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Rheology ApplicationsR&Dtoa | ydzF I Ol dzNA y 3 0/

A Product development, optimization & ifprocess control
(Quality by Design (QbD))

A batch consistency
A addition order & rate
A mixing time & speed

A temperature (heating/cooling range & rate)

A bulk transfer (shear thinning, rebuilding)
A equipment type & sizesEaleup, pumps, pipes) - -
A transport (sedimentation, phase separation)

A physical stability

Rheology Testing Services



Regulatory & Intellectual Property (1P) :
Confirm-Product (Dis)Similarity to RLD (Reference Listed Drug) for ANDA

Surfactant

. . - j aggregahon x
Q1 Qualitative Y Same components fi
Q2 Quantitative Y Q1 & same amount J% ‘ J—
J

Q3:Microstructure

Y Q1 + Q2 same arrangement of matter
Y Performance, efficacy, stability, battb-batch consistency

Wormlike
Viscoelastic

M wkKS2ft 23A0Ff LINRPLISNIASa Yleé |

AcCdAg FAtEAya (KS C5! Qa wKS2f238 ¢SaiAy3d wSIdANBYSyGRetzee NJ ! 60NBBALFI GSR bS¢ 5NHzZA ! LI AOFGA2ya 6! b5!1 0 F2NJI
(https://analyzingtesting.netzsch.com/etJS/applicatioditerature/fulfulling-the-fdasrheologytestingrequirementsfor-abbrevated-new-drug-applicationsandafor-topicatcreams

* "Draft Guideline on Quality and Equivalence of Topical Products" European Medicines Agency (180ct2018)
(https://www.ema.europa.eu/en/qualityequivalencetopicalproducts#currentversionsection)

* "Generic Development of Topical Dermatologic Products: Formulation Development, Process Development, and Testing afrirgimalizal Products”
AAPS J. 2013 Jan; 15(1)521nttps://www.ncbi.nlm.nih.gov/pmc/articles/PMC3535108/

* "Testing Topicals: Analytical Strategies for th&/imo Demonstratiorof Bioequivalence" Pharm Tech Sept 2018
(http://www.pharmtech.com/testingtopicalsanalyticatstrategiesvitro-demonstratiorbioequivalence?pagelD¥1
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Rheometer Overview

Upper Plate
1 only movingpart contacting sample
1 different surfaces
-smooth
-rough
-serrated
1 many other attachments

Lower Plate
{ does not move

{ same surface options as upper plate
{ controls temperature (0 to12 TIC)*

Movementsih (i 2 NJj dz§

*Options to extend temperature ranges are available.

Images from Netzsch

wRotational (1 direction)
wOscillational (bidirectional)
wVertical

f
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. —
A What assay(s) should | use?

A What experimental parameters should | consider?
A Appreciate which is more viscog$ioney or mayonnaise? What are thege?®, g h
ALa aArfte Lidzidge GAaoz2Stl aidar o dare ftah dltaz NJ €
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SOMEBASIGRHEOLOGY ASSAY ENTREESRheology is much more
XYlFye aARS 2LJNiA2ya | @kharfjusbvisosity!

ROTATIONAL measure flow, viscosity
ShearRateRamp (shear thinning)

ShearStressRamp (yield stress, start of flow)

Thixotropy (rebuilding after shear thinning)

Time Sweep (stability)

Temperature Ramp (stability, phase transitions, melting)
CreepRecovery (yield stress, rebuilding)

Tribology (friction, lubricity)

Rheology

Oscillatory
(deformation)

Rotational
(flow)

Viscosity

o o o o o o o s

”

Y OSCILLATORY measure deformation, viscoelasticity
A Amplitude Sweep (LVER, stability)

A Frequency Sweep (viscoelasticity)

A Thixotropy (rebuilding after thinning)

A Time Sweep (stability)

A Temperature Ramp (stability, phase transitions, melting)

A CreepRecovery (yield stress, rebuilding)

Y VERTICAL
A SqueezePull Away (stickiness, model chewing, fatigue)
A Surface Tension




Viscosity- Resistance to Flow —
Top Mface area (A)

rotates with force (Newtons

Force (N) applied over plate area

Displacement

Upper Plate

Height

Lower Plate

Image from Netzsch

Viscosityh; cP or Passec) =Shear Stress=s (Pa or N/n¥)

100CcentiPoise =Pascatsemnd Shear Rate (0] (Secl) NOTE shear rate set, plate rpm

= Force(N)/Area (m?)
/ Time (sec)

=Force(N)/Area (m?)

/Time (sec)

Rheology Testing Services 8



Rotational- Measure flow

Shear-Thickening

i Shear-Thinning
Newtonian non-Newtonian (Dilatant, Rheopectic)
non-Newtonian

E‘ | §\“ E‘“
‘D = =
o )
> S >

Shear Ratg ' Shear Ratg ' Shear Ratg

(silicon oil, water) (most lotions, creams, ointments)

(corn starch, whipping cream, egg whites)

A Most semisolids shear thin (nohlewtonian)
A Helpful to model processes (spreading, pumping, syringability, feel)

Shear rate = strain/time
(Strain=displacement/height)



9FFTSOU 27F { KSI Npoawth the No@NE & i
Y Biologicals, polymers, emulsions

Y Everything else equalarger & irregular particles tend to increase viscosity
Y Everything else equamixtures having more polydisperse particles tend to have lower viscosity

Microstructure at Rest (Zero Shear)

(Disordered/Entangled)
st ARV
o%g:o:oz)" J=NJ=

Microstruc'ture under Direciional Shear

' (M?re ordered/align‘ed) '
’\/\/\/\\//-\\r ooo%oo -_— e oo% 000"
AN\ c?ooooo _— 009 coo0
—~ NS oo © S © coo
Shear >
Polymer chains Emulsion droplets Elongated particles alig Aggregates break down
disentangle and stretck reorganize and deform  with flow (shear force) & align with flow

Image from Netzsch Rheology Testing Services 10



 Shear Rate of Processesnge 16° (10 billion)

High

Viscosity h)

Low

Dripping

Storage

Pouring
©1-10sect

Sedimentatio
e . Sagai

Leveling
_2h r
WMouthfeel

(beverage sensory60cP)

-

-
2 ., N a

-~ -_—1

"

e -

Syringe

;’L 4\/iscometer Range
Rotational Rheometer Range

Brushing
Pumping
Extrusion

7 ~’:,

Spraying

>
Capillary Rheometer Range

10© 1
g Shear Rate (s€9
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6 10
Shear rate = strain/time
(Strain=displacement/height)
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Shear Rates of Common Processes

__——

organic
molshuisang
hend cless

s e e

e
 =ea

Image from Netzsch

SAMPLE STORAGE

Very low shear rates: <0.001s1
Stability (sedimentation, phase separation)

SAMPLE DELIVERY

Medium shear rates: ~10s1
Pumpability? Scoopability?

SAMPLE APPLICATION

Low shear rates:; ~1s1
Too thin? Flows off hand?

SAMPLE APPLICATION

Higher shear rates: ~100s*
Too thick to spread? Nice feel?

Rheology Testing Services
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Calculations: Shear Rate Calculations of Common Processes

#1 Painting
Shear rateg = velocity / height

)% = 0.1m/sec / 0.0002m
| ' =500sec

Brush \elocity = 0.1 m/sec4 in/sec)
t FAYG GKAOlySaaceocpoo@mn>Y I ndnnnH)

SQa |

#2 Flow in capillaries, tube, pipsyringe & needlet 2 A a SdzA f ¢

Calculation of Shear rate — Pipe Flow 2 Matvern N < > .
Poisellian Flow 4 e Newtonian CrossiCarreau/Moore Models Many more curve fitting
Plases m models available

wr- law Model

Apparent shear rate Corrected shear rate
(Newtonian material) (Rabinowitsch) d(log 1) ?’
n= _ «@0
Sisko Model

Log Viscosity

4Q S 4Q 3n+1 d(logv)
' R3 e = “ >

TR 4n X .
ayé It 268" Fe¥ET 2 LIS Log Shear Rate

*water is Newtonian
** toothpaste & paint are norNewtonian
Rheology Testing Services 13



Switching geary Rotational Methods ——
SHEARBTRESRAMP ASSAY " P

Analogous to moving revolving door

7 Start Applying Forcenitially door does not move
- Yield StressForce required tgtart moving door (yield point flow)
- Yield ViscosityViscosity at yield point

b |

‘ﬂ 1
y
) Y
= /B
iT A

’uli‘l‘**h"

=T

J

Ty

==y

’{:
| 1
g
| B
|
8
&
3

|

1 Note: Very small initial movement (shear rate) at yield point can give very
yield viscosity.

Force applied over plate area

Viscosityfh) =Shear Stress=s
Shear Rate ¢

Displacement

£~

Upper Plate

Height
=Force/Area

(Displacement/Height)/Time

=4

Lower Plate

Rheology Testing Services 14



Application: YieldStressRampa Ct 2 g -/KeldHIP S € stress = Forcelare

3 Purpose:Client (engineers) needed data for process modelling

. Ketchup: Shear Stress - Viscosity vs Shear stress
10 — T T — T
i Brand 2 Brand 2 is thicker 2. Y|e|d Stress
% 1 fRequires more stress to start flow : ]
.g T ‘ Y But, will it rebuild after forced from bottle?
9— 1[.'!6 Ed a 2 NS f | l:l é N\D(
= . é é o
S L etee
: T -
R Brand 1 ; P
Li 1 05 ------- ----------------------- /E;',H . /, ---------------------------
= ' P
T - L) o

= O 5
b 10 - cée ___________ S
= oW\ §
S
— :

10° .

1072 1077 10" 107 102
Logs (Shear Stress; Pa [Pascals])

w | St LIFdA Y2RSt F2N RAMHTADMNIU drl2d TRNIDS 205 aYilA Ny v A1yS NRf
w C2NXdzf | A 2type @nddaniohiof thickenhés/ excipients

w LYaAr3akKd F2N YI ycainip Capatyhtdrsfer dipdidimehsiong, terpedture

w WSTFAYS Odza (iczhicleiNdre8nidrJS NA Sy O S

w az2RSt AF al YL S A &b fAra] K289 yiw2 NRS (FRINIS  2{yl 2.3 NI A[Q£6S &

Rheology Testing Services



Stress = Force/Area

Application: YieldStressRamp- Arthritis products

3 Results:Orders of magnitude difference!

wEXxperimental 25mm rough parallel plate, 200um gap (100uL sample), O to 300Pa over 300sec

wNote: Yield response is rate dependent. Values vary with experimental paramexarsaple: Pull rubber band slow vs fas

LogLog Plot — LinearLinear Plot
? | " Full
scale !

Most

Logh (Viscosity, cP [centipoise])
h x1( (Viscosity, cP [centipoise])

 Most
auUKAYE
1{50 161 mlz 10° 0 50 180 150 200

Logs (Shear Stress; Pa [Pascals]) s (Shear Stress; Pa [Pascals]) -

Rheology Testing Service. 16



Application: Using Yield Stress to Screen Sedimentation

Downwardstressfrom grawty ona spherlcal partlcle in dilute
adzallSyarzy Aa SaloAyYldaSR

Gravitational Particle Fluid :
__acceleration density  density
Particle
Stress .
radius l
v N A M
, Z y4
£y OZC
0]
—_ 2 _
V,=2r4-g«(d-r)
1 9h,
Sedimentation T
velocity Zero shear i :73:
viscosity

Vodka with suspended gold flakes
(non-Newtonian) r (fluid density)
L . . : . ticle radi
A If media yield stress S, thensedimentation less likelyassuming " (particle radius)
ddza LISY RA Y 3 Y SRA lduriR@tri@rspoi@& haddliag I NJ |

A Can also screen withmplitude sweep(cohesion energy density).

ravit
Ref: azom.condrticle.aspx?Article[E2885 l g (gravity)

Rheology Testing Services 17



==

Switching gearso other rotational methods

__——

SHEARATHRAMP ASSAY

-Continuous ramp (most requested)

-Stepwise ramp

Viscosityh) =Shear Stres =S
Shear Rate ¢

= Force/Area
Strain/Time

=Force/Area
(Displacement/Height)/Time

Force (N) applied over plate area

Height

Ve

Upper Plate

Lower Plate

Displacement

Rheology Testing Services
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ShearRateRamp (Continuous)
Which-is more viscousg honey or mayonnais@

5SLISYRA

1
- AtZsec hMayonnaise

- At40sect

>h

>

Mayonnaise

2y  ERITBCANTONSIDERANON WHEN COMPARING VISCOSITIES

Logh (Viscosity, cP [centipoise])

Viscosity vs Shear rate

.................................

-

NOTE shear rate set, plate rpm

403ec:l

;E ‘ : St
BES=Y oo M_aygn na|s_e ________________________ SR _ —
~ Non-Newtonian
(more viscous at Zseb

T
20

T T T T
30 40 50

g(Shear Rate; sef)

T
60

T
70

T
80

T
ap

100

Rheology Testing Services
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ShearRateRamp(Continuous)¢ Low Viscosity Samples Sensitivity

3 Result:Resolved watestds& 5 very lowviscosity samples within 0.5¢cP range with good reproducibility

wExperimental 40mm smooth upper parallel plate, 300uL gap (380uL sample) & @zer 56200sec

10

—
4

—
I

h (Viscosity, cP [centipoise])

-
o

SHEAR RATE RAMP at 25C: Viscosity vs Shear rate

Viscosity reported
. . . arsSeecio 2
a 3 3 arelia -
N . . d v—:’——:—_"’ - - S
=
2 ——t—o e F— g2
— . S Seeee. M T = - Ve ol
WATER STANDARDS
‘I('VJ 1?ID 140 1t:10 1%0

09 4

g(Shear Rate; seb

Rheology Testing Services
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Sample 1 (RSD 1.6%)

Sample 2 (RSD 2.3%)

Sample 4 (RSD 2.7%)
Sample 5 (RSD 1.5%)
Water Std (RSD 1.1%)

20



ShearRateRamp(Continuous)¢ 2 RLD vs 2 Generic Ointments
Experimental:Shear rate ramp (0.01000sec) over 5min at 25C, 25mm rough upper plate

Conclusion0.03% > 0.01% for both RLD and Generic ointments with good reproducibility (n=2
log-log plot- Samples look reasonably similar

Shear Rate Ramp (0.01-1000sec-1) over 5min at 256C: Viscosity vs Shear Rate

g

)

J
(=]

.

;b

- RLDOI h'tfm'eht 0.03%

_ 'Oin't'rhérit0.0'S%' O NP A
Ointment 0.1%

107! 10° 10" 10% 10°

Logg(Shear Rate; seb)
log-linear plot- See reproducible differences at low shear rates!

Shear Rate Ramp (0.01-1000sec-1) over 5min at 25C: Viscosity vs Shear Rate

— Logh (Viscosity, cP [centipoise

uplicateAssays :

Ointment 0.03%
. . 'Ointment 0.1% o .

—

h x1 (Viscosity, cP [centipoise])

o . . I R
o

Logg(Shear Rate; se¥)
(RLD = Reference Listed Drug) Rheology Testing Services
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Viscosityc StepwiseShear Rate Ramp

A Incrementally step shear rates up/down.

A Can define viscosity stabilization criteria (i.e. 5% change/5sec) or timeout (i.e. 30sec) before next step.

A Helpful to model manufacturing processes, quantify patséar thinning (ir)reversibility (hysteresis).

APPLIED MOVEMENTS OUTPUT PLOT
o, (for 3increments)
o
g o
(7)) o)
5 3
& & b Sampling inde re
z| ——t
@ i 5 i Shear rate
L3 I R 3 ]
5| Ve ‘ g [- -~
= | =" Il € | Zero
ol . \ 2 Final resuls E shear
% | L% - ‘i_:____,_-f viscosiy values ﬁ ".l'iEEDEItb'
E 1 \ Shear
v -\ viscosity
— -
Tirne ] Shear rate

Image from Netzsch
Rheology Testing Services



StepwiseShearRatewith Increasing/Decreasing Ramps for 2 Polishi

A Experimental25mm rough plate, 300um gap (150uL), 0-0200- 0.01sect

A 30 seconds hold at each step (10 steps up / 9 steps down)
Results-Samples thinned with increasing shear rate, then differed extent of rebuilding with decreasing shee
-After shear thinning, Polish ande'r—rebuilt'o.5?rvfol.d & Polish 2Qver-rebuilt 1.86-fold vs initial.

fff 200sec* Al
Polishl : |
== | Polish 2
I Shear Rate Steps
o ,
%) a
g ‘ 7
=
D
S 2
o = i Y &
© | 100sec* =
> @
= (0]
2 &
S :
- P ! 4t
.?f _*f ¥ ¥ Sevaremow 3osec gosec’l , |
| s, S s ' .; :} - ““ 0 il ! 24
¢ 0.01sec* 1sec™ ﬁs_g_\c;‘?‘dser?‘"”"’ rosse ﬁ'“"“"é%gﬂtsgeﬂ 1se/c'f 0.01sec™
AR ERR R el ki s IR T bttt ST PO, . . $ . . . . } A c et potn s s ah o4 A
R— Time (seconds)
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STEP 1Increasing Shear Rate

Application: StepwiseShearRate ——————
for Arthritis Products T Newomian

Very low shear = Plateau

1 Move to next step after stability criteria met (5%) ¢ inifially too noisy e
(samples not initially | »——s—u | T &
10 3 pre-sheared) N \

3 Results REDPES RN -~ N7 R
10 v S m_\ : ebbe
H ee,

-Very different among samples. o] L Ny,
-Increasing vs decreasing shear rate results differ¢ .. . | T S . Rag
showing loss of Newtonian plateau - ; ; N

STEP|2Decreasing Shear Rate
Much reduced D\ — ; : —

shear rates

200um gap (1OOU L), OOO-(]_DOOSeé- Y shearedthinned I I F S;B — Loss of Newtonian plateau

during Step 1 : (NN after shear thinning

Rheology Testing Services




Application: Stepwise Shear RatdRank order macromolecule MW ¢ T SNR ¢ & KS'|

3 ResultsZero shear viscositiif) at Newtonian Plateau tends to correlate with molecular weight (MW).

- General Rule of Thumi®olymer having samie,with broad MW distribution (less ordered) starts shear thinning at lowe!
shear vs narrow MWD (more ordered).

Very Low Shear Rate: Viscosity vs Shear rate

8
10 I ! ' I ' t . '
f l IO Expanded plot from previous slide at very low shear rates.
- | 100% highest label MW o _
10" +4.6% of highestTabel MWbut crogmked! & :
£ 16% of highest label MW = Ew— '
. | 6.5% of highest label MW __ B ™~ j—_ |
n_ E . ) i et v = L - ey {T--"“__. £
£ 100 = E
= £ 1.7% of highest label MW
10° + .
f 2.1% of highest label MW
10* | ——
1073 10 107
Y- (s-')

. . 25
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Application: Batch (In)ConS|stency usmg Shear Stress & Shear Rate Ramy

Conclusion: Both sheatress& shear 17
rate ramps confirm Batch #6 differs.

ShearStressRamp r———

Batches #315

SHEAR STRESS RAMP
Batches #35- Similar

Logh (Viscosity, cP [centipoise])_

Logs (Shear Stress; Pa

WicosRy va F-Hﬂ rae

l ShearRate R-amp

SHEAR RATE RAMP
Batches #15- Similar

h X 1@ (Viscosity, cP [centipoise])

g(Shear Rate; seb

Rheology Testing Services




Application:

hixotropy (3Step)cY S OK dzLIX | 3| A Y

3 Purpose:Client (engineers) requested ketchup data for process modelling.

Determinerebuild extent and rate after exposure to higher shear (i.e. shear thinning).

--/!"w9C![H ' 3alFeée LI NYYSGSNEZ SalLl {GSLI H RSLISY 2y
Viscosity vs Test time
S ... . SR .. N Step3 1 ]
Step 1 T 5 5 - Low Shear Rate (0.001s&c 5 1
Low Shear Rate e 1 Rebund’>
(0.001sed) 1 O A 1§
Baseline T
— ] U ALt
o ]
L T
> 4
‘m
(@)
?
E 3
@)
—i
X = :
& :
ngher Shear Rate (10sé)c : :
s 1 ~~ b dzOK f 246SNJ OA .a.Q?..a_?\_.U.?....Q..&.K._S. _'__NJ___U_KA_Y_Y_KY?U_._
EDD 25=D SEIJD 35ID 4E=]D
tevent (s)
——— Ketchup Brand 1 Thix 0.001-10-0.001sec-1 25C —&~— -
i : i t{etchup Brand 2 Thix O0.001-10-0.001sec-1 25C
4 |

Rheology Testing Services
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Application: Temperature Cycling with Single Shear RAF&od

A Investigate-irreversibility of food product viscosity with temperature cycles 34- 50- 34 F

A Used solvent trap to increase humidity in assay chamber to reduce moisture loss
A Sample assayed at low shear rate (0.1sec™?)

55

3500 ————————

Tem peraturé (°F)

h (Viscosity, cP)

2000 - START - f

H

g ; L4
Viscosity (cP) E;a?mi%
T < 0000000005000 8 EEG06030 50 ¢ 6 oin s ............ smln ....... f’__x,t\} ....... ...................................... ...... I

2500 - o .E"'...-. ol ....................................... - N, * S ...................................... & ooonns

- 50

30

—&— Viscometry (during temp DOWN 10-1C) .n —%— Viscometry END (during hold at 1C 5min) ,n —=— Temperature START (during hold at 1C 5min)
—&— Temperature (during temp UP 1-10C) —&— Temperature (during hold at 10C 5min) T —&— Temperature (during temp DOWN 10-1C) T
—%— Temperature END (during hold at 1C 5min) . T

o c f
HOLD 34"F # : : OLD 34°F
AT T LR - w%.;W?Wiwwmvﬁvw
_ omin : : : ; min :
o . : : : 5
1500 ' ' : - ' ' ' + - : : : - - ' + + + } |
1000 1500 2000 2500 3000
ts (s)
—&— Viscometry START (during hold at 1C &min),n —&— Viscometry (during temp UP 1-10C),n —&— Viscometry (during hold at 10C 5min) .n

(4s) L

Rheology Testing Services
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CreepRecovery for Yield Stress & Elasticity

Response to applied stress and release

Quantitate net loss of elasticity (fatigue) following stress or strain

Used to determine zershear viscosity and evaluate suspension
stability

Y
Y

Squeeze/twist and release.
Quantify responses

Pure Elastic Pure Viscous Viscoelastic
Most stable Least stable Mix of Viscous & Elastic
Bounces 100% of initial height No bounce
@ Shear Stress Shear Stress Shear Stress
S ON OFF ON OFF . ON OFF
% ‘I A ; :
cd ’ —
£3 .
D D
o= Elastic Recovery
o .©
< S
N e
o
O | Net Loss
S Time g ) Time “Time
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Application: Tribology(friction) of 4 common 5W30 motor oils at 15, 25 & 12%

_——

3 Result:qDifferences among oils decrease with increasing temperature and decreasing shear.
< I
FNRA OU A 2sheatd /| 2 ik

JER
]
A

f€Brand 4High mileagé

2Af KFa f26Safi

Stribeck Curves

per 1ISO7148

Four 5W-30 Motor Oils at 10, 25 and 125C Under 1N Force: Coefficient of Friction vs. Angular Velocity

15 +

05 %

Increasing Friction
Coefficient of Friction

10 +-

5W-30 Motor Oils
Brand 1 Regular
Brand 2 Regular
Brand 3 High Mileage

§3
.....

...........

Sk

15C

£~ Srrceiis

o —

sriitigmriivies

i

/".
A T .

6o R

*Normal éar engine operati;ng temperature ZQQO_F (9399 C) ‘

100 150 200 250

300

Angular Velocity (radians/sec)

Rheology Testing Services

Brand 4 (high mileage
oil) haslowest friction
(CoF) at lower
temperatures as
=shear.
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Application: Tribology(friction) for arthritis products
3 Result:Observed 2-fold difference among samples with leading product having least friction (loGefj.

w Experimental:36 C, 0.2N downward force over 0.0001 to 100 radians/sec. Re@B3uL sample.

Coefficient of Friction vs. Angular Velocity
30 T 4 T i T T T T | T T 1 T T T 1 T T T

>

28 SR STTTTTIITPITETRPPIPTIORY :‘,-.: .................................... ............... \_____
: f - - = " ‘ S B . . . i N

e P Ty % =l = b - = — A A = v 1 o H . ¥
i BT o b h T A o L N = 9 ‘ . - " 1
20 KT - L R R T A T - PNt W - T - T T A, S - AN /T L SR B P, -~ - VR ST YRERE L -
- L 3 v / AL =i Ry o M e, N o -+ o & . G
i1 ¥ _ \in kel | il o - & r o n T Lk " el J

| | | Leading product :
05 B0 b (lOWESE frCTON).

Increasing Friction

CoF (Coefficient of Friction

5 10 15 20 25
Angular Velocity (radians/sec)
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Preliminaries to Confirm Rheometer Performandercketting

Rotational Assays: Shear Rate Ramp (same used for sampleskillatory Assays: Frequency Sweep

T Water for highly aqueous, low viscosity samples TPDMS Std
(10- 0.1Hz a5 C, 0.5% strain, 0.5mm gap; 25mm rough platelabel claim)

1 Certifiedsilicone oil standards for higher viscosity samples

WATER STANDARDS: Start and End - Viscosity vs Shear Rate POMS Seandard: Elaste medulis and Vieeous medulud Vi Fr““w
20 ' T ; ‘ T .
H H H H - T ,1.--"'
¥ g
-“"f__._,d——
&) 4 ---_—I—F.._'--
: : : : ' 3l - G' (start and end)
: o i
s u e G" (start and end)
3 E ¥ 8
e - . —_—
= _&_H H !i"ul E *_'_.,u_ - -I-P_-_F.'_
5 . 2
z bl i
5 5 5 5 : A
: : : : : i ..{"
‘l
]
& ¥ | |
0.0 } | ! ; | } } F) 4 i i 10}
20 40 60 80 100 120 140 160
V. (s+9) L
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Mindful about slippageat plate-sample interface =
A Plate must impart forceahrough sample, not just at platesample interface

A Slippage leads to experimental error & variability
A If sample not prone to slippage, results should be similar with different gaps (i.e. sample height)

3 Use roughened or serrated plates to reduce potential for slippage

Smooth vs Rough 26mm Plates: Viscosity vs Shear Stress Ramp

No Slippage
..'%g“&yo.ughened plates).. |

o &
& =
b 3
5 x
I 4 \
] .
y 53
Iy 3 3
3 3
0 5
it

nicP)

Shépage
(smooth plates)

107 10° 107 10%
a (Pa)

OEIF YL S 27
¢2LJ H O NRa
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Other Experimental Considerations

{ Consistency is critical!

-Handling during loading (minimize shear, bubbles, volatiles loss (more later))
-Trim to remove excess sample

1 Geometry: Cone, Plate or Cup & Bob, vane, many options
-Cone gives more consistent shear across sample vs parallel plate.
-Conenot recommended for temperature sweeps if not compensate for thermal expansion.
-Plate allows flexible and smaller gap to assay with higher shear rate without losing sample. Cone has default gap.

Cone and Plate Cup and Bob Parallel Plates

APlate/Cone Size

-Larger diameter provides more sample contact to provide more torque, hence more sensitivity; but requires more se
-Larger diameter is more sensitive for less viscous samples and achieves smaller strain amplitudes for oscillatory as:
-Larger diameter can generate higher shear rate

1 FNHSNI RAFYSUSNE KIFI@AyYy3 Y2NB 2a0Aft t espfériowder Wstositi sad@plesd S &
-Smaller diameter better for more viscous and viscoelastic samples. Also uses less sample.

-Smaller cone angles achieve higher shear rates.
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Other Experimental Considerations (continued)
M/ 2yaAraiasSyoe Aa ONAIOGAOI T H XNBLISIFOGAY3

w Gap (sample height)
-Typically 0.2Lmm. Depends on sample and assay parameters. (humaf Ha&ir-20um)

-Smaller gap requires less sample (100ul for 25mm plate with 200um gap)

-Smaller gap:

-Generates higher shear rate.
-Reduces potential to lose sample from gap at high shear rate. Observe®t®sth - shear rate if sample displaced.

-Small gap inaccuracies may lead to modest % assay error.
-Larger gap facilitates smaller straamplitude

-Gap setting options to provide consistent sample loading:

-height controlled For most sampledypically 20aL,000um.
-force controlled - For samples with inconsistent thickness (i.e. cheese), rigid &difficult to compress (polyme

films). Rheometer software accounts for sample height throughout assay to calc outputs.

Y Kinexus rheometer tracks both gap height and force for each datapoint throughout assay.

1 Particle Sizeldeally 1/10rule: plate-plate/conegap> 10x largest particle or droplet. Cones h&wxed default gaps.
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Other Experimental Considerations (continued)

| PreShearornottopred KS | NX ® @
-Depends on question to be answered
-Any sample movement (loading) may irreversibly shear thin sample, maybe not!?! Screen with thixotropy assay (lz
Canapplyverylowprd KSI NJ (12 ay2NXIfAT S¢é¢ F2NJ KFEyRfAy3d STFFSOGa
BUTX LaNKGS | NJ OFy GSN)} aSé 20KSNJI NKS2ft 23A0Ff LINPLISNIASA

1 Sample change during handling and analysis

-Curing, degradation, rebuilding, crodmking, volatiles loss, etc
-Rotational: Screen witkingleshear rate or shear stress vs time at assay
temperature(s) and monitor viscosity
-Oscillatory: Screewith singleT NB lj dzSy Oé @a ( Ady&changes.2y .. . - ... w2 DEX
What areD Q> d, G*K = {O0F & §(dzy SRXX

-Got volatiles? Qe a solvent trap
-Maintain sample in enclosed volatiles saturated environment (i.e. humidity &

:

-Sensitivity to oxidation at elevated temperatur€h Q
enclosed, low MNflow
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Switching gears toscillatoryassays DEFORMATION

A Oscillatory(bi-directional)

Y\WNEXUS

Rheology Testing Services
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haOAtfrdAazy F

2 Ways to Modulate Oscillation:

1. Amplitude (destructive)

ADetermineLinear ViscoelastidRegion (LVER)
Ya. NBlF {Ay3 LJ2Agtabifity 2 F & G NJzC

AQuantify textural properties: stiffness,
springiness, structural strength, brittleness

2. Freguencynondestructive)

AMeasure response to event time =1/freq
Y Probe structural propertiesithin LVERo maintain

rheological integrity during assay

Rheology Testing Services
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Oscillation- Amplitude Sweep

Y Preliminary assay to determine LVEBRfore frequeltty modulated assays to ensure sample integrity.

Y LVER can decrease with increasing frequency. Tpically perform assays at 1Hz.
~ Ve ~ N~ -c N~

YDQ 0SSt aiA Onat¥re) Rads tdziélcTeasi?\.;,@/iﬂh kdreasing frequency

Y LVER tends to decrease with increasing solid foﬁ?_n (i.e. temperature dependence). JMERLVER,; cited

"N Upper LVER limit
1Critical strain or stress rheological breakage
o f¢e@LAOHffe RSTAYSR ta [Fp: DQ RSO
T T — LVER (intact) I
ower EnergybibHigher Ener N >
J J [ 9y = ™ A >LVER (brokep)
" © < | Structure Intact
© ey i\ L (0} = .
=) ~ [\ [ oD
3 ™ \ w— O ®© O
Do ®
L
Time .
Stress or Strain Controlled
Image from Netzsch
Stress controlledMeasure sample movement from defined applied force (stress=F/A).
Strain controlled:Measure torque required to move sample defined displacement. 40
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I LILX A OF GA2YyY | Y496 strainderRdSterrhie E\VERITOr gBILontaining hyaluronic acid
- strain = extent of sample deformation relative to sample-height
3 Purpose Compare propertiesALSOheed LVER to define %strain (within LVER) input for subsequent frequency modulated assays.

3 Resulth o aSNWSR I NAHS [+9w YR DQ RAFFSNBYyOSao 5SGSNXYAYSR AYLX
NoteY [+9w (eLMAOlrIffeée RSTFTAYSR I & photismalyRr@OpeB.l &4 S © 5SUSNXAYSR

N =
q More solidlike Sample 1
Hae 4
o LVER 1.8% >
S
' 1% strain used for
’2 Frequency Sweep | —
NS
T -
*
\O |
S Less solidike Sample 2 LVER 32%
B e e e e e e e S e e e S S S S
. - ;“q.ﬁi:::'-:-.::;;-;I:-q_::ﬂ'“'w
| Sample'3 ~ LVER63%

Logg* (strain, %)
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Interpretation of Amplitude Sweeps: Shelf Life of Dispersions NETZSCH

Quick Check of Shelf Life without Prediction of Timescale!

Cohesion Energy Density

Small LVR : .
oA v it kA "9 & 2
- > ' EV=WQG % (_.kf
T\ Wide LVR ‘
~ - 2 Units: ;I_‘:kg-‘m -L__:_kg‘,:i_:[’a
m & m m-s* m"

Elastic Shear Modulus G’

Shear Strain Amplitude

Long-Range Interactions increase the Cohesion Energy by enlarging the LVR.

Slide from Netzsch
Rheology Testing Services
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Oscillatory Assay Output® Quantify Viscoelastic Deformation
1DQ ot l-®OH&EAR Ot 2N Yasoldl NdtuRS ¢ Y2 Rdzt dza
9D¢ Ot | a4 QIAfaZOR dral (2 NY “Gligidandue Y 2 Rdzf dza
1d (degrees):Phase angle 45 0 increasingly solid
45 - 90 increasingly liquid
f1tand (unitless): =D € k" Daflility to store (solidike) and release (liquitlke) energy.
IWith decreasing tan delta,gpticles increasingly associated due to colloidal forces, sedimentation could ¢
<1 increasingly soltike; >1 increasingly liquid like; 3sD QD¢ ONZR a ag,g8m o0 YSt ( Ay

wG* (complex modulus; P& Stresg,,,/ Strain,,,~ Stiffness
wh* (complex viscosity; cP or Pgec)= G*/ 2f where f= angular frequency that must be units of radians/second

0
Phase angle —
5 ang Input Siress G

Measured Strain — Y

GH
-Viscous modulus
-Liquid nature

Phase Angle & -Energy dissipation (loss)

-Weak forces
/ ¢

-Elastic modulus

-Solid nature

-Deformation energy (storage)
-Strong forces
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Frequency Sweep:. Example Silly PuttyViscoelastic Liquid or Solid’

wProbe properties across a time domain.  Frequency = 1/time (sec)

WDSYSNY(0Sa NKS2f23A0Ft aFAYISNIINAYGE 2N aaLISOUNX

wcan use either % strain or stress as assay inpiihin LVERJetermined with amplitude sweep

Liquid dominant at low freq

d Phase angle >45 | DQ 9flaGA0 Y2
More liquid like at low freq Solid dominant at high freq
Stretch ‘
D¢ + A& 02 da~aP"Rus!

Rdzt dza 0 a:
At higher Hz, sample
molecular relaxation is
longer than assay freq, more

solidf A 1 S ZVY tibanceB.L

Bounces (solid)

Y less stable over time in stora

At lower Hz, sample

molecular relaxation , -

time is shorter than D @ &rossover correlates to d Phase ang|e<45

assay freq, more liqu relaxation time {) correlating with More solid like at highreq
' disentanglement, phase transition.

€ A1 SZ Y Mdws HRNDTI

Flows (liquid) Long Timescale Frequency (Hz) Short Timescale

(BEHAVES LIKE LIQUID) $BEBAVES LIKE

Low Frequency High Frequency
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Application: CNB lj dzSy O¢é -&09z53% sttaid* for G Arthritis products
Y ID products that stiffen more than others with increasing frequendy éxercise) as shown in results

3 Results: Signiffcant differences. Helpful for Q3 (ANDA) pharma, ID counterfeit and adulterated products

FREQUENCY SWEEP: Elastic modulus (G') Vs Frequency

v, 1200 — S
= [ 0.56Hz 2.5Hz 4Hz ' I
N + Walk  Jog Run : : : .
© . ; < I——
o BRI < e A e S B i At e U e S e o o e e R e AT e e D
" - _Product1 . :
>- -+~ » ——
0 800 _3' > B e b S S e O 0 R SRS S PR A
<
S
".5 - o e e e S e B A S S ) S I S S s s s s N
‘; : : o
No) : I e e

BRI o ol ooc oo, oo ieinaznionn o oleynasin e, 0t mcyakn e e s et Product 5 ..... / ' ...... ‘ ....... e R .................................... .
G & & : :
(@) I I = : 3' X R S y -

) I Y 2 e .P,L.QdUCI ............. ﬁ;#ﬁﬁji— . —— T Trsrmerstn v

0 . .
; + + + + } + + + + } + + +
5 10 15 20
Frequency (Hz)

* 3% strain obtained from literature and also confirmed with amplitude sweep
P
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Application: FREQUENCY SWEBEBnsory Screen

A Pulkaway assay also correlates well with sensory panel results

Dairy Innovation Australia Sensor
Analysis Lab

Yogurt - sensory-rheology

Firmness vs elastic modulus relationship

High fat always scores well..... o
Note G’ here — correlates to panel score.... “

- G' - G'
~—— Average Panel scores : —a—Average panel score
500 - 10 1
450 w05
400 - | |
350 . N = L
= 300 :
£ 250

Average Panel Score

Qr—

OUNWHMIAINNOOMW
Average Panel Score
QrNWLH>UINNDY

b Zm N 1 .
150 - t
lw ! 4

S0 -+ .
QO — — —-

0.20% 2% A4.80%9.70% 11%
Yoghurt with different fat %

T T

0.10% 2.10% 9.10% 4.80% 11%
Greek style yoghurt with different fat %

Ranjan Sharma Dairy Australia/NCDEA
“Sensorv Quality Aspects of Yoghurt” Webinar - 11 July 2013
Image from Malvern Pananalytical/ Netzsch
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Applié%tion: Oscillatory Single Frequency Temperature Swe€peese Melting Point

Avdzl yiaTe

Y St i A-yiassoudeahd/phasasahgldi€ss ) QD £

—

Elastic modulus Viscous modulus and Phase angle Vs Temperature

10

6St lanil 2 ® D& RAzIKHza O 2dza | Y

[23 DQ
%

CHEESE 1 ( n=2)

| & @ doldl nafireR dzf dzi

d (phase angl® solid-liquid balance)

d = 45 defines melting point
increasingly solid 45to 0
increasingly liquid 45to 90

Vi LR
e o, o o 8
BRI R R E e EEEEENET R 20

110

10

40 50 AD 70

Temperature (C)

saalba( (é|6uv aseyd)p
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Application: Oscillatory Single Frequency Temperature Swed&utter Spreadability -
w D ptiffness -

ASpreadabIe butter contains fats & oils that melt and more spreadable at lower temperatures.

| Spreadable Butter —©-— Normal Butter \
10 = — 1 T T T

10°
10° :
— |
© T = | = | -
&, 104 B el SRRR R LR E TP PRI ERR PP RREPRPPIRY .................... Lo ................................ .... 4 A e ..................................... -
0 i Lower G*= |ess stiff HI | :
5 '‘More Spreadable !
10 PP . | .................. .......................................................... | ......................................... |
i Refrigerator, | Room!
I Temp | Temp !
102 _Eg_ .................................... .................... : ........................................................................ p: .................. ....................... =
T 1 [
1 | :
10‘I —t —t F—— : —t F—r —t— : : : : { —t —t
-10 0 10 20 30 40
T (°C)

Image from Malvern Pananalytical / Netzsch Rheology Testing Services 48



Application: Stability- Single Frequency and %Strain for Polymer Dis
3 Purpose Compare thermal stability of discs vs % -axidant relative to Reference Disc
3 Res:%slt:{ FYLE S& &K 2. arid Stabtizdderyrate D Q
3 Expgrimentai Gap discwith 4N downward force, assayed 3hrs at 18Qunder Nwith 1.59Hz at 0.5% strain
o

>

O Reference Disc

<
\:3
T

Y
)
@)

[23 DQ

Time x 18 (seconds)
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