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Complexity in model systems Simplified industrial dispersions

Analytical, structural and rheological
methods tailored to interrogate structure

thixotropy

stress deconvolution
4D-imaging local scale forces (OT/CP-AFM)

+ ability to systematically vary features and interactions
+ thermoreversible gels in particular yielding



outline

 Increased complexity of the building block 

 Elastoplastic behaviour 
 Modelling of elastoplasticity 
 Imaging of plastic events  

 CP-AFM and Optical Tweezers
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Soft Materials Laboratory

Rough particle gels delay yielding

𝜙

• Outer diameter: 300 nm 
• Octadecyl brush 
• In tetradecane 
•  𝜙 = 0.15
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Soft Materials Laboratory

Surface roughness extends the linear response regime
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• Outer diameter: 300 nm 
• Octadecyl brush 
• In tetradecane 
•  𝜙 = 0.25



Non-central forces dominate the recovery behavior
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Soft Materials Laboratory

Quiescent behaviors are independent of non-central forces
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Rods with varying aspect ratio
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Aspect ratio

Figure 6: Silica particles of di↵erent aspect ratios with and without surface

roughness. a. AR = 1, smooth, Scale bar = 100 nm; b. AR = 1, rough, Scale bar =
100 nm; c. AR = 1.5, smooth, Scale bar = 200 nm; d. AR = 1.5, rough, Scale bar =
200 nm; e. AR = 5, smooth, Scale bar = 200 nm; f. AR = 5, rough, Scale bar = 200
nm; g. AR = 9, smooth, Scale bar = 400 nm; h. AR = 9, rough, Scale bar = 400 nm;
i. AR = 11, smooth, Scale bar = 400 nm; j. AR = 11, rough, Scale bar = 400 nm.

layer using click-like chemistry, so they would form temperature dependent interactions
in tetradecane [1]. At higher temperatures, the octadecyl extends into the bulk phase,
creating repulsive forces between the particles, and macroscopically behaves like a liquid.
At temperatures below 15 �C, the particles become attractive due to an increase in the
Hamaker constant and a crystallization of the grafted layer. Figure 6 shows the primary
particle samples used in this study, where rough and smooth particles of di↵erent aspect
ratios were synthesized.

The influence of the particle aspect ratio on the percolation threshold of a geliing systems
in a gravitational field was investigated, while comparing the e↵ect of surface roughness
to the smooth case. From a rigidity percolation perspective, increasing the aspect ratio
adds physical constraints between the particles, eg. at an aspect ratio of 5, the system
can be modeled as though 5 spherical particles are attached to form a rigid body. Figure
7 shows that the percolation threshold clearly decreases with increasing aspect ratio, a
trend that was previously observed in literature [14]. Further, surface roughness seems
to decrease the percolation threshold for lower aspect ratio samples, however the dif-
ference decreases as the aspect ratio increases and finally, for an aspect ratio of 11, the
percolation thresholds are the same.

The degree of freedom (DOF) of spherical particles is DOFSphere = 3, elongated par-
ticles have a higher DOF, as two rotational movements are added to the translational
movements, DOFRod = 5. When considering the total DOF of a particle system, we can
calculate

DOFsystem = DOFparticle ⇤N, (1)
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Aspect ratio induces reduces the degrees of 
freedom of the system in the far field

- Surface roughness decreases the DoF upon contact 
- Increasing the aspect ratio decreases the DoF before contact
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Smooth rods can align, while rough rods form a homogeneous 
microstructure



Soft Materials Laboratory

Shear forces increase the rods tendency to align

20.05.24 14

The homogeneous microstructure of the rough rod gel 
is more independent on aspect ratio than smooth rod 
gels. Driven by free volume interactions, shear forces 
will increase the rods tendency to align.
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A typical yield stress fluid

17

be represented in three equivalent ways. First, by depicting the steady-state flow stress as

a function of the applied shear rate (Fig. 4), second by plotting the steady-state viscosity

as a function of applied shear rate (Fig. 5), and third by plotting the same viscosity as a

function of the measured steady-state flow stress (Fig. 6). From Fig. 4, it is immediately

clear that the single relaxation time Eyring model will not be able to describe these data,

as it is well-known that the Eyring model appears as a straight line on a semi-logarithmic

plot of the flow stress versus strain rate.42
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Figure 4. Steady-state flow stresses of Carbopol® as a function of the applied shear rate. The dots

are the experimental values, the lines are calculated from the best fit of the Ree-Eyring model (black

line), and the power-law model (dotted red line) to the viscosity as a function of stress (Fig. 6). For

comparison, also the best fit of the the Herschel-Bulkley model is shown (dash-dotted green line).
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Figure 6. Steady-state shear viscosity of 0.5wt% Carbopol 940® in water as a function of shear

stress. The dots are the experimental values, the line is the best fit of the Ree-Eyring model (Eq. 11)

and the dashed red line is the best fit of the powerlaw model (Eq. 7).

From figure 5, it can be seen that the viscosities, to a good approximation, appear to

depict a power-law dependence on the shear-rate over the experimental range of shear-rates

used. Therefore, using this representation would only allow an accurate determination of

the power-law index n. Better fitting opportunities are provided by both the stress as a

function of shear-rate (Fig. 4) and the viscosity as a function of stress (Fig. 6). In what

follows, fitting was performed on the viscosity as a function of stress, using Eqs. 11 and 7,

for the Ree-Eyring and power-law model, respectively (see Fig. 6). The material parameters

determined were then used to calculate both the flow stress and the viscosity as a function

of shear-rate, by applying Eqs. 10, 11 and 7, using the relations �(�̇eq) = ⌘ (�̇eq) �̇eq and

�0 = ⌘0�̇0. Comparing the power-law and Ree-Eyring model, it can be seen in Fig. 6 that

the Ree-Eyring function provides the best fit to the experimental data and will thus be used

in what follows. The Ree-Eyring parameters determined from the fit of Eq. 11 on Fig. 6 are

�01 = 1.29Pa, �02 = 3.2Pa, ⌘01 = 2.0 ⇥ 1015 Pa s and ⌘02 = 6.30 ⇥ 104 Pa s, from which it

can be calculated, using Eq. 11, that �̇01 = 6.4⇥ 10�16 s�1 and �̇02 = 8.3⇥ 10�2 s�1.

It should be noted that the available viscosity data as depicted in Figs. 5 and 6, do not

allow for an accurate determination of the zero-shear viscosity, as neither the viscosity as
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which was later extended to a full three-dimensional constitutive description of the yielding

process more from the perspective of plasticity.18 Fielding 19 presented a detailed mesoscopic

elasto-viscoplastic equation based on the soft glassy rheology model,20 which was shown to

capture many aspects of the linear and nonlinear viscoelastic behavior of soft glassy materi-

als, with a focus on rheological aging, and also pertains to a class of elastoplastic models.21

It is the objective of this study to develop a finite three-dimensional macroscopic phe-

nomenological constitutive model that describes linear and nonlinear viscoelastic behavior,

including the transition to shear-rate dependent yielding, of a typical simple yield-stress

fluid, Carbopol, without relying on the use of an explicit yield stress. Rather, well known

concepts from plastic flow of amorphous materials are used to describe the stress activated

flow of a dense suspension, without as yet dealing with the full behaviour of elastoplastic ma-

terials in general. The conjecture is that Carbopol® dispersion can be an ideal viscoplastic

fluid, in which stress-activated events relax the stress. We interrogate the stress activation

through scaling of creep experiments and use independent measurements of how the stress

activates relaxations during flow by using orthogonal superposition rheometry. The pro-

posed macroscopic phenomenological constitutive equation starts from a simple nonlinear

viscoelastic model using a stress-dependent relaxation time to capture the effects of stress

on plastic flow and will be shown to be easily generalized to a full finite three-dimensional

non-linear viscoelastic consitutive equation.

THEORY

A commonly used constitutive description of yield-stress fluids, such as dense microgel

suspensions (swollen Carbopol® microgel particles dispersed in water), is the Herschel-

Bulkley equation,6 describing nonlinear power-law flow behavior at a shear rate �̇ when the

shear stress � is larger than the Herschel-Bulkley yield stress �y as:

� = �y +K�̇n, � � �y (1)

where the material parameters K and n are known as the consistency index and flow index,

respectively.

The Herschel-Bulkley equation implicitly states that the viscosity of the material becomes

infinitely large when the strain rate approaches zero. However, above the yield stress at

3

to an increasing plastic shear rate �̇p and, finally, to a fully developed plastic flow, defined

by an elastic shear rate that becomes zero during the experimental time-frame. The yield-

ing condition of zero elastic shear rate can then be used to experimentally determine the

stress-dependent viscosity during plastic flow. It should be noted, that in the limit of low

stress this model reduces to a linear viscoelastic Maxwell model, implying there is always

plastic flow as long as the stress is nonzero.

In essence, Eqs. 12a-12d describe a non-linear Maxwell model with a stress-dependent

relaxation time ⌧(�eq):

⌧(�eq) =
⌘(�eq)

G
=

⌘0a(�eq)

G
=

⌘0
G
a�(�eq) = ⌧0a�(�eq), (13)

where ⌧0 is the constant relaxation time at low equivalent stress. From this it follows that

a� describes the stress-dependence of the relaxation time ⌧ or, in other words, stress-induced

mobility, the use of which is sometimes also referred to as “stress-clock materials”.46

In what follows, this model will be applied to a dense microgel suspension (a particular

grade of Carbopol® microgels) as an example of a yield-stress fluid, and some implications of

the proposed model will be discussed, including a full three-dimensional elasto-viscoplastic

constitutive formulation, valid for both finite (large) elastic and plastic deformations.

III. MATERIALS AND METHODS

A batch of 0.5wt% Carbopol®940 in water was prepared following a protocol adapted

from Varges et al.47 Briefly, dry powder (4 g) of Carbopol®940 (Acros Organic) was sieved

using a stainless steel coarse sieve (mesh size: 1mm2, Ikea), and added to 790 g of MilliQ

water while continuously stirred at 800 rpm. The stirring was conducted in a Heidolph

RZR2100 mixer motor with a Rushton six-bladed turbine (diameter: 53mm, power number:

⇠ 0.12, and pumping number: 0.72). This mixture was stirred for 20min at 800 rpm after

which it was let to rest for 30min. 6 g of triethanolamine (TEA) from Sigma-Aldric (99%

purity) was added to the mixture while gently stirring at 240 rpm. Once TEA was added,

the mixture was kept stirring at 240 rpm for three days to ensure homogeneity of the batch.

After one day of mixing, two 45� pitched blade turbine (diameter: 40mm, power number:

⇠ 0.53, and pumping number: 0.79) were added to the set up. Evaporation was limited by

wrapping the vessel with Parafilm and placing two gaskets on the impeller shaft on opposite

11
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is different from how it is defined in the rheological literature, where, especially in relation

to the Herschel-Bulkley model, the term “yield stress” typically is reserved for the limiting

value of the flow stress at low shear rates, below which it is assumed there is no plastic

deformation (and even elastic deformation is often ignored). To avoid confusion we have

chosen to use the term “Herschel-Bulkley yield stress” to refer to this rheologically-defined

yield stress, obtained by extrapolation of the flow stress to zero shear rate.

The evolution equations, Eq. 12a-12d, depict a standard nonlinear viscoelastic formula-

tion of the rate-dependent yielding of a solid material without the need for a yield criterion.

At low stress levels, �eq ⌧ �0, as the stress-shift factor a� = 1, the viscosity equals ⌘0,

which is typically high, resulting in predominantly elastic behavior. At higher stress levels,

the stress-dependent viscosity rapidly decreases non-linearly towards lower values, leading

to an increasing plastic shear rate �̇p and, finally, to a fully developed plastic flow, defined

by an elastic shear rate that becomes zero during the experimental time-frame. The yield-

ing condition of zero elastic shear rate can then be used to experimentally determine the

stress-dependent viscosity during plastic flow. It should be noted, that in the limit of low

stress this model reduces to a linear viscoelastic Maxwell model, implying there is always

plastic flow as long as the stress is nonzero.

In essence, Eqs. 12a-12d describe a non-linear Maxwell model with a stress-dependent

relaxation time ⌧(�eq):

⌧(�eq) =
⌘(�eq)

G
=

⌘0a(�eq)

G
=

⌘0
G
a�(�eq) = ⌧0a�(�eq), (13)

where ⌧0 is the constant relaxation time at low equivalent stress. From this it follows that

a� describes the stress-dependence of the relaxation time ⌧ or, in other words, stress-induced

mobility, the use of which is sometimes also referred to as “stress-clock materials”.44

In what follows, this model will be applied to dense microgel suspensions (Carbopol®

microgels) as model yield-stress fluids, and some implications of this model will be discussed,

including a full three-dimensional elasto-viscoplastic constitutive formulation, valid for both

finite elastic and plastic deformations.

MATERIALS AND METHODS

A batch of 0.5wt% Carbopol 940® in water was prepared following a protocol adapted

from Varges et al.45 Briefly, dry powder (4 g) of Carbopol 940® (Acros Organic) was sieved

9

especially at n ⇡ 0.1, the shape of the two curves is quite similar, which means they can be

made to approximately overlap by selecting the appropriate �0 value.

Fig. 1 also shows that using the Ree-Eyring function it is possible to introduce additional

plateaus in the viscosity as a function of stress. There is another viscosity model that allows

for this feature, which is the SMD-model from Souza Mendes and Dutra 39 , which was used

in a strain-dependent elasto-viscoplastic model.40

Having obtained appropriate stress-dependent viscosity functions, we can now start by

formulating a simple one-dimensional nonlinear viscoelastic constitutive equation of an ideal

viscoplastic fluid for finite simple shear deformation. Later we will expand this to a full

three-dimensional description. For simple shear deformation, the equivalent stress equals

(the absolute value of) the shear stress �. At constant temperature, a standard nonlinear

viscoelastic description then follows below:28,29,41

� = G�e (12a)

�̇e = �̇ � �̇p (12b)

�̇p =
�

⌘(�eq)
(12c)

⌘(�eq) = ⌘0a�(�eq) (12d)

�eq = |�| (12e)

Here, G is the elastic shear modulus, �e is the elastic shear strain, �̇e and �̇p are the elastic

and plastic shear rate, respectively, and a�(�eq) is the stress-dependent shift factor based on

one of the three viscosity models discussed: the power-law, the Eyring or the Ree-Eyring

model (although other models, such as the SMD-model, are possible as well).

In contrast to the Herschel-Buckley model, this nonlinear viscoelastic approach allows for

simultaneous elastic and stress-activated plastic deformation. During start-up flow with a

constant applied shear rate, the accumulation of elastic strain reduces as the plastic shear

rate increases. In the solid-state polymer plasticity literature, the yield stress in case of ideal

plasticity (no strain hardening or strain softening) is then defined as the stress at which the

elastic shear rate becomes zero and the applied shear rate equals the plastic shear rate.42

During plastic flow, the stress is then per definition equal to the yield stress, which might

be pressure, temperature and strain-rate dependent, see, for example, Bauwens-Crowet,

Bauwens, and Homès 43 . Interestingly, this elasto-viscoplastic definition of the yield stress

8
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Figure 1: The shift factor a� = ⌘(�eq)/⌘0 for a stress-dependent power-law fluid (Eq. 7) as

a function of �eq/�0 for various values of the power-law index n. The dotted red line is the

shift factor a� according to the Eyring equation (Eq. 9) and the dot-dashed blue line

represents the Ree-Eyring function (Eq. 11).

flow stress is dominated by one process, whereas at higher strain rates, the flow stress equals

the sum of both processes.

Strictly speaking, in contrast to a single Eyring model, the Ree-Eyring model cannot be

inverted to a stress-dependent viscosity function, as both processes experience different parts

of the total stress. However, with suitable approximations, a stress-dependent approximation

of the Ree-Eyring viscosity, ⌘RE(�eq) can be formulated as:38,39
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(11)

It should be noted that Eq. 11 is a single viscosity expression, in which both structural

relaxation processes experience the same stress and strain rate. As such, it is fundamentally

different from the original Ree-Eyring model, Eq. 10, where each process experiences a
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temperature superposition (where it is assumed that all relaxation times have the same

temperature dependence). If in the present case a time-stress superposition holds, it should

be possible to build a creep mastercurve using creep tests performed at different stress levels

(see Fig. 6) by horizontal shifting along a logarithmic time axis. This is shown for the

Carbopol® formulation used in this study in Fig. 7. In this figure, the reference stress for

the master curve was chosen as 20Pa. As can be seen, creep curves measured at higher

stresses than 20Pa, shift to longer times (to the right), while creep curves measured at lower

stresses than 20Pa would shift to shorter times (to the left). All curves overlap relatively

smoothly to form a creep compliance mastercurve that spans close to 14 (!) decades. Shift-

ing was performed according to the closed form shifting (CFS) algorithm from Gergesova

et al. 54 . This algorithm avoids the ambiguity generated by other procedures, e.g. manual

shifting or preliminary curve fitting of the experimental data, through a minimization of the

area between two data sets at different applied stress. The authors of the paper showed the

reliability of their algorithm estimating an error of few percent when applied to experimental

data with up to 15% noise.
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Figure 6: Creep compliance (J(t)) curves recorded at increasing stress (�) levels from 20Pa

(lowest curve) to 125Pa (top curve).
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Figure 7: Creep compliance (J(t)) mastercurve at 20Pa obtained by horizontal shifting (solid

lines). The experimental creep compliance curves are presented by dash-dotted lines.

It should be noted that the creep compliance mastercurve in Fig. 7 is a virtual curve that

does not take into account potential molecular relaxation and inertia effects at very short

times and possible effects of physical aging at long times.55 In reality, especially physical

aging during a true experimental creep test over long time scales, possibly accelerated by

the application of small stress, could make an experimental creep compliance curve deviate

considerably from the virtual creep compliance mastercurve depicted in Fig. 7.10–12 It should

also be noted that the true virtual linear creep compliance mastercurve can now be obtained

by shifting the mastercurve at 20Pa in Fig. 7 to the right by an amount of 1/aRE
� (20Pa).

During creep experiments in shear, the equivalent stress �eq equals the absolute value

of the applied shear stress �. If all relaxation times follow the same stress dependence as

described by Eq. 11, then the (positive) horizontal shift (equal to � log a(�)�ref) from a creep

curve recorded at a (high) given stress � to a master creep curve for a (low) reference stress

�ref, for the Ree-Eyring model, is given by:

log aRE(�)�ref = log

✓
aRE
�

aRE
�ref

◆
= log

 �/�01

sinh(�/�01)
+ c12

�/(�01+�02)
sinh(�/(�01+�02))

�ref/�01

sinh(�ref/�01)
+ c12

�ref/(�01+�02)
sinh(�ref/(�01+�02))

!
, c12 =

⌘02
⌘01

(14)
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The shift factors necessary to build the creep mastercurve at 20Pa are shown in Fig. 8,

together with a line, calculated using the Ree-Eyring model, Eq. 14, using parameters deter-

mined from the fit of the measured viscosities from the transient and creep experiments to

the Ree-Eyring model (see Fig. 4). As can be seen, also for the shift factors, the Ree-Eyring

model gives a good description.
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Figure 8: Pink dots: the experimental shift factors a20Pa(�) obtained from constructing the

creep compliance mastercurve for a reference creep stress of 20Pa in Fig. 7. The solid line is

the Ree-Eyring model (Eq. 14), using the Ree-Eyring parameters determined from the best

fit of the experimentally measured stresses from the transient and creep experiments (see

Fig. 4).

If steady-state flow is reached during a creep test, the elastic shear rate becomes zero and

the plastic shear rate equals the total (measured) shear rate, also called the “plateau-creep

rate”. The plateau-creep rate is, therefore, experimentally determined as the moment that

the creep rate becomes constant, which can be conveniently determined experimentally by

plotting the creep rate as a function of creep strain. In such a so-called “Sherby-Dorn” plot56,

the constant plateau-creep rate can easily be identified as a minimum (or a horizontal line).

20

Figure 7: Creep compliance (J(t)) mastercurve at 20Pa obtained by horizontal shifting (solid

lines). The experimental creep compliance curves are presented by dash-dotted lines.

It should be noted that the creep compliance mastercurve in Fig. 7 is a virtual curve that

does not take into account potential molecular relaxation and inertia effects at very short

times and possible effects of physical aging at long times.55 In reality, especially physical

aging during a true experimental creep test over long time scales, possibly accelerated by

the application of small stress, could make an experimental creep compliance curve deviate

considerably from the virtual creep compliance mastercurve depicted in Fig. 7.10–12 It should

also be noted that the true virtual linear creep compliance mastercurve can now be obtained

by shifting the mastercurve at 20Pa in Fig. 7 to the right by an amount of 1/aRE
� (20Pa).

During creep experiments in shear, the equivalent stress �eq equals the absolute value

of the applied shear stress �. If all relaxation times follow the same stress dependence as

described by Eq. 11, then the (positive) horizontal shift (equal to � log a(�)�ref) from a creep

curve recorded at a (high) given stress � to a master creep curve for a (low) reference stress

�ref, for the Ree-Eyring model, is given by:
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A minimal model for Elasto-Visco-plasticity

is the linear shear-relaxation modulus and  is the so-called ”reduced time”. The lower
bound of the integrations t

00 = �1 indicates that all previous deformation history has
to be taken into account. If the sample are conditioned before deformation, as done
in our experiments, the integrations run from t

00 = 0. The last equation, Eq. (6c), is
the material shift-factor expressing the stress dependence of the material. In our case
was found that a Ree-Eyring type shift-factor was optimal to describe the non-linear
behaviour observed. The non-linearity is given by two relaxation mechanism, each of
them with a characteristic stress (�01,�02) and a characteristic viscosity (⌘01, ⌘02). The
function is normalized by the zero-shear viscosity ⌘0.
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The linear modulus was approximated by the fractional Maxwell-liquid model, that
through the use of a ”spring-pot” element express an hybrid behaviour between a purely
elastic response and a purely viscous response [30, 31]. The fractional model is param-
eterized on the linear compliance data, obtained by the shifting to zero stress of the
compliance data at 20 Pa, Fig. 16a. The shifting was carried out according to the
stress-time superposition, demonstrated in Pagani et al. [26]. The model used has the
additional advantage that the creep compliance, Eq.(6a), could be analytically inverted
in a relaxation modulus, Eq.(6b-6c).

J (t) =
t
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◆
(6b)

Ea,b (z) =
1X

k=0

z
k

� (ak + b)
(6c)

Once a suitable form of the linear modulus was achieved, it was employed in the integral
formulation of out model, Eq.(5). This could let us refine the prediction of transient
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Figure 16: Parametrization and predictions of the multi-mode shear model

responses, as shown in Fig. 16b for start-up experiment. The predictions of the multi-
mode model closely align with experimental results, especially at low shear rate where
plastic deformation is more important and our assumption are more relevant. The
predictions o↵er a smoother transition compared to the single relaxation time model,
enhancing its accuracy.

The initial shear model could also be generalized in order to describe multi-directional
deformations using a tensorial description. For incompressible material, the obtained
model is presented in Eq.(7) and it was firstly derived by Tervoort et al. [27, 32] for
glassy polymers. The following model was proved as thermodynamically admissible
and objective by deriving this class of elastoviscoplastic constitutive relation with the
GENERIC formalism [33,34]. The subscripts e, p and eq, respectively, means ”elastic”,
”plastic” , and ”equivalent” nature of the quantity of interest, while the superscript d

indicate the deviatoric part of a tensor. The material derivative is represented by the
symbol Dt, the left Cauchy-Green strain tensor by B, and the strain rate tensor by
L
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(a)Compiance mastercurve obtained by
data (yellow dots), its shifting to the lin-
ear response (orange dots) and fitting with
the fractional Maxwell-liquid model (green
line).

(b) Start-up measurements (dots) and
model predictions. Continuous lines are the
single relaxation time model predictions,
while the dash-dot lines are the predictions
of the multi-mode model.

Figure 16: Parametrization and predictions of the multi-mode shear model

responses, as shown in Fig. 16b for start-up experiment. The predictions of the multi-
mode model closely align with experimental results, especially at low shear rate where
plastic deformation is more important and our assumption are more relevant. The
predictions o↵er a smoother transition compared to the single relaxation time model,
enhancing its accuracy.

The initial shear model could also be generalized in order to describe multi-directional
deformations using a tensorial description. For incompressible material, the obtained
model is presented in Eq.(7) and it was firstly derived by Tervoort et al. [27, 32] for
glassy polymers. The following model was proved as thermodynamically admissible
and objective by deriving this class of elastoviscoplastic constitutive relation with the
GENERIC formalism [33,34]. The subscripts e, p and eq, respectively, means ”elastic”,
”plastic” , and ”equivalent” nature of the quantity of interest, while the superscript d

indicate the deviatoric part of a tensor. The material derivative is represented by the
symbol Dt, the left Cauchy-Green strain tensor by B, and the strain rate tensor by
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The elastic strain defines the stress perceived by the material, Eq.(7a), where the two
quantities are directly proportional through the shear modulus G. The accumulated
elastic strain is relaxed by the plastic deformation rate

�
Lp

�
as expressed in Eq.(7b), this

relation transform in a simple summation of elastic and plastic shear rate in the case of
simple shear. The model can be used to predict very complex deformations, e.g. entrance
flow. However, it should be validated on homogeneous deformation to clearly reconstruct
the di↵erent components of the stress and strain tensors. Simple shear and uniaxial-
compression were chosen as characteristic deformation protocols due to their simplicity
and relevance. The shear measurements are the standards for colloidal suspensions, and
for a tensorial study they should be enriched by normal force measurements that express
mechanical cross e↵ects, this measurements are encountered less often but can be found
abundantly in the literature. Instead, uni-axial compression are di�cult to perform and
therefore not prominent in soft pastes literature. for this reason the results obtained
would be presented in their own chapter.

The shear model reported in Pagani et al. [26] is extended to predict more realistic
materials and deformations. Multiple relaxation times, fingerprint of complex fluids, are
approximated through a linear shear-relaxation modulus, then used in the integral form
of the shear model. The relaxation modulus was calculated from the fractional Maxwell
model fitting of the linear compliance. The tensorial generalization of the shear model is
proposed here to extend the validity of it to deformations that industrial samples could
experience in their lifespan, in particular for two relevant cases (simple shear and uni-
axial compression). The stress activation function connects the macroscopic modelling
with the microscopic world and gives a new way to think about formulations. We also
started applying this model to the industrial dispersions.

3.3 Uni-axial compression for soft pastes

As explained before, uni-axial compression measurements are theoretically a simple ex-
perimental protocol, given the homogeneity of the deformation and the small amount of
tensorial component involved, but they result di�cult to perform in laboratory practice
when soft solids are under study. The complexity of these experiments derive from the
ill controlled boundary between the material and the geometry. Often pastes adhere
to the flat geometry generating a no-slip condition, or partially slip condition, during
the experiment. This cause the sample to take a characteristic barrel shape and break
the homogeneity of the deformation [35, 36]. To avoid this, a special coating was devel-
oped specifically for the material used (Carbopol 940) that repel the microgel particles,
forming a depletion layer that e↵ectively lubricate the material assuring a total slip
boundary condition. It was then possible to perform clear compression measurements
for dispersion of di↵erent concentration, in particular two weight concentrations were
used, 1% and 0.15%. These test the model at its limits and they highlight the reliabil-
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Figure 18: Uni-axial compression with a constant equivalent strain rate of 0.005 s
�1

for two concentration of Carbopol: (a) 1% and (b) 0.15%. Dash-dot lines represent
the model prediction while the continuous lines are the experimental data. The two
dashed lines and the dot in (a) represent the yield-point construction for strain-hardening
samples.

The simplicity of compression is hindered for soft materials by the poor control on the
boundary conditions. Uni-axial compression experiments were performed on soft pastes
at di↵erent concentrations while controlling the slip of the material with the geometry.
We observe a concentration dependence on the material response during compression,
from strain-hardening for highly constrained particles to simple plastic deformation for
samples closer to the jamming volume fraction. The results were analysed in light of the
developed constitutive model.

3.4 Sedimentation of industrial dispersions

The final aim of the model is to be used to predict slow deformations in real situations. As
a first application, we are pairing with Syngenta to tackle the prediction of sedimentation
of flocculated system over long time. The idea is to use a simple set of experiments
to recover the model parameters and use them to predict the long term mechanical
response.However, flocculated gels are microstructurally significantly di↵erent than soft
pastes, where the microstructure has not restructuring and therefore thixotropy is absent.
This leave our model only as a simplification of the real plastic behaviour of flocculated
materials, reducing its capability. To re-extend them a neural network is employed as
a mechanical model for sedimentation, bypassing the fine consideration that are needed
to capture the sedimentation of flocculated system analytically or numerically. The
experimental set chosen is a single flow-curve and and an amplitude sweep, these indeed
are the minimal amount of data necessary to parametrize the model. In particularly a
PINN (physical informed neural network) will be use, where a simplified model is added
to guide the minimization of the neural network. Indeed, the same simplified model

27

tensorial form uniaxial compression



outline

 Increased complexity of the building block 

 Elastoplastic behaviour 
 Modelling of elastoplasticity 
Imaging of plastic events  

 CP-AFM and Optical Tweezers



Organisationseinheit verbal (Anpassung über «Einfügen» > «Kopf- und Fusszeile …»)

Experimental setup

15.05.24 24

High speed fluorescence camera 
100 FPS full frame resolution (4MP) 

Confocal scanner 
1000 FPS full frame 

Stress-controlled rheometer 

Colombo et al., Korea-Aust. Rheol. J. 31, 2019

Focus-tunable lens 
Scan range : 10µm 

2 VPS with 300 nm z-resolution

Flow reversal experiment 

1%



System studied : PMMA-g-PHSA weak depletion system

15.05.24 25

Gels observed and measured after a pre-shear at Pe = 20
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Organisationseinheit verbal (Anpassung über «Einfügen» > «Kopf- und Fusszeile …»)

Detection of plastic events by optical flow and particle tracking

15.05.24 26

Detection of discontinuities with optical flow… … linked to the local strain field
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A first analysis of the plastic events from a small dataset 

15.05.24 27

More particles involved in plasticity… …and more particle movements 
at low volume fraction and low interaction strength

Lower activation barrier to trigger plastic events
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Optical Tweezers

Figure 20: A. Multiple traps in the same microscope set-up, B. Observing cell, allowing
the study of liquid-liquid interfaces very close to the glass slide so that an optical tweezer
can be employed C. A micro lever for studying samples from a distance and having a
stronger force. D. The same principle of the lever can be used to make freely movable
joints, which can be employed at a liquid-liquid interface to study di↵erent configurations
of particles and how they respond to shear deformation. E. A 3d rendering of the
situation explained in D.
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