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ABSTRACT
Stress Angle Device: Reproducing the Mechanical Environments Associated with Vascular
Disease in Endothelial Cell Studies. (May 2015)

Michael J. Draper
Department of Biomedical Engineering
Texas A&M University

Research Advisor: Dr. Michael R. Moreno
Department of Mechanical Engineering
Atherosclerosis is a common form of cardiovascular disease – the leading cause of death in the
United States. Although previous cell studies have explored responses to cyclic stretch and fluid
shear stress, orientation of these two parameters have only been orthogonal to one another, which
replicates the non-atherogenic conditions of a straight, unbranched vascular segment. However,
in tortuous vessels or bifurcations, CFD analysis of flow patterns reveals that pro-atherogenic
regions of vasculature exhibit non-perpendicular orientations of cyclic stretch and fluid shear
stress, with some discrete spatial angle between the two. The Vascular Stress Angle Device
(VSAD) is an in vitro system that replicates the mechanical environments seen in vivo where
pro-atherogenic conditions exist (e.g. carotid bifurcation). This study describes the progressive
development of the Mechanical Stimuli Control System (MSCS) used by the VSAD to enhance
fluid shear stress and cyclic stretch control. The MSCS satisfied 5 out of 6 validation
requirements, indicating its pending success in recreating physiological and pathological
vascular mechanical environments. By replicating these conditions, the VSAD may serve as a
useful tool in studies of the progression of atherosclerosis and therapeutic interventions for proatherogenic pathologies.
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NOMENCLATURE

CVD

Cardiovascular Diseases

EC

Endothelial Cells

FSS

Fluid Shear Stretch

CS

Cyclic Stretch

SA

Stress Angle

VSAD

Vascular Stress Angle Device

MSCS

Mechanical Stimuli Control System

BFW

Blood Flow Waveform
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CHAPTER I
INTRODUCTION

Atherosclerosis
Cardiovascular diseases (CVDs) are the leading cause of death in the United States, with over
780 thousand deaths annually [1]. Approximately 32% of all deaths can be attributed to CVDs,
and the National Institute of Health has recorded over 83 million prevalent cases of CVDs [2].
The impact of cardiovascular disease on the economy is evidenced in the total direct and indirect
costs associated with these diseases, which amounted to $313 billion and 16.8% of all economic
costs of illnesses in 2009 [3].

Figure 1. A map showing death rates related to cardiovascular disease across the United States between 2007 and 2009 [4].

5

The most common form of CVDs is atherosclerosis – the narrowing and hardening of arteries
due to the buildup of plaque. Atherosclerosis is localized at branch points and curvatures in the
arterial tree – where complex flow is observed. The mechanical environments of these proatherogenic regions differ greatly from the mechanical environment of pressure-driven flow
through a straight tube, which can be used to describe the majority of the vasculature [5, 6].

Endothelial Cell Studies
Mechanical factors, such as low mean and oscillating fluid shear stress, have been correlated
with intimal thickening in the carotid bifurcation and the abdominal aorta [5, 7]. Thus, it has
been hypothesized that mechanical stimuli may induce endothelial cell (EC) responses that are
pro-atherogenic. If the physiological processes that take place in atherosclerosis as a response to
the mechanical environment can be exposed, there may be a greater potential for the
development of therapeutic interventions to halt the progression of the disease.

Figure 2. Flow streamlines in a carotid bifurcation with 50% stenosis. A significant helical component of flow can be observed in
the boxed area (Left) [5]. Blood flow through a straight arterial segment translates to a perpendicular relationship between FSS
and CS; however, a non-perpendicular relation exists in branched or tortuous segments. (Right) [8]
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A variety of methods have been used in previous studies to observe the effects of varying EC
shear stresses and strains on cellular proliferation, apoptosis, migration, permeability, and
remodeling [9, 10]. Some studies have combined these methods to observe how ECs respond to
the simultaneous application of both fluid shear stresses (FSSs) and cyclic stretches (CSs) [11].
Two commonly used methods for observing EC response to simultaneous FSS and CS are the
explanted vessel and mock artery methods [12, 13]. The former method utilizes a blood vessel
perfused to a flow system, while the latter uses a constructed compliant tube with similar
dimensions to a vessel and cells seeded on the inner surface.

While the methods described above have provided many researchers with a greater
understanding of EC mechanotransduction, their utility is limited by the fact that they cannot be
used to recreate the complex mechanical environments found in pro-atherogenic regions of
vasculature. Previous literature fails to address the effect helical flow has on endothelial cell
mechanotransduction. The fluid velocity vector has a substantial circumferential component and
therefore shear stresses in this region are not exclusively in the axial direction (see Figure 2), as
they would be in a straight tube. Davis et al. (2014) defines the ―Stress Angle‖ (SA) as the spatial
angle between FSS and CS [8], as opposed to the ―Phase Angle‖ (PA) which is the temporal
angle between the previously mentioned stimuli [14]. Given that the stress angle varies in
regions where disease typically forms, it is important to develop the ability to investigate these
conditions.
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The Vascular Stress Angle Device
To observe the role that the SA plays in replicating the pro-atherogenic mechanical environments
seen in tortuous vessels, the Vascular Stress Angle Device (VSAD) was developed. The device
was designed to provide physiologic levels of FSS and CS to an attached cell-seeded membrane
at varying angles, while maintaining a sterile, nourishing environment for the cells to survive in.
The design inputs for the VSAD were: (a) the device had to be capable of subjecting cultured
ECs to FSS of physiologically relevant magnitude, (b) the device had to be capable of subjecting
the cells to a uniaxial stretch of physiologically relevant magnitude, (c) the device had to allow
the angle between the fluid shear stress and the uniaxial stretch to be varied in 15° increments
from 0 - 90°, (d) the device had to facilitate control of the PA, and (e) the device had to enable
bright field and confocal microscopy of the cells in the device.

Figure 3. A Dassault Systèmes SOLIDWORKS model of the Stress Angle Device. The apparatus consists of a parallel plate flow
chamber for applying FSS to an endothelial cell membrane and a rotatable motor for applying CS to the cells at various SA
states.

The selected method of controlling FSS in the VSAD was based on a modified version of the
parallel plate flow system described in a 1971 study [15]. In the modified design, a cell-seeded
silicone membrane lines the top plate of the chamber. As described in a 2014 review article by
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Davis et al., the shear stress applied by the fluid at the wall of a parallel plate flow chamber can
be calculated from the Navier-Stokes equations and continuity equation for the system [8].
Assuming steady, fully developed, laminar flow of a Newtonian fluid, the expression for FSS at
the membrane in the parallel plate chamber is

(1)

where Q is the volumetric flow rate, μ is the fluid dynamic viscosity, w is the flow channel
width, and h is the flow channel height. By assuming Poiseuille flow in the parallel plate
chamber, the flow rate may be adjusted by a pump to achieve shear stresses that are
physiologically relevant.

To control the flow rate through the VSAD it must be attached to a flow loop, which includes a
gear pump (Ismatec, MV 7617-70) driven by signals output from a function generator (BK
Precision, 4017A). An intravascular pressure transducer (Millar, Mikro-Tip Catheter Transducer)
was used to monitor pressure in the system, and flow rates were monitored using a Transonic
clamp-on ultrasonic flow probe (Transonic, ME 7PXL) connected to a TS410 Transonic Flow
Meter. Outputs from the flow meter and pressure transducer were routed to a National
Instruments DAQ device (National Instruments, BNC-2110 enabled by a USB-6251), where they
were sampled and sent to the LabVIEW-enabled laptop for graphical display and feedback for
controlling parameters. As done in previous studies, a pulse dampener was added to the flow
loop to replicate the effects of energy storage in elastic arteries [7]. It is believed that dampening
the gear pump’s sinusoidal flow output makes the flow waveform more representative of
9

vascular blood flow. A valve is also added to the flow loop to adjust the system pressure and
replicate resistance in downstream vasculature, as per previous studies.

Both ends of the cell-seeded silicone membrane attach to a custom clamp driven by a stepper
motor (Anaheim Automation). The stepper motor is able to cyclically apply physiologically
relevant strain to the cell-seeded membrane. With the motor and membrane mounted on a
rotatable stage, which is inserted into the top plate of the flow chamber, the tester is capable of
rotating the membrane in 15° increments to achieve various SA states. A glass microscope slide
was installed on the bottom plate so that an inverted microscope may observe the membrane
during testing. Flow straighteners were installed at the inlet and outlet of the device to reduce
turbulence.

A 1994 study by Moore et al. used 8 ± 4 dynes/cm2 as a target FSS to represent pro-atherogenic
conditions [7]. Therefore, since the Moore et al. study is considered to be a standard for these
studies, the VSAD needed to be able to subject ECs to this FSS at 1 Hz, as well as a 5% CS at a
rate of 1 Hz as implemented by the stepper motor. Testing needed to be viable for 24 hours at
15° SA positions between the range of 0 - 90°.

Preliminary studies using the VSAD validated some of its design concepts by demonstrating that
ECs may remain attached to Sylgard membranes at pro-atherogenic FSSs; however, these studies
also exposed critical flaws in the design of the VSAD. Many of these flaws were attributable to
the method of controlling the FSS and CS. Shortcomings of the FSS and CS control method
were: (1) inability to quantitatively control the temporal PA between FSS and CS, (2) imprecise
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control of desired FSS attributed to guess-and-check operation of function generator control
signals, (3) limited replication of CS in the form of a sinusoidal, square, triangle, or sawtooth
waveform, and (5) complex operation of CS control, which required a C-based programming
language to specify motor commands, making it difficult to use. Thus, a new system had to be
designed that would address these flaws by tailoring design inputs to make the VSAD more
controlled and thus more useful in endothelial cell studies.
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CHAPTER II
METHODS

Design Inputs
To improve the method of controlling FSS and CS, a new series of design inputs had to be
developed based on the existing requirements and observed flaws from preliminary testing
(Table 1). A series of tests were explicitly defined for verifying each design input, which
provided direction for system development.
Table 1.
Design Inputs

Test

Enabled via visual

The system must be implemented using LabVIEW

programming
language
Contour control for

System must be able to accept two different sets of discrete data points

CS

and fit a curve for operation of the motor.

Real time FSS control

Within 10 seconds of a user increasing the steady or unsteady flow rate
by 50 mL/min, it must increase by at least 20 mL/min.

Automated Feedback-

Within 10 minutes, the system must use feedback from the flow meter

enabled flow

to automatically match user-defined flow parameters within ± 5

waveform fine-tuning

mL/min.

Continuous system

The system must apply both stress and strain continuously for 24 hours

operation

at a specified input parameter value

Temporal PA control

Temporal PA between FSS and CS must be controllable within ± 10
degrees of input phase angle
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System Development
With the design inputs and verification tests clearly specified, development of the new
Mechanical Stimuli Control System (MSCS) began. The MSCS consists of a CS subsystem and
a FSS subsystem. These two subsystems were designed to be consolidated in a single program to
control both mechanical stimuli simultaneously at a given temporal PA.

First, it was decided that the MSCS would be entirely implemented with LabVIEW (National
Instruments). LabVIEW is a system design platform and development environment that uses a
visual programming language. Whereas the previous system required programming knowledge
for both C (for the motor controlling CS) and LabVIEW (for acquiring and displaying the
outputs of the flow meter and pressure transducer), the MSCS would only require knowledge of
LabVIEW.

The Cyclic Stretch Subsystem
Based on the decision to use LabVIEW, the Anaheim Automation motion system was replaced
with National Instruments Motion Control products to control the CS subsystem. The new
motion control system consisted of a NEMA 23 stepper motor (National Instruments,
T21NRLH) controlled by a cRIO controller/chassis combination (National Instruments, cRIO9075) via an axis stepper drive interface module. The cRIO controller connected to a LabVIEWenabled laptop via Ethernet connection, allowing the motor output to be controlled by LabVIEW.
A quadrature encoder (National Instruments, 15T-01SA-1000) was also installed to track the
movement of the motor.
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The new LabVIEW program for CS control was a contour movement program, which required a
user-defined table of set points to specify movement. A Catmull-Rom spline was used to ensure
the spline path passed through the provided points. This program allowed the user to input more
complex waveforms for CS that may be more physiologically accurate (e.g. aortic blood flow)
than standard waveforms (e.g. square, triangular).

For both programs to achieve a desired percent stretch for CS, the mathematical relationship
between the motor movement and the percent stretch had to be determined. Stretch of an object
can be expressed as

(2)

where E is the percent stretch,

is the change in length, and Lo is the initial length (4.5 inches)

of the membrane. Because the shaft attaches to both ends of the membrane, any displacement of
the shaft (e.g. ―x‖ inches) will produce twice as much change in the length of the membrane (e.g.
―2x‖ inches). The spur gear used to displace the shaft, embedded with a mating gear rack, has a
0.625‖ pitch diameter; implying a ratio of 1.96‖ of shaft displacement per motor revolution. The
motor is configured for 5,000 microsteps per revolution. With this information, Equation 2 can
be adjusted to express the number of steps required to achieve a certain percent stretch of the
membrane:

(3)
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where N is the number of microsteps required to achieve the percent stretch E. This relationship
was used to define data tables of set points for contour motion.

The Fluid Shear Stress Subsystem
With the CS subsystem complete, development began on the FSS subsystem of the MSCS.
Controlling the flow rate through the VSAD with LabVIEW required a new program that utilized
the analog output function of the DAQ device to send generated signals to the gear pump. This
program also had to retain the ability to acquire and display flow rate and pressure transducer
data.

The gear pump is controlled by inputs ranging from 0-5 volts, where 5 volts induces the pump’s
maximum flow rate; however, changes in other components of the flow loop may result in
different flow rates, even if they use the same pump input voltage. Such changes include
adjusting the height of the pulse dampener and changing the resistance valve. To account for
these changes, a calibration procedure was required. By plotting a series of input voltages against
the resulting measured flow data, a linear regression was determined. This linear regression was
used to convert a user-input flow rate to a corresponding signal for the pump.

The FSS subsystem of the MSCS had to enable real-time control of the pulsatile frequency and
steady and unsteady components of flow. Once the flow rate inputs were converted to pump
voltage values using the linear regression, they were inputted to a ―Build Waveform‖ function
that generated a sinusoidal waveform with these parameters. This constructed waveform was
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sent to a second function that sent the signal from DAQ device to the pump. To enable real-time
control of these parameters, the function was placed inside a while loop.

Even with calibration procedures, pump outputs can sometimes be inaccurate relative to the user
input. To fine-tune the pump signal and improve its accuracy, a feedback loop was implemented
using data from the flow meter. This feedback loop incrementally decreased or increased the
pump voltage depending on whether the measured flow rate was greater or less than the user
input. It was used to fine-tune both the steady and unsteady components of flow.

Temporal Phase Angle Control
In the original concept for controlling temporal PA, the CS and FSS subprograms would be
combined into a single program. This would enable their simultaneous execution (or at least a
consistent time delay between them), allowing for phase to be controlled by introducing a timed
delay between the executions of the two subprograms. Unfortunately, the equipment previously
described for controlling CS and FSS made this concept impossible to implement. Because the
motion control devices and the DAQ device ran on two separate drivers, they could not be run
together on the same program. Alternative methods to implement temporal PA in future
iterations of the device will be discussed in Chapter VI.

Testing
The MSCS was subjected to the verification tests described in Table 1. To demonstrate contour
control of CS, 10 second sinusoidal and sawtooth signals with amplitude 5% stretch were input
as data tables. The encoder measured the motor response, which was graphically displayed on
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the program front panel. Passing this test required the motor response to match the input data at
each point within ± 20 steps.

Real time FSS control required the flow rate to increase by at least 20 mL/min within 10 seconds
of increasing the input by 50 mL/min. This had to be demonstrated for both steady and unsteady
flow. To demonstrate steady flow responsiveness, the unsteady component was set at 25 mL/min
and the steady component was increased from 50 mL/min to 100 mL/min. To demonstrate
unsteady flow responsiveness, the steady component was set to 150 mL/min and the unsteady
component was increased from 50 mL/min to 100 mL/min. A stopwatch was used to measure the
amount of time required to observe a change of 20 mL/min, as indicated by real-time displays of
flow rate mean and amplitude measurements.

Figure 4. To test the responsiveness of the steady component of flow to new user input, the flow rate was first set at 50 mL/min ±
25 mL, as shown here. The steady flow rate input (or the flow rate offset) was then changed from 50 to 100 mL/min, and the time
required for the mean flow rate (shown to the right of the graphical waveform displays) to increase from 50 to 70 mL/min was
timed with a stopwatch.
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To demonstrate automated feedback-enabled fine-tuning of the flow waveform, the steady and
unsteady flow rates were changed in the same way as previously described for testing real-time
response. The time it took for the flow rates to reach an accuracy of ± 5 mL/min of the target was
recorded for both the unsteady and steady components of flow.

Both the CS and FSS programs were executed simultaneously and left to run for 24 hours to
demonstrate continuous system operation. A video camera recorded the shaft movement and
flow rate measurement. If the shaft stopped moving or the flow rate significantly dropped at any
point in the 24 hours, the MSCS did not pass the test.
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CHAPTER III
RESULTS

The MSCS was completed according to specifications, and passed all but one of the verification
tests previously described.
Table 2.
Design Inputs

Test

Results

Enabled via visual

The system must be implemented using LabVIEW

Pass

Contour control

System must be able to accept two different sets of discrete

Pass

for CS

data of points and fit a curve for operation of the motor.

programming
language

Observed motion must match the data within ± 20 steps.
Real time FSS

Within 10 seconds of a user increasing the steady or unsteady

control

flow rate by 50 mL/min, it must increase by at least 20

Pass

mL/min.
Automated

Within 10 minutes, the system must use feedback from the

feedback-enabled

flow meter to automatically match user-defined flow

fine-tuning of

parameters within ± 5 mL/min.

Pass

flow waveform
Continuous

The system must apply both stress and strain continuously for

system operation

24 hours at a specified input parameter value

Temporal PA

Temporal PA between FSS and CS must be controllable

control

within ± 10 degrees of input phase angle
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Pass

Fail

The need for C-based programming was eliminated from the CS component of the MSCS. All
motion control programming was hosted on LabVIEW, enabled by the use of National
Instruments Motion Control products.

A graphical display of the encoder measurements for the two motion profiles demonstrated
success in replicating the sinusoidal and sawtooth waveforms (see Figure 5). Further analysis
demonstrated that the tracked movement was within ± 20 steps of each data point from the table,
for both waveforms. Thus, the MSCS successfully demonstrated contour control for CS.

Figure 6. The two contour data sets yielded observably different waveforms. The measured positions of the sawtooth waveform
(top) and sinusoidal waveform (bottom) were both within ± 20 steps of the input data points at each corresponding temporal
location.

20

The time for the steady flow to increase from 50 to 70 mL/min was approximately 7.46 seconds.
For the unsteady flow rate, it was approximately 6.16 seconds. Because both times were under
10 seconds, the MSCS successfully demonstrated real time FSS control.

The steady flow rate increased from 50 to 95 mL/min in approximately 10 seconds, suggesting
that proper calibration played a larger role in accuracy than the feedback loop did. For the
unsteady flow rate, it was approximately 3 minutes and 34 seconds. Because both times were
under 10 minutes, the MSCS successfully demonstrated automated feedback-enabled fine-tuning
of the flow waveform.

When left to run simultaneously for 24 hours, neither the FSS nor CS programs stopped or
behaved unexpectedly. Thus, the MSCS successfully demonstrated continuous system operation.

Because the FSS and CS subsystems could not be consolidated in a single program, the MSCS
failed to demonstrate control of the temporal PA.
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CHAPTER IV
CONCLUSION

Shortcomings and Potential Improvements
The biggest shortcoming of the MSCS is the inability to replicate temporal PAs between FSS
and CS.

Here, the term phase is the time-variant angle often referred to as instantaneous phase [16]. For
this application, only the horizontal-axis (i.e. temporal-variant) of our waveforms needs to be
discussed. Here, we will describe the phase of a wave as it refers to a sinusoidal function:

( )

where ( ) is the waveform,

(

)

is the amplitude,

(4)

is frequency, is time, and

is phase.

There are two alternatives for addressing this shortcoming, the first of which is to purchase new
compatible equipment. A valuable aspect of the cRIO controller used in the CS subsystem is its
modularity, which enables it to assume functions other than motor control. Introducing new
functionality for the cRIO controller is as simple as inserting new modules. Two modules
(National Instruments, NI 9215 and NI 9263) have been identified that provide analog input and
output capabilities, effectively eliminating the need for the DAQ device. Because these two
modules would use the same driver as the module currently used for the CS subsystem,
compatibility issues would be eliminated. The two subprograms could be called in a single
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MSCS master program that controls temporal PA by introducing time delays between CS and
FSS subprogram executions.

Although the two subprograms could not be started simultaneously in a single program, they
were able to run simultaneously as individual programs. Thus, the second alternative for
controlling the time-variant PA between FSS and CS requires the ability to start one program
consistently at some principal phase value relative to the waveform produced by the other
program. In other words, the temporal PA must be consistent when no time delays are
programmed. This would enable the introduction of some phase offset of ― ‖ before execution
of the second program.

A Hall magnetic sensor connected to an analog input channel on the DAQ device and a
neodymium magnet could be used to trigger the execution of the FSS program in response to a
specific point in the shaft movement waveform. With the start of the FSS program occurring
consistently at a constant phase relative to the shaft movement waveform, changing the temporal
PA could be accomplished in the FSS program by inserting a user-defined time delay between
the triggered start of the program and the actual waveform generation.

Other than temporal PA control, the MSCS was developed according to the design inputs and
passed all verification tests defined in Table 1. Although it may be considered a success in this
regard, many features could be added to the MSCS in future generations to improve it. One such
feature would be a more accurate measurement of the stretch, taking into account spatial effects.
In the current design, stretch is approximated relative to shaft displacement using Equation 2.
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This approximation assumes uniform uniaxial stretch across the width of the silicone membrane,
but this represents an extremely ideal scenario. In reality, stretch is variable across different
spatial locations on the membrane surface, as evidenced by a reduction in width during
elongation. Studies have demonstrated that percent stretch can be accurately measured spatially
in silicone membranes by measuring relative marker displacements on the membrane surface
[17].Two-dimensional Delauney triangulation, accompanied with other calculations, may
provide an effective measure of stretch at multiple spatial locations on the membrane, providing
a greater understanding of the actual stretches induced by the CS subsystem.

System Impact
The MSCS is a vital part of the VSAD, and provides greater control of the replicated mechanical
environment than the previous system. Noticeable improvements can be observed in generating
required flow conditions – a process which previously required minutes of painfully minute
adjustments to a function generator output. Users may now directly input a numerical value for
steady and unsteady flow rates to quickly achieve flow conditions with a high degree of
accuracy. Improvements are also evident in the execution of stretch profiles, which were
previously limited to a sinusoidal or triangular profile. Membrane stretch could now be made
more representative of physiologic vascular stretch patterns by using a custom-made discrete set
of points to control motion. Control of the temporal PA – a functionality previously impossible –
is now realizable by introducing new modules or incorporating a Hall magnetic sensor. Finally,
the whole system is consolidated to two programs and one programming language, making it
more learnable and easy to interact with.
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With an improved system to control mechanical stimuli, the VSAD can be more effective in its
mission to replicate pro-atherogenic conditions for EC studies. The enhanced control of
mechanical stimuli offered by the MSCS reduces the potential for error and increases the quality
of future EC study results.

The Future of the Vascular Stress Angle Device
With the development of the MSCS, focus is now on implementing the VSAD in EC studies.
The first of such studies may observe measurement the morphological adaptation of endothelial
cells in response to various SA states. Significant changes to the morphology of the cells may
indicate underlying pro-atherogenic cellular chemical responses to certain SAs. Further studies
may observe protein expression and other responses to various SAs. Hopefully, the VSAD will
enable researchers to better understand pro-atherogenic chemical responses and identify potential
therapeutic solutions to combat the number one killer of Americans.
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