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Introduction and Motivation

Medicine and life sciences :

Requirement of new tools for
detection, visualization and analysis
to get more information about tissues
and cells e.g. by:

¢ Micro-movements

< Differences in tissue elasticity

* Refractive index changes

for

¢ Minimal invasive (tumor) diagnostics
* Analysis of life processes
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Introduction and Motivation

Medicine and life sciences :

Special requirements for medical
applications / biological specimen:

¢ Minimal invasive

* Non contactive

» High resolution (lateral, amplitude)
* “On line” application (in vivo)
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Notation:

ESPI: Electronic Speckle Pattern Interferometry
DSPI: Digital Speckle Pattern Interferometry
»TV-Holography*

~electro-optic Holography*

Related: Speckle Shearing Interferometry / Digital
Shearography
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Development

» 1971: Butters et al. first ESPI paper
(qualitative fringe analysis)

« about 1979 first theoretical analysis
(G. Slettemoen, K. Creath)

* 1979 Lokberg et al.: in vivo
investigations of the human ear

« since 1985 phase shifting methods
(K. Creath)
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Development

+ since 1993 further development by application of
CCD cameras, digital imaging processing
components and improvement of phase shifting
techniques

« 1993 Pedrini et al.: spatial phase shifting ESPI

* 1997 Bothe et al.: optimization of spatial phase
shifting ESPI

* 1997 Lakberg et al.: Microscopic video speckle
interferometry

« 2000 Schedin et al.: Shock wave detection on
biological surfaces
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ESPI
Endoscopy « Non-destructive Vi
+ Investigation of testing icroscopy
cavities + |« Interferometric + [+ High lateral
« Compact precision resolution
* Flexible « Video repetition rate

/ Applications \

Life Sciences
« Analysis of
life processes

Medicine Industry ]
+ Minimal invasive + Non-destructive
(tumor) diagnostics testing
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Speckle effect

Probability density p(7)
of the intensity distribution 7

Speckle pattern

2

20°
o2 mean intensity

1
I)=—-exp| —
p() 257 P

Speckle size d; (lateral)

- afSp ~1.22- li
Speckle size D,
(in propagation dir(zection) d‘Sp 2 : light wavelength
d =~ 8%1— [ : distance to optics
® D} D,: aperture
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Superposition of object wave and reference wave on a CCD sensor

illumination wave

object

laser

L2
reference wave

BS : beam splitter
L1,L2,L3 lenses
CCD : CCD sensor
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Detection of displacements
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kg : lllumination direction S': Sensitivity vector
d : Displacement vector
A¢ : Phase difference

I;B : Observation direction
A : Light wave length
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ESPI Ok M= ESPI Ok MmrE=Em:
Image subtraction: fast visualization Lo o Sephs Image subtraction Lo o Sephs
Calculation of correlation fringe patterns:
Intensity subtraction for state A and B
(2, = 15)(x, )| e [sin[AG(x, )/ 2]
with:
‘IA - B‘mm : Ad(x,y)=C2m+ )7z m=0,1,2, 3,...
Li=Tslt Ad(x ) = 2m)x
=> correlation fringe pattern
Trieste, 17.2.2003 Trieste, 17.2.2003
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ESPI OkmrE=m ESPI OkmrE=m
. B Quantitative phase (difference) e L LES
Image subtraction T e e
Advantages: o . .
+ Fast visualization of motions and Phase shifting techniques:
displacements .
e : » Spatial heterodyne ESPI
» Simple experimental setup "
Disadvantages: » Temporal phase shifting ESPI
+ No quantitative phase evaluation without * Spatial phase shifting ESPI
further technology
* No detection of the sign of displacements
and motions
Trieste, 17.2.2003 Trieste, 17.2.2003
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Spatial heterodyne ESPI

* Further development of the image subtraction
method

« Additional tilt of the reference wave or of the
object wave between two recordings

» Correlation fringes of the object displacement are
superposed e.g. with additional parallel carrier
fringes

« Evaluation of the phase difference distribution by
Fast Fourier transformation
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Spatial heterodyne: centrally loaded plate

without carrier frequency
e, 3) = FT{1, ~g|(x, )}
FT: Fourier Transformation

©

with carrier frequency f
e, ) = FT{L, =[x, 3, /)]

-

S 1)x.p)]
R, -1,)(x,»)]

: ==> [Ad(x,y)= arctan[

|

L |e(x, p, )= (x,9)

(1, 1)(x.) =FT (' (x.)}]

©
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Spatial heterodyne: centrally loaded plate s

example:
central
loaded
plate

(a) Correlation fringe pattern: (b) Carrier fringes
Central loaded plate

7

(c) Image (a) with carrier fringes from (b) (d) Phase difference of (a)
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Advantages:

« Fast visualization and detection of motions and
displacements with correct sign

« Investigations under “instable conditions”
possible (one recording per object state)

Disadvantages:

» Displacements and motions not directly visible

* Movable parts (e. g. piezo translators) for
phase shifting and synchronization necessary

* Reduced lateral resolution
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(Difference) Phase determination EEssiepiae

1,06, ,,) = 1,06, )1+ 7(x, ) -c0s(dhy (x, ) + @, (t,)]

e.g.
1,(x,y)—1,(x,
do(x, )= arctan[%} mod 27z

aq(t), o), oa(83), au(ty)
=0°,90°, 180°, 270°

reference wave phase a, (¢, )
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Phase difference evaluation by
temporal phase shifting

| Talxy) |

l phase determination l
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le(x.y) |

I balxy) | | dglxy) I
Calculation of the
\{r;ase di!feren‘o/

mod 27

l filtering
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Temporal phase shifting (TPS) ESPI T e

Advantages:
* Common phase shifting method

« Detection of motions and displacements with
correct sign

» No reduction of lateral resolution

Disadvantages:

» Movable parts (e. g. piezo translators) or
liquid crystal displays necessary for phase
shifting

* Investigations under “instable conditions”
critical (several recordings per object state)

==> critical for investigations on biological specimen
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Spatial phase shifting (SPS) M i

Superposition of the
speckle pattern with

an additional

constant spatial

carrier fringe frequency

Comparison of the
recorded intensity
values of neighboring
CCD pixels
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Spatial phase shifting (SPS) T i

Realization of

a nearly constant
phase gradient
between

object wave and
reference wave
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Spatial carrier frequencyv, and phase gradient S
between object wave ¢, and reference wave ¢ :

Y (%,,2) = (%,5,2) = 4o (%, 7, 2)

l//(x,yzO,z):(\ (x+ &) +2 7\/xz+zzJ~27”

ﬂ(x):[)u/*{ S+x X ] 2z

i@

X
l B(x)= B~const, o, =kp \m‘
y

ccD
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Intensity distribution on the CCD sensor:
I(x,,y,)=1,(x,,,)

o[ i  Jeost ks )|

Phase reconstruction e. g. by variable 3-step-method:

do (eo0) 4 kB +C = arctar] 1208 L "l
) sinf 2L, =1, 1,

j modulo 27z

here: S = const

A
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Superposition of the
speckle pattern with

an additional

spatially constant
carrier fringe frequency

Comparison of the
recorded intensity
values of neighboring

CCD pixels
Phase difference: Ad, =g, —@ ok (modulo 2r)
Trieste, 17.2.2003 Trieste, 17.2.2003
SPS ESPI Bowretm SPS ESP! Bouretm
SPgaatIS; ?)i;faeézlch?ﬂ?xgluation by s o o Spatial phase shifting ESPI s o o
| e | e l Advantages:

l phase determination l

| balxy) dglxy) |

calculation of the
hase difference,

-
o
I
I
_

[

unwrapped

 Fast visualization and sign correct detection of
motions and displacements

« Investigations under “instable conditions”
possible (one recording per object state)

* No movable parts (e. g. piezo translators) for
phase shifting necessary

Disadvantages:
» Reduced lateral resolution

==> suitable for investigations on biological specimen
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SPS ESPI
Adjustment of the spatial carrier frequency
vo = (v, V) by digital holography

Digital Fourier transform (FT) of the intensity distribution
of superposed object wave and reference wave:

Digital holographic
reconstruction of the
aperture of the optical
imaging system

==> Determination of the B=(BB,)=27(v,0V,0)

1(x,) = |Eo (x, ) + Ex (x,9)]"

FT{I} = |E ' 5(v,,v,) + FT{E,|"}

+ ‘ER ‘Eo (Vx ViV, — Vy(])

+ ‘ER ‘Eg (vx VsV, V0 )

phase gradient 3
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Adjustment of the spatial carrier frequency
Vo = (%o ¥,0) Dy digital holography
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Further evaluation of Meda Corr,Urkersty of Mirtr
the phase difference Ag

77

A_¢unwrapped

Z
SPS ESPI D

Further evaluation of TRl
the phase difference 44

Intensity Distribution on the CCD Sensor

1657) =1, y){lm(x, y)sinc(gj cosld (x,y>+ﬂ]}

= 1,6 )L+ 705, ) coslhy (x,) + B}
with a,(x,3)=1,(x,7)
ay(x,3) = o6, )7 (x, ¥) cosly (x, )]
a5(x,7) = £y (x, )y (x, »)sin[g (x, )]

‘ #(x,y) and y(x,y) are calculated from adjoining CCD pixels. ‘

V@ () +ay(x,9)*

ay(x,)

=50 y)] 7(x,) =

a,(x,)

o (x,y)= tanil{
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SPS ESPI

Determination of the modulation y

m-step-algorithm (B = 2n/(N<pixel)
|2l ) [l (sl

2 2m -
1,(x,y)cos =
> (oo 2] 7

4= tan™

5-step-algorithm (B = 90°/pixel)

3-step- algorithm (B = variable, known)

P _l0=cos p)t,—1)F +sin poL, 1, LY |
q):!an"[[ )21 v / 21, sin i1 -cos B) |

sin
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SPS ESPI

Determination of the modulation y

3-step-algorithm (B = variable, known)

4| 1-cos g 1,-1
phase of object wave ~ |¢ =tan 1[( sin B ]2121—113—13}

\/[(lfcosﬂ)(ll 713)]2 +[Sinﬂ(2[2 -1 713)]2

modulation y=
21, sin B(1—cos )
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SPS ESPI
Further evaluation of
the phase difference Ag

1, Iy .
ﬂ ﬂ mask generation
| "“]
|

Phase
difference
determination

da

A¢(ﬁllurcd)| III

A} (unwrapped)

Z
v

Medical Centre, University of Miinster
Laboratory of Biophysics

SPS ESPI
Further evaluation of
the phase difference A4¢

Example: technical membrane

.
Agmod 2z

filtered mack

Ag
unwrapped
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