0) (Pa) τ (min)

G′ 0.0007 235.8 ± 4.3 22.17
G″ 0.0177 31.0 ± 0.2 22.17 Figure 6: Small-amplitude oscillatory shear measurements at 3% strain

and an angular frequency of 10 rad/s on PVA and borax samples.
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The characteristic time of the gelation for the system
PVA–borax lasts roughly 30min, with a characteristic time
for the sol–gel transition of roughly 0.41 s.

A completely different proof of the successful function-
ality of the novel set-up was obtained from the measure-
ment of the aqueous dilution of Pluronic F68 in water.
According to the phase diagram of Pluronic F68 [44], at a
fixed temperature, different phases are present. In parti-
cular, at 40°C, the system undergoes a phase transition
from a BCC crystalline structure to a spherical micelle
homogeneous suspension when the Pluronic F68 concen-
tration decreases. It was decided to carry out an oscillatory
time sweep experiment, where water was gradually added
through the lateral holes of the plate to the Pluronic solu-
tion (to dilute it), thus “pushing” the phase transition from
a BCC structure to a micellar suspension. To perform the
test, the temperature was set at 40°C. About 1 g of the 45%
Pluronic solution is already present between the two
plates, and it is characterized by a solid-like high modulus
due to a BCC phase at this concentration and temperature.
Keeping the temperature constant, 1 ml of water was
injected (Figure 7) in a way that the Pluronic F68 concen-
tration could reach a final concentration of 22.5% w/w.
According to the phase diagram reported elsewhere
[44,45], at this concentration, the system presents spherical

micelles disposed of randomly in water, such as character-
ized only by a viscous modulus. The test was performed for
about 14 h while keeping the temperature constant.

Figure 7 shows a completely different trend when com-
pared to the previous two cases. The moduli, indeed,
remain stable for roughly 10 min and then drop because
of the water diffusion in the BCC structure and the conse-
quent break of the crystal morphology (culminating in the
formation of spherical micelles at very long times). In this
case, the kinetics are marked by two characteristic times,
as clearly identified by the double exponential decay equa-
tion used to properly fit the data:

⎜ ⎟ ⎜ ⎟= + ⋅ ⎛
⎝−

⎞
⎠ + ⋅ ⎛

⎝−
⎞
⎠∞G G G

t

τ
G

t

τ
exp exp ,0,1

1

0,2

2

(2)

where G∞ (unfitted) represents the value of the viscoelastic
moduli at time infinite (i.e. evaluated on the sample with
F68 Pluronic concentration of 22.5% w/w), G∞ + G0,1 + G0,2

represents the value of the viscoelastic moduli at time zero
(although G∞ is negligible), and τ1 and τ2 are the two char-
acteristic times of the process. This type of fit has been used
for the experimental data on both the viscous and the elastic
moduli (G can be G′ or G″). The best fit through the data is
obtained with the parameters shown in Table 3, and the
relative curves are reported in Figure 7 with lines.

The presence of two characteristic times, which differ
by one order of magnitude, suggests, as previously men-
tioned, that the dissolution process is probably a double
step. We speculate that the first characteristic time relates
to the diffusion of water within the sample, while the
second characteristic time represents the breaking time
needed by the BCC structure to transform into randomly
distributed spherical micelles. The τ1 value of G″ can be
used to estimate the diffusion coefficient of water within
the gap containing the Pluronic F68 solution. By consid-
ering the sample measurement gap, h, as the characteristic
length of the system, the effective diffusion coefficient (i.e.
the diffusion coefficient of water in a Pluronic network
characterized by a specific microstructure) can be evalu-
ated as Deff = h2/τ1, which yields a value of 4 × 10−8 m2/s.

Table 2: Parameters obtained by the fits on the experimental data
reported in Figure 5

G G0 (Pa) (G∞ – G0) (Pa) τ (min)

G′ 0.003 2008.6 ± 21.7 32.00
G″ 0.294 661.8 ± 7.2 32.00

Figure 7: Small-amplitude oscillatory shear measurements at 3% strain
and an angular frequency of 1 rad/s on Pluronic F68 samples.

Table 3: Parameters obtained by the fits on the experimental data
reported in Figure 7

G G0 (Pa) G0,1 (Pa) τ1 (min) G0,1 (Pa) τ2 (min)

G″ 0.023 6672.15 ±
138.40

24.33 6508.84 ±
141.12

322.58

G′ 0.001 5678.75 ±
143.10

18.86 3909.36 ±
144.00

312.50
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4 Conclusions

This study presents an experimental validation of a new
tool, designed, engineered, and produced in a way to monitor
in situ phase transitions of different materials. One of the
advantages of using this tool is the ability to obtain in situ
information on the kinetics of fast phase transitions, being
gelation or dilution. With this tool, an attempt has been made
to overcome the limitations of the instruments currently used
to carry out measurements of this type by ensuring optimal
merging of two different solutions directly in the measuring
system. Themain advantage of this new tool is its modularity;
since it is 3D printed and designed, it is possible to change the
size of the plate, as well as the geometry of the feeding chan-
nels, to adapt to different experimental conditions and pro-
tocols and to be mounted on any commercial rheometer.
Moreover, it is possible to avoid problems, such as sample
slippage, since the printed surface has a “natural” roughness,
typical of surfaces that are obtained by overlapping filament-
printed layers.

We validated the use of this tool with two systems
undergoing gelation and one system facing a phase transi-
tion. The possibility of obtaining information about the
early stages of the mixing procedures allows us to fit the
experimental data and obtain the characteristic times of
the processes. The results obtained are consistent with
those found in the literature, which are, in any case, lim-
ited to the properties of the final product.

Nevertheless, there may be some limitations related to
the use of this tool, such as the application of high tem-
peratures, that could affect PLA. This, indeed, softens at
temperatures close to 70°C and can deform in a nonlinear
regime. A way to overcome these limitations could be to
consider the same tool printed with other polymers, for
example, thermosetting resins [53]. We are already
working on this option, and on the way to implementing
fast in situ analysis (e.g. chirp methodology [54]) by using
other rheometers.
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