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Abstract
An oesophageal stent durability/migration testing device was 
developed based on the mathematical analysis of durability 
mechanism of an oesophageal stent and oesophageal motility, in 
which the oesophageal stent was assumed to be under simulated 
in vivo pre compression load, in vivo creep load and internal 
environment. Hardware and software simulating an oesophageal 
tube movement was developed, which consists of six sensors, an 
Arduino MEGA and LabVIEW LIFO interface. Accurate detection 
of stent migration in an oesophageal model using camera image 
processing analysis and Flexi force Pressure Sensor (FPS) 
combine was done. The control board for the real time monitoring 
of non-vascular oesophageal stents used Arduino MEGA2560. 
LabVIEW was used to monitor in real time the FPS and bend sensor, 
camera image processing on the stent durability/migration testing 
device. The testing results can verify the design of stent’s fatigue 
life and to ensure the records for the optimization of oesophagus 
stent design, this can ensure the trustworthiness of oesophagus 
stent implantation in vivo. This device could further evaluate the 
effectivity for all type of stents on non-vascular applications and also 
to test experimental materials on stents. Also, the said device can 
be modified and applied to test the migration and fatigue life of other 
GI stents.
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Introduction
The oesophagus is a long tube in the upper gastrointestinal 

system for passage of macerated food; it actively transports the food 
bolus by peristaltic movement. However, in cases of dysphagia that 
is brought about by cancer, the passage of bolus can be interrupted 
and cause severe complications to the patient. The main course of 

action for physicians is with stenting, Stenting can create patency 
in the oesophagus, ensuring proper passage of food to the stomach. 
However, this method of palliative treatment is doesn’t come without 
setbacks, one of which is migration of the implanted stent due to the 
constant peristaltic wave in the oesophagus, this can dislodge the stent 
to the stomach and can cause severe problems. With the development 
of materials technology, metallic and polymeric stents are now the 
most widely used materials for stenting in oesophageal benign 
stricture [1-3]. Oesophageal stent are implanted in the body for a 
long-term and the service life of the stent should be more than the 
life expectancy of patient. Therefore, the fatigue life of the oesophagus 
stent is studied as a key performance parameter [4,5]. Originally 
stents were designed as a bare metal mesh, which enabled the 
granulation tissue of the oesophagus to encompass the stent structure 
and integrate it into the wall [6]. Self-expanding stents are a safe 
and effective method for endoscopic improvement of dysphagia in 
patients with malignant oesophageal strictures receiving neo adjuvant 
therapy [7-9]. The recently released oesophageal self-expandable 
metal stent was effective in downgrading malignant dysphagia. The 
non-foreshortening feature of this stent allowed for precise placement 
and its fully covered feature allowed for easy removability. These kinds 
of stents were also effective in treating benign oesophageal conditions, 
especially from breaking and splitting. These stents represent a new, 
alternative and cost-effective therapy for maintaining adequate oral 
nutrition [10-12]. 

In adults, the oesophagus is normally between 200 and 260 mm 
long and is composed of three layers; an internal mucosal layer which 
is encompassed by a circular muscle layer and an outer longitudinal 
muscle layer [13,14]. The circular and longitudinal muscle layers 
are responsible for peristalsis, the mechanism of bolus transport 
down the oesophagus [15,16]. As the bolus passes down the 
oesophagus, these muscles contract and relax to generate peristaltic 
waves which propel the bolus into the stomach [17]. Oesophageal 
peristaltic wave in normal oesophageal peristalsis involves a single 
wave of active muscle contraction preceded by a single wave of 
muscle relaxation, therefore, the bolus is isolated within a single 
peristaltic wave, as the complete stripping of the bolus from the 
oesophageal lumen by a progressive contraction wave of sufficient 
force to maintain closure in the tail segment as it passes along the 
oesophagus [13,18-20] .

 To model this primary transport characteristic of oesophageal 
musculature, it is considered that an idealized peristaltic wave in 
which the shape of the tail region and the wave speed are not varied, 
as the contraction wave passes along the oesophageal lumen [21-23]. 
The esophagus is treated as a circular tube of finite length and flow 
is assumed with single-phase Newtonian incompressible fluid of 
uniform viscosity ravg [24]. The characteristic velocity of the peristaltic 
wave is c, the wavelength of the bolus is ƛ, the tube length Ltube, the 
average radius of the bolus ravg  And the minimum tube radius is
 rtube(min)  described below by the equation below.

 The appropriate Reynolds number for peristaltic transport:

cr ravg avgRe = 
λ

ρ

µ

 
 
 

               (1)
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The shape of the bolus tail and a head is described using sinusoidal 
functions, and the main body of the bolus is approximated with a 
constant radius. Mathematically, it can be expressed as follows:

( ) x - ct
H x, t = r + 0.5 1- cos2tube(min) D

α π
  

    
              (2)

Here, á  is the wave amplitude and 
á = 2( r - r )avg tube(min)                  (3)

These approaches can be expressed mathematically as equation to 
calculate the spatial and temporal variations of intraluminal pressure 
P(x, t) along the esophagus.

( ) ( )b x - ct - b   1 2P x, t = P + P sech0 1 Ltube

 
  
 

                (4)

Here, b1, b2 are constants P , P0 1  are constants of resting and 
active pressures. We chose CPGs (Central Pattern Generators) as 
the controller for the swallowing device because it is the control 
method human body [25-28]. Our research goal of the in-vitro stent 
performance evaluation methods includes durability testing for all 
type of stents, using a bend and piezo effective sensor detecting system 
also via the developed real time image processing system. Durability 
and fatigue analysis are needed because during the operation time, the 
material properties can change and failure due to fatigue is possible 
[29]. The aim of this study is to design a comprehensive testing device 
for stent migration and failure detection. Considering the clinical 
necessity, an artificial esophagus and stent with peristaltic function 
have been developed in this study.

Materials and Testing Methods
Materials

Arduino MEGA2560: It has 54 digital input/output pins (of 
which 14 can be used as PWM outputs), 16 analog inputs, 4 UARTs 
(hardware serial ports), a 16 MHz crystal oscillator, a USB connection, 
a power jack, an ICSP header, and a reset button. The operation 
voltage is 5v, DC current per I/O pins 40 mA, flash so flash memory is 
256 KB of which 8 KB used by bootloader, SRAM is 8 KB, EEPROM 
is 4 KB, and working clock speed is 16 MHz.

Motor controller: High speed-422 deluxe servo motor, the motor 
control system is pulse with control 1500 µsec neutral, operating 
voltage range is 4.8v to 6.0v, operating speed 0.16 sec/60 degree, stall 
torque is the 4.1 kg.cm so operating angle is 45 degree/one side pulse 
traveling 400 µsec. Additionally, direction clock wise/pulse traveling 
1500 to 1900 µsec, current drain 8 mA/idle and 150 mA/no load 
running, dead band width 8 µsec, weight is 45.5 g.

Stent: Alloy material: nitinol (alloy of 55% nickel and 45% 
titanium). This is likely due to the fact that we select a stent diameter 
that is adapted to the diameter of the esophagus. 

Sensors: Flexi-force Pressure Sensor (FPS): Thickness 0.203 
mm, Length 191 mm, optional trimmed lengths: 152 mm, 102 mm, 
51 mm, Width 14 mm, Sensing Area 9.53 mm, Diameter Connector 
3-pin Male Square Pin (center pin is inactive) Substrate Polyester Pin 
Spacing 2.54 mm. In order to measure forces above 100 lb (up to 1000 
lb), apply a lower drive voltage -0.5v, -0.10v and reduce the resistance 
of the feedback resistor 1 kΩ min.

Repeatability is ± 2.5% of full scale, Hysteresis is 4.5 of full scale, 

Drift is 55 per logarithmic time scale, Response time 5 µsec. Flexible 
Bend Sensor (FBS): sensor structure is active length 95.25 mm, part 
length 112.24mm, width 6.35 mm. Mechanical specifications is life 
cycle > 1 million, Height ≤ 0.43 mm, Electrical specification Bend 
resistance range 10 kΩ to 450 kΩ, Resistance tolerance ± 30%, Power 
rating 0.50 Watts continuous 1 watt peak. 

Experimental prototyping and testing set-up and design 
conceptualization

The Arduino software (IDE) makes it easy to write code and 
upload it to the board and directly LabVIEW interface driver using 
the Arduino. The Mega 2560 is a microcontroller board based on 
the ATmega2560. The control software is LIFA (LabVIEW Interface 
for Arduino) driver, through which the operation command and 
written in the Arduino software will be transmitted to the peristaltic 
motor control and a test report can be automatically generated 
with esophagus stent parameters, the experimental parameters and 
fatigue life (durability), migration test. The role of the servomotor 
is to generate esophageal peristaltic wave. A servomotor is a rotary 
actuator or liner that allows for precise control of angular or linear 
position, velocity, and acceleration. The position of the servo motor 
is set by the length of a pulse. The servo expects to receive a pulse 
roughly every 20 milliseconds. If that pulse is high for 1 millisecond, 
then the servo angle will be zero, if it is 1.5 milliseconds, then it will 
be at its center position and if it is 2 milliseconds it will be at 180 
degrees. Using Arduino Mega2560 board to control a servo motor 
through an ATmega2560 microcontroller. The motors are controlled 
by four servo motor in variable degrees. Each motor is connected via 
Mega board digital output port. The control source code is written to 
Arduino r2 compiler and LIFA driver using the LabVIEW software. 
Executive Unit: Simulates the stress condition and peristaltic function 
of the esophagus stent in vivo. According to initial compression and 
creep load control signal of esophagus stent, servo motor adjusts 
the mega board to adapt to the esophageal stent with different size 
parameters. The executive unit can be divided into three parts: 1. 
Peristaltic part, 2. Stent part, 3.Sensor part.

Peristaltic part: To develop a functional and accurate model 
of the oesophagus stent migration, it is essential to understand the 
anatomy of the oesophagus as well as the histologic composition 
of the oesophageal wall as this significantly impact the swallowing 
physiology. By stretching and releasing the end of the wire, the 
peristaltic loading unit makes the coil diameter changes around the 
esophagus stent. The axial sequence arrangement can produce a 
discrete waveform in esophagus stent. The geometrical specifications, 
of conduit length and diameter, were inspired by measurements from 
the physiology of swallowing. The swallowing In-vitro testing device 
has been designed with an active peristaltic zone of 200 mm length 
and a 20 mm bore in the middle. The human esophagus is between 
200-260 mm in length and with a nominal bore of 18-22 mm in 
the center. A mathematical model has been developed to study the 
peristaltic transport of a rheological for arbitrary wave shapes and 
tube lengths. Several wire coils can simulate the peristaltic wave effect. 

Stent part: We have chosen a bare nitinol stent as an example. We 
have used an image processing system and stent migration detecting 
camera to quantify the amount of migration of the bare stent sample, 
we have partnered it with piezo effective sensor and bend sensor to 
evaluate the amount of bend force needed in determining migration 
failure in the sample. 

Sensor part: Used LabVIEW software image processing to 

http://www.atmel.com/Images/Atmel-2549-8-bit-AVR-Microcontroller-ATmega640-1280-1281-2560-2561_datasheet.pdf
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objectively determine the location of stent and stent migration. These 
sensors are preferred because of their excellent linearity and their good 
reactivity. The flexi-force sensor is a thin and flexible piezo resistive 
force sensor that is available off-the-shelf in a variety of lengths for 
easy proof of concept. These ultra- thin sensors are ideal for non-
intrusive force and pressure measurement in a variety of application. 
The dynamic range of this force sensor can be modified by changing 
the drive voltage and adjusting the resistance of the feedback resistor. 
This can be used to measure of esophageal wall pressure and stent 
migration area. Flexible Bend Sensor is a sensor that changes its 
resistance depending on the amount of angle of the sensor. It converts 
the change in angle onto electrical resistance the higher the angle, 
the higher the resistance value. This can be used to the measure the 
esophageal constriction by determining the amount of change in 
angle of the flex bend sensor. The change in the resistance correlates 
to the diameter change of the esophageal stent. This can be used to 
measure of stent broken/fractured and tube peristaltic movement of 
testing in the signal wave. The board is power supplied to the USB 
port on the control computer. In Figure 1 shown the testing device 
general circuits. LED D1 and D2 indicated the operation condition 
of the device. The board is power supplied to the USB port on the 
control computer. 

The oesophagus is a complex system for robotic simulation. The 
schematic diagram of the test device is shown in Figure 2. 

The experimental time can be adjusted by way of LabVIEW 
program. Execution of an immediate halt when any mistakes occur 

during the experiment. Moreover, alarm LED ON at the display and 
detecting stent migration or stent fracture. At the time, the video is 
uninterrupted and gives off an alarm to the user whenever a failure is 
detected. The experiment was done to mimic mechanical environment 
similar in the human body. The testing device for the actuation, 
control and sensing mechanisms of the esophageal simulator were 
presented in the force diagram of peristaltic moment in Figure 3. The 
force acts on the pipe structure and produces circularity tension (Fc). 
The pressure is perpendicular to the direction of the tube wall, which 
is equal to the force divided by the cavity surface area. The cyclic stress 
is equal to the Fc divided by the cross section area of the tube wall. 

The cyclic stress is determined by the following equation:

pD
=

2wt
σ                (5)

Where D is the diameter of the pipe, wt  is wall thickness.
pDLstentF =c 2

                (6)

The Fc is the circumferential load of the stent in the oesophagus. 
As the diameter and length of the oesophageal stent have different 
size in the specific range, the durability test device for oesophageal 
stent should simulate the peristaltic wave and can cover all the stent 
with different size. The Arduino LIFA drive motor mechanism was 
firstly used in the test to simulate the peristaltic of oesophageal stent. 
The regular load and peristaltic amplitude in the different body can be 

Figure 1: General circuitry schematics of the components of the non-vascular stent testing device; flex and bend sensors, Servo Motors for peristaltic 
movement generation, D1 LED-normal operations indicator, D2 LED –Alarm signal indicator.
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Figure 2: The schematic diagram of the non-vascular testing device operating principle.

Figure 3: Photographs of the peristaltic movement generation showing the variability in diameter size of the inner silicon tube.

adjusted by stent pre-compression. The experiment was done in vivo 
environment as much as in the body. The tube wall attached bend 
sensor also inserted stent bend sensor. The nitinol stent was inserted 
in the tube peristaltic of the tube open and close. This moment stent 
tested by using bend and piezo sensors. At all times, current system 
activity is presented in graphical format by way of various plots and 
status displays. In addition, all trial-specific output may be saved to 
file during trial execution for archiving purposes as well as for future 
analysis. 

Results
The oesophageal stent is revealed to rippled series of actions 

during swallowing. So we calculated the mean values, On average, 
an adult swallows about 600 times per day throughout the day 
including meal time, and while sleeping; thus it totals to 216,000 
times in a year, and for 10 years, 2,160,000 times. Additional 
technical procedures are needed for the note of stent migration 
[30]. We used LabVIEW software to determine the location of 
stent and stent migration. The camera using image processing 
system and NI Vision assistant object tracking monitoring 
system as shown in Figure 4, the red square mark indicated the 
migration of stent and the chart field below shows the stent 
migration line. In addition, the metal stent has migrated to 
about 2 mm under continuous peristaltic movement for 2 hours. 
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The migration monitoring was only set at the bottom of the 
stent because it is known that the peristaltic movement of the 
oesophagus can push the stent only at a downward direction.

The tube wall bend sensor signal has shown clear signals, 
however the stent wall bend sensor output more created more 
noise signal, at as it can be seen in Figure 5. The Red line 
represents the stent bend test starting point at 360 kΩ at 0º, 
Green line is for the tube bend sensor resistance at 160 kΩ at 
0º, the reason why the nominal starting resistance where set 
at different values is due to the fact that the bend resistance 
value for the stent sensor has higher resistance value difference, 
therefore, in order to determine in real time and also not to 
overlap the reading of the bend sensors, we calibrated the 

nominal starting resistance values for both the stent and tube 
sensors. On the Arduino source code, an addition command 
was used to view the output graph separately. This is due to the 
structure of the stent sample, the stent is a mesh like structure 
and has flexible property, and therefore, creating multiple 
signals and skewing the signal detection of the bend sensor 
output normal curve values of nitinol stent compared to the 
tube peristaltic nominal movement. 

Bend analysis shown in Figure 6 shows that the data acquisition 
was made with a 2 sec interval; this gives us 30 bending resistance 
values per minute. The bend sensor was set to be around the same 
value in measuring the resistance changes caused by bending. This 
was presented by the following equation:

Figure 4: Real time monitoring of the non-vascular stent migration using image processing system and NI Vision assistant.

Figure 5: Bending sensor curve of normal peristaltic movement.
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RpiezoV = Vccpiezo (R1, R2 + R )piezo
(7)

Where Vcc=5v, (R3,R4)=10 kΩ, Rbend1,2 = 10 kΩ to 450 kΩ it is 
variable value. 

It can be seen in Figure 6 (a, b) the normal bending sensor curve 
of tube and in a normal stent peristaltic movement.

For error detection, we determine in the plot as seen in Figure 
6c, 1160s to 1960s that indicates a frequency increase in the bending 
resistance. Problems such as failure in the stent cover or stent strut 
fracture would yield a higher bending resistance value as shown 
in equation f=2π(R (sensor)) C. The stent edge attached to the FPS 
represents the normal result. A resistance increase would determine 
that the part of the signal would indicate stent migration as seen in 
Figure 7a and as described by the equation no. 8.

RpiezoV = Vccpiezo (R1, R2 + R )piezo
              (8)

It can be concluded that the higher the pressure value, the 

higher the output voltage there will be. The FPS ranges its 
resistance between near infinite when it is under static mode and 
would give out 25 kΩ when you approach its weight limit. When 
barely touching it, it has a resistance of around 10 MΩ. We can 

measure that change using one of the Arduino’s analog inputs. 
But to do that, we need a fixed resistor that we can use for that 
comparison. This is called a voltage divider and divides the 5v 
between the flexi-force and the resistor. It is shown in Figure 7b, 
that the demonstrated stent migration gives out an alert signal in 
the diagram. If the stent FPS resistance reaches more than 100 kΩ, 
then testing device will give out an alert signal to the user via the 
lighting of the D2 LED alarm indicator.

Discussion 
There are several features and benefits for creating an in-vitro fail-

safe system for esophageal stenting. This can give biomedical engineers 
an idea on designing new stent designs on how much peristaltic force 
pressure is needed in determining migration on oesophageal stents. 
With numerous research about this topic being publish every year, it is 
only logical to design a system to evaluate the anti-migration properties 
of these medical devices. It is imperative for biomedical engineers and 
material scientists to create and design an effective stent in order to avoid 
complications of stent migrations and fractures.

The design concept of this research can give us an accelerated 
closed-loop servo-control of pulsatile distension, where rapid 
acquisition of data can be done. It also has the capability to adjust the 
tube length to accommodate not just one type of oesophageal stent 
but also colorectal and duodenal stents. A programmable control 
system can also be made due to the versatility of LabVIEW® software 

Figure 6: Bend sensor analysis graph. (a,b) The normal bending sensor curve of tube and in a normal stent peristaltic movement. (c) For error detection, 
we determine in the plot as, 1160 s to 1960 s that indicates a frequency increase in the bending resistance.
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 Figure 7: Force sensor monitoring signals (a) Tube force sensor and Stent force sensor indicating an error signal when the resistance values increases. 
(b) Stent force sensor indicating an error signal when the resistance value goes over the 100  kΩ limit.

user interface and Arduino Mega® board that we have used in this 
study. This provides the user with real time computer control and 
monitoring of Image processing, Sensor data output analysis, and 
Alarm signal capabilities.

Conclusion
In conclusion, varied in form of stent migration and durability 

testing device was developed and applied for testing. In this study, 
we developed an esophageal stent multifunction testing device 
with peristaltic movement. The simulated peristaltic movement 
was similar to the in humans. The approved signals are digitally 
processed, calculating the standard distortion and establishing 
thresholds approved empirically. The long-term continuous test 
of stent sample verified the trustworthiness of the device, which 
could prove the smooth experiment. The newly designed device 
is expected to be applied to test the test of the other non-vascular 
stents. All sensor data outputs and top/side camera video images 
of the experimental device are real time recording and there is an 
alarm when the problem occurs. Our study, the only dry swallow was 
experimented to show the obligatory peristaltic wave being able to 
be generated and practical by LabVIEW and Arduino motor control.
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