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Outline III‘“-

* Rheological fingerprinting of a complex fluid

* Large Amplitude Oscillatory Shear (LAOS)
O Useful ways to characterize nonlinear /
properties of complex fluids
a How to quantify the measured response?
*  Wormlike Micellar Solutions ﬂ
0 Commonly used in shampoos/conditioners

0 Single mode linear viscoelastic response?
0 How do we characterize the nonlinear response ¢

* The nonlinear rheology of snail slime
a What is a mucin gel? How does it work?
QO How do we characterize the nonlinear response?

* Gluten Gels as prototypical dough
» LAOS for soft viscoelastic solids & gels
How to characterize the thixotropy & nonlinear response?

* Yielding Materials; viscoelastoplasticity
* Sponsors:
Q Schlumberger Foundation, Kraft Foods, Procter & Gamble
0O NSF Graduate Research Fellowship
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Motivation for LAOS I'IM

» Develop rheological methods that leverage the capabilities of modern
instrumentation to probe the nonlinear properties of complex fluids and soft solids?
0 Foods and consumer products (gels, foams, surfactant systems)
gluten gel, micellar solutions, gastropod pedal mucus (snail slime)

)

“... the whole infinite-dimensional
space of shearing strain is
projected onto two dimensions”

The Pipkin Diagram
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Bowditch-Lissajous Curve

Increasing frequency,  [rad/s], Deborah number, A

A.C. Pipkin, Lectures on Viscoelastic Theory, Springer, NewYork (1972?

Linear Viscoelasticity & Ellipses I

+ The equation for a linear viscoelastic response can be re-written (by
eliminating time {) to show that the Lissajous figure for stress is
elliptical when represented vs. shear strain or shear-rate.

y(#) =7y, sinot / T=7,[G’sinowt +G” coswt ]

1.2 _2G'T 7/_'_,}/2 (G/Z +G//2) — (G//,yo)2

» For further reading, see wikipedia or http://ibiblio.org/e-notes/Lis/Lissa.htm

Viscous dominated Viscoelastic elastic dominated
0 T(t (1)

G"yy o
/\ i % (I)G,Y() /
70 7 70 / 0

6—90° 90°>0>0° 6—-0° 6
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Lissajous Figures for Yielding Materials (Gels, Pastes...) III“

+ Impose oscillatory stress 7(t)=7q sin(wr)
* Measure Y(¢) and represent yielding transition as Lissajous figures

T T T T
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I

The Lissajous figure
for a linear viscoelastic
response is always
elliptical

Stress

7 C

Strain
...construct a rheological fingerprint of material nonlinearity

Nathaniel Bowditch (1773-1838)

*  “I'have now traced the mathematical analysis and experimental
illustration of the Lissajous curves from France to Gt. Britain...to
their home in Salem, MA. The so-called Lissajous curves are the
Bowditch curves...They will continue, probably to be called the
Lissajous curves. But their history should be known and will be
known; though it is not necessary for the reputation of the self-taught
mathematician, Dr. Nathaniel Bowditch”...

J. Lovering, Hollis Prof. of Physics, Harvard College “Anticipation of the
Lissajous Curves”,
Proc. Am. Acad. Arts & Sci. 16 (1881).

- Originally published in N. Bowditch, P
Mem. Am. Acad. Arts. Sci 3, 413-436 (1815) 3 h
N T
http://en.wikipedia.org/wiki/Nathaniel_Bowditch

In 1787, aged fourteen, Bowditch began to study
algebra and two years later he taught himself
calculus. He also taught himself Latin in 1790 and
French in 1792 so he was able to read mathematic
works such as Isaac Newton's Philosophiae Nature
Principia Mathematica. At seventeen, he wrote a
letter to a Harvard University professor pointing
out an error in the Principia.... <]
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Fig. 3. Tracings of drawings of the orbits of two mutually orthogonal
oscillations, published by N. Bowditch (Ref. 3). Drawings a, b, ¢, and d

A.D. Crowell, Am. J. Phys 1981
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Tools for Analyzing Nonlinear Oscillatory Flows III“

« Pipkin Space Pipkin, 1972

Bowditch-Lissajous curves W. Philippoff, Trans Soc. Rheol. 10, 1964
Dealy & Wissbrun Melt Processing 1990; Giacomin & coworkers

* Fourier Transform Rheology Willhelm et al., Macromol. Mater Eng. 2002

« Geometrical Interpretation of Lissajous Curves Cho, Ahn et al., JoR 2005
Presentation of the ]‘3i‘ngham Medal to Kim, Hyun, Cho, KARJ 2006

. Wladimir Philippoff VIBRATIONAL MEASUREMENTS 325

E. B. BAGLEY, Canadian Industries Limited, McMasterville, Canada

The Bingham Medal of the Society
of Rheology for 1962 was presented
to Dr. Wladimir Philippoff of the
Esso Research and Engineering Com-
pany, Linden, New Jersey, in recogni-
tion of his outstanding contributions
0 the phenomenological rheology of
viscoelastic materials. His dedica-
tion to experimental rheology over a
period of almost thirty years has been
manifesied by his broad interests in
new phenomena, in a wide range of
materials, and in methods of measure-
ment. He recognizes the basic s
tific principle that theory and experi-
ment are mutually dependent—that theory without experiment and  g. 4. Resolving the non-Newtonian recording inte first and. third harmonics
experiment, without theory are equally sterile. Undismayed by with the electronic computer.

9
| | | iT
Time-Domain Representation ,
« Even if we only think about the third harmonic, representation becomes
complicated, because relative phase of the waves is important:
7(5;0,70)/(G) 7o) = sinwt +0.1sin (301 + 55 )
= 1 4 T 1F 4
2 rectangular 2 backward tilted
% % shoulder
g0 g0
N &
© @
E E | (b)d,=90°
2t - {1 2t ‘ 1
0.00 3.14 6.28 0.00 3.14 628 How do we rela_te
Time [s] Time [s] phase angle to higher

harmonic information?

triangular forward tilted

shoulder

() 3,=180°

Normalized stress [-]
Normalized stress [-]
o

() 5,=270°
-1 - 4

L

I

0.00 314 6.28 0.00 314 6.28

T' .
ime [s] Time [s] Hyun et al. Prog. Polym Sci, 2010
Fig. 8. The normalized stress data at different values of the phase angle for the third harmonic from Eq. (19) ata

fixed frequency @ = lrad/s (a) 6 = 0° (b) 6% = 90° (c) 6" = 180° (d) 63 = 270°. There are various shapes of the

10
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Fourier Transform Rheometry

« Single harmonic input  ¥(¢) = ¥, sin wt 0
. _ ’ ” _.o*
Measure 7(¢)=y, n:§dd|:Gn sinnwt + G cos na)t] |G *] . ooz
+ Quantitatively robust, but lacking in physical interpretation | G1* | o oot
- E 02 000 5 10 15 20 25 30
! J -1- 5 10 15 20 25 30
100 - | i ettt P "
. (’ o
0—-G ” o.
10 L 4|—=—c % °
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‘Gn > Gn 1 - f ¢ | Gl* L uDz|||II
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[Pa] 0. | B
|
01| E H 10 15 2 2 0
n
oty . . i Dissipation:
1 10 100 1000
7, [Pa] Co E, @Tdy
Snail Pedal Mucus [ Ty 2 my 2
2cm steel plate, T=22°C, 180ym gap 0 0

Ganeriwala and Rotz, Polym. Eng. Sci., 1987; Willhelm et al. Macromol. Mater Eng. 2002

Physical Interpretation of LAOS Deformations

+  General Fourier decompositon 7 =70 2 G, cos(nwt)+ G, sin(nwt)

A New Approach

«  Consider strain and strain rate as independent

n odd

y() =y,sinwt y(@) = (y,w)coswt

orthogonal inputs =Y x(1) = Yy(1)
« Decompose output stress using symmetry arguments

into ‘elastic’ (x) and ‘viscous’ (y) contributions
* Represent the material response or Transfer Function

in terms of Chebyshev polynomials in x and y: @

N N
T(t;w’YO) = Tolastic (Y([)) + Tviscous (Y(t)) =7%0 2 e[Ti (X) + 7/0(02 ViTi (y)

i=1 i=1

Ty(x) T, T
\ /TN
/ X

| 't \

BENEFITS

* Chebyshev polynomials are orthogonal and offer near-optimal
polynomial interpolation

« The Chebyshev coefficients (v; & e;) have physical interpretations

[ with respect to familiar rheological concepts such as shear-thinning

and strain-stiffening

» Temporal response can always be reconstructed using identities for
Chebyshev polynomials

T,(x) =Ty(sinwr) = (=) sin(ion)  T,(y) = T;(cos 1) = cos(ian) |,

(¢) G.H.McKinley/MIT
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Stress T [Pa]

[N}

Example: Nonlinear Elastic Solid

* LAOS for nonlinear elastic solid
T=G(y)Y
» Higher order terms are mutually orthogonal...

stress

= Strain-stiffening modulus: 7.
*

strain

' ' ' ' ' Chebyshev Decomposition
_T(t)={Gl+G3(y(z)/y*)2}y0sina)l | 15 1717171
1 B
i T = 10F 4 .
I a L N ]
UDE < L Te/asric = Y()zé‘iTi(XI
® 05 i=1 .
F G,=10Pa 1 r 1
G, =02Pa i ]
F . 0.0 [ N i

A ) A . [P I T B B |

2 ! 0 1 2 0o 1 2 3 4 5

< [ Order, n

2
, 3 o
«  Material Moduli: | ¢ =G :G1+4[7/EZJ G;  e3=-Gj :+*L%J Gs
4 4y

Linear elastic limit Direct measure of the nonlinearity

G(1=G+Gs(v/r*)

13

[Pa]

(o)

Example: Generalized Newtonian Fluid ny=n-n3(7/7 %)

* LAOS for shear-thinning viscous fluid %
= Rate-dependent viscosity: 7 =1(y)Y =
7k
Shear rate —
. l 2 Chebyshev Decomposition
L r(z):{n1 -5 (y(0)/7%) }yoa)coswt _ 15 T T T
I r 3%:1.5 ]
I | 10 | 5 ]
by ’ - Tviscous = J/sz viTi (y) e
s f =R
L n,=1.0Pas 1 < 0.5 r ]
n, = 0.1Pas > o -
- 1 0.0 | —
. . s : I T T PR P B
2 B 0 ! 2 0 1 2 3 4 5
Yy I ) Order, n
2
. o o 3 ')/0 1 Y
Viscosity: VWEN =N - 4[7/* 3 v3=1y'= - 72 i

Newtonian limit Direct measure of the nonlinearity

14

(¢) G.H.McKinley/MIT

1/27/12



ASR Rheology Symposium 2012 1/27/12

THy
Consistency Check! I"lii
Comparison of Data Collection methods to find 10° | '(,'))' T Ty
G', G" for Xanthan Gum 0.2% at 3.75 rad/s and 22°C 5 — 10" ]
L ' EZZ 107 4
I g\u\““ %"g 10° 1
Es
\'\ 2 £ 10" - Noise Floor E
- B P P U P P PR PO U
L 135 7 911131517192123
- o n, harmonic index
[
o
e 150 —
2 04 e ©
o C _. 100 :
o | =
[ — 50f
L | —*—G' ARES stm swp T
—o— G'* ARES st swp s 0
[ |-a—G' MITlaos and ARES ArbWav ]
L |-2—G'* MITlaos and ARES ArbWav @ 50
\g 2 .10
Pl N N N PR | &
L 10 R R )
Strain Shear strain, y(1) [-]
Ewoldt, Hosoi, McKinley, J. Rheol. 52(6), 2008
Ewoldt, Winter, Maxey, McKinley, Rheol. Acta 2010 15
I I I LR |
Additional Physical Quantifiers of Nonlinearity i
Strain-stiffening index, S
= G,/ small-strain (tangent) modulus
= G, large-strain (secant) modulus
dt
G,=—— =e¢-3¢e+5,+.= X nG
n
dy _ n=odd
y=0
’ ’ (”_1)/2
G =-— =¢+tetet+..= X G(—l)
'y n=odd "
Y=Y, 7
(n-1)2 7 4
n— 7
’ 2 G, —1 /
S=GL=n:0dd n( ) _ qtete..
G’ > nG’ e —3e +5e¢.... ,
M = n 1 3 5 e GL
T e
= §=G,'/G,, = 1 for linear viscoelastic material 7 -G
= § < 1 for strain softening 1 M
= § > 1 for strain stiffening 3
_ . . — & Y
Similar framework for nonlinear viscous response; 7
plot stress against strgln-rate: ¢ (i)
Thickening ratio 7T=—"F*=-——"—"—_"—=
Ny (v1—3v3+5v5...) 16
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o(t) [Pa]

100

50

-100

Example: Evaluating Measures of Nonlinear Moduli
b
: | : T umm——————
(a) Linear (b) Nonlinear
viscoelastic 400 | viscoelastic ]
200 | G J ]
—_ ~. G'
£ o -
® 200 f ]
— o (total) -400 | ff,(toltal)' ]
------ o (elastic) |U (elastic)

L [ L -600 Lo Lt
-0.5 0.0 0.5 4-3-2-101 2 3 4
r® [-] r® [-]

7, =05 | | ¥, =32
123 G [Pa] 121 (prior standard)
121 G,, [Pa] 59.1 tangent, minimum strain
123 G, [Pa] 157 secant, large strain
122 Gy [Pa] 580 tangent, large strain
+0.4% e,/ *100 [%] +23.8% intra-cycle elastic nonlinearity

1"

Rheological Fingerprinting of complex fluids

 [rad.s” 1]

(¢) G.H.McKinley/MIT
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. . . v
Example: Wormlike Micellar Fluid I I"
100 mM CPyCl/50 mM NaSal: A useful example because the linear viscoelastic
envelope is almost perfectly described by a Maxwell model
10 :° i’
Strain (x)
— Y =7, sinwt
I :
o 1 i
=30| i
© {
©
=2 )
g‘ fo total stress
E 1.0 i; % g T'(x)+77(y)
§ L
@ . Elastic stress
7'(x)
04 ! i)
0.1 0.7 3 15
Frequency w [rad/s] 19
 Worrlike Micellar Fl i
Example: Wormlike Micellar Fluid
* The first harmonic component: the linear elastic modulus
1 Contours of G,(w, Yo)
10 — 35
30
10° 25
™ 120
(=)
A -1 115 2
10 Gl(w) = G(Aw)
! 1+ (Aw)?
110
5
-2
10
0
Aw
-1
o [rads ] 20

(¢) G.H.McKinley/MIT
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Example: Wormlike Micellar Fluid

« The first harmonic viscous component:

10"

Contours of G,”(®, Y)

G/ (@.y)=wv,

15

0
10 10
iy
2 -1
10 Gil)= 4
5 1+ (Aw)
-2
10
0
Aw
10 [rad.s'l] )
Example: Wormlike Micellar Fluid
* Rotate by 90° (x = y) to view ‘viscous stress’ contribution
i P 2
10 i %
Shear rate (y)
_ ) ¥ =7, cosmt
<. | i
=30|
q) 2 zr
e}
2
-E' 5 ) 50 B )
g |0
c 10| L ‘
g . .
& Viscous stress
= i 7'(x)
! ! ! !
03 | I I é
0.1 0.7 3 15
Frequency w [rad/s] 2
(c) G.H.McKinley/MIT
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Strain [-]

. : . UHe
Example: Wormlike Micellar Fluid I"lii
Measure of viscoelastic nonlinearity: v, —
P
7, = Yo {a Ty () + &3 T3 (0. + (ro@) W Ty () "*\\3713(}’»}
) o
10 ' | 1
0
0 0.5
10 [ 0
[Pas] ’
2 -1 v a.s
10 r : 1
0 -0.5
-2
PR
o K -1
10 10
1) [rad.s'l] 23
. THw
Phase Plane Portrait I"lii
The material response studied in this example can also be compactly
represented as three-dimensional trajectories in space:
Q {x(t) = strain, y(t) = shear rate, z(t) = stress}
g
2
2
5-
24

(¢) G.H.McKinley/MIT
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Fluids with Yield Stresses/Critical Stresses |I|\I\I-

How “yield-stressy” is a given fluid?

Oil-based Drilling Mud (Invert Emulsion)
General Characteristics of Drilling Muds: J. Maxey, Halliburton

* Yield stress is important
(removal of cuttings, suspension of densifying solids)

« Time dependent rheological properties

* Exposed to various timescales and
magnitudes of deformation downhole

Most common rheometric tests
+ Steady flow: 7(y)
steady state nonlinear viscous properties
«  Thixotropic loops:  1(Y,,):1(Ysoun)
time-dependent viscous properties
* Linear viscoelasticity: G'(w), G"(w)

A more-complete characterization?

» Large amplitude oscillatory shear (LAOS) systematically
spans the timescale and magnitude of deformation

» Probes time-dependent nonlinear viscous and elastic
properties

» Connects steady flow viscosity, linear viscoelastic moduli,
and nonlinear viscoelastic properties

25

Ewoldt, Winter, Maxey, McKinley, Rheol. Acta. 49(2), 2010.

Characterization in Steady Shear |I|\I\I-

+ Compare response of a shear-thinning (‘pseudoplastic material’) and a real
elasto-viscoplastic material (drilling mud)

10? . . : . :
Drilling fluid Carreau model fits
101 L 1n=0.099 i shown by lines
— n-1
@ S N2
D(? 10°L Xanthan gum ] = [1 + (l}/) :|
= n=0.35 TIO n.,
< -
= 10" Dynamic yield stress of
= @ 10’ drilling mud o, ~ 70 Pa
2 3
2 2 10"
S 107%: § 4 What about the elastic
> 10° iaa?
10 properties?
Shear Stress [Pa]
0-3 L 1 1 1 1
-2 -1 0 1 2 3
10 10 10 10 10 10
-1
Shear Rate [s']
ARES-LS displacement controlled rheometer (TA Instruments)
Aqueous Xanthan gum solution (0.2wt%), steady flow data (cone, D=50mm,T=22° C)
Invert emulsion drilling fluid, thixotropic loops test (parallel disks with sandpaper, D=25mm, T=49°C) 26

closed circles for disk correction

(c) G.H.McKinley/MIT 13
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I u -
LAOS Data Analysis I"lii
MITlaos (Ewoldt & Winter, 2008) used for processing
 From full raw data, select final 6 steady cycles (after initial thixotropic response)
* Fourier transform (FT) spectrum is calculated, along with other measures including
Chehvshev coefficients and nonlinear moduli
(a)‘ ..... Straln/(t) ‘ T N I I I I
— Stress, o (f)
2 - ]
% § - Example:
% o ILELEEREALE LEBEELELE L e 3 Drilling fluid
WEELELELERERE CLEEEL D -
@ £& 1 =15 rad/s,
4 E5
4l Pl ocles 2= 1 y73.16
ThiXOthpiC used for analysis 1075 . L L L i L
envelope P A 135 7 911131517 19 21 23
{1=exp(~t/ Agpuenre) } Time (s) n, harmonic index
150
()
= 100 E’
e e
s S
o9 o8
£ 50 g8
2 5
3 100} z
%]
B N R R B 27
Shear strain, y(1) [-] n, harmonic index
I"li
Perfect plastic dissipation ratio i
* So how do | quantify ‘how square’ the Bowditch-Lissajous curve is?
Perfectly plastic response appears as a
rectangular elastic response curve 1 Example:
Compare dissipated energy (enclosed area) ooy Drilling fluid
to that of a corresponding perfectly plastic sof =15 rad/s
response: 7,=3.16

o(t)=o,sgn(y(1)

\\
=0 qo=291 (1)z n:odd 122 \\\\\\\\

n n ﬂ I L L I L
’YO 3 02 A 0 1 2 3
Shear Strain, y [-]

Shear Stress, ¢ [Pa]

e —1 Perfect Plastic
:farf.ect.plastlc. o= @, "’) = e ﬂ;/zz 1 j —n/4=0.785 Newtonian
t t o
Issipation ratlo w Yo max -0 Purely Elastic
o= ui ~Zsins Li iscoelasti
2G| 4 inear viscoelastic response

’ La
o = 11,6, G)) General nonlinear viscoelastic response
Ewoldt et al., Rheol. Acta, 2010

(c) G.H.McKinley/MIT 14
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Shear-thinning Xanthan Gum III"
Shear-th(i;niﬂr:i éa;t;:;dgﬁn solution . —1 Perfect Plastic
o= = 4! —m/4=0.785 Newtonian
(£, )pp -0 Purely Elastic

ross [Pa]

str
5

fingerprint of ¢ [-]

Strain-Rate [s"]

s 0.8
® . (©)
AhYARYADYED
OO0 ST T T
/DY . y —
=« 0006 = JIJ0 "
. /- ~ = 04
00994a 7747
g98g4a 2744
' O 0 @ ﬂ ' / / ﬂ 0 o| Linear viscoelastic regime
0.15 0.75 375 18.75 0.15 0.75 3.75 18.75 10 ' 0 1 0
®  [rads™) ®  [ads’) 10 10
0] [rad.s'l]
29
Ewoldt et al., Rheol. Acta, 2010
I -
Elastoviscoplastic drilling fluid 1"
Elastoviscoplastic drilling fluid + Use perfect p.Iastilc dissjpation ratio in conjunct!qn with
(a) @ =475 rad.s" other tools (Lissajous figures, chebyshev coefficients..)
- to provide a complete finger print and identification of
different material responses
‘: —1 Perfect Plastic
E” Z —/4=0.785 Newtonian
g ; ( )"F' —0 Purely Elastic
101 fingerprint of ¢ [-] viscoplastic

Strain [-]

(b) (C)

NisscEInIIIIan
\egeg \LLLL
ARA0 «\GFG0 "
/ wOOOQ

0.475 15 0.475 15 4.75 15

e

0.

o

o lrads’] o lrads’] 10 10

-1
o [rads
Ewoldt et al,, Rheol. Acta, accepted [ ]

(c) G.H.McKinley/MIT 15
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LAOS in a Controlled Stress Rheometer (LAOStress)

* LAOS is a great experimental methodology to probe differences between yielded/unyielded
regime as well as limitations of constitutive models.

w = 5rad/s:

Using LAOS to Improve Predicted Rheological Behavior

T [Pal T e
— A\ A\ ——==\ 3 '} — _ 02 .
200 gggg T so
‘ 5 o
— 7 N 2]
wo| (OO '
w| 2 & 2 i * snear siess P
20 / / / // Corresponding nonlinear compliance measures:
; ‘]I,\/I: Z_Z|T=0 Jp = %|T:m
10 ///// 160107
ke B ey | -4 The EHB modelis fairly simple:
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EHB Model - Carbopol
7,=45Pa; k=26 Pas"
n=043 ; G=350 Pa
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Use LAOS to improve constitutive models and then determine the relevant model
parameters; e.g. a kinematic hardening (KH) model for elastoviscoplasticity

KH Model - Carbopol
C=540Pa ; k=26 Pas"
qg=12 ; n=043 ; G=35
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Summary of

Rheological Fingerprinting

1"

Time
Series

Soaled (0 (1) ||

100
Tima [ar

Harmonic

T, (y) = cos(not) Coefficients

b

« A physical interpretation and language for LAOS experiments in complex fluids
» Framework of elastic/viscous stress decomposition plus Chebyshev coefficents

Chebyshev Coefl: 7,

G=4.4990 Pa

G, 0248 Pa

O =4.8201 Pa
©,=0.38505 Pa

$=G,7G," =1.4868

& 9 1011121314
Folynormial Order, n

N N
T(t;w’}/O) = Tolastic ()/(l‘)) + Tiscous (Y(Z)) =%o 2 eiTi (x) + Yowz viTi (y)

Bowditch-
Lissajous
Figures
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] Measures of Nonlinearity
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G,=—| =e—3e +5 +.. S= ,L
dyl,_, Gy
4
: T _
s G =~ =¢tetet.. T=—%
i~ 375 n
: _ M
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StainTlate 1571

* Also applicable to thixotropic and ‘yield stress’ responses: elasto-visco-plastic materials
(Ewoldt, Winter, Maxey & McKinley; Rheol. Acta, 49(2), 2010)

33

) MITlaos

MITlaos

Using Fourier Transform Rheology, Chebyshev Decompostion, and Alternative Modui
to gain physical insight with Large Ampltude Oscillatory Shear (LAOS)

EEX

— Data Input

Flo N ot 5

— Input

— Save Panel

Frequency (radis) 1 |

Beginning of save file name
(suffixes will be added for each saved file):

Select Part of Data

Use Full Data Set

Starting Point:

==
=

Ending Point:

[ Customize Data-File Saving Options ]

Column # Units
i o @l |oercert @I
O msz:,:;::m Strain k2 v [ v 20j8n08 fon1296 5mg 50%
Convert  gGiress 5 @ s ]
H d o P ¥
Save Data Files
[ OvYes ®No Time ‘
Note: Include time vector if data are not alreadty evenly spaced
Which part of your data would you like to process?
/| Save Figures
Save Fi

I

Customize Figure Saving Options

I

Number of Cycles Selected: |

— Stress Fil

The Highest Harmonic to consider
in stress reconstruction

Transform reconstruction

Poirts per Quarter Cycle in Fourier-

] I Process/Analyze Data

n=[ 9 | -
— View FT Spectrum of Stress Exit
n{m ax):(
{ 300 | suggested range: 100 - 1000

MITlaos Matlab program available for use by anyone....contact mitlaos @mit.edu
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