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Abstract—Real-time and accurate stress calculation in walls
of vasculature is desired to provide catheter insertion robots of
feedback control without changing the catheter stiffness and
lumen. This feedback source has also applications in
endovascular surgery simulation for human skills and medical
tools evaluation. For that purpose we consider photoelastic
effect, as birefringence produced by light retardation relates
with the stress inside the photoelastic materials. In this research
a polariscope was designed for urethane elastomer vasculature
models, the photoelastic coefficient of urethane elastomer was
measured, and the camera system was calibrated to quantify
and reduce error of the measurement system. An average error
of 3.6% was found for the pressure range of 70-189 mmHg
inside the model of urethane elastomer, this enables to calculate
accurately stress in vasculature models during Human Blood
Pressure Simulation (HBPS). That way we will be able to
compare in a closed loop stress produced by HBPS and by the
catheter motion when manipulated by a robot.

I. INTRODUCTION

RAINING with simulators reduces risks of injury and costs

during practice for minimally invasive surgery [1].

Vascular disease is a major global cause of death [2],
therefore it is necessary to develop endovascular surgery
simulators. Silicone vasculature was proposed in [3] for that
purpose, this simulator has silicone models of femoral, iliac,
aorta, abdominal, coronaries, subclavians, carotids and
cerebral arteries. It was built using a tomogram of human
vasculature and recreates human arteries lumen with 13pum of
accuracy. The silicone vasculature allows flow circulation
and a maximum pressure of 200mmHg. Those special
properties enable practicing placement of coils and stents in
diseased vasculature models. The use of photoelastic effect
for measuring the stress in walls of urethane vasculature was
proposed in [4]. Stress in photoelastic materials produces
birefringence, visible with a polariscope and resulting from
the phase shift between light
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Fig. 1: a) Endovascular Sargery Simulator. b) Birefringence
consequence of stress applied to the vasculature model by a guide wire.

entering and exiting photoelastic material. The phase shift is
generally called retardation, here termed Re and measured in
nanometers. The optical path length D is the thickness of the
photoelastic material where polarized light suffers retardation.
The magnitude of the principal stress component (c-65) is
calculated with equation (1), for that the studied material
photoelastic coefficient C should be known [5].

o, -0 Re (1)
1 >~ D

In previous studies photoelastic effect was used with a
catheter insertion robot to evaluate catheters [6-7] and in an
augmented reality system to recreate interventional radiology
environment [8], and to measure the stress produced by
human blood pressure simulation inside models of
vasculature for a pressure range of 87.5-152mmHg in [9].
However the photoelastic stress measurement error sources
has not been quantified yet, this step is essential to develop a
real time stress measurement system for vasculature models.

In this research we will present a calibration method for the
transmittance equation to measure the optical path length, a
polariscope designed for our simulation purpose, the
deduction of the photoelastic coefficient of urethane
elastomer, and the normalization parameters calibration to
calculate the principal component of stress in the vasculature
model with an inner pressure range of 40-189mmHg. It is
desirable to measure stress with an error below 5% for the
HBPS range, to use it as reference for control loop illustrated
in figure 2.
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Fig 2: Desired feedback control for the catheter insertion robot.

I. MATERIALS AND METHODS

A. Transmittance Equation Calibration

Transmittance of blue light was used to calculate the optical
path length in multilayered models of silicone and urethane
elastomer [9]. At the studied pressure ranges, the contribution
of the layers of silicone elastomer to retardation and
transmittance may be neglected, as silicone is transparent and
urethane elastomer is dyed yellow. A urethane elastomer
membrane with variable thickness was built using a stair-case
shaped casting mold. The depth difference between neighbor
levels of the casting mold is 0.2mm. Then an optic system
with a blue filter was constructed, and an image of the model
was captured to study the transmittance of blue light through
the membrane. The thickness of the membrane was measured
at 11 locations using a UV Laser Microscope, Figs. 3-4. The
relation between transmittance and thickness was then
deduced.

B. Polarizer configuration and mathematic model of
retardation

As it is desirable to integrate the stress measurement system
to the endovascular surgery simulator shown in figure 1, it is
required to use film instead of glass for polarizer, quarter
wave plates and color filters to reduce the space occupied by
the optic system. Therefore the polariscope configuration
should be robust against the quarter wave manufacturing
accuracy, for that we propose the polariscope shown in figure
5. The normalized intensity of green light Igy can be
expressed with equation (2) using Jones calculus [10]:

Ioy = P(n/z)‘R(/%x /4,fn/4)'R(Re,9)'R(/1¢X /4,7!/4)'P<0>
o1, = sinz(RjﬂJ[cosz (29) sinz(/zljﬂj + sin2(29)j )

G G

Where 0 is the direction of stress, A., /4= 140 nm is the wave
length of the quarter wave plates, A is the wavelength of the
perceived green light, Py, is the polarizer matrix, P, the
analyzer matrix, R4 is the matrix of a retarder of A
nanometers rotated @radians. In this configuration we expect
Ag to be as close as possible to A, for reducing the system
erTor.

C. Photoelastic Coefficient of Urethane Elastomer

In this study we used for manufacturing all models
NIPOLANS5120 urethane elastomer dyed yellow with
[-01-001Y of Epoch Co at 0.1w%. If we consider the
urethane elastomer membrane of figure 6.a is under a tensile
force F' when placed inside the polariscope of figure 5 instead
of the vasculature model, then the stress in the membrane may
be calculated using equation (1) or (3). Therefore we are able

to calculate the photoelastic coefficient of urethane elastomer
using equation (4) that is independent of the membrane
thickness. L is the membrane width.

F
0'1—0'225 (3)

RelL

=C= “)

We built the device shown in figure 6.b, composed of a
C-clamp used to apply gradually tension to the membrane,
and coupled with a force sensor. In this figure also some of
the elements of the polariscope are shown.

White Light

Blue Filter ~

Staircase Shaped
Membrane

Fig.3. a) Stair case shaped casting mold. b) Variable thickness urethane
elastomer membrane. ¢) Blue light transmittance measurement optic
system.
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Fig.4. Locations in the variable thickness membrane where the blue
light intensity and thickness were measured.
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Fig.5. Polariscope configuration to reduce the effect of the quarter wave
plates manufacturing precision in the error of the system.
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Fig.6. a) Membrane used for deducing the photoelastic coefficient of
urethane elastomer. b) Variable tension device for photoelastic
coefficient calculation.
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Fig.7. Image of light retardation using the polariscope with: Quarter

wave plates piled in a variable retardation device used for Ag
calibration. Blood vessel model region of interest.

Tension was applied to the membrane in a range of 0.3-3.7
N, while the photoelastic images were captured. In this range
the complete first fringe of retardation is visible; this ensures
a proper calculation of the photoelastic coefficient. A total of
19 samples were captured obtaining simultaneous
measurements of retardation Re, applied tension F and
membrane with L.

D. Camera calibration

For capturing the photoelastic images an 8bit RGB camera
was used. To calculate the optical path length the blue light
wave length is not a parameter of interest, meanwhile to
calculate the Re green light wave length Ag_ is essential. The
green filter reduces the effect of red and blue light in the
green channel of the camera. A is the principal wavelength
value captured by the camera’s green channel, and changes
with the environment illumination and lens configuration.
Therefore we propose the device showed in figure 7 to
calibrate this parameter before measuring the retardation.
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Fig.8. Fluid closed loop for pressure variation and measurement inside
the blood vessel model.

In this device, four wave plates of 140nm of different sizes
are piled providing 5 zones with retardations of OAcy, Aex/4,
Aex/2, 3hex/4 and A,=560nm. When this device is placed in
the polariscope with an angle of m/2, equation (2) is
simplified to equation (5). As Re is known for each zone of
the device and the normalized value of green of a studied area
Igy can be deduced from equation (6) then the value of Ag
may be calculated.

I, =sin’ Z Re (5)
G
! <2 U G0Jex

Lgy = ——0——a0zer (©)
IG/lex/Z - IGO/lex

I is the average green value of any studied region in figure
7, LGosex 18 considered the minimum value of green as there is
noretardation in OX.y, 1 ../2 1S considered the maximum value
of green as (5) should maximize near this point.

E. Photoelastic Stress Analysis Error Quantification

The blood vessel model as shown in figure 7 is placed in the

polariscope inside a glycerin bath. When pressure P inside
the model is above 40mmHg, the shape of the model may be
approximated to a cylinder of radius » and wall thickness D.
Then the model wall stress is calculated using equation (7),
those results are used as reference to quantify the error
introduced by the photoelastic measurement system using
equations (1-2).

rP(r-2D
"% ply-p "

For a range from 40-189mmHg stress will be calculated
using both methods for 16 samples. P is increased using a
syringe and measured using a sensor for measuring pressure
below 200mmHg, both connected to the blood vessel model
as illustrated in figure 8. Values of green were measured in
the region of interest (ROI) for each sample. The average
green value ROI for a pressure P is called /gp; this value
should be normalized using equation (8).

I.,—1..,
J— G GMin (8)

Lonp =
]GMax - I GMin

The minimum and maximum value of green Iy, I are

obtained by setting P at 40mmHg and above 200mmHg. Then

the limit values are calculated using equations (9) and (10),
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Fig.9 Location 1 shows the depth difference between the base plate
and the border of the membrane. Locations 2-11 show the difference
between the border of the membrane and the level of the stair case
shape. Measurements were done at the 11 locations using a UV laser
microscope.
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Fig.10: Plot of relation between blue light transmittance and membrane
thickness. Locations names are shown in blue numbers; location 0 is the
measured directly from the filter.

G1640 and o;ggp-are the standard deviation of 1549 and Igog9+.
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II. RESULTS

A. Transmittance Equation Calibration

The results of measurements done with the UV laser
microscope are shown in figure 9, and plotted against the
values of blue light transmittance in figure 10. The obtained
exponential approximation of the relation between them is
shown in equation (11), with a transmittance coefficient
T.=1666.66 and a correlation coefficient of R=0.982. I is the
light blue intensity at the studied location, Igy. =132.08 is
the average blue light intensity in the area where there is no
membrane covering the filter. The normalization of Iz by
Ipmax gives robustness to equation (11)

D=-TIn(l,/1,,.) (11)

B. Camera calibration

The normalized values of green were plotted against their
corresponding retardation in figure 11. The value of Ag is
obtained by minimizing the error between the plot and the
model of equation (5). The error is minimized when Ag=510
in (5). With this value equation (2) simplifies to equation
(12).

Rerx
—_— 3 2
Iop =sIN"| —— (

0.976+0.024sin>(20)) (12)

G

Equation (12) will be approximated in this case to (13), by
suppressing the contribution made by the direction of stress
as it maximizes in 2.4%.

o[ Rewr

(13)

Iop =sin
G

C. Photoelastic Coefficient of Urethane Elastomer

For this experiment Ag was found to be 521 nm, figure 12
shows the plot of the variation of the normalized green light
intensity with applied force, showing that complete first
fringe was captured. Figure 13 shows the value of the
photoelastic coefficient obtained for each sample, the average
value of them is 1.284x10Pa’".
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Fig.11: Plot of the retardation introduced by the quarter plates in the

studied areas and their respective normalized green light intensity. In
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Fig.12: Variation of the green light intensity with the applied force.
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Fig 13: Variation of the photoelastic coefficient with the applied force for
the 19 samples
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Fig.14: Source image example for retardation (left), and for optical path
length calculation (right).

D. Photoelastic Stress Analysis Error Quantification

A sample of source images of photoelasticity and
transmittance measurements is shown in figure 14. We
deduced from Iy that I, 1s 23.32 and from 590+ that Iga..
is 53.86. For this experiment the value of Ag was obtained
from the results shown on figure 11. The optical path length
was calculated by applying equation (11) to the transmittance
images set. The resulting set is shown in figure 15; a
threshold of 200pm was applied to eliminate image noise,
enhancing the borders of both urethane objects. Stress
measurements were performed for the different values of P in
the ROI of the photoelasticity source images. First using the
photoelastic stress analysis (1, 11, and 13) and then by
equations (7, 11). In this case as 7>>D, therefore the influence
of the wall thickness in the final result is almost the same for
both methodologies, then the stress measured using equations
(7,11) may be used as reference for the photoelastic error
quantification. The results for both methods are plotted in
figure 16. The difference between both methods is shown in
figure 17; an average error of 3.6% is present for pressure
above 70mmHg. Error is large for pressure ranges below
70mmHg.

Finally the photoelastic stress analysis was applied by
separate to every pixel of the complete region corresponding
to blood vessel model of the photoelasticity source images.
The corresponding result set of stress images is shown on
figure 15. We can perceive that an amount of pixels is
blacked out in some parts of the stress images corresponding
to the pressure range below 70mmHg. This means that those
pixels where below the value defined for /gy,

III. DIscUSSION

As pressure increases inside the model the optical path

length reduces in the corresponding set of images of figure 15.

Also the characteristics of the variable thickness membrane
are visible in that figure, confirming the plot of figure 10. The
photoelastic coefficient C was determined to be 1.28¢”, this
differs from the value deduced in [11]. Therefore we may
assume that the value of 7. and C are valid only for the
NIPOLANS5120 wurethane elastomer dyed yellow with
1-01-001Y of Epoch Co at 0.1w%. In previous studies
polariscopes with more sensibility to the stress direction were
used [3, 4, 6, 9 and 11]. For those designs high precision

wave plates and quarter wave plates are necessary to obtain
more accuracy in measurements of stress magnitude and
direction. To ensure accuracy in the measurements, the
calibration procedure should be repeated before start
measuring the samples. Another option may be isolate in a
dark space the camera, polariscope and model.

01-02

D (um) (mmHg)

120 mmHg

Fig.15: Result image of the 16 samples, below each set of 2 images the
corresponding pressure is written. For each set, optical path length D is
left and the corresponding photoelastic stress analysis is right. The
variable thickness membrane appears in all the optical path length
images.
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Fig. 16: Stress in the model wall variation against pressure inside the
model, calculated using photoelastic stress analysis and model radius
variation that is used as reference.

Force sensors placed on the catheter tip [12] are
complementary to the photoelastic stress analysis as they
modify the stiffness and lumen of medical catheters.
Therefore the range of tools that may be evaluated using force
sensors is limited to modified catheters. In future with
photoelastic stress analysis, feedback control may be
provided to the catheter insertion robot when manipulating
any kind of catheters, guide wire, stents or coils, Fig. 18.We
can perceive in the stress images, especially for pressure
ranges above 150 mmHg, that as we move away from the axis
of the model stress value decreases gradually. This happens
because of changes in the orientation of the crystals forming
the urethane elastomer membrane as we move along the
curvature of the model’s cylindrical shape. For that error a
correction method could be applied as we move away from
the axis of the blood vessel. But for that image processing
software must be developed for finding the axis orientation
and borders of the model.

IV. CONCLUSION

Human blood pressure varies in the range of 50 -152 mmHg
[13-14], and was simulated in [9] for a range of 87.5-152.5
mmHg with 5.6% of error. A calibration methodology was
proposed to deduce the more appropriate values for the
parameters C, T, I, LoMax, M, and Ipy,, for photoelastic
stress analysis. The calibration showed an average error of
3.6% in the range of 70-189mmHg, and large error for
pressures below 70mmHg. Therefore with this calibration
methodology principal component of stress in the vasculature
wall may be calculated accurately for human blood pressure
simulation. From them the normal range of stress in blood
vessel model may be deduced and then used as reference for
the catheter insertion robot feedback control as shown in
figure 2. As remaining error sources we have the difference
between perceived light Ag and A., manufacturing accuracy
of quarter wave plates, the simplification of equation (2) and
changes in the orientation of the crystals of the urethane
membrane.
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Fig.17: Variation of error of photoelastic stress analysis with pressure
changes inside the vasculature model.
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