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Préambule

The work depicted in the following report will be presented to the Journal
of Rheology in order to be published. Therefore, the project report will be

presented as an article to prepare the redaction of that latter. However, two

points have to be mentionned :

— Some details persented here will not be kept for the final proposition

for the Journal of Rheology.

— Many arguments of the last section (Ludox) are still discussed and

experiments are still going on until August 16, when my project will

end. They won’t be investigated in depth here. However, I could send

you,once it will be done, the final draft we will send to the journal so

you will have the whole picture of what happened during the whole

internship.
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Rheology is a widely used convenient tool to have access to the viscoelastic properties of soft
materials. For most of these experiments, a constant gap is set between the bottom plate of the
rheometer and the geometry. However, this method is not relevant when the volume of the sample
contracts, especially for hydrogels or liquids when they dry, and thus even if a solvent trap is used.
Indeed, the material probed is not in full contact with the top plate of the shear cell anymore
and misleading results can be acquired. Therefore, we present a way to bypass this problem by
highlighting the benefits of a constant normal force instead of a constant gap for these experiments
and we show how to take advantage of this method to study samples that concentrates through
dehydration. By doing so, we can continuously monitor the viscoelastic properties of one sample
through a large and well resolved scope of concentrations. This technique is benchmarked on samples
of interest that can experience , or not, a concentration induced phase transition.

I. INTRODUCTION

Rheology is defined, according to the American Soci-
ety of Rheology in 1929 , as the "study of the flow and
deformation of materials"[1]. It is a powerful tool used
to investigate the mechanical properties of soft materi-
als like gels or viscous fluids like oils [2]. It is also used
to study the evolution of the viscoelastic properties of
more complex samples that can experience a phase tran-
sition like the sol-gel transition. For instance, thanks to
rheometers that can change the temperature of the sam-
ple over time, gelation of biopolymer solutions [3] and
jamming of colloidal suspension of thermosensitive par-
ticles can be observed by monitoring and analyzing the
evolution of the storage modulus (G’) and the loss modu-
lus (G”) of these solutions while they are heated or cooled
down [4].

These experiments were usually made with plane ge-
ometries and a constant gap set between the walls of the
shear cell, assuming that the volume of the sample dur-
ing the sol-gel transition is constant. However, Mao et al.
[5] highlighted that materials like agar gels actually ex-
perience a volume decrease while they are gelling, which
could lead to strain hardening, formation of lubrication
patches or even a loss of contact at the interface between
the sample and the geometry. Therefore, a more relevant
method based on a constant normal force rather than a
constant gap in order to bypass these problems has been
implemented and illustrated in figure 1. By setting the
normal force at 0N, the top plate follows the sample while
its volume contracts. Thus allows a full contact with the
geometry during the whole experiment, and by doing so
one can actually measures viscoelastic moduli of a dry-
ing fluid over time. If this study successfully focuses on
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FIG. 1. Schematic representation of the benefits of constant
normal force rheology for drying samples as they stay in full
contact with the geometry during the whole experiment

the sol-gel transition of agar gels induced by tempera-
ture at a constant concentration of polymer by prevent-
ing dehydration of the solution and the hydrogel with a
solvent trap, one could expect to use this technique to
let a polymer solution or a colloidal suspension dry un-
til its concentration reaches the percolation threshold [6].
Therefore, the monitoring of the viscoelastic properties
of that kind of sample while they experience a sol-gel
transition can be possible to understand the underlying
mechanisms around this critical point. Moreover, a more
precise determination of the concentration threshold of
this transition can be given . Actually, in contrary to
classic titration techniques where several samples of dif-
ferent concentrations are made and then analysed inde-
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pendently to estimate this point through interpolation
[7], the same sample can be used to probe a whole range
of volume or mass fractions with a high resolution if the
dehydration rate is slow enough. This paper will then
deal with the application of the constant normal force
protocol to complex fluids that lose volume and concen-
trate through dehydration in order to spot gel or glass
point and analyze how the phase transition happens in
these samples. After benchmarking this technique with
control experiments by using solutions whose basic vis-
cous properties could be followed as a function of time,
mass fraction or volume fraction, the case of the sol-gel
transition of a Ludox HS40 colloidal suspension will be
studied. Results and perspectives of this method will be
discussed, especially its application to polymer solutions
or bacterial bio-films when they reach percolation.

II. MATERIALS AND METHODS

A. Normal force protocol implementation

In order to monitor the viscoelastic properties of
samples that experience volume contraction over time
through dehydration, the normal force protocol must be
implemented carefully. Three parameters of the mov-
ing profile of the geometry can be changed : the initial
gap, which sets de facto the initial normal force between
the sample and the top plate, the normal force interval
outside which the feedback control loop of the rheome-
ter moves the geometry up or down until its force sensor
reaches back the initial normal force and the speed of this
latter movement. The upper limit of the initial gap is set
by the maximum amount of sample available whereas the
lower limit is given by the ability of the rheometer to ac-
tually reach a low value without any offset [8]. Moreover,
in order not to induce pressure to the sample, the nor-
mal force between the top plate and the sample has to
be 0N. Therefore, to fulfill all of these conditions, an ini-
tial gap of 500µ m is set and a precise volume allowing a
perfect filling minimizing the additionally capillary con-
tributions to the torque is injected to the shear cell by a
micropipette. The limits of the normal force interval be-
fore readjustment to the initial normal force has to be as
tight as possible. Indeed, a too loose interval will enable
the geometry to stay at a certain altitude until the sam-
ple pulls hard enough on the top plate through capillary
forces to put the normal force out of the interval. How-
ever, during this time, the sample is not in full contact
anymore with the top plate, leading to periodic mislead-
ing datas. Finally, the speed of the geometry during its
movement has to be as slow as possible in order not to
squeeze the sample so hard it goes out of the edges of the
shear cell and by doing so, lowering the quality of the
datas acquired.

B. Rheological measurements

Rheological measurements are performed with a paral-
lel plate geometry of 10mm and 25mm driven by a stress-
controlled rheometer (Anton-Paar 302MCR). The bot-
tom plate is a smooth metal plate under which a Peltier
cell sets the temperature of the sample. The solvent trap
partially closed along with a paper ring surrounding the
sample is used to slow down evaporation. The volume of
each sample is controlled by using a micropipette. Im-
ages during the experiments are captured with a cam-
era (Canon 6D) focusing on a 45� inclined semi-reflective
blade placed under a transparent glass plate supporting
the sample. It is to be noted that because that latter is
far from the Peltier cell, the control of the temperature is
not possible anymore and it is assumed that the sample
is at room temperature (measured with a thermometer).
The normal force protocol is implemented on every ex-
periments. Small amplitude oscillatory shear (SAOS) or
continuous shear (CS) modes are used at a set strain am-
plitude and frequency or shear rate respectively. More-
over, frequency dependence of the viscoelastic moduli is
measured by imposing a multiwave sinusoidal solicita-
tion of the sample. The latter is exposed to oscillations
of four different frequencies that act independently in-
side the material but produce a response which is the
sum of each solicitation. A signal treatment done by the
rheometer’s software permits to extract the datas from
the bulk signal for each frequencies.

Viscoelastic properties, normal force and gap between
the geometry and the bottom plate are recorded as a
function of time for the different solutions. They also
can be determined as a function of volume or mass
fraction of the solute by doing as follows :

Volume fraction :

At the beginning of the experiment, the initial volume
fraction is :

�(t = 0) =
Vsolute(t = 0)

Vwater(t = 0) + Vsolute(t = 0)

By assuming that only water is going out of the sample
during dehydration, the initial volume of solute is kept
constant during the whole experiment and the gap de-
crease is linked to the decrease of the volume of water
according to the relation :

Vwater(t) = Vwater(t = 0)� ⇡r2�h(t)

Assuming that the geometry is a plate of radius r experi-
encing a gap decrease �h(t) = h(t = 0)� h(t) with h(t)
the position of the geometry at a certain time t. There-
fore, volume fraction of the sample can be computed as a
function of time, and so can the raw datas be measured
as a function of volume fraction :

�(t) =
Vsolute(t = 0)

Vwater(t) + Vsolute(t = 0)
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Mass Fraction :

The mass fraction is computed the same way as the
volume fraction except the initial mass fraction is :

%wt(t = 0) =
Msolute(t = 0)

Mwater(t = 0) +Msolute(t = 0)

Which is equivalent to

%wt(t = 0) =
⇢soluteVsolute(t = 0)

⇢waterVwater(t = 0) + ⇢soluteVsolute(t = 0)

So mass fraction as a function of time can be computed
as :

%wt(t) =
⇢soluteVsolute(t = 0)

⇢waterVwater(t) + ⇢soluteVsolute(t = 0)

With the same expression for Vwater(t) as in the volume
fraction expression.

C. Samples preparation

Pure glycerol was purchased to Sigma Aldrich and di-
luted in distilled water to get several solutions of different
initial mass fraction of glycerol.

Ludox HS 40 was purchased to Sigma Aldrich. It is a
colloidal suspension of silica particles of 12nm of diameter
and 220m2.g�1 of specific area at volume fraction of 40%
of silica.

III. RESULTS

A. Water

Using water as a control sample allows both to
benchmark the technique and to test its sensitivity as
it is one of the lowest viscous liquid available in Nature
(around 1 mPa.s at 25�C). Therefore, before doing any
test, the viscoelastic detection limit of the rheometer
used during this study, known as the low torque limit,
has to be determined [8]. This limit can be computed as :

G >
TminC

�0

with Tmin the minimum torque reachable by the rheome-
ter, C a conversion factor and �0 the shear strain ampli-
tude set for the experiment. A shear rate sweep with a
25mm parallel plate geometry is done on a calibration oil
at 15.5 mPa.s in order to measure Tmin. A logarithmic
decreasing ramp of shear rates from 102 s�1 to 10�2 s�1

is set and the viscosity of the oil is recorded. A torque of
200 nN.m is measured while the one provided by Anton
Paar is 10 nN.m. This difference is representative of the
wear of the rheometer. Only datas above the low torque

will be presented during this study. While water dries,
no chemical modification happens to the sample. Indeed,
only volume contraction takes place and the viscoelastic
properties of the sample stays the same. According to
figure 2c and 2f, viscosity is actually constant at a value
close to the tabulated one for 25 �C, using SAOS or CS
experiments. The first one gives a result of 1.12 ± 0.11
mPa.s while the second one gives 0.92±0.01mPa.s, which
is really close and consistent compared to the tabulated
value of 0.9 mPa.s at 25�C. [9].

Moreover, one can notice that the normal force proto-
col is correctly implemented as the normal force is kept
constant during the whole time of the experiment (fig.2
a,d). The gap is smoothly decreasing by around 4 % after
30 minutes because of the pulling of the top plate by the
contraction of the sample while it dehydrates. For SAOS,
even if the measurements seems to be frequency indepen-
dent, a higher strain amplitude is preferred to reach the
low viscosity of water. For CS, a shear rate above 10s�1

is necessary to get consistent datas close to the tabulated
value of the viscosity of water. Moreover, the results de-
picted here are still valid for longer experiments of 10
hours with a slowed down evaporation. Therefore, vis-
coelastic properties of drying samples can be monitored
for long duration, enabling a wide scope of gap explored,
and thus a wide scope of concentrations for solutions if
the assumptions discussed at the materials and methods
part are set. As the benchmark with the control sam-
ple had been successful, experiments on solutions can be
performed.

B. Water and glycerol solution

Glycerol in water is a Newtonian fluid which viscous
properties are well known. Moreover, at room temper-
ature, only water dries out of the solution, which make
glycerin a suitable sample to benchmark the technique
presented here on a simple system that concentrates
through dehydration. Several samples at different initial
mass fraction of glycerol are studied through the tech-
nique we already implemented on water. The difference
in the results expected here is that instead of staying at
a constant viscosity over time, that latter increases as
glycerol concentration rises up inside the solution.

Figure 3 shows that the expected behavior for the sample
viscosity actually happens and fits the tabulated values
with SAOS and CS modes[9].

The axis conversion from time evolution to concentra-
tion evolution is possible thanks to the gap recorded as
a function of time assuming that only water is expelled
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FIG. 2. Temporal evolution of the normal force N1 (a,d), gap decrease percentage �h/h(b,e) and viscosity (c,f) for small
amplitude oscillatory shear experiment (�0 = 50%, f = 1Hz) (a-c) and continuous shear experiment (�̇ = 10s�1) (d-f) of water
while it dries at 25�C

FIG. 3. Time evolution of SAOS (a-c) and CS (d-f) experiments on glycerin samples at around 20% wt initially at 25�C. Datas
were recorded at a frequency of 1 Hz and shear strain amplitude of 50% for SAOS experiment and a shear rate of 10s�1 for CS
experiment

from the sample through dehydration. For both exper-
iments, it is to be noted that the dehydration profile is
not the same as the linear one for water. Actually, espe-
cially for the around 20%wtini of glycerol solution, after
a linear regime of dehydration, a plateau is reached af-

ter a certain time, leading to viscosity values far from
the tabulated ones for at higher concentrations (fig.4).
This latter is not seen for CS experiments which fit very
well to the reported values. This difference can be ex-
plained by the fact that a CS mode leads to a continuous
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FIG. 4. Master curve depicting the mass fraction evolution
of glycerin viscosity with SAOS (red to yellow gradient) and
CS (blue to green gradient) experiments. Red line gathers
the tabulated values for the viscosity of solutions of glycerol
and water at mass fraction from 0 to 0,9. Dashed black lines
represent a 10% confidence interval

stirring of the sample studied which makes him homo-
geneous during the whole experiment. Indeed, oscilla-
tions of small amplitude are not enough to prevent the
formation of a radial concentration gradient due to cof-
fee ring effect[10] in SAOS experiments. Therefore, wa-
ter can be trapped by a higher density phase making
evaporation harder and leading to a plateau. Moreover,
the accumulation of glycerol on the edges of the sam-
ple leads to a higher torque sensed by the geometry and
thus a higher viscosity as the loss factor, proportional
to the torque, increases. Therefore, normal force proto-
col coupled to SAOS but especially CS rheology leads to
consistent results on Newtonian solutions while they are
drying, highlighting faithfully the viscous consequences
of a concentration increase of the solute in the solution
through dehydration. Viscoelastic information can even
be extracted from more complex solutions thanks to this
technique.

C. Ludox suspension

A casually used model solution to investigate hard
sphere interactions in suspension is Ludox, a colloidal
suspension of silica particles of different diameters and
specific surface in water.

Figure 5a shows the time evolution results of a Lu-
dox HS40 sample at an initial volume fraction of 22,5%
(corresponding mass fraction : 40%) undergoing a SAOS
experiment with a strain adapted protocol in order not
to destroy the building percolation network as concentra-
tion through dehydration takes place. Pictures below the
sample are taken periodically to match the viscoelastic
properties to the aspect of the suspension (fig. 5 b-e)

Three regimes can be distinguished from the evolution

of the storage (G’) and the loss(G”) moduli. From 22,5
% to 23,3%, the suspension is in its sol state as G” is
way above G’ which is below the low torque limit. Then,
G’ sharply increases to cross G” at 23,5% which could
give a first approximation of the gel point concentration.
G’ is then above G”, leading to a gel state in which the
solution becomes slightly more opaque. The viscoelastic
moduli then reach a first plateau from 23,5% to 25% and
both symmetrically increases to a second plateau at 27%
where formation of bubbles due to cavitation happens.
At this concentration, the gap stops decreasing and the
formation of a crust on the edges of the shear cell begins
to form along with radial cracks. One of those latter en-
ables then a channel from the solution to the surrounding
air leading to the growth of bigger bubble reaching at the
end around half of the volume of the sample. The results
obtained here are not consistent with the literature datas
highlighting two critical points : one which could be as-
similated to the formation of a soft colloidal gel at 31%
and another one liked to the growth of a brittle solid
around 51% [11]. The most plausible scenario explain-
ing these early transitions may be due to the coffee ring
effect[10]. Indeed, on a microstructural level, evapora-
tion of water induces formations of holes on the surface of
the samples that are replaced by neighbouring molecules,
leading to a radial flow concentrating the particles on the
edges of the shear cell. However, the macroscopic con-
sequences of this concentration gradient are dramatic as
the main contribution to the bulk torque measured by
the geometry comes from the peripheric solid which also
stops the progression of the top plate. Moreover, the fluc-
tuation of the normal force can highlight the presence of
inhomegeneities. As a consequence, the gap sharply de-
creases and can accelerate the aggregation of particles
by squeezing too hard the solution. If the second plateau
can be well described by the macroscopic changes of the
sample recorded on camera (fig 5(i-k)), the first one is
more difficult to analyse. Image analysis can be per-
formed to try to get more information with ImageJ. By
subtracting the first frame of the acquired film to all the
other ones and using a grey level color scale, small opac-
ity changes which can be accountable for a silica particles
concentration spot can be seen. As expected on the early
stages before sol-gel transition, the opacity rises until the
happening of small bubbles announcing the beginning of
the brittle silica crust formation. However, no migration
front highlighting a radial flow induced by coffee ring
effect is seen with our acquisition rate. A more subtle in-
terpretation of the datas can be given by examining the
frequency dependence of the viscoelastic moduli. Figure
6 shows the results of multiwaves experiments on a sin-
gle Ludox HS40 sample excited at different frequencies.
Despite the datas are noisy on the sol part probably be-
cause of the the multiwave technique, the evolution of the
viscoelastic moduli has been monitored for four frequen-
cies over time and volume fraction on a Ludox sample
which dehydration has been slowed down to the best we
can. Figure 6a actually highlights the noise mentioned
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FIG. 5. (a) Time evolution of the viscoelastic moduli G’ (filled squares) and G” (blank squares) of a Ludox HS40 colloidal
solution(12nm of diameter). Frequency is set at 1 Hz and a strain adapted method is implemented : for G’<0.01 Pa, �0 =
20%, for 0.01<G’<1 Pa, �0 = 0.1% and for G’>10 Pa, �0 = 0.01%. Normal force (b) and gap percentage decrease (c) are also
recorded. That latter is used to get the volume fraction evolution of the viscoelastic moduli of Ludox HS40 (d). Pictures of
the sample from below at (e,i) 23%, (f,j) 26,7%, (g,k) 26,8% and (h,l) 27% of silica volume fraction are taken (e-g) and treated
(h-l) by subtracting the first frame to all the other ones and converting the colors to grey levels.

before as no trend can be seen whereas G’ should be be-
low the low torque limit and G” should be linear with
the frequency with a slope which is exactly the viscos-
ity of the solution. When the concentration is close to
the gel point, a power law trend takes place for both
moduli with apparently the same power (fig. 6b). Right
after, the gel state is reached as the storage and loss fac-
tors frequency dependence are flat. However, when the
crust formation happens, a power law trend can be seen
again. The loss factor, which is the ratio of the viscoelas-
tic moduli obtained by SAOS also confirms this scenario
: the determination of the gel point under the condition
tan(�) = 1 for every frequencies is fulfilled at a volume
fraction of 24,3% corresponding to figure 6b. After this
phase transition, the viscoelastic moduli can be modeled
by the following functions [12] :

G0(!) = V !↵cos(
⇡

2
↵)

G00(!) = V !↵sin(
⇡

2
↵)

With V the viscoelastic prefactor and ↵ a numerical fac-
tor. The power of these laws is characteristic to the type
of transition and can be easily computed as :

↵ = tan�1(
G00

G0 )

As seen before, after a power of 0,5 at the gel point,
the gel regime happens with a power close to 0 and rises

up to 0,22 when the silica particles concentrates at the
edges of the shear cell. This confirms the presence of in-
homogeneities that affect the measurement by giving a
premature value of the volume fraction for both transi-
tion.

It is to be noted that by slowing down the evaporation
the best we can by allowing only radial evaporation and
convection flow or lowering the radius of the geometry,
the crust formation happened at a higher volume fraction
but still lower than the tabulated values[11]. Indeed, a
volume fraction transition shift from 23,5% to 24,3% is
seen when fast evaporation is prevented for the same ge-
ometry. Reducing the parallel plate radius gives simi-
lar results as the critical volume fraction only goes from
24,3% to 24,6%. Continuous shear experiments can be
of great help as they proved with the glycerin solutions
that they actually can stir enough the samples over the
whole experiment to disperse homogeneously the solute
inside the solution. However, the main drawback of this
technique is that the viscoelastic moduli are not accessi-
ble anymore. Therefore, the transition points has to be
determined by the viscosity divergences[11] which can be
fitted to theoretical models like a Krieger-Dougherty one
to explain this divergence with a hard sphere model.

(Investigations are still going to get these datas until
the end of my internship)
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FIG. 6. Evolution of G’ (filled squares) and G” (blank squares) as a function of frequency at 0.2 Hz, 0.4 Hz, 0.6 Hz and 1 Hz
at (a) 23%, (b) 24.3%, (c) 26.5% and (d) 28%. The loss factor (e) and the value of the power of the power law fit ↵ (f) are also
represented as a function of volume fraction with the same strain adapted protocol described in figure 5.

IV. DISCUSSION

The results we have for simple Newtonian solutions like
glycerin fits well to the tabulated datas and shows that
the method we developed is strong as a large set of pa-
rameters can be imposed without being too far from the
expected values of viscosity. Moreover, only one solution
is probed and the resolution is set by the sensitivity of
the force sensor to spot volume contraction of the sam-
ple while it dries. This idea was the starting point of the
application to solutions or suspensions that experience a
phase transition when they reach a concentration thresh-
old. Indeed, determination of the gel point precisely by a
classical titration is difficult as the characteristics of the
sample becomes critical. Here, as a large scope of well re-
solved concentrations is probed, the chance to spot more
precisely this critical point is better. However, experi-
ments monitoring the viscoelastic properties of a Ludox
solution while it is drying are more difficult because of the
formation of concentration gradients that induces forma-
tion of different phases inside the same sample. Here, we
have to emphasize the fact that we do not try to impeach
the formation of the crust because the formation of the
solid will logically happens at the edges of the shear cell
as it is the only contact with surrounding air enabling de-
hydration. We try to slow it down as much as we can to
fit the critical concentrations we have to those tabulated.
However, the formation of that kind of gradient could be
interesting to understand the underlying mechanism of

gradient materials seen in Nature, like bones. If a further
analysis with ImageJ of the treated images collected in
figure 5 can give us information of the shape of that con-
centration gradient, strong assumptions has to be made.
Actually (i) we don’t know if we can assume that the
volume fraction inside the crust is exactly 0.51 and (ii)
cavitation and most importantly the bubble bursting in
the end of the experiment inside the sample affects a
good estimation of the sol part as its volume is hardly
measurable, especially its height. A relevent description
of the jamming of Ludox motivates us to reduce the in-
homogeneities by stirring continuously the sample during
the experiment. A first idea was to periodically stirr the
sample in the rheometer by switching from SAOS mode
to CS mode, then imposing a certain shear rate to ho-
mogeneise the sample and the switching back to SAOS
mode. Unfortunately, the viscoelastic moduli were dif-
ferent before and after the stirring, leading to incoherent
discontinuities. A full CS mode should be more conve-
nient. However, using a CS mode would not allow us to
have access to the viscoelastic moduli. A good compro-
mise would be to switch from CS to SAOS mode after the
viscosity divergence to get the storage modulus plateau
after jamming and estimating this opportunity will also
be the goal of my last two weeks of internship. Also,
degazing the sample before analysis would be a good idea
to reduce the cavitation during the experiment. There-
fore, we could see if this phenomenon actually triggers
the appearance of the early gel point or not.
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V. CONCLUSION

The normal force protocol is relevent to study the vis-
coelastic behavior of multiple drying fluids from simple
solutions to more complex colloidal suspensions. The de-
hydration technique turns out to be a useful way to con-
centrate a sample with a high resolution of volume or
mass fraction limited only by the sensitivity of force sen-
sor of the geometry and the . According to the kind of
shear applied - oscillatory or continuous- not only vis-
cosity but also storage and loss factor can be monitored

to probe what happens at a critical point like the sol-gel
one. In that way, going through the percolation point can
be of great help in order to better understand what are
the mechanisms of complex solutions which are jamming
or gelling like polymer solutions. Moreover, its high sen-
sitivity enables the study of biological materials of low
viscosity and can for instance gives more insight of the
formation of biofilms made by bacteries which also form
at a certain concentration a percolation network.
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