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Can you see material deformation?

Q: Which is DANGEROUS deformation ??

A B

Both are
DANGEROUS

Material deformation = Strain

What if we could see STRAIN?

Structural health monitoring

deformation!
'i
i}

* Non-destructive Ideal strain
- Non-contact » measurement

* Simple methods
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Strain-sensing smart skin “S*’ method
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Principle strain maps
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Applicableto

10 B structural health monitoring
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Experiences @ Houston




Diversity in research lab.

United States

“Japanese students”
e o ©

’l"l"l‘

s “International students”

Why important?
Diverse people

N2

Diverse ideas

N2

Better ideas

» Racially homogeneous society
(Ours < Others)
* Language barrier

Tolerance for diversity
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Appendix




What | have done @ Rice

(1) Strain / Stress map
(2) Local work hardening map
(3) Theoretical model formulation



Theoretical model (1)

Observed spectral shift
2T T
AV psorved = f J £, p)Av(O, p,a)sin® O cos*(¢p — a)dOde
o Yo

Spectral shift (individual SWNTSs)
Av(,¢p, a) = Av,,,, (cos?f — usin? f) o« ¢

Av.
) o= G-

Strain axis

e
AE,; = hAv = 3(—=1)m04®=m3 e (1 4 gy nr) cos(36) - & / /

For (7,6)-(7,5) separation
g h
E =
3 — 13ty (1 + veywnr)(cos 30 6) + cos 30(7,5)

) (Avir 6 — A1/(7,5))

X -



Theoretical model (2)

Observed spectra shape
2T T
S o bserved = j f £(0,p)P (v —v, —Av(8,¢,a))sin® 0 cos?(¢p — a)dOd¢p
0 0

Peak function (individual SWNTSs)

Gaussian distribution Lorentzian distribution .
2 A =3
(v—v, —Av(8, ¢, a)) p=_ 2 .
P = Aexp\ — > T N 1
w (v —v, — Av(0, cp,a)) + (7 F)

—

8 h

g =
3—u3ty(1+ VSWNT)(COS 3607 6) + cOs 39(7,5))
_ 3G (A — AV sy)
- 3-— U V(7.6) V(7,5

_ (7,6)—(7,5)

€= CZ AAobserved

- _ 3 . 8C1 AV(7,6) - AV(7,5)
H C, A7 0-05)

observed

(AV(7,6) - A1’(7,5))

Poisson ratio can be obtained more precisely.



Methods

Strain Data Fitting Model Principle Stress
Theory of Elasticity (Magnitude)
1—v 1+v _ 5
£ = £+ g, cos(26 + 2¢) 01) _ 9111 022 011 — 922 2
N 2 - 2 Y {02} - 2 * ( 2 ) T 01,
(Direction)

1 204,
& s 2 . 011 — 022 v

Stress / Strain map

p+in/2 can be made.
! o]
¢ Angle 6 ' £

Strain - Stress Transformation Work hardening mapping

0;; = Ejjj1€1(Hooke’s low) IIila'stic defo.rmEétion

oisson ratio: Constant s .
‘ Symmetry of Young’s modulus tensor Idn';'al pla.:;tlc
- £ E oE c ‘ Work hardening eformation
11 1111 L1122 1112 €11 is detectable.

[022 = |E1122 Epz20 2E;512 Ié‘zz] Plastic deformation

012 Ei112 Esnq1p 2E{51011€12 Poisson ratio: Increase 12/5



Strain
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Local work hardening map

Colored region
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show damaged
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Local work hardening




Strain gage rosettes

i -
£ Consisting of 3 &1+ & & —&
(3) g1y = + cos(26
‘@ . * strain gage with @) 2 2 (26)
different angle _ & tE &5 m

18 = + 5 cos 2 (9 + §)

81 + 82 81 - 82 27T
€3) =~ + 5 cos 2 (9 + ?)

. I'Ir . 8(1)
&1 8(1) + 8(2) + 8(3) \/7 2 2 2
{gz} = 3 * (ey —e@) + (e — ) + (e — ew)
Principle strain can be determined 0 = ltan_l \/§(8(3) - 5(2))
based on 3 data with different angle. -2 2€(1) — €(2) — £(3)
Problems

* Low accuracy (small # of data)

* Space is necessary (larger than SWNTSs)

e Difficulties on deciding 0 of angle

e Stiffness & thermal conductivity of materials could be altered locally.

- These can be solved by using SWNTSs strain sensor.
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Rolling up graphene sheet
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Optical property of SWNTs
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Measurement setup

SWIR
spectrometer

collimator

long-pass filter—_ :1
short-pass filter

clean-up fllter\ \ A A

excitation

coupler lens, o

motorized half-wave plate |
(polarization control) II ———test specimen
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SWNT dispersed polymer films
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Deformation of materials

Elastic

deformation |
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Mohr’s circle

Strain state

diagonalization

_[€11 €12

&= [ ] Strain tensor
€21 €22 ( )

EX = &X
(e—eDx=0
le— eIl =0

Equivalent

(53 )"~ (257 (- [y

&1+ € &4 — &
e=2+_"2,4 2cos(2¢9+2<p) 1 1( 264, )

2 2 . _
@ = —tan
1—v 1+4v 2

£=— + > cos(20 + 2¢)

€11 — €22




Dynamic measurement

Viscoelasticity of polymer film
—> Strain response delay in cycle test A

Voigt model o = const.

o <{J0o— L oLyo

>
p— Vv
: 9 09 E
_ e(t) = —(1 — exp (— —t))
7 g L
E=¢"=¢
< > Input force
o =0oof(t)
o=0°+a"
— e — v
0¢=Ec® =Es¢ e(t) = fQe = L‘l[L[f]L[e]]
oV = nev = né Strain response delay can be eliminated.



Levenberg—Marquardt algorithm

Problem: Finding least squares One of the most
m used, typical & fast
S(B) = Z[yi — f(x;, B)]? optimization algorithms
Idea =
f(xi,Bo+ 6) = f(x;,By) +J;6 B,: Initial guess of optimization parameter
of (x;, Bo) Moving from ftoff + &
Y Jacobian matrix
m

SBo +8) ~ ) [y~ f (i Bo) + i1 = lly = f(Bo) ~ JBI1> Finding best &

i=1

Solution

U6 =1y - Ff(By)] &same as ( differential =0 )

(]T] + ﬂdiag(]T])) =]y - f(B] Levenberg-Marquardt algorithm

A: Damping factor (Adjustable) - make the calculation faster.



Peak deconvolution

Levenberg — Maquardt algorithm
Optimized solution - depends on initial assumption

Problem: Inappropriate fitting curve could appear.
Solution: Polynomial fitting curves (- Analytically solved)
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Annealing methods

Initial
value

Levenberg — Maquardt algorithm
Optimized solution
— depends on initial assumption

Problem:
Inappropriate fitting curve could appear.

Solution:
(1) Random initial value
Optimized (2) Find the most optimized one
solution (Annealing methods)

Local
optimized
solution

v




Future applications

(1) Structural health monitoring

(2) Application for nano-micro mechanical structures



Remained issues

(1) Material optimizations

* Degradation resistance

* Good adhesion with substrates
* Costperformance

e Spraytechnique

(2) System optimizations
* Data precision
e Dataacquisition speed up

» Data processingspeed up



