
Fiber-optic measurement of the deformation field on a
remote surface using numerically processed
white-light speckle

T. D. Dudderar and J. A. Gilbert

)Fiber optics provides a means of making optical measurements on remote or otherwise inaccessible sur-
faces by transmitting reflected light from that remote surface to an appropriate place and/or system for re-
cording and analysis.. In this study fields of artificially generated random speckle on the surface of a de-
formable test subject are transmitted at various magnifications through a coherent multimode fiber optic
bundle (MMB) to a vidicon camera-digitizer system (VCD) where they are recorded for successive states,
of surface deformation. These results are then numerically correlated to provide a measure of that surface
deformation at a number of different locations for each pair of recorded speckle fields.

1. Introduction

The development of flexible optical fiber image
bundles has made possible the commercial production
of a family of medical and industrial instruments-
endoscopes, cystoscopes, horoscopes, etc.-specifically
designed for making direct visual observations in oth-
erwise inaccessible or remote locations and/or hostile
environments. Similarly, the availability of the laser
as a coherent light source has stimulated the develop-
ment of various newer techniques of optical metrol-
ogy-holographic interferometry (HI), laser speckle
photography (LSP), laser doppler velocimetry
(LDV)-which has made possible the quantitative
measurement of deformations or velocities on any sur-
face that could be appropriately illuminated and
viewed. Recently there have been reports of various
attempts to apply flexible optical fibers to LDV14 for
the measurement of velocity at a point, demonstrating
the potential for simplifying that technique. Similar
efforts have now been reported for HI5 and LSP.6 Each
of these applications has its characteristic advantages
and disadvantages. For example, the LDV technique
requires no imaging, so only a few individual fibers are
needed to manipulate the laser light, which is a definite
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advantage. On the other hand, it is limited to making
measurements at one point at a time, whereas HI and
LSP are both full field techniques. In turn, these
techniques require the use of coherent bundles of many
thousands of fibers to transmit full field images from the
test subject to the processor system, and such bundles
are fairly expensive and usually rather limited in length.
[When used to describe an optical fiber bundle, the term
coherent refers to the position of fibers at either end of
the bundle (such that it will transmit an image) and not
to the properties of the light passing through the bundle
(which may or may not be coherent).]

So far, because of modal propagation problems, ef-
forts to use flexible coherent fiber optic bundles to make
remote HI and LSP measurements have demonstrated
feasibility only under severely restricted circumstances.
Commercial image bundles (endoscopes, etc.) are made
of multimode rather than single-mode optical fibers
which are fixed at the ends in a close-packed coherent
array. Because of the dependence of both HI and LSP
on preservation of the phase relationships between
successive recordings, neither technique works very well
using multimode fiber optics for image transmission (or
illumination for that matter) unless the MMB (multi-
mode bundle) is also fixed rigidly throughout its length
during use. This immobilization is necessary because
even slight bending produces changes in the mode dis-
tribution as it propagates through the fiber, which in
turn results in changes in the image wave front speckle
field which are unrelated to the changes in the subject
being measured. Fortunately, in Ref. 6 it was also
demonstrated that this problem could be substantially
suppressed for speckle photography applications by
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Fig. 1. Photographs of the TV monitor showing the speckle fields at the center of a Plexiglas beam in three-point bending as seen at various
magnifications MT. The white line through the center of the field represents the movable cursor along which the intensity distribution shown
at the left is measured and digitized. The various examples are associated with test data sets as follows: (a) data set C at MT = 0.979, =

0.0335 mm/column; (b) data set D at MT = 0.222, ay = 0.1467 mm/column; (c) data set E at MT = 0.119, a = 0.275 mm/column.

SCAN LINE SCAN LINE SCAN LINE

Fig. 2. Plots of the digitized intensity vs scan line for (a) data set C, image 2, column 50 at MT = 0.979, a = 0.0335 mm/scan line; (b)
data set D, image R, column 50 at MT = 0.222, a = 0.1467 mm/scan line; (c) data set E, image L, column 50 at MT = 0.119, = 0.275

mm/scan line.

using objective (lensless) rather than subjective speckle
and operating with a speckle size significantly (>3
times) greater than the size of the individual fibers in
the bundle (u12 ,um). However, as with LDV, the use
of objective speckle, generated by illuminating a small
area of the surface with coherent light (generally the
unspread beam from a laser, perhaps transmitted
through a single optical fiber to the sample site), pro-
vides data from only a single point because the speckle
image transmitted by the MMB is generated by the
light reflected from the entire area illuminated. Con-
sequently, whenever a nonuniform displacement of the
surface takes place, the resulting shift in the objective
speckle fields is associated with the averaged movement
of the area illuminated-gradients become immeasu-
rable within a given speckle field and are manifest only
in some loss of correlation between successive speckle
images. However, further studies 7 involving rigid body
translations demonstrated that so-called white-light or
artificial speckle photography techniques using a free
flexible MMB and incandescent (rather than coherent
laser) light would be effective. Such artificial speckle
is imaged with a lens (whereas objective speckle is not)
but is not influenced by modal propagation effects (as
is all coherent light speckle, both subjective and objec-
tive). This suggests that limited field information may
be recovered using such a system.

In the present study, the white-light speckle tech-
nique is used to obtain information from several dif-
ferent locations within the field of view for each image
pair transmitted through a flexible MMB. This is ac-
complished using photoelectronic/digital recording and
numerical processing to identify the displacement dis-
tribution along an elastic beam in three-point bending,
demonstrating a capacity to measure surface defor-
mations rather than just rigid body translations and to
generate field information rather than just averaged
point wise information.

II. Equipment

An MMB (manufactured by ACMI, Stamford, Conn.)
of 4-mm diam and 2.75-m length was used to transmit
white-light speckle images from the remote test sample
to a vidicon camera-digitizer system (VCD) (manu-
factured by Hamamatsu, Japan). Microscope objec-
tives (5X or 1OX) were used to image the surface of the
test surface onto the input end of the MMB and to
image the output from the MMB onto the vidicon
tube.

The VCD was controlled by an LSI-11 microcom-
puter which transmitted (5 columns at a time) the re-
sulting TV images, Figures 1(a)-(c), in digital form to
a PDP 11/45 for processing. This was the same VCD
system used in the earlier study of objective speckle6
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and was operated to provide a digitized array of 256 scan
lines X 100 columns or 25,600 image points at 256 levels
of intensity. Typical digitized intensity distributions
for an individual column from a speckle image at each
magnification used are plotted in Fig. 2. Digitized
images of the speckle fields were recorded before and
after each loading was applied. Each of these digitized
image pairs spanned only a limited portion of the test
subject (the beam in three-point bending), so that in
order to cover half of the beam it was necessary to record
several different image pairs for each test loading. This
was done at each of from three to five stations along the
length of the test subject by means of a mechanical stage
on which the test subject was translated laterally within
the image plane of the input lens to the MMB. Direct
illumination was provided by an in situ incandescent
lamp but could have been achieved remotely through
an incoherent flexible fiber bundle as was done in some
of the earlier work.7

111. Experiment

The test subject chosen for this demonstration was
a Plexiglas beam 12.5 mm thick and 25 mm deep sup-
ported at the ends (280 mm apart) and loaded at its
center (in three-point bending) as shown in Fig. 3. The
vertical side surface of the beam was painted white, and
a random pattern of fine (0.05-0.5-mm diam) black
paint spots was oversprayed on it to provide an effective
field of artificial or white-light speckle. Figure 1 shows
these speckle fields as seen on the VCD TV monitor
when imaged through the MMB. These fields were
imaged at various magnifications giving a range of
sensitivities from 0.275 mm/scan line (or column) to
0.0335 mm/scan line (or column). Figure 4 shows the
arrangement of components used to generate the digi-
tize pairs of these speckle images for computer corre-
lation and analysis.

As mentioned above, each data set included from
three to five pairs of before and after speckle images.
These image pairs were taken at well-spaced positions
along the beam so as to cover as much of one-half of the
beam's length as reasonable. Table I lists the signifi-
cant parameters of these three tests, including the image
magnifications in and out of the MMB, Min and Mouth
as well as the total magnification into the VCD, MT =

Min X Mout. This table also gives the resulting sensi-
tivity, a, of each digitized image in millimeters per
digitized column (or per scan line, for which the same
value applies), and the applied displacement at the
center, 5, in millimeters. Tables II-IV give the results
for each image pair within each data set as analyzed.

IV. Numerical Analysis

The displacements along the beam were measured by
correlating shifted portions of each (before and after
loading) digitized speckle image pair according to a
simple scheme designed to identify displacement in a
vertical direction (along the scan lines). As shown in
Fig. 5, the 100 columns of digitized data (one point from
each scan line or 256 points each) lying between the
vertical broken lines cover a large portion of the speckle

SCREW
DISPLACEMENT

CLEXIGLAS BEA
+: PLEXIGLAS BEAM|

.. _l

I|- 280mm .|

YI I

Fig. 3. Plexiglas beam in three-point bending. The sample beam
is 12.5 mm thick, 25 mm deep, and 300 mm long.

BEAM
SURFACE WITH

ARTIFICIAL
SPECKLE M
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OUTPUT TO DIGITIZER
AND DATA PROCESSOR

Fig. 4. Schematic arrangement of components used to digitize and
record the white-light speckle images.

Table I. Magnifications, Sensitivities and Displacements

Data MT = Li a
set Mi. Mout Min X Mout mm/Column mm

C 0.68 1.44 0.979 0.0335 2.58
D 0.12 1.85 0.222 0.1467 4.16
E 0.06 2.09 0.119 0.2750 4.17

r 1 0 0 I
COLUMNS
DIGITIZED

Fig. 5. Diagram showing the region scanned by the digitizer as well
as the 20 X 21 reference sample window and the region or strip over
which the reference sample window for the 40-column correlation
distribution is shown at the center at the center of the field, while the

sample window for the 80-column correlation is shown to the left.
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Fig. 6. (a) Plot of the 80-column correlation distribution for the center of the beam x/L = 0.5 under an imposed displacement 6 of 2.58 mm
showing a peak correlation of 0.6644 at 77.1 columns of displacement. These data were taken from C/1/0. (b) Plot of the 40-column correlation
distribution for the center of the beam x/L = 0.5 under an imposed displacement 6 of 4.16 mm showing a peak correlation of 0.3907 at 28.4
columns of displacement. These data were taken from D/R/0. (c) Plot of the 40-column correlation distribution for x/L = 0.497 under an
imposed displacement 6 of 4.17 mm at the center of the beam showing a peak correlation of 0.6155 at 15.5 columns of displacement. These

data were taken from E/J/33.

field imaged onto the TV screen. This figure also shows
a correlation sample window or array 20 columns wide
by 21 scan lines high as adopted for this analysis and
located at either the center or to the left of the displaced
speckle image, depending on the desired range.

(To be able to sample different horizontal locations
along the beam it is necessary to sample different ver-
tical regions on the digitized image. Consequently, the
vertical dimension of the correlation sample window was
reduced from the 99 lines used in Refs. 6 and 7 to 21
lines, making a nearly square 20 X 21 array. A variety
of smaller sample windows was evaluated, and it was
found that, for the speckle size at hand, the 20 X 21 size
was the smallest that would give reliable results.) This
20 X 21 array was correlated progressively left to right
with a succession of similar 20 X 21 arrays taken from
the initial digitized image along the center band (lying
between the horizontal broken lines in Fig. 5) to gen-
erate a correlation distribution for that area of the
image. (Here left to right in the TV image represents
vertically up and down in the real world of sample dis-
placement, and up and down in the TV image means
horizontally left to right along the beam.) Figure 6(a)
shows the resulting correlation vs image y-shift distri-
bution for the range between 0 and 80 columns taken
on the center line directly below the point of loading at
the imposed displacement of 2.58 mm (data set C, image
pair 1). Here the continuous line is a plot of a spline
fitted curve through the 80 actual correlation values as
computed. The maximum value of this spline fitted
curve was taken to identify the most reasonable esti-
mate of the shift as measured by this technique. In this
case (data set C at the highest magnification, MT =

0.979), a value of 77.1 columns was obtained, which at
0.0335 mm/column represents a measured displacement
of 2.58 mm.

Similar correlation distributions for 20 X 21 sample
windows were taken shifted 50 and 100 lines above and
below the center line of the digitized TV image pairs to
obtain displacement information every 1.67 mm hori-
zontally along the test structure, for a span of only 6.68

mm/image pair as shown in Table II and Fig. 6(a).
That is, the single digitized speckle image pair at, say,
the center of the beam (beneath the loading point),
image pair 1, was analyzed to obtain vertical displace-
ment information along the horizontal center line at five
different horizontal locations: 143.4, 141.7, 140, 138.3,
and 136.7 mm which result from x shifts of 100, 50, 0,
-50, and -100 lines, respectively. The table shows the
results obtained from image pairs recorded at these five
horizontal locations starting from the midpoint of the
beam (where the load was applied), 140 mm from the
end, and including results obtained from image pairs,
2, 3,4, and 5 centered at 107.5, 75,42.5, and 10 mm, re-
spectively.

Data set D, at an intermediate magnification, in-
cludes image pairs at the same five locations used for
data set C, but, taking advantage of the greater span and
somewhat more robust correlations, each image pair was
analyzed at 9 line shifts, 100, 75, 50, 25, and 0.
At a sensitivity of 0.1467 mm/line this gave data every
3.67 mm along a 29-mm length of the beam for each
image pair. The results are shown in Table III. The
maximum displacement of 4.17 mm represents -28
columns of y shift so the correlations were computed for
a reduced vertical displacement range from -10 to 30
columns. (With the 0-80-column correlation this
magnification would provide a maximum displacement
range of over 11 mm, but it would require twice the
computer running time.) This was accomplished by
shifting the reference sample window from the left to
the center (see again Fig. 5) of the digitized data set and
running the correlation distributions for only 40 col-
umns, which greatly accelerated the analysis. A typical
correlation distribution, again for the center of the
beam, x/L = 0.5, is shown in Fig. 6(b).

Data set E, given in Table IV, was taken at the lowest
overall magnification in order to demonstrate the ef-
fectiveness of covering the entire 140-mm half-length
of the beam with only three image pairs, J, K, and L.
These were recorded at 130, 70, and 30 mm and ana-
lyzed at line shifts of 199, +66, 33, and 0. At of =
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Table 11. Data Set C-Correlations and Displacement Measurements for a Plexiglas Beam In Three-Point Bending for a = 0.0335 mm/Column

Image Shift x-Position Maximum y y
pair lines mm x/La correlation Columns mm y/6b

1 100 143.4 0.512 0.6366 76.8 2.57 0.996
50 141.7 0.506 0.6397 76.6 2.56 0.994
0 140.0 0.500 0.6644 77.1 2.58 1.000

-50 138.3 0.494 0.7588 76.8 2.57 0.996
-100 136.7 0.488 0.7893 78.1 2.61 1.013

2 100 110.9 0.396 0.1960 70.0 2.34 0.908
50 109.2 0.390 0.5708 72.0 2.41 0.934
0 107.5 0.384 0.8262 71.3 2.39 0.925

-50 105.8 0.378 0.6352 71.8 2.40 0.931
-100 104.2 0.372 0.8209 71.5 2.39 0.927

3 100 78.4 0.280 0.7029 55.0 1.84 0.713
50 76.7 0.274 0.6199 54.8 1.83 0.711
0 75.0 0.268 0.7578 53.1 1.78 0.689

-50 73.3 0.262 0.7580 52.5 1.76 0.681
-100 71.7 0.256 0.7500 53.3 1.78 0.691

4 100 45.9 0.164 0.3392 33.4 1.11 0.433
50 44.2 0.158 0.6106 33.9 1.13 0.440
0 42.5 0.152 0.4399 33.4 1.11 0.433

-50 40.8 0.146 0.4401 37.8 1.26 0.490
-100 39.2 0.140 0.3218 32.2 1.08 0.418

5 100 13.4 0.048 0.3858 9.1 0.30 0.118
50 11.7 0.042 0.4187 5.6 0.19 0.073
0 10.0 0.035 0.3936 58.2 1.94 0.755

-50 8.3 0.030 0.4493 7.4 0.25 0.096
-100 6.7 0.023 0.3871 5.6 0.19 0.072

a L = 280 mm, the distance between supports.
b = 2.58 mm, the vertical displacement at the center of the beam (x/L = 0.5).

0.275 mm/line each of these image pairs covered 54.5
mm of beam length, a span of almost 40% of the half-
beam length being measured. Figure 6(c) shows a
typical 40-line correlation distribution for which the
maximum correlation peak is very pronounced.

V. Discussion of Results

Figure 7(a)-(c) show plots of the normalized dis-
placement y/6 vs the normalized position x/L across
half of the beam as measured using the remote white-
light speckle technique at three different magnifica-
tions. Here the continuous line gives the theoretical
result for elastic beam deflection as computed from the
relation8 y/ = [3(x/L) - 4(x/L) 3 ]. In Fig. 7(a), ob-
tained from the data taken at the highest magnification
(MT = 0.979) and smallest displacement ( = 2.58 mm),
the results cover only a small fraction of the half-length
of the beam with 25 data pointed grouped in five sets as
obtained from the five pairs of digitized speckle images.
In this case then the high magnification limits the span
over which data can be obtained from a given image pair
too severely to provide information of much practical
use in determining gradients. Indeed, these results
seem hardly more useful than the averaged pointwise
displacements that might be obtained using the objec-
tive speckle technique described in Ref. 6. On the other
hand, the results obtained at lower magnifications, Figs.
7(b) and (c), exhibit good coverage with many robust
data points and significantly reduced scatter, especially
Fig. 7(b) for data set D.

Further tests at yet lower overall magnifications,
which might be expected to span even more of the beam,
were not undertaken for the following reasons. First,
any decrease in MT achieved by making a significant
reduction in Mout would have reproduced the same
aperturing effects and a corresponding loss of span that
arose with data set C. Indeed, outside of going to an
MMB of greater diameter, there is no way to achieve the
optimum image size into the VCD without an Mout of
-2. This means that the only way to decrease MT and
at the same time increase the image span is to decrease
Min. Unfortunately, decreasing Min much below 0.06
(the value used for data set E) puts most of the range
of speckle sizes imaged into the MMB below the size of
individual fibers in the bundle, with a corresponding
deleterious effect on the correlations betwen images. In
fact, even at Min = 0.06, the image speckle size range lies
between 3 and 30,um, which is somewhat marginal for
;12 gum fiber and probably accounts for much of the
increased scatter seen in Fig. 7(c).

Careful review of the clearly erroneous data points
reveals that, in many if not most cases, the images
simply did not correlate well anywhere for that x-po-
sition line shift, even though they exhibited distinctive
peaks for other line shifts. An example would be data
set E, image pair L at a shift of 33 lines, E/L/33, (x/L
= 0.140) which gave a correlation of only 0.161 at the
clearly erroneous displacement of only 0.1 columns (y/
= 0.007). Figure 8 shows a plot of the correlation dis-
tribution, for example, E/J/-33 (x/L = 0.432), which
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was typical of all the low value correlation distributions
for all the data sets. In this case the correlation range
was only -0.16-+0.144 with no significant peak. This
is in marked contrast to other distributions from the
same image pair [e.g., the next-to-adjacent parallel
correlation distributions for E/J/33 (x/L = 0.497)
shown in Fig. 6(c), whose sharp peak identifies a correct
displacement of -15.5 columns at a correlation maxi-
mum of 0.6155]. While it is possible that a low corre-
lation maximum might exhibit a correct (or at least
reasonable) value, such points should generally be dis-
carded.

In a few cases, seemingly robust correlations yielded
truly bad data, as typified by C/5/0 (x/L = 0.035) where

a maximum correlation of 0.393 identified a displace-
ment ten times too large to be reasonable. Still, in most
instances, the well-correlated data points showed rea-
sonably small scatter and, for those data sets like D and
E where the magnification was kept low, the results
clearly support the determination of averaged gradients
from within a given image pair. However, for the more
magnified data set C, the limited coverage within each
image and the somewhat larger characteristic scatter
among even the robust values would make such deter-
minations very difficult if not impossible. Finally, Fig.
9 is a plotted superposition of all the normalized data,
y15 vs x/L, taken from the two tests (D and E) at lower
(<0.25) magnification with the obvious outlier at E/

Table ll. Data Set D-Correlations and Displacement Measurements for a Plexiglas Beam in Three-Point Bending for i = 0.1467 mm/Column

Image Shift x-Position Maximum y y
pair lines mm x/La correlation Columns mm Ylab

R

S

T

U

V

100
75
50
25
0

-25
-50
-75

-100

100
75
50
25
0

-25
-50
-75

-100

100
75
50
25
0

-25
-50
-75

-100

100
75
50
25
0

-25
-50
-75

-100

100
75
50
25
0

-25
-50
-75

-100

154.7
151.0
147.3
143.7
140.0
136.3
132.7
129.0
125.3

122.2
118.5
114.8
111.2
107.5
103.8
100.2
96.5
92.8

89.7
86.0
82.3
78.7
75.0
71.3
67.7
64.0
60.3

57.2
53.5
49.8
46.2
42.5
38.8
35.2
31.5
27.8

24.7
21.0
17.3
13.7
10.0
6.3
2.7

-1.0
-4.7

0.552
0.539
0.526
0.513
0.500
0.487
0.474
0.460
0.448

0.436
0.423
0.410
0.397
0.384
0.371
0.358
0.345
0.331

0.320
0.307
0.294
0.281
0.268
0.255
0.242
0.229
0.215

0.204
0.191
0.178
0.165
0.152
0.139
0.126
0.113
0.099

0.088
0.075
0.062
0.049
0.036
0.023
0.010

-0.004
-0.017

0.4557
0.4229
0.5183
0.6449
0.3907
0.4555
0.4849
0.5019
0.4192

0.6527
0.4922
0.5171
0.4422
0.4253
0.4626
0.4891
0.3925
0.6296

0.6304
0.6725
0.4427
0.5824
0.6001
0.4687
0.4679
0.8837
0.5176

0.5565
0.6724
0.3975
0.3883
0.8797
0.5691
0.3830
0.4325
0.4631

0.6177
0.3563
0.3550
0.3026
0.5446
0.2510
0.3957
0.2403
0.4026

26.2
27.7
28.2
28.1
28.4
28.2
28.4
28.6
28.1

27.9
27.2
26.7
26.2
26.0
26.3
25.5
24.0
23.8

23.1
22.6
22.2
20.9
20.2
19.9
18.3
17.4
16.2

16.1
15.8
14.1
13.8
12.0
10.5
9.4
8.7
7.8

6.9
6.7
5.9
3.8
3.0
2.1
1.8
0.2

-0.7

3.84
4.06
4.14
4.12
4.17
4.14
4.17
4.19
4.12

4.09
3.99
3.92
3.84
3.81
3.86
3.74
3.52
3.49

3.89
3.32
3.26
3.07
2.96
2.92
2.68
2.55
2.38

2.36
2.32
2.06
2.02
1.76
1.54
1.38
1.28
1.14

1.01
0.98
0.87
0.55
0.44
0.31
0.26
0.03

-0.10

0.923
0.975
0.993
0.989
1.001
0.993
1.000
1.004
0.989

0.982
0.958
0.940
0.922
0.915
0.926
0.898
0.845
0.838

0.813
0.796
0.782
0.736
0.711
0.700
0.644
0.613
0.570

0.567
0.556
0.496
0.486
0.428
0.370
0.331
0.306
0.275

0.243
0.236
0.208
0.133
0.106
0.074
0.063
0.007

-0.025

a L = 280 mm, . . ., the distance between supports.
b 0 = 4.16 mm, the vertical displacement at the center of the beam (x/L = 0.5).
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Table IV. Data Set E-Correlations and Displacement Measurements for a Plexglas Beam In Three-Pont Bending for a = 0.275 mm/Column

Image Shift x-Position Maximum y y
pair lines mm x/La correlation Columns mm y/b

J 99 157.2 0.562 0.5583 13.9 3.82 0.917
66 148.2 0.529 0.5735 15.6 4.92 1.029
33 139.1 0.497 0.6155 i5.5 4.26 1.022
0 130.0 0.464 0.4475 15.0 4.13 0.989

-33 120.9 0.432 0.1439 17.8 4.90 1.174
-99 111.9 0.399 0.3125 14.6 4.02 0.963
-99 102.8 0.367 0.4657 13.9 3.82 0.917

K 99 97.2 0.347 0.8040 13.1 3.60 0.864
66 88.2 0.315 0.5070 12.0 3.30 0.793
33 79.1 0.282 0.5063 11.4 3.14 0.752

0 70.0 0.250 0.1474 9.1 2.50 0.600
-33 60.9 0.218 0.4178 9.1 2.50 0.600
-66 51.9 0.185 0.3343 8.1 2.23 0.534
-99 42.8 0.153 0.4452 6.8 1.87 0.449

L 99 57.2 0.204 0.7815 9.0 2.48 0.594
66 48.2 0.172 0.3601 7.7 2.12 0.508
33 39.1 0.140 0.1610 0.1 0.03 0.007
0 30.0 0.107 0.2620 4.6 1.27 0.303

-33 20.9 0.075 0.1941 3.5 0.9d 0.231
-66 11.9 0.042 0.2323 1.5 0.41 0.099
-99 2.8 0.010 0.4795 0.2 0.06 0.013

a L = 280 mm, the distance between supports.
b 6 = 4.17 mm, the vertical displacement at the center of the beam (x/L = 0.5).
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Fig. 7. Plots of normalized vertical displacement y/6 vs normalized positions x/L for the theoretical elastic beam in three-point bending
as represented by the solid line and for the measured values as represented by letters or numbers corresponding to the image pairs as follows:
(a) data set C, image pairs, 1, 2, 3, 4, and 5 where 6 = 2.58 mm; (b) data set D, image pairs R, S, T, U, and V where a = 4.16 mm; (c) data set

E, image pairs J, K, and L where a = 4.17 mm. In every case the distance between end supports L was taken to be 280 mm.
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Fig. 8. Plot of the correlation distribution for data set E at x/L =
0.432 and an imposed displacement (at the center of the beam) of 4.17
mm showing a meaningless maximum correlation of only 0.1439 at
17.8 columns of displacement. These data were taken from E/J/

-33.
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Fig. 9. Superimposed plots of the normalized vertical displacement
yA3 vs normalized position x/L for the measured values obtained from
the low magnification (<0.25) data sets D and E. Here the solid circle
represents points from the data set D and the open triangle represents
points from data set E. All points whose correlation fall much below
0.2 have been discarded as unreliable. Again, the solid line represents

the theoretical elastic beam in three-point bending.

3526 APPLIED OPTICS / Vol. 21, No. 19 / 1 October 1982

I... I- I I I

I ao

.8 

.6

.4 _

.2 

*n

' .6

Jo



J/99 plus all points whose correlations fall much below
0.2 discarded. As shown, these results are in good
agreement with the theoretical curve for an elastic beam
in three-point bending.

VI. Conclusions

(1) Deformation measurements can be made on a
remote surface using an optical fiber image bundle/VCD
system and numerically correlated white-light speckle.
Heretofore, only rigid body movements have been
measured by this technique.

(2) Using the present configuration and speckle size,
it is possible to identify differences in displacement
across the span of a single speckle image if it is digitized
at an appropriate magnification. This means that us-
able white-light patterns can be transmitted through
flexible multimode fiber optics and processed numeri-
cally with sufficient accuracy to make remote mea-
surements of 1-D displacement fields.

(3). Work remains to be done to develop routines that
will make this process much faster and permit its ex-
tension to more than 1-D deformations.

The authors wish to acknowledge the invaluable
guidance and enthusiastic support of A. R. Storm and

P. L. Key with the computer and the software. Special
thanks are also extended to R. D. MacDougall and K.
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