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Optical coherence elastography (OCE) has been applied to the study of microscopic deformation in bio-
logical tissue under compressive stress for more than a decade. In this paper, OCE has been extended for
the first time, to the best of our knowledge, to deformation measurement in a glass fiber composite in the
field of nondestructive testing. A customized optical coherence tomography system, combined with a
mechanical loading setup, was developed to provide pairs of prestressed and stressed structural images.
The speckle tracking algorithm, based on 2D cross correlation, was used to estimate the local displace-
ments in micrometer scale. The algorithmwas first evaluated by a test of rigid body translation. Then the
experiments were carried out with the tensile test and three point bending on a set of glass fiber com-
posites. The structural features and structural variations during the mechanical loadings are clearly
observed with the presented displacement maps. The advantages and prospects for OCE application
on glass fiber composites are discussed at the end of this paper. © 2014 Optical Society of America
OCIS codes: (110.4500) Optical coherence tomography; (100.6950) Tomographic image processing;

(110.6150) Speckle imaging; (120.4290) Nondestructive testing.
http://dx.doi.org/10.1364/AO.53.005070

1. Introduction

In the area of experimental solid mechanics, defor-
mation and strain measurement of materials and
structures subjected to various loadings (e.g.,
mechanical loading or thermal loading) is an impor-
tant task. Aside from the widely used pointwise
strain gauge technique, various full-field noncontact
optical methods, such as holography [1], speckle
interferometry [2], moiré interferometry [3], and dig-
ital image correlation (DIC) [4], have been widely
accepted and commonly used as powerful tools to an-
alyze the mechanical properties of structures. How-
ever, all these techniques are developed for surface
deformation measurement. Due to anisotropy or

inhomogeneity of materials such as composites, the
measurement of microscopic deformation within
the structure is of interest for providing new informa-
tion about the internal structural behavior under
loading. So far, embedded fiber Bragg grating (FBG)
sensors [5,6] have been proved to be well suited for
accurate, localized, or distributed strain measure-
ment in composite structures. However a major prob-
lem is that this type of technique is not able to
provide a full field view of the strain distribution
within the material.

Elastography [7] is a noninvasive medical image
technique that can map the elastic properties of soft
tissue. The local variations of the stiffness inside the
tissue can be determined from the elastography
maps, known as elastograms, which provide addi-
tional clinical information for diagnosis of various
diseases. In the past 20 years, elastography has been
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extensively developed, largely based on ultrasound
[8] and magnetic resonance imaging (MRI) [9]. How-
ever, the major drawback of ultrasound scanning and
MRI is their relatively low spatial resolution. So far,
with the advance of these techniques, high-frequency
ultrasound has improved the imaging resolution to
25 μm [10], and MRI can reach 44 μm [11]. Never-
theless, these methods are still limited for the mea-
surement of micromechanical properties.

Optical coherence tomography (OCT) [12] is a con-
tactless and nondestructive imaging modality based
on the principle of low coherence interferometry.
OCT has an inherent spatial resolution of 1–15 μm
[13], much better than ultrasound and MRI tech-
niques. Optical coherence elastrography (OCE), an
OCT-based elastrography, was first introduced by
Schmitt [14] in 1998. It was used to detect the depth-
resolved sample deformation induced by quasi-static
compression. Benefiting from the high resolution of
OCT, OCE has the potential to evaluate the elasticity
of the sample with a spatial resolution and sensitiv-
ity that are out of the reach of ultrasound and MRI.

Inspired by the OCE applications on biological
tissues [15–17], this paper aims to explore OCE to
investigate glass fiber composites under mechanical
loadings. The paper is structured as follows: Section 2
describes a customized OCT setup, loading system,
and speckle tracking algorithm for displacement
measurement. In Section 3, an evaluation of the de-
signed OCE system is reported for rigid body trans-
lation. Then displacement maps are determined by
applying the verified OCE technique on glass fiber
composites under different mechanical loadings.
In Section 4, the advantages and possible further
improvements for OCE application on glass fiber
composites are discussed. Finally, Section 5 con-
cludes this paper.

2. Methods

A. Experimental Setup

A simplified schematic of an OCT system is shown in
Fig. 1(a) [18]. The technique is based on low coherence
interferometry and is implemented using a fiber-
optic Michelson interferometer. The light beam from

a superluminescent diode (SLD, FESL-1550-20-BTF,
Frankfurt Laser Company, Germany) is coupled with
a 3 dB fiber coupler and divided into sample and
reference arms. Light backreflected from the sample
and reference mirror is recombined and directed
to a photo detector (PDB420C, Thorlabs GmbH,
Germany). Due to the broadband bandwidth of the
light source, the light fromreference and sample arms
will interfere coherently at the detector only if their
optical pathlengths are matched to within the coher-
ence length of the light source. By scanning the refer-
ence mirror, achieved by incorporating an optical
delay line (ODL-650-MC, OZ Optics Ltd., Canada)
in the reference arm, a set of interferometric signals
will be detected as a function of the reference mirror
position. This set corresponds to the axial distribution
of the scattering interface within the specimen and
refers to the A-scan. By shifting the probe beam with
a translation stage (T-LS28M, Zaber Inc., Canada), a
set of consecutive A-scans can be obtained. These
A-scans are then combined to form a cross-sectional
image of the structure, which is named the B-scan.

The specimens investigated in this paper are glass
fiber composites with eight layers of 0/90° woven E-
glass fiber in an epoxy resin. The dimensions of each
specimen are 100 mm length, 10 mm width, and
2.15 mm thickness. In order to get a better penetra-
tion depth, the wavelength of the SLD is centered at
1550 nm, which has proved to be less scattering and
gives deeper penetration in polymer-based material
than the shorter wavelength used for biomedical
applications [19]. The light source has a full width
at half-maximum (FWHM) bandwidth of 60 nm, pro-
viding a theoretical axial resolution [20] of 17 μm in
air and approximately 11 μm resolution in the poly-
mer composite, with a 1.55 average refractive index
taken into account. This index of refraction was
estimated by calculating the ratio of the optical
thickness, measured by OCT, to the real physical
thickness, measured by a caliper. In the sample
arm, the light beam exiting the optical fiber is colli-
mated by a fiberport (F260APC-1550, Thorlabs
GmbH, Germany) and then focused to the specimen
by a achromatic doublet lens (AC254-030-C-ML,
Thorlabs GmbH, Germany), resulting in a lateral
resolution [21] of 20 μm.

To carry out the mechanical test, two loading
systems, tensile test and three point bending, were
designed, as shown in Figs. 1(b) and 1(c), respec-
tively. During the tensile test, the rectangular speci-
men was clamped horizontally. One side of the
specimen was fixed, while the other was driven by
a linear actuator (NA23C60-T4, Zaber Inc., Canada).
The distance between the two fixture points was
90 mm. In the three point bending test, two rods with
a separation distance of 50 mm were in contact with
the lower surface of the specimen. The same actuator
provided the loading from the middle point on the
opposite side of the specimen. In the both loading
systems, OCT lateral scans were symmetrically dis-
tributed around the middle of the two fixture points.

Fig. 1. Schematic setup for OCE application. (a) Customized
fiber-optical OCT system. (b), (c) Tensile and three point bending
tests on the specimen, respectively. SLD, superluminescent diode;
FC, fiber coupler; P, polarization controller; ODL, optical delay
line; PD, photo detector; SP, sample; DAQ, data acquisition board;
F, force.
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The pairs of tomograms acquired before and after de-
formation were then analyzed to determine the dis-
placement maps.

B. Image Processing Techniques

Similar to their ultrasonic counterparts, most OCE
techniques rely on speckle tracking [22] to estimate
the relative motion of subsurface structure imaged
under different loading force. Phase-sensitive detec-
tion [23] is another methodology to measure the
internal displacement, but it only works for a
Fourier-domain OCT (FD-OCT) platform and cannot
measure the lateral displacement. Typically, during
speckle tracking, the pairs of OCT B-scan images
from prestressed and stressed specimens are proc-
essed with the cross-correlation technique. The cross
correlation coefficient, Rl;k, is defined by

Rl;k �
Pm1

i�1

Pm2
j�1�Xi;j − X̄��Yi�l;j�k − Ȳ������������������������������������������������������������������������������������������������������Pm1

i�1

Pm2
j�1 �Xi;j − X̄�2Pm1

i�1

Pm2
j�1 �Yi�l;j�k − Ȳ�2

q ;

(1)

where X̄ and Ȳ are the mean pixel values in a pre-
defined subset, m1 ×m2, on images X and Y , respec-
tively. i and j are the axial and lateral locations of a
given pixel in image X, while l and k are the corre-
sponding pixel displacements in image Y. Over the
search region, an array of correlation coefficients is
calculated, and its peak value identifies the target
destination.

Figure 2 defines the procedure for internal
displacement measurement based on the cross-
correlation approach. The displacements are esti-
mated pixel by pixel until the processing window
moves over the entire prestressed image. However, to
guarantee the accuracy of the speckle tracking, re-
gions where the magnitude of the interference sig-
nals falls below twice the level of the electronic
noise are excluded from the analysis. The average
of the electronic noise is obtained from the area
where the structure is not imaged (e.g., above the
specimen surface). A threshold for the maximum cor-
relation coefficient is also set to eliminate the pixels
that are not able to be tracked correctly. The thresh-
old value is optimized to 0.25 in this paper by min-
imizing the difference between the calculated mean
displacement and the actual one deduced from the
translation of the actuator. Besides, the size of the
processing window, m1 ×m2, is an important param-
eter in the tracking procedure. An optimization of the
window size is discussed in Section 3.B. Finally a 2D
median filter is applied to remove the random noise
and thus improve the contrast of the displacement
images.

3. Results

A. Rigid Body Translation

A test of rigid body translation was introduced to
evaluate the OCE system for the application of glass

fiber composite. A pair of cross-sectional images were
obtained before and after the specimen movement
and are shown in Figs. 3(a) and 3(b). Both images
are composed of 500 A-scans and have 10 mm length.
The internal structures are shown by the optical
reflectivity in logarithmic scale, as indicated by the

Fig. 2. Image processing steps for internal displacement
estimation.

Fig. 3. OCE evaluation with a test of rigid body translation.
(a), (b) Pair of structural images before and after translation,
respectively. (c), (d) Calculated displacement maps in the axial
and lateral directions, respectively.
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colorbar. Two bright lines as well as some lighter
areas in between can be seen from both images,
which indicate the surfaces and the fiber bundles
within the specimen, respectively. From Figs. 3(a)
and 3(b), the entire specimen was translated 6.8 μm
axially and 40 μm laterally, equivalent to 2 pixels
along both directions in the structural images. How-
ever, the difference of the two structural images can
barely be observed. With the speckle tracking algo-
rithm, the axial and lateral displacements were cal-
culated, as shown in Figs. 3(c) and 3(d), respectively.
Displacements at the edges of the structure images
are neglected due to the lack of data for the process-
ing window. The areas without any displacement in
Figs. 3(c) and 3(d) indicate the locations without
enough tracking speckles due to weak reflectivity.
These mostly occur at the resin-rich areas.

Table 1 summarizes the OCE system accuracy by
evaluating the percentage error (PE) and root mean
square error (RMSE), given by

PE � jd̄ − dj
d

; (2)

RMSE �
������������������������������������������������
1

MN

XM
i�1

XN
j�1

�d̂i;j − d�2
vuut ; (3)

where d̂i;j and d̄ are the calculated local and mean
displacements, respectively. d is the rigid body trans-
lation precisely controlled by the translation stages.
M ×N is the pixel size of the displacement maps. The
areas with zero displacement because of untraceabil-
ity were excluded from the statistics analysis. From
the results summarized in Table 1, it is noticeable
that the mean displacements in both the axial and
lateral directions are extremely close to the actual
physical translation. The PEs are 2.9% axially and
1.5% laterally, and the RMSEs are 3.3 and 10.2 μm,
respectively. The higher lateral RMSE is due to the
larger pixel interval (20 μm) in this direction. Ac-
tually the corresponding RMSEs in pixels are 1 ax-
ially and 0.5 laterally, which indicates a larger
variation of the measured displacements in the axial
direction. This can also be deduced from the inhomo-
geneous displacement map, as shown in Fig. 3(c).
The higher axial measurement error could be attrib-
uted to the nonlinear sweeping of the reference mir-
ror in the OCT setup, as evaluated in our previous
publication [24]. The nonlinear sweeping mainly
exists at the startup of the reference motor where ac-
celeration occurs, so the A-scans could have some
misalignment, which brings an extra measurement
error in the axial direction.

B. Tensile Test

In the tensile test experiment, the specimen was
stretched 500 μm overall, precisely controlled by

Table 1. OCE System Accuracy Analysis

Orientation d̄∕μm d∕μm PE RMSE/μm

Axial 6.6 6.8 2.9% 3.3
Lateral 39.4 40 1.5% 10.2

Fig. 4. Pair of cross-sectional images of a glass fiber composite
(a) before and (b) after deformation. Both images were acquired
from the same spatial location over a 10 mm length, composed
of 500 A-scans.

Fig. 5. Lateral displacement maps with processing window size (axial by lateral) (a) 20 � 20, (b) 30 � 30, (c) 40 � 40, (d) 60 � 30, (e) 50 � 50,
and (f) 80 � 40. The areas with background color indicate where the signal-to-noise ratio is too low for the displacement calculation.
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the actuator. Two cross-sectional images were re-
corded before and after the loading, as shown in
Fig. 4. Both images were obtained by 500 A-scans
in the same spatial region with 10 mm length, in
the middle of the specimen along the stretch direc-
tion. The pair of images was processed to calculate
the lateral displacement. In this research, the influ-
ence of processing window size for cross correlation
was investigated. Figure 5 shows the calculated lat-
eral displacement with processing window sizes of
20 � 20, 30 � 30, 40 � 40, 60 � 30, 50 � 50, and 80 �
40 pixels (depth by lateral). The unsquared window
sizes were selected considering the structural images
are 1000 � 500 pixels (depth by lateral) overall.
Larger window sizes were not used in this study
due to the fact that they would not able to track
the small particles in the images [25].

The mean displacements at different lateral loca-
tions can be calculated by averaging each axial line of
the displacement maps. As an example, Fig. 6(a)
shows the averaged displacement when the 50 � 50
window size was applied for the correlation process.
It can be seen that the calculated displacements are
quite close to 250 μm, which is the theoretical aver-
age displacement of the imaging area located in the
middle of the sample. The theoretical displacement is
calculated based on the assumption that the speci-
men is isotopic and the stress is applied uniformly
in the lateral direction, so the local lateral displace-
ment dl should be proportional to its physical dis-
tance to the fixed end of the specimen Δl, given by

dl �
500

90000
Δl; (4)

where 500 and 90,000 μm are the overall loading dis-
placement and distance, respectively. To compare the
measurement accuracy, the mean displacement
and the RMSE were calculated for each window size,
as shown in Figs. 6(b) and 6(c). It can be seen that
with a processing window size of 50 � 50, the
calculated mean displacement is closest to the theo-
retical value and the RMSE reaches minimum. In
this way the ideal window size can be determined
and the same parameters were used for the rest of
this study.

However, it is also noted, from Fig. 6(a), that it is
difficult to observe the tendency of the variation in
displacement with regard to the lateral distance.
A major factor is the small displacement variation
[approximately 55 μm based on Eq. (4)], relatively
low lateral resolution, and pixel interval (20 μm)
in the OCT images. Displacements of a fraction of
a pixel are impossible to precisely track with the cur-
rent approach. More detailed considerations of the
measurement accuracy are discussed in Section 4.

Fig. 6. (a) Mean displacement with regard to the lateral location,
calculated by averaging each axial line of the displacement maps.
(b), (c) Mean and RMSE of the lateral displacement with regard to
the increased window size. Specifically, the block sizes 1 to 6
represent window sizes of 20 � 20, 30 � 30, 40 � 40, 60 � 30,
50 � 50, and 80 � 40, respectively.

Fig. 7. Axial displacement maps from one cross-sectional struc-
ture of the glass fiber composite under three point bending test.
The white frames indicate the location of the loading actuator.
The incremental axial translation increases by 250 μm for each
successive image (a)–(c).
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C. Three Point Bending

The three point bending experiment could be an ideal
example to test the axial deformation of structures
with OCE. In this study, incremental loadings with
250 μm steps were applied. The cross-sectional im-
ages, with 15 mm length symmetrically distributed
around the loading point, were acquired for each
loading condition. They were processed further to
calculate axial displacement maps, as shown in
Fig. 7. The white frames indicate the location of
the loading post. Figure 8 displays the average axial
displacement under each loading condition. It can be
seen, from Figs. 7 and 8, that both the local and
the integral axial displacement increase around
200–250 μm each time with the incremental loading.
The brightest areas in Fig. 7, corresponding to the
peak regions in Fig. 8, indicate the locations of the
largest displacement. They are in the middle of
the imaging area, in a good agreement with the lat-
eral locations of the loading post where the largest
displacement theoretically occurs. However, it is
worthwhile to note that the distribution of the dis-
placement is not exactly symmetrical. Also in Fig. 7
themaximum axial displacements measured by OCE
under the incremental loadings are 238, 476, and
680 μm, respectively, which are slightly less than
the physical translations (250, 500, and 750 μm, re-
spectively) of the loading actuator. Amost reasonable
explanation is due to a small symmetrical error from
the setup and the loading. The OCE accuracy and the
anisotropic structure of the composite could also con-
tribute to the phenomenon.

4. Discussion

OCE provides information on the internal deforma-
tion of materials based on OCT structural images.
Therefore the additional elastographic contrast
may improve the ability of OCT to characterize the
structure of materials. In this study, OCE was ap-
plied to glass fiber composite under three different
translation or mechanical loadings. From the results
shown in Section 3, the first observation is that com-
pared with OCT images, the displacement maps of

OCE have better image contrast, which more clearly
shows the internal structure of the composite speci-
men. The OCT images rely on the depth-resolved
optical reflectivity from the specimen. Due to the
extremely close refractive indices of the glass fiber
and the resin (both of which are close to 1.55 [26]),
the reflections from inside the glass fiber composite
have a low intensity, resulting in an interference sig-
nal just above the noise level, as shown in Figs. 3(a)
and 3(b), as well as in Fig. 4. In OCE, the speckle pat-
tern, instead of the reflectivity, is tracked to quantify
the displacement from the OCT images. Therefore in
Figs. 3(c) and 3(d), as well as Fig. 5, the structure of
the glass fiber composite is much more clearly
shown. So with this enhanced image contrast,
OCT-based elastography can be further applied to
characterize defects, such as microcracks and delam-
inations within the glass fiber composite.

However, it has to be pointed out that the OCE spa-
tial resolution is lower than that of OCT due to the
use of the processing window, and this resolution de-
creases with the growing size of the window, as
shown in Fig. 5. The larger window sizes tend to
average out differences in displacements in a region,
resulting in less noisy displacement maps but with
reduced spatial resolution. From Figs. 6(b) and 6(c)
it can be seen that statistically the measurement ac-
curacy improved dramatically when increasing the
window sizes from 20 � 20 to 40 � 40. The measured
mean displacement improved from 231 to 243 μm,
equivalently to a drop in PE from 7.6% to 2.8%. The
RMSE decreases from 31 to 20 μm correspondingly.
Afterward, there is no significant improvement from
further increasing the window size. Finally a size of
50 � 50 was found to be a good compromise between
measurement accuracy and spatial resolution.

Besides the processing window size, the measure-
ment accuracy could also be affected by the OCT
image noise, out-of-plane displacement, and speckle
decorrelation [27]. For the OCT image noise, a
threshold was set to filter out the areas with low
signal-to-noise ratio (SNR), which indicate resin-rich
areas and areas outside the specimen. These areas in
the OCT images are excluded from displacement cal-
culation. The out-of-plane displacement is not stud-
ied in this paper. But it is possible to determine using
a similar speckle tracking technique or digital vol-
ume correlation (DVC) on pairs of volumetric OCT
images [28]. The most troublesome factor is speckle
decorrelation. The cross-correlation approach of OCE
has a limited ability to track the deformations that
are either too small or too large. For example, when
the speckle motion is only a fraction of a pixel, the
cross-correlation approach cannot track the shift ro-
bustly even with various smoothing techniques [29].
At the other extreme, the relative positions of the
scatterers that form the speckle patterns change
gradually when the deformation increases, which
results in gradual speckle decorrelation. However,
unlike speckles in soft tissues that are easily decor-
related by a small deformation on the order of OCT

Fig. 8. Average axial displacements along the lateral direction
obtained from the three loading conditions with 250 μm incremen-
tal axial translation of the actuator.
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spatial resolution [30], speckle patterns from compo-
sites can endure much larger displacements as pre-
sented in this paper. An explanation could be that the
areas with fiber reinforcement are stiffer than the
polymer matrix areas. So the areas with fiber bun-
dles, where speckles occur, behave more like rigid
bodies that translate without deformation. That is
why speckles can still be tracked after hundreds of
micrometers of displacement. Nevertheless, speckle
decorrelation is an inevitable phenomenon during
the loading test of a specimen. The improvement
on the tracking accuracy and measurement range
[31,32] could be a direction for future work.

As the results in Fig. 7 illustrate, a sequence of
displacement maps of a glass fiber composite
under gradually increasing loading can provide
sufficient information to observe the structural var-
iations or even to deduce the regional stiffness by a
knowledgeable observer without further processing.
However, to estimate a sample’s depth-resolved
elastic properties quantitatively, local strain needs
to be calculated based on the displacement maps.
Currently, the method of least squares (LS) has been
proved to be a robust approach for the strain esti-
mate in OCE [33]. A set of displacement data in a
neighboring region is used to calculate local strain
from LS fitting. However, unlike the tissues that can
provide consecutive scatterers in a cross-sectional
area, optical reflections within glass fiber composite
only occur at the fiber–resin interfaces, resulting in
discrete speckle patterns separated by the resin-rich
areas in OCT images. Consequently, displacement
maps, as shown in Section 3, can only display the lo-
cal results discretely, which makes it difficult to es-
timate the strain distribution. A possible solution is
to mix small inclusions with epoxy to track the dis-
placements from the resin as well. But care must be
taken to minimize the influence of the inclusions to
the composite elastic properties.

5. Conclusions

This study explored the use of OCE for the deforma-
tion measurement of glass fiber composites, for the
first time to the best of our knowledge. The developed
OCE system can track internal displacements in the
range from a few micrometers to hundreds of
micrometers. The cross-sectional displacement maps
clearly show the structural features and structural
variations, which could provide supplementary
understanding of the mechanical properties of glass
fiber composites.
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