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Non-destructive materials characterization methods have significantly changed our fundamental
understanding of material behavior and have enabled predictive models to be developed. However,
the majority of these efforts have focused on crystalline and metallic materials, and transitioning to
biomaterials, such as tissue samples, is non-trivial, as there are strict sample handling requirements
and environmental controls which prevent the use of conventional equipment. Additionally, the
samples are smaller and more complex in composition. Therefore, more advanced sample analysis
methods capable of operating in these environments are needed. In the present work, we demon-
strate an all-fiber-based material analysis system based on optical polarimetry. Unlike previous po-
larimetric systems which relied on free-space components, our method combines an in-line
polarizer, polarization-maintaining fiber, and a polarimeter to measure the arbitrary polarization
state of the output, eliminating all free-space elements. Additionally, we develop a more general-
ized theoretical analysis which allows more information about the polarization state to be obtained
via the polarimeter. We experimentally verify our system using a series of elastomer samples made
from polydimethylsiloxane (PDMS), a commonly used biomimetic material. By adjusting the
base:curing agent ratio of the PDMS, we controllably tune the Young’s modulus of the samples to
span over an order of magnitude. The measured results are in good agreement with those obtained
using a conventional load-frame system. Our fiber-based polarimetric stress sensor shows promise
for use as a simple research tool that is portable and suitable for a wide variety of applications.

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921243]

Non-destructive and rapid materials characterization
methods have greatly expanded our understanding of funda-
mental materials behavior, and this knowledge has found
numerous applications throughout society.' For example, a
material’s mechanical properties, such as the Young’s modu-
lus, degrade over time and can be used as a predictive indica-
tor or marker of failure. Therefore, by combining failure
analysis with mechanical deformation diagnostic measure-
ments, the remaining lifetime of key aircraft components
such as helicopter blades can be predicted, allowing prevent-
ative maintenance to be performed.2 Recently, this type of
analysis has been translated to the bio-domain and applied to
more visco-elastic materials.>* These types of materials
exhibit significantly different mechanical behaviors and have
more complex sample handling requirements; for example,
experiments with human tissue samples need to be performed
in biosafety cabinets. Given these types of regulations, the
conventional measurement instrumentation (a load-frame or
load cell) is no longer suitable. Therefore, researchers are
increasingly turning to alternative methods, such as nano-
indentation, atomic force microscopy (AFM), and sonoelas-
tography, to solve these challenges.”” In previous work, these
techniques have successfully characterized the Young’s mod-
ulus of biomimetic samples and of tissue.>? However, these
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methods all face unique hurdles: nanoindentation generates
results which require complex analysis and it has a large foot-
print, AFM is extremely sensitive to environmental vibrations,
and sonoelastography requires manual, uncontrolled compres-
sion for signal generation. Therefore, a new system is needed
which: (1) has a small footprint suitable for biosafety cabinet
operation, (2) maintains high sensitivity, (3) uses disposable
or sterile sensors, and (4) analyzes samples non-destructively
and quickly.

The most straightforward approach for meeting these
requirements is to reduce the number of components. One
promising method is based on optical fiber sensors; in par-
ticular, optical sensors based on polarization-maintaining
(PM) optical fiber.'” This method meets the requirements
for disposability, non-destructive, and rapid analysis. In
addition, these devices have a high tolerance to environ-
mental noise, and the theoretical sensitivity is comparable.
However, despite their strengths, previous work with polar-
imetric stress and pressure sensors has typically required
free-space optical components, such as polarizers, which
require alignment and are not portable.'""'? Additionally,
these systems relied on an analyzer to probe the polariza-
tion state of the fiber at the output. This method reduces the
amount of information that can be obtained from these
types of sensors, limiting the overall utility. By addressing
these weaknesses, a truly compact and portable polarimet-
ric stress sensor can be created.

© 2015 AIP Publishing LLC
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In the present work, we have solved these challenges by
creating an all-optical fiber sensor system. Specifically, we
replace all free-space components with in-line fiber counter-
parts and use a polarimeter to measure the arbitrary polariza-
tion state of the output light, which increases the information
obtained. This combination of changes eliminates the need
for any alignment. Given the increase in information, we
also expand upon and generalize the previous theoretical
algorithm for analyzing polarimetric sensors.'"'> The
combination of these improvements results in a portable,
adaptable, and simple-to-use all optical fiber based sensing
platform.

The theoretical mechanism which enables PM-fiber
based stress sensing is based on the photo-elastic effect.
When stress is applied to the PM fiber, the beat length of the
stressed section will change, and the fast and slow axes of
the fiber will undergo a rotation of angle ¢ (Figure 1).
Following the same analysis as in Chua er al.,'*> we consider
a two-dimensional cross-section of the stressed fiber that is
acted upon by a force f [N/m] at an angle o with respect to
the fast and slow axis coordinate system of the fiber. The
equations governing a normalized force F, ¢, and the
stressed beat length (L) for a given force f [N/m] are given
below

F =2N*(1 4+ 0)(p12 — p11)Lsof / (ATY), (1)
tan (2¢) = Fsin(20) /(1 + F cos(22)), 2)
Ly = Lyo(1 + F* + 2F cos(22)) . 3)

In these equations, ¢ is Poisson’s ratio for the fiber, Ly is
the unstressed beat length, p;; are photoelastic constants, Y is
the Young’s modulus of the fiber, and b is the radius of the fiber
cladding, in meters. Additionally, the refractive indices of the
fiber fast and slow axis are given by N and N + ANy, and AN
is related to Ly, by the equation ANy = /Ly, where A is the
free space wavelength. Based on our system, we used the fol-
lowing values: Y = 7.3 x 100 N/mz, g=0.17, b = 62.5 um,
N = 1.46, Lyy = 2 mm, p;; = 0.121,and pj, = 0.27."

Figure 1 shows a diagram of the various transformations
the polarized light undergoes as it travels through the experi-
mental setup, including the rotation ¢ caused by an applied
force. By tracking the various transformations the light

FIG. 1. Schematic diagram defining the angles used in our analysis as light
propagates through the system while it interacts with the sample. The angle
o is the angle between the applied force and the fast and slow axes of the
fiber, B is the angle between the polarized light and the fast and slow axes of
the PM fiber, y is the angle between the fast and slow axes of the fiber and
the polarimeter axes, and ¢ is the angle of rotation the fast and slow axes
undergo when stress is applied to the fiber.
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undergoes, we can determine what its polarization state will
be at the output by building a series of transfer matrices
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In this equation, E, and E, are the x and y components
of the electric field when the light reaches the polarimeter,
and E,y is the initial state of polarization, with the light com-
pletely polarized in the x direction. We will start with polar-
ized light exiting the in-line polarizer and entering the PM
fiber that acts as the transducer element. The polarized light
is at an angle f§ with respect to the fast and slow axes of the
PM fiber. When the light reaches the stressed section of fiber,
the fast and slow axes are further rotated by an angle ¢. In
the stressed section, the light accumulates phase based on the
length, /, of the stressed section and the new values of
the fast and slow axis, Ny and N, which are related to the
stressed beat length by Ny — Ny = 2m/kL;,. Upon exiting the
stressed section, the light is rotated by an angle —¢ to
the original fast and slow axes of the PM fiber. Finally, the
axes of the PM fiber may be rotated at an angle y with
respect to the x and y axes of the polarimeter.

There is one extra aspect of the transfer matrix which
has not yet been accounted for. Since the polarized light is
entering the PM fiber mis-aligned with the fast and slow
axes, it will accumulate phase before and after the stressed
section. The phase it accumulates in these sections will be
related to the unstressed beat length, Ly, and the effect will
look similar to the matrix which accounts for accumulated
phase in the stressed section. However, to account for this
phase in the same way would require an accurate measure-
ment of the entire length of fiber, which may be difficult
under certain circumstances. In an effort to reduce the com-
plexity of the testing setup, the extra phase from before and
after the stressed section has been rolled into one variable, o.
This removes any difficulties in determining the phase to the
fitting algorithm which is used to calibrate our sensor using
experimental data and the theoretical equations above.
Removing the need to know the exact length of the fiber
makes the sensor a more versatile tool and reduces the com-
plexity of the measurement.

A diagram of the testing setup used is shown in Fig. 2(a).
Light from a 980nm or 1550 nm reference laser is coupled
into an in-line fiber polarizer, which is in turn connected to a
length of PM fiber. The PM fiber is placed under the sample
under test and secured to the compression stage of an indus-
trial load-frame (Instron) using tape. Finally, the PM fiber out-
put is connected to a polarimeter, where the polarization state
of the light is measured as stress is applied to the sample by
the Instron load-frame (Figures 2(b) and 2(c)). The arbitrary
polarization state measured by the polarimeter is mathemati-
cally converted to a single variable which represents the
change in polarization state.'* Simultaneously, the Instron
load-frame measures the stress and strain of the sample,
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FIG. 2. (a) Schematic diagram of the testing setup. A CW laser is connected
to an in-line polarizer which is in turn connected to a length of PM fiber act-
ing as the transducing element. The PM fiber is connected to a polarimeter,
which is connected to a computer for data logging. The sample is placed
directly on top of the fiber and is compressed by an industrial load frame,
which simultaneously measures reference data. (b) Plot of raw data from the
polarimeter on a Poincaré sphere. The arrow indicates how the polarization
changes as stress is applied to the fiber. (c) Plot of change in polarization vs.
time of the same raw data shown in part (b) after the polarization state has
been analyzed to produce a single variable representing the change in polar-
ization state.

serving as a reference measurement. The crosshead of the
load-frame moves at a velocity of 0.1 mm/s during compres-
sion. In between the sample and the sample stage, a small
amount of oil is added to reduce barreling of the sample which
can distort the measurement.

The raw data are in the form of a polarization state ver-
sus time curve and must be calibrated to create a stress-strain
curve. In the present work, calibration curves were generated
after testing to create stress-strain curves for each run, and
this conversion is done using the Instron reference data and
the transfer matrix detailed above to create a fitting algo-
rithm. The algorithm fits a theoretical polarization versus
force curve to the measured data by finding optimized best-
fit values for o, f8, 7, and J given a wavelength (1) and inter-
action length (/). Specifically, the fitting algorithm utilizes
the initial and final polarization states of the experimental
data, and also requires knowledge of force required to create
the final polarization state. While this force can be attained
from the reference data, it can also be obtained by placing a
free weight on top of the sample under test. Once a best-fit
has been generated, it is used to make a calibration curve.

The calibration curve is specific for a given set-up con-
figuration. Exchanging samples causes « to vary slightly,
requiring a new calibration curve to be taken. However,
(B, 7, 0) will not change unless the entire system is moved.
These types of initial calibration measurements are fre-
quently performed in many fields.

To verify the ability of the system to characterize the
mechanical properties of visco-elastic materials, we test our
sensor using six different polydimethylsiloxane (PDMS)
base:curing agent ratios spanning from 5:1 to 30:1. This
range spans over an order of magnitude in Young’s Modulus
values and overlaps with common biomaterials such as tis-
sue.®” The PDMS samples are prepared using the procedures
recommended by the manufacturer and cut into roughly
18 mm X 18 mm x 5mm rectangular samples. This sample

Appl. Phys. Lett. 106, 191105 (2015)

size fits completely under the Instron sample stage. For
each base:curing agent ratio, we perform ten successive
tests and measured the results using our sensor and an
Instron industrial loadframe simultaneously. As such, the
load-frame provides an ideal reference or control measure-
ment. Before performing any measurements, the force on
the sample is pre-loaded slightly to ensure uniform contact
between the sample and the fiber. The sample is not moved,
and the setup was not disturbed between each of the ten
tests. Additionally, to establish the background noise level,
measurements are taken with the sensor system set up on
the Instron load-frame with no sample and no compression.
Complementary noise measurements are also taken with
the system located on an optical table.

Using different sample sets, we test with both the 980 nm
and the 1550nm lasers to investigate the wavelength-
dependent response. Each wavelength offers its own advan-
tages and disadvantages. At shorter wavelengths of light, the
sensor should offer greater sensitivity, since more wave-
lengths will fit in to the same interaction length. This advant-
age is somewhat confounded by the fact that the sensitivity
will vary slightly each time the sensor is set up, since it
depends on specific angles in the setup, notably o. We can
solve this issue by considering a case where all relevant varia-
bles (o, f3, 7, J, [) are the same. In this case, we calculated
that the shorter wavelength, 980 nm, is slightly more sensitive
to the applied force, f [N/m]. However, this assumes the same
cross-sectional area of the fiber. In reality, the radius of the
1550 nm fiber is larger than the 980 nm (400 um as compared
to 245um). As such, for the same stress, the 1550 nm fiber
will experience higher force than the 980 nm fiber. Therefore,
when taking these two factors into consideration, the net effect
is very similar sensitivity for both wavelengths, but warrants
further experimental study.

Because PDMS is a visco-elastic material, the stress-
strain curve is no longer linear.' Therefore, to determine the
Young’s modulus, the standard method is to fit the curve to a
3"_order polynomial and take the derivative at a defined
strain. For the present series of measurements, we fit the ref-
erence and the fiber sensor stress-strain curves and took the
derivative of the polynomial fit at 30% strain.

Fig. 3 shows representative experimental measurements
for a pair of 25:1 PDMS samples of approximately the same
size characterized using the 980nm and 1550nm lasers.

12 -@- Instron loadframe 1.2 -a- Instron loadframe
< 08 -@- Fiber sensor = -@- Fiber sensor
e 208
2 e
« 0.4 @
wn
o g 0.4
& 0.0 N
980nm 0.0 ' _ 1550nm|
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

(@) Strain (mm/mm) (b) Strain (mm/mm)

FIG. 3. Stress-strain curves for a 25:1 base:curing agent PDMS sample
measured with (a) 980 nm and (b) 1550 nm laser and PM fiber. The trace of
black squares is data that were measured from an Instron industrial load
frame. The trace of blue circles is data that were measured simultaneously
using our fiber-based sensor. 3rd-order polynomial fits are shown in green
and red dashed lines, respectively. Despite some noise, there is very good
agreement between both curves.
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FIG. 4. Calculated Young’s modulus values from the load-frame measure-
ments and the fiber sensor data taken at both (a) 980 nm and (b) 1550 nm.
The calculated values from self-consistent runs are averaged and are given
here with their standard deviation.

The polarimetric sensor results are overlaid on the load-frame
reference results, and the polynomial fits are shown as dashed
lines. Qualitatively, there is clearly good agreement over most
of the measurement range, even for this highly elastic mate-
rial. A small deviation is visible for low strain values of the
980nm graph (Fig. 3(a)). This deviation is most likely due to
the sample moving slightly in the oil which is required to
reduce barreling. This artifact is commonly observed with
highly visco-elastic materials. However, because the Young’s
Modulus is determined based on a fit to the entire data set,
noise at low strain does not significantly impact the overall
measurement results.

To quantitatively compare the two measurement meth-
ods at the different wavelengths, the Young’s moduli are
determined from fits to both sets of data at 30% strain and
the values from all base:curing agent ratios are plotted in
Figure 4. The values in this figure are averaged from several
measurements taken from the same sample and shown with
their standard deviation as error bars, indicating good repeat-
ability in our measurements. Additionally, the control meas-
urements using the load-frame are plotted. From these plots,
several key observations can be made. First, there is excel-
lent agreement between the load-frame and the fiber sensor.
Second, the deviation within a single data set is extremely
low for both the load-frame and the fiber sensor. This agree-
ment and accuracy are particularly notable given the reduc-
tion in complexity and footprint of the fiber sensor as
compared to the load-frame.

To determine the ultimate theoretical sensitivity of our
device, it is first necessary to determine the base noise limit.
There are two possible noise sources: (1) optical noise inher-
ent in the set-up and (2) movement of the fiber due to envi-
ronmental vibrations. To thoroughly study the latter, we
characterized our system’s performance in four different
environments: (1) a countertop in a standard synthetic chem-
istry lab, (2) inside of a laminar flowhood, which mimics a
biosafety cabinet, (3) on an optical table, and (4) in the mate-
rials analysis lab. For all environments, we calculate the the-
oretical sensitivity in the form of minimum detectable stress
and minimum polarization change. The results from these
measurements are given in Table I. Several trends are imme-
diately apparent. When comparing across wavelengths, the
noise is consistently lower at 1550 nm than 980 nm.

When comparing across environments, the materials
analysis lab was the noisiest environment, and therefore rep-
resents a good worst-case scenario for operating the sensor.

Appl. Phys. Lett. 106, 191105 (2015)

TABLE I. Noise levels given in APol for different wavelengths and meas-
uring environments.

APol Stress (kPa)
Location 980 nm 1550 nm 980 nm 1550 nm
Mat. Analysis Lab 0.02073 0.01606 30 23
Countertop 0.01814 0.01189 26 17
Flowhood 0.007 0.00423 10 6
Optical table 0.00333 0.00303 5 4

This finding is not surprising as the load-frame is adjacent to
other mechanical testing equipment in a multi-user materials
analysis lab, and this equipment is continuously in use.
Therefore, the environmental vibrations in this facility are
extremely high. The noise level was lower for the countertop
and flowhood, and was lowest on the vibration-isolating opti-
cal table. Interestingly, the noise in the laminar flowhood
was lower than the noise level on the countertop and materi-
als analysis lab. Although one might expect that the constant
airflow of the flowhood would add environmental vibration
and cause movement of the fiber, it seems to have stabilized
the fiber instead, causing less movement. However, it is im-
portant to note that even in the worst-case scenario, the sen-
sor is still sensitive enough to characterize biomaterials.

In conclusion, we have demonstrated a non-destructive
fiber-based polarimetric stress sensor system which utilizes a
more generalized theoretical analysis to reduce complexity in
the experimental setup. The sensor shows good sensitivity,
low noise, and is able to accurately characterize the Young’s
modulus of visco-elastic or biomimetic materials after a simple
calibration process. This flexible tool will be valuable to
researchers for characterizing various deformable samples,
such as tissue,*” when a portable, easy-to-use tool is necessary.
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1-0910], National Institutes of Health through the NIH
Director’s New Innovator Award Program [1DP20D007391-
01], and the National Defense Science and Engineering
Graduate Research Fellowship Program.
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