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Rheology Applications - R&D to Manufacturing
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(phase transition, softening, melting, entanglement) 
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Regulatory (Q3) 

Intellectual Property (IP)



Rheology Applications - R&D to aŀƴǳŦŀŎǘǳǊƛƴƎ ό/hbΩ¢ύ
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ÅProduct development, optimization & in-process control 
(Quality by Design (QbD))

Åbatch consistency

Åaddition order & rate 

Åmixing time & speed

Åtemperature (heating/cooling range & rate)

Åbulk transfer (shear thinning, rebuilding) 

Åequipment type & size (scale-up, pumps, pipes)

Åtransport (sedimentation, phase separation)

Åphysical stability
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Regulatory & Intellectual Property (IP)
Confirm Product (Dis)Similarity to RLD (Reference Listed Drug) for ANDA

Q1: Qualitative ÝSame components
Q2: Quantitative ÝQ1 & same amount

Q3: Microstructure
ÝQ1 + Q2 + same arrangement of matter
Ý Performance, efficacy, stability, batch-to-batch consistency

Ҧ wƘŜƻƭƻƎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ Ƴŀȅ ŀŦŦŜŎǘ ōƛƻƭƻƎƛŎŀƭ ŀŎǘƛǾƛǘȅ

Å CǳƭŦƛƭƭƛƴƎ ǘƘŜ C5!Ωǎ wƘŜƻƭƻƎȅ ¢ŜǎǘƛƴƎ wŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ !ōōǊŜǾƛŀǘŜŘ bŜǿ 5ǊǳƎ !ǇǇƭƛŎŀǘƛƻƴǎ ό!b5!ύ ŦƻǊ ¢ƻǇƛŎŀƭ /ǊŜŀƳǎ ςNetzsch
(https://analyzing-testing.netzsch.com/en-US/application-literature/fulfulling-the-fdas-rheology-testing-requirements-for-abbreviated-new-drug-applications-anda-for-topical-creams)

* "Draft Guideline on Quality and Equivalence of Topical Products" European Medicines Agency (18Oct2018)
(https://www.ema.europa.eu/en/quality-equivalence-topical-products#current-version-section)

* "Generic Development of Topical Dermatologic Products: Formulation Development, Process Development, and Testing of Topical Dermatological Products" 
AAPS J. 2013 Jan; 15(1): 41-52 (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3535108/)

* "Testing Topicals: Analytical Strategies for the In-Vitro Demonstrationof Bioequivalence" Pharm Tech Sept 2018 
(http://www.pharmtech.com/testing-topicals-analytical-strategies-vitro-demonstration-bioequivalence?pageID=1)

https://analyzing-testing.netzsch.com/en-US/application-literature/fulfulling-the-fdas-rheology-testing-requirements-for-abbreviated-new-drug-applications-anda-for-topical-creams
https://pmc.ncbi.nlm.nih.gov/articles/PMC3535108/
https://www.pharmtech.com/view/testing-topicals-analytical-strategies-vitro-demonstration-bioequivalence
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Rheometer Overview

Images from Netzsch

Upper Plate 
¶only movingpart contacting sample
¶different surfaces

-smooth
-rough
-serrated

¶many other attachments

Lower Plate
¶does not move
¶same surface options as upper plate
¶controls temperature  (0 to 2ππ̄C)*

*Options to extend temperature ranges are available.

Movements Ҧ ǘƻǊǉǳŜ
ωRotational (1 direction)
ω Oscillational (bi-directional)
ωVertical
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.ȅ ŜƴŘ ƻŦ ǇǊŜǎŜƴǘŀǘƛƻƴΧΧΦ

ÅWhat assay(s) should I use?  

ÅWhat experimental parameters should I consider?

ÅAppreciate which is more viscous ςhoney or mayonnaise? What are these? t, s, g, h

ÅLǎ ǎƛƭƭȅ Ǉǳǘǘȅ ǾƛǎŎƻŜƭŀǎǘƛŎ ǎƻƭƛŘ ƻǊ ƭƛǉǳƛŘΚ  ²Ƙŀǘ ŀǊŜ ǘƘŜǎŜΚ DΩΣ DέΣ DϝΣ d, h*, tan delta



Rheology
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SOME BASICRHEOLOGY ASSAY ENTRÉES
ΧƳŀƴȅ ǎƛŘŜ ƻǇǘƛƻƴǎ ŀǾŀƛƭŀōƭŜ

ÝROTATIONAL ­measure flow, viscosity
Å Shear RateRamp (shear thinning)
Å Shear StressRamp (yield stress, start of flow)
Å Thixotropy (rebuilding after shear thinning)
Å Time Sweep (stability)
Å Temperature Ramp (stability, phase transitions, melting)
Å Creep-Recovery (yield stress, rebuilding)
Å Tribology (friction, lubricity)

ÝOSCILLATORY ­measure deformation, viscoelasticity
ÅAmplitude Sweep (LVER, stability)
ÅFrequency Sweep (viscoelasticity)
ÅThixotropy (rebuilding after thinning) 
Å Time Sweep (stability)
Å Temperature Ramp (stability, phase transitions, melting)
Å Creep-Recovery (yield stress, rebuilding)

Ý VERTICAL
ÅSqueeze-Pull Away (stickiness, model chewing, fatigue)
ÅSurface Tension

Rheology is much more 
than just viscosity!

Viscosity

Rotational 
(flow)

Oscillatory 
(deformation)
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Viscosity ­Resistance to Flow 
Top plate surface area (A) 

rotates with force (Newtons)

Displacement

Height

Force (N) applied over plate area

Upper Plate

Lower Plate

Viscosity(h; cP or Pa-sec) = Shear Stress= s(Pa or N/m2)
Shear Rate        g(sec-1)

= Force (N) /Area (m2)

Strain (unitless) / Time (sec)

=Force (N) /Area (m2)

(Displacement (m) /Height (m)) /Time (sec)

1000centiPoise =1Pascal-second

Image from Netzsch

NOTE:  shear rate sec-1 p̧late rpm



Rotational - Measure flow

ÅMost semisolids shear thin (non-Newtonian)

ÅHelpful to model processes (spreading, pumping, syringability, feel)

9

(silicon oil, water)

Newtonian

Shear Rate g

V
is

co
si

ty
 h

(most lotions, creams, ointments) (corn starch, whipping cream, egg whites)

Shear-Thinning
non-Newtonian

Shear-Thickening 

(Dilatant, Rheopectic)
non-Newtonian

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

Shear Rate g Shear Rate g

V
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 h

V
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 h
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9ŦŦŜŎǘ ƻŦ {ƘŜŀǊ ƻƴ aƛŎǊƻǎǘǊǳŎǘǳǊŜΦΦ άgo with the flowέ
Ý Biologicals, polymers, emulsions
Ý Everything else equal, larger & irregular particles tend to increase viscosity
Ý Everything else equal, mixtures having more polydisperse particles tend to have lower viscosity

Polymer chains 
disentangle and stretch

Emulsion droplets 
reorganize and deform

Elongated particles align 
with flow (shear force)

Aggregates break down 
& align with flow

Microstructure under Directional Shear
(More ordered/aligned)

Microstructure at Rest (Zero Shear) 
(Disordered/Entangled)

Shear



High

Low

10-6                                                                                                            1                                                                           106

Sedimentation

Storage

Sagging
Leveling

Dripping
Pouring
º1-10sec-1

Mixing

Brushing
Pumping
Extrusion
Syringe

Spraying
Mouthfeel 

(beverage sensory>60cP)

Viscometer Range

Rotational Rheometer Range

Capillary Rheometer Range

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

Shear Rate of Processes - range 1010  (10 billion)

Rheology Testing Services
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Shear Rates of Common Processes
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SAMPLE STORAGE

Very low shear rates: <0.001s-1

Stability (sedimentation, phase separation) 

SAMPLE DELIVERY

Medium shear rates: ~10s-1

Pumpability? Scoopability?

SAMPLE APPLICATION 

Low shear rates: ~1s-1

Too thin?  Flows off hand?

SAMPLE APPLICATION

Higher shear rates: ~100s-1

Too thick to spread? Nice feel?



Calculations: Shear Rate Calculations of Common Processes

#1 Painting   
Shear rate g= velocity / height 

= 0.1m/sec / 0.0002m 
= 500sec-1 
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#2 Flow in capillaries, tube, pipe, syringe & needle -tƻƛǎŜǳƛƭƭŜΩǎ [ŀǿ

Brush velocity = 0.1 m/sec (º4 in/sec)
tŀƛƴǘ ǘƘƛŎƪƴŜǎǎ Ґ нлл˃Ƴ Ґ лΦлллнƳ όº0.008in)

άƴέ Ґ tƻǿŜǊ [ŀǿ ǎƭƻǇŜ

Newtonian 
Plateau

*water is Newtonian    
** toothpaste & paint are non-Newtonian 

Many more curve fitting 
models available
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Switching gears ÝRotational Methods

SHEAR STRESSRAMP ASSAY

Viscosity(h) = Shear Stress= s
Shear Rate        g

=Force/Area
(Displacement/Height)/Time

Analogous to moving revolving door
¶Start Applying Force: Initially door does not move
­Yield Stress: Force required to start moving door (yield point­flow)
­Yield Viscosity: Viscosity at yield point

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



Application: Yield StressRampάCƭƻǿ /ǳǊǾŜέ - Ketchup
ƷPurpose: Client (engineers) needed data for process modelling

ω IŜƭǇŦǳƭ ƳƻŘŜƭ ŦƻǊ ŘƛŦŦƛŎǳƭǘ ǘƻ ǇǳƳǇ ƻǊ ǎǘƛǊ ƳŀǘŜǊƛŀƭǎ Ҧ ǎǘŀǊǘ ǳǇ ŦƻǊŎŜ ҔҔ Ƴŀƛƴǘŀƛƴ Ŧƭƻǿ ŦƻǊŎŜ ŘǳŜ ǘƻ ǎƘŜŀǊ ǘƘƛƴƴƛƴƎ

ω CƻǊƳǳƭŀǘƛƻƴ ƻǇǘƛƳƛȊŀǘƛƻƴ - type and amount of thickeners, excipients

ω LƴǎƛƎƘǘ ŦƻǊ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ƻǇǘƛƳƛȊŀǘƛƻƴ ςpump capacity,  transfer pipe dimensions, temperature

ω wŜŦƛƴŜ ŎǳǎǘƻƳŜǊ ŜȄǇŜǊƛŜƴŎŜ  ςthicker, creamier

ω aƻŘŜƭ ƛŦ ǎŀƳǇƭŜ ƛǎ ƭƛƪŜƭȅ ǘƻ ǎŜǘǘƭŜΦ  {ǘƻƪŜǎ [ŀǿ Ҧ ƛǎ ŘƻǿƴǿŀǊŘ ŦƻǊŎŜ ƻƴ ǇŀǊǘƛŎƭŜǎ Ҕ ƳŜŘƛŀ ȅƛŜƭŘ ǎǘǊŜǎǎΚ
Rheology Testing Services
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¶Brand 2 is thicker 
¶Requires more stress to start flow
ÝBut, will it rebuild after forced from bottle?
aƻǊŜ ƭŀǘŜǊΧ

Brand 2

Brand 1

L
o

g
 h
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ce
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ti
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is

e
])

Log s(Shear Stress; Pa [Pascals])

2. Yield Stress

3. Flow

Stress = Force/Area
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Application: Yield StressRamp- Arthritis products
Ʒ Results: Orders of magnitude difference!  

ω Experimental: 25mm rough parallel plate, 200um gap (100uL sample), 0 to 300Pa over 300sec

ω Note: Yield response is rate dependent.  Values vary with experimental parameters. Example: Pull rubber band slow vs fast.

Log-Log Plot Linear-Linear Plot

Full 
scale

Stress = Force/Area

Most 
άǘƘƛŎƪέ

Most 
άǘƘƛƴέ

L
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 h
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Log s(Shear Stress; Pa [Pascals])
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s(Shear Stress; Pa [Pascals])
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Application: Using Yield Stress to Screen Sedimentation
Downward stressfrom gravity on a spherical particle in dilute 
ǎǳǎǇŜƴǎƛƻƴ ƛǎ ŜǎǘƛƳŀǘŜŘ ōȅ {ǘƻƪŜǎΩ [ŀǿ

Å If media yield stress> ss, then sedimentation less likely assuming 
ǎǳǎǇŜƴŘƛƴƎ ƳŜŘƛŀ ŘƻŜǎƴΩǘ ǎƘŜŀǊ ǘƘƛƴ during transport & handling. 

Å Can also screen with amplitude sweep(cohesion energy density).

ʎÓ Ò Çzz
Ä ʍ

σ

Vs = 2 r 2 
* g * (d-r)

9h0

Ref: azom.com/article.aspx?ArticleID=2885

Vodka with suspended gold flakes
(non-Newtonian) r(fluid density)

r (particle radius)

g (gravity)

d
(particle density)

Stress
Particle 
radius

Gravitational 
acceleration

Particle 
density

Fluid
density

Sedimentation
velocity Zero shear

viscosity
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Switching gears to other rotational methods

SHEAR RATERAMP ASSAY

-Continuous ramp (most requested)

-Stepwise ramp

Viscosity(h) = Shear Stress = s
Shear Rate       g

= Force/Area
Strain/Time

= Force/Area
(Displacement/Height)/Time

Displacement

H
e

ig
h

t

Force (N) applied over plate area

Upper Plate

Lower Plate
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Shear RateRamp (Continuous)
Which is more viscous ςhoney or mayonnaise?

5ŜǇŜƴŘǎ ƻƴ ǎƘŜŀǊ ǊŀǘŜΧΧ CRITICAL CONSIDERATION WHEN COMPARING VISCOSITIES
­At 2sec-1 hMayonnaise> hHoney  

­At 40sec-1hHoney> hMayonnaise

Mayonnaise
Non-Newtonian

(more viscous at 2sec-1)

Honey
Newtonian

(more viscous at 40sec-1)

40sec-1
2sec-1

L
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])

g(Shear Rate; sec-1)

NOTE:  shear rate sec-1 p̧late rpm
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Shear RateRamp (Continuous) ςLow Viscosity Samples ­ Sensitivity

Water Standards (start & end)

Ʒ Result:Resolved water stds& 5 very low viscosity samples within 0.5cP range with good reproducibility

ω Experimental: 40mm smooth upper parallel plate, 300uL gap (380uL sample) at 25C̄ over 50-200sec-1

Sample 1 (RSD 1.6%) 

Sample  2 (RSD 2.3%)

Sample 3 (RSD 1.4%)

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

1.5cP

1.0cP
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g(Shear Rate; sec-1)
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log-log plot ­ Samples look reasonably similar  

Experimental: Shear rate ramp (0.01-1000sec-1) over 5min at 25̄C, 25mm rough upper plate

Conclusion: 0.03% > 0.01% for both RLD and Generic ointments with good reproducibility (n=2)

RLDOintment 0.03%

RLDOintment 0.1%

Ointment 0.03%

Ointment 0.1%

Shear RateRamp (Continuous) ς2 RLD vs 2 Generic Ointments

DuplicateAssays

RLDOintment 0.03%

RLDOintment 0.1%

Ointment 0.03%

Ointment 0.1%

Shear thinning (non-Newtonian)

log-linear plot ­ See reproducible differences at low shear rates!

(RLD = Reference Listed Drug) 

L
o
g

 h
(V

is
c
o
s
it
y
, 
c
P

 [
c
e
n
ti
p
o
is

e
])

Log g(Shear Rate; sec-1)

h
x1

06
(V

is
c
o
s
it
y
, 
c
P

 [
c
e
n
ti
p
o
is

e
])

Log g(Shear Rate; sec-1)



Viscosity ςStepwiseShear Rate Ramp 
Å Incrementally step shear rates up/down.

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

Å Helpful to model manufacturing processes, quantify post-shear thinning (ir)reversibility (hysteresis).

Rheology Testing Services
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Image from Netzsch

APPLIED MOVEMENTS                              OUTPUT PLOT 
(for 3 increments)

st
a
b

le

n
o

t 
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a
b

le

1

2

3
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StepwiseShear Ratewith Increasing/Decreasing Ramps for 2 Polishes

ÅExperimental: 25mm rough plate, 300um gap (150uL), 0.01 ­ 200 ­ 0.01sec-1 

Å30 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 shear.

-After shear thinning, Polish 1 under-rebuilt 0.53-fold & Polish 2 over-rebuilt 1.86-fold vs initial.

Polish1
Polish 2
Shear Rate Steps

h
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Application: StepwiseShear Rate
for Arthritis Products

¶ Move to next step after stability criteria met (5%) 

ƷResults 

-Very different among samples.  

-Increasing vs decreasing shear rate results different
showing loss of Newtonian plateau

Å Experimental: 25mm rough plate, 
200um gap (100uL), 0.0001-1000sec-1

STEP 1 - Increasing Shear Rate

STEP 2 - Decreasing Shear Rate

Loss of Newtonian plateau 
after shear thinning

Newtonian 
PlateauVery low shear 

initially too noisy
(samples not initially 

pre-sheared)

Much reduced 
noise at low 
shear rates
Ý sheared-thinned 
during Step 1
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Application: Stepwise Shear Rate - Rank order macromolecule MW ́άȊŜǊƻέ ǎƘŜŀǊ ǊŀǘŜ

Ʒ Results:  Zero shear viscosity (h0) at Newtonian Plateau tends to correlate with molecular weight (MW).  

­General Rule of Thumb: Polymer having same h0 with broad MW distribution (less ordered) starts shear thinning at lower  
shear vs narrow MWD (more ordered).

100% highest label MW
1.6% of highest label MW but cross-linked!
16% of highest label MW
6.5% of highest label MW

1.7% of highest label MW

2.1% of highest label MW

Expanded plot from previous slide at very low shear rates. h0



Rheology Testing Services

Application: Batch (In)Consistency using Shear Stress & Shear Rate Ramps

SHEAR STRESS RAMP

Batches #1-5 ­ Similar

Batch #6 (triplicate) ­ Higher yield stress &                              
yield viscosity ­more stiff

SHEAR RATE RAMP

Batches #1-5 ­ Similar

Batch #6 (duplicate) ­Higher viscosity at low 
shear rate (1-10sec-1)

Batch #6 (triplicate)

Batches #1-5 

Batch #6 (duplicate)

Batches #1-5 

Conclusion: Both shear stress& shear 
rate ramps confirm Batch #6 differs. Shear StressRamp

Shear Rate Ramp
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Time (sec)

.ǊŀƴŘ нΥ [Ŝǎǎ ǊŜōǳƛƭŘ Ǿǎ ƛƴƛǘƛŀƭ ǾƛǎŎƻǎƛǘȅΣ ǎǘƛƭƭ άǘƘƛŎƪŜǊέ

.ǊŀƴŘ мΥ aƻǊŜ ǊŜōǳƛƭŘ Ǿǎ ƛƴƛǘƛŀƭ ǾƛǎŎƻǎƛǘȅΣ ǊŜƳŀƛƴǎ άǘƘƛƴƴŜǊέ

Step 2
Higher Shear Rate (10sec-1)

ҦƳǳŎƘ ƭƻǿŜǊ ǾƛǎŎƻǎƛǘȅ όǎƘŜŀǊ ǘƘƛƴƴƛƴƎύ

Step 3
Low Shear Rate (0.001sec-1) 

Rebuild?
Step 1

Low Shear Rate 
(0.001sec-1) 

Baseline

Application: Thixotropy (3-Step) ςYŜǘŎƘǳǇΧŀƎŀƛƴ
ƷPurpose: Client (engineers) requested ketchup data for process modelling.

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

­­/!w9C¦[Η  !ǎǎŀȅ ǇŀǊŀƳŜǘŜǊǎΣ ŜǎǇ {ǘŜǇ н ŘŜǇŜƴŘ ƻƴ ǉǳŜǎǘƛƻƴ ǎŜŜƪƛƴƎ ǘƻ ŀƴǎǿŜǊΧΧΦΦ bƻǘ ǘƻƻ ƭƻǿΣ ƴƻǘ ǘƻƻ ƘƛƎƘΦ
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Application: Temperature Cycling with Single Shear RATE - Food
Å Investigate irreversibility of food product viscosity with temperature cycles 34 ­ 50­ 34 F̄

Å Used solvent trap to increase humidity in assay chamber to reduce moisture loss

Å Sample assayed at low shear rate (0.1sec-1)
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Creep-Recovery for Yield Stress & Elasticity

S
h

e
a

r 
st

ra
in
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r 

C
o
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p
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c
e

 (
1
/P

a
s
ca

ls
))

Time                                                     Time                                                         Time

Shear Stress 
ON  OFF

Shear Stress 
ON  OFF

Shear Stress 
ON  OFF

Response to applied stress and release

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

ÝUsed to determine zero-shear viscosity and evaluate  suspension 
stability

Squeeze/twist and release.  

Quantify responses.

Elastic Recovery

Net Loss

Rheology Testing Services

Pure Elastic
Most stable

Bounces 100% of initial height

Pure Viscous
Least stable 
No bounce

Viscoelastic
Mix of Viscous & Elastic
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Application: Tribology(friction) of 4 common 5W-30 motor oils at 15, 25 & 125̄C

ƷResult:¶Differences among oils decrease with increasing temperature and decreasing shear.  

¶έBrand 4High mileageέ ƻƛƭ Ƙŀǎ ƭƻǿŜǎǘ ŦǊƛŎǘƛƻƴ ό/ƻCύ ŀǘ ƭƻǿŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿƛǘƘ ¬shear.

*Normal car engine operating temperature 200-210̄ F (93-99̄ C)

5W-30 Motor Oils
Brand 1 Regular
Brand 2 Regular
Brand 3 High Mileage 
Brand 4 High Mileage
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Brand 4 (high mileage 
oil) haslowest friction 
(CoF) at lower 
temperatures as 
¬shear.

125̄ C*
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15̄ C

C
o

e
ff
ic

ie
n
t 
o

f 
F

ri
ct

io
n

Angular Velocity (radians/sec)



Rheology Testing Services 31

Application: Tribology(friction) for arthritis products
ƷResult: Observed º2-fold difference among samples with leading product having least friction (lowest CofF).

ωExperimental: 36̄ C, 0.2N downward force over 0.0001 to 100 radians/sec.  Requires º300uL sample.
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bƻǿ ǘƘŀǘ ǿŜΩǾŜ ƭƻƻƪŜŘ ŀǘ ǎƻƳŜ ŜȄŀƳǇƭŜǎΣ 
ǎƻƳŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴǎƛŘŜǊŀǘƛƻƴǎΧΦ
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Preliminaries to Confirm Rheometer Performance (Bracketting)

Oscillatory Assays: Frequency Sweep  
¶PDMS Std 
(10­0.1Hz at25̄ C, 0.5% strain, 0.5mm gap; 25mm rough platevs label claim)

Rotational Assays: Shear Rate Ramp (same used for samples)

¶Water for highly aqueous, low viscosity samples

¶Certified silicone oil standards for higher viscosity samples

Water



Mindful about slippageat plate-sample interface
Å Plate must impart force through sample, not just at plate-sample interface

Å Slippage leads to experimental error & variability 

Å If sample not prone to slippage, results should be similar with different gaps (i.e. sample height)

Ʒ Use roughened or serrated plates to reduce potential for slippage

Rheology Testing Services
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9ȄŀƳǇƭŜ ƻŦ ά{ƭƛǇǇŀƎŜέ ŀǘ ƻŦ ǘƻǇ ŎŀǊŘǎ
¢ƻǇ н ŎŀǊŘǎ άǎƭƛǇέ ŦǳǊǘƘŜǊ ǘƘŀƴ ƻǘƘŜǊǎ

Slippage
(smooth plates)

No Slippage
(roughened plates)

Smooth Rough
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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

¶Geometry: Cone, Plate or Cup & Bob, vane, many options
-Cone gives more consistent shear across sample vs parallel plate. 
-Cone not 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.

ÅPlate/Cone Size
-Larger diameter provides more sample contact to provide more torque, hence more sensitivity; but requires more sample. 
-Larger diameter is more sensitive for less viscous samples and achieves smaller strain amplitudes for oscillatory assays.
-Larger diameter can generate higher shear rate
-[ŀǊƎŜǊ ŘƛŀƳŜǘŜǊΣ ƘŀǾƛƴƎ ƳƻǊŜ ƻǎŎƛƭƭŀǘƛƴƎ Ƴŀǎǎ ƎƛǾŜǎ άƛƴŜǊǘƛŀ ŦƭŀƎέ ŀǘ ƘƛƎƘŜǊ ŦǊŜǉǳŜƴŎȅΣ espfor lower viscosity samples.
-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) 
¶/ƻƴǎƛǎǘŜƴŎȅ ƛǎ ŎǊƛǘƛŎŀƭΗ  ΧǊŜǇŜŀǘƛƴƎ

ωGap (sample height)
-Typically 0.2-1mm.  Depends on sample and assay parameters. (human hair º70+/-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 stress ®®with ¬shear rate if sample displaced.
-Small gap inaccuracies may lead to modest % assay error.

-Larger gap facilitates smaller strain amplitude

-Gap setting options to provide consistent sample loading: 
-height controlled­ For most samples. Typically 200-1,000um.   
-force controlled ­ For samples with inconsistent thickness (i.e. cheese), rigid &difficult to compress (polymer 
films).  Rheometer software accounts for sample height throughout assay to calc outputs.

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

¶ Particle Size: Ideally 1/10 rule: plate-plate/cone gap > 10x largest particle or droplet.  Cones have fixed default gaps.



¶Pre-Shear or not to pre-ǎƘŜŀǊΧΦΦ
-Depends on question to be answered
-Any sample movement (loading) may irreversibly shear thin sample, maybe not!?! Screen with thixotropy assay (later)
-Can apply very low pre-ǎƘŜŀǊ ǘƻ άƴƻǊƳŀƭƛȊŜέ ŦƻǊ ƘŀƴŘƭƛƴƎ ŜŦŦŜŎǘǎ  
BUTΧ ǇǊŜ-ǎƘŜŀǊ Ŏŀƴ άŜǊŀǎŜέ ƻǘƘŜǊ ǊƘŜƻƭƻƎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŜǎǇŜŎƛŀƭƭȅ ƛŦ ǎŀƳǇƭŜ Ŝŀǎƛƭȅ ǎƘŜŀǊ ǘƘƛƴǎ ǿƛǘƘ ǇƻƻǊ ǊŜōǳƛƭŘƛƴƎΦ

¶Sample change during handling and analysis
-Curing, degradation, rebuilding, cross-linking, volatiles loss, etc
-Rotational: Screen with singleshear rate or shear stress vs time at assay 
temperature(s) and monitor viscosity

-Oscillatory: Screenwith singleŦǊŜǉǳŜƴŎȅ Ǿǎ ǘƛƳŜ ϧ ƳƻƴƛǘƻǊ DΩΣ DέΣ d, G*changes.
What are DΩΣ DέΣ d, G*Κ   {ǘŀȅ ǘǳƴŜŘΧΧ

-Got volatiles? Use a solvent trap

-Maintain sample in enclosed volatiles saturated environment (i.e. humidity)

-Sensitivity to oxidation at elevated temperatureҦ
enclosed, low N2 flow

Rheology Testing Services 37

Other Experimental Considerations (continued)
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Switching gears to oscillatoryassays ­DEFORMATION 

Å Oscillatory (bi-directional)
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hǎŎƛƭƭŀǘƛƻƴ  Ғ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜ ŀƎƛǘŀǘƻǊΧǎƻǊǘ ƻŦ

2 Ways to Modulate Oscillation: 

1. Amplitude (destructive)
ÅDetermine Linear Viscoelastic Region (LVER)

Ýά.ǊŜŀƪƛƴƎ Ǉƻƛƴǘέ ƻŦ ǎǘǊǳŎǘǳǊŜ ´stability

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

2. Frequency (non-destructive) 

ÅMeasure response to event time =1/freq

ÝProbe structural properties within LVER to maintain 
rheological integrity during assay

Image from Netzsch



Oscillation - Amplitude Sweep
Ý Preliminary assay to determine LVERbefore frequency modulated assays to ensure sample integrity.

Ý LVER can decrease with increasing frequency.  Typically perform assays at 1Hz.

ÝDΩ όŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎΤ ǎƻƭƛŘ-nature) tends to increase with increasing frequency

Ý LVER tends to decrease with increasing solid form (i.e. temperature dependence).   LVER melted > LVER not melted
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Stress or Strain Controlled

LVER (intact)

>LVER (broken)
Structure Intact

Upper LVER limit
¶Critical strain or stress­ rheological breakage
¶¢ȅǇƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ŀǎ Ғр҈ DΩ ŘŜŎǊŜŀǎŜ

Lower EnergyҦҦ Higher Energy

Image from Netzsch
Stress controlled: Measure sample movement from defined applied force (stress=F/A).
Strain controlled: Measure torque required to move sample defined displacement.
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!ǇǇƭƛŎŀǘƛƻƴΥ !ƳǇƭƛǘǳŘŜ {ǿŜŜǇΥ DΩ vs % strain to determine LVER for gels containing hyaluronic acid
­ strain = extent of sample deformation relative to sample height  

Ʒ Purpose: Compare properties.  ALSOneed LVER to define %strain (within LVER) input for subsequent frequency modulated assays.

Ʒ Result: hōǎŜǊǾŜŘ ƭŀǊƎŜ [±9w ŀƴŘ DΩ ŘƛŦŦŜǊŜƴŎŜǎΦ  5ŜǘŜǊƳƛƴŜŘ ƛƴǇǳǘ ҈ǎǘǊŀƛƴ ŦƻǊ ǎǳōǎŜǉǳŜƴǘ ŦǊŜǉǳŜƴŎȅ ƳƻŘǳƭŀǘŜŘ ŀǎǎŀȅǎΦ

NoteΥ  [±9w ǘȅǇƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ŀǎ р҈ DΩ ŘŜŎǊŜŀǎŜΦ  5ŜǘŜǊƳƛƴŜŘ ŦǊƻƳ Řŀǘŀ ǘŀōƭŜǎΣ not visually from plots.

More solid-like

Less solid-like

Sample 1

Sample 2

Sample 3

1% strain used for 

Frequency Sweep

LVER 1.8%

LVER 32%

LVER 63%
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Slide from Netzsch



Oscillatory Assay Outputsto Quantify Viscoelastic Deformation
¶DΩ  όtŀǎŎŀƭǎΤ tŀύ Υ 9ƭŀǎǘƛŎ ƻǊ άǎǘƻǊŀƎŜέ ƳƻŘǳƭǳǎ ´solid nature
¶Dέ όtŀǎŎŀƭǎΤ tŀύ Υ  ±ƛǎŎƻǳǎ ƻǊ άƭƻǎǎέ ƳƻŘǳƭǳǎ ĺiquid nature 
¶d (degrees):  Phase angle  45̄­ 0 īncreasingly solid 

45̄ ­90̄ increasingly liquid 
¶tan d(unitless): = DέκDΩ ´ability to store (solid-like) and release (liquid-like) energy. 

¶With decreasing tan delta, particles increasingly associated due to colloidal forces, sedimentation could occur
¶<1 increasingly solid-like; >1 increasingly  liquid like; = 1 is DΩDέ ŎǊƻǎǎƻǾŜǊ όƳŜƭǘƛƴƎ pt, gel pt)

ωG* (complex modulus; Pa) = Stress(max) / Strain(max) ́ Stiffness

ωh* (complex viscosity; cP or Pa-sec) =  G*/ 2pf   where f= angular frequency that must be units of radians/second

Rheology Testing Services



Frequency Sweep:  Example Silly Putty ­ Viscoelastic Liquid or Solid?

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

ω DŜƴŜǊŀǘŜǎ ǊƘŜƻƭƻƎƛŎŀƭ άŦƛƴƎŜǊǇǊƛƴǘέ ƻǊ άǎǇŜŎǘǊǳƳέ

ω can use either % strain or stress as assay input within LVER determined with amplitude sweep
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DΩ  9ƭŀǎǘƛŎ ƳƻŘǳƭǳǎ όǎƻƭƛŘ ƴŀǘǳǊŜύ

Frequency (Hz)

Low Frequency          High Frequency

Long Timescale   Short Timescale
(BEHAVES LIKE LIQUID)                                                                                           (BEHAVES LIKESOLID)

d Phase angle <45̄
More solid like at high freq

d Phase angle >45̄
More liquid like at low freq

Dέ ±ƛǎŎƻǳǎ aƻŘǳƭǳǎ
Liquid dominant at low freq
Ýless stable over time in storage

Solid dominant at high freq

DΩDέcrossover correlates to 
relaxation time (t) correlating with 
disentanglement, phase transition. 

Flows (liquid)

Stretch
(viscoelastic)

Bounces (solid)

At lower Hz, sample 
molecular relaxation 
time is shorter than 
assay freq, more liquid-
ƭƛƪŜΣ Dέ Ҕ DΩ Ý flows. 

At higher Hz, sample 
molecular relaxation is 
longer than assay freq, more 
solid-ƭƛƪŜΣ DΩ ҔDέ Ýbounces.
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Application:  CǊŜǉǳŜƴŎȅ ǎǿŜŜǇ DΩ нл-0.01Hz, 3% strain* for 6 Arthritis products 
ÝID products that stiffen more than others with increasing frequency (´exercise) as shown in results

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

Product 1

Product 5

Product 3
Product 2
Product 6 (leading product)
Product 4

0.5Hz    2.5Hz      4Hz 
Walk      Jog         Run

* 3% strain obtained from literature and also confirmed with amplitude sweep

D
Ω
 
ό
Ŝ
ƭ
ŀ
ǎ
ǘ
ƛ
Ŏ
 
Ƴ
ƻ
Ř
ǳ
ƭ
ǳ
ǎ
Σ
 
t
ŀ
ύ

Frequency (Hz)



Rheology Testing Services 46

Application: FREQUENCY SWEEP ςSensory Screen
Å Pull-away assay also correlates well with sensory panel results

Image from Malvern Pananalytical/ Netzsch
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Application: Oscillatory Single Frequency Temperature Sweep - Cheese Melting Point

DΩ όŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ºsolid nature)

Dέ όǾƛǎŎƻǳǎ ƳƻŘǳƭǳǎ ºliquid nature)

d (phase angle ºsolid-liquid balance)
d= 45̄ defines melting point

Ҧ increasingly solid 45̄to 0¯
Ҧ increasingly liquid 45̄ to 90̄

Melting Point Region
DΩҐDέ
d= 45̄
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Å vǳŀƴǘƛŦȅ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ ǿƛǘƘ DΩDέ-crossover and phase angle (d=45̄ ))
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Image from Malvern Pananalytical/ Netzsch

Refrigerator 
Temp

Room
Temp

Lower G*= less stiff
More Spreadable

Higher G*= more stiff
Less Spreadable

Application: Oscillatory Single Frequency Temperature Sweep ςButter Spreadability 

ω Dϝ ´stiffness

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

Image from Malvern  Pananalytical / Netzsch
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Application: Stability - Single Frequency and %Strain for Polymer Discs
Ʒ Purpose: Compare thermal stability of discs vs % anti-oxidant relative to Reference Disc

Ʒ Result: {ŀƳǇƭŜǎ ǎƘƻǿ ŘƛŦŦŜǊŜƴǘ DΩ(plateau) and stabilization rate

Ʒ Experimental: Gap discs with 4N downward force, assayed 3hrs at 180C̄ under N2 with 1.59Hz at 0.5% strain

N2

Reference Disc

N2
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