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Outline |I|I-

« And now for something completely different...metrology

« Focus on bulk rheology for time-evolving or mutating soft matter
systems (thixotropy, gelation, drying...)

» Experimental protocols that can be used with existing rheometers
(controlled strain & controlled stress) for rapidly extracting linear
viscoelastic spectrum of a mutating material

a Calibration and optimization using a simple viscoelastic liquid
a Application to a time-evolving gelling protein gel

« Application of same technique to MD simulations of a particulate gel
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Acid-Induced Casein Protein Gel 1

Sample preparation (@ T=35°C) Gelation kinetics (@ T=20°C)
Slow hydrolysis of GDL into gluconic acid

Sodium Glucono-o-lactone
Caseinate 4 (GDL) -
[2 to 8 %] [0.5t0 8 %] I 6

E575
Roefs & Van Vliet, Coll. Surf 40, 161 (1990)
Roefs et al., Neth. Mitk Dairy J. 44, 159 (1990)
Lucey & Singh, Food. Res. Int. 7, 529 (1998)
Avshad et al., J. Dairy Sci. 76, 3310 (1993)
Moschakis et al., J. Coll. Int. Sci. 345, 278 (2010)... 4
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Gels show Power-Law Creep and Failure
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Time-Resolved Rheometry HIT

* There have been numerous efforts to improve the speed of acquisition
of linear viscoelastic spectra (esp. for gelling or mutating systems)

* Multi-Wave Analysis * Pseudo-White Noise (Micro-Fourier Rheometer)
Heyes, Melrose et al. Farad. Trans. 1994 Field, Swain & Phan-Thien, JNNFM 1996
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The “Chirp”

e Radars
« PBats
echolocation

 Gravitational
Waves

Klauder, John R., et al. "The theory and design of chirp radars."
Bell Labs Technical Journal 39.4 (1960): 745-808.
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100
Barber, Jesse R., and Akito Y. Ka\r/nvsahara. "Hawkmoths produce anti-bat
ultrasound." Biology Letters 9.4 (2013): 20130161.
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The “Chirp” (or ‘swept sine wave’)

Frequency Modulated (FM) signal'

s(t) = s, sin[(1)], —¢(f) (1)

o,1

sine wave: 0(t)=®,

Instantaneous frequency

@(t) exponential chirp:
For an exponential/logarithmic chirp: :
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Noise Issues with Prior “Optimal Fourier Rheometry” III I

8.5% wt PIB solution in Hexadecane R(t)ectangular > Tapered (r%) 2> Full AM
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Windowing I"hir

4 DFT of windowed chirp
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Demonstration: A Non-Gelling System HIT

TINPUT 90 times! 8.5% wt PIB solution in Hexadecane
i ' (semidilute viscoelastic polymer solution)
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Total time of experiment:

o (t)/oo

| . ~22—”~30—45mm

/ P i wi

107 10° 10 10°
w [rad/s]
Specs: @, =0.1 rad/s
@, =100rad/s
0 1 . 2 30 points/decade v, =0.06
t/T



Demonstration: A Non-Gelling System
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Demonstration: A Non-Gelling System
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Minimizing Spectral Error using Optimal Windowing Illll

Specs: T =14 s Error Definition:
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Minimizing Spectral Error using Windowing HIT

Specs: T =14 s Error Definition:
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Gelation & Time-Resolved Rheometry (TB=66;r=10%) |'|I-
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Chirps in Numerical Simulations Of A Model Soft Gel |'|HI
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» Molecular Dynamics o ,
Structural heterogeneities developed during

« ~10°,10° particles solidification => mechanical inhomogeneities.

c®~0.05-0.2 T ; )
o _ Internal stress distribution and coexistence of stiffer
* periodic boundaries regions with softer domains.

Colombo et al., PRL 2013; Soft Matter 2014, JOR 2014.
Bouzid et al. Nat. Comm 2017, Langmuir 2017



Gel Preparation & Mechanical Tests 1"

Colombo et al., PRL 2013; Soft Matter 2014, JOR 2014.
Bouzid et al. Nat. Comm 2017, Langmuir 2017

+  Self-assembly by slow cooling (kzT/€ ~0.8 => ©,08 ):

d2 r; dI‘Z
Mm—a = =Vl —np—— +&(1)
2 ri f
,/ at / dt Emal fluctuations
Particle mass Damping coefficient

« Draw down the kinetic energy to reach a local minimum:

dQI'Z' CZI‘z
m = -V, U —
dt? & " gt
...or
Optimized
«  Athermal oscillatory shear: v(t) = o sinwt %Zﬁdowed
Chirp
/ Function

m— = —V, U — nf(dt (t)yiex>

+ Lees-Edwards boumdarj condibions

1 « oU 4
> virial stress o, =7 - Z a_



Optimized Windowed Chirp Simulations RIT

* Optimized Chirp (OWCh) response can also be exploited in numerical simulations
« Rapidly evaluate the full linear viscoelastic spectrum of attractive colloidal gel

S T(): ’mdz/g kBT/gzO.OS
TB=1.8x%x10 |
- a 1 core
= b
g r
= 20 core
= 10" £
.9 = o, C
A Ll :
107 3
: :
: a
10' §_ 3
B X
t/7o(x10%) Factor of 50X speed up in computation time

on a 20 core machine



Linear Viscoelastic Response

« Rapidly evaluate the full linear viscoelastic spectrum of attractive colloidal gel

« Power-law features over broad range of intermediate frequencies
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Broad power law frequency response in (both) dynamic moduli
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N = 19652
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Resonance from finite mass of system: results in “creep ringing” in constant stress (creep) simulations



“Lumped Parameter” Model for Attractive Colloidal Gel Illﬂl

 Viscoelastic response of the gel can be compactly described by a fractionally-
damped spring mass oscillator system:
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Rescaled Universal Response I

=

« Simulations for different particle mass, viscosity coefficient can be rescaled onto single

universal curve 1/(2—a)

Go acos(a'ir/Q)nJOc‘G(l)_a

ny; 1/(2-a0)
M 2y/MaG2— !
10"
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> ]O I = .
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Vs . ..
= Vs individual bond connector
) .
g o3l . :Eg energies?
| 4 « How does the fractional
< . A ; % relaxation exponent scale
O 10 - P
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' - 0 fractal dimension of
]0-7 | 0|] 1 0001+ M@ I Lol network?
. o 0.1 o = 1 . .
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Conclusions & Outlook |I| [

A truly “Optimized” Windowed Chirp function (OWCh)

O Combine exponential swept sine function with a Tukey window (r= 0.1)
to minimize spectral power leakage into side lobes of FFT.

Q Total signal length: T,,, =27/,
Q Time Frequency bandwidth: TB=T(f,— f,)=T (0w, —®,)/27 > 1
» Validated by experiments on

0 non-gelling viscoelastic fluid 0.06f | | ﬁ |

Q Acid-catalyzed casein gel 003l /\

0 MD simulations of colloidal
attractive gel = L L

Q Suspensions? a \

« Remaining experimental questions: 0030 INPUT

0 How do mechanical bandwidth oosl Y] \/ v I |
issues of the motor constrain w, ? 0 . 0 15

0 Limits of the time resolution? t [s]

Q How do the error measures grow | ]
with mutation number of the system?, . .. _ 1, S _2ndInG <9

T (dInG Ayt w, di

mu

Geri et al., to be submitted to Phys. Rev. Applied, 2017
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Subtleties in Cheese Science Cheese Curds | |EI
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