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Stress relaxation of the infusion tube with a pressure sensor
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Abstract. We studied stress relaxation of the infusion tube with a pressure sensor using FEA method. The
stress distribution in the tube, the contact pressure on the wall of the pressure sensor, the decay of the
reaction force on the wall of the pressure sensor were determined, respectively. Due to the stress relaxation
of the infusion tube, the reaction force generated by the tube deformation was decreased by over 75% as
compared with the original reaction force in the first several seconds after the infusion tube was set into the

pressure sensor.

1 Introduction

An infusion pump is a medical device for delivering
fluids into a patient’s body in a controlled manner. There
are many different types of infusion pumps for various
purposes and under distinct conditions. Their safety
feature significantly varies with the age and materials of
the pumps. A "down pressure" sensor will detect when
the patient's vein is blocked, or the line to the patient is
kinked. This may be configurable for subcutaneous or
venous applications. An "up pressure" sensor can detect
when the bag or syringe is empty, or even if the bag or
syringe is being squeezed. Reliability, sensitivity, and
miniaturization are three critical factors to be considered
when choosing force and pressure sensors for infusion
pumps. Designers should consider pressure sensors that
are fully compensated, amplified, and calibrated. Force
and pressure sensors must provide high reliability and
high sensitivity to ensure that the desired amount of
medication is being delivered to the patient. Occlusion
pressure, as an important parameter of infusion pumps,
should be detected when an occlusion occurred.

Most of current infusion pumps have a preset
occlusion pressure threshold. Once the pressure of the
tubing which connects to the patient exceeds the preset
limit, the occlusion alarm will be triggered. Some
infusion pumps adopt a method of speed administration
to trigger the occlusion alarm if the fluid rate stays zero
for a certain time interval. However, the wvascular
pressure values are different in different individuals, or
in the same person at different time points. Additionally,
the alarm will not be activated if the pressure caused by
an occlusion does not reach the preset threshold. In this
case, the pump cannot function normally, and it will
display erroneous values of the infusion rate and
accumulated volume. These incorrect readouts could
lead to catastrophic tissue or organ injuries in the patient.
The higher the occlusion pressure is, the more serious
the injury is. Therefore, the precise occlusion pressure

detection is crucial for the performance of infusion
pumps.

Despite the continuous efforts by healthcare
practitioners, occlusions in central line catheters remain
a significant issue which can result in delays in critical
patient care, increased risk of infection, and increased
healthcare costs. One important cause of catheter
occlusion is blood reflux. Blood reflux can lead to
thrombus formation which impedes the medicine
infusion. An occluded catheter may also hamper blood
withdrawal. ~ Maintaining  catheter patency and
minimizing occlusions is important for enhancing patient
safety and improve therapeutic outcomes.

2 The Stress Relaxation Characteristics
of Polyvinyl chloride

Polyvinyl chloride (PVC) is a widely used material for
intravenous infusion tubes and blood storage bags. Some
PVC intravenous infusion tubes contain di-2-ethylhexyl
phthalate (DEHP) as a plasticizer to provide flexibility of
the infusion tube.

Stress relaxation is the decrease in stress in response
to the same amount of strain generated in the structure.
Stress relaxation describes how polymers relieve stress
under constant strain. Because they are viscoelastic,
polymers behave in a nonlinear, non-Hookean fashion.
This non-linearity is described by both stress relaxation
and a phenomenon known as creep, which describes how
polymers strain under constant stress.

Viscoelastic materials have the properties of both
viscous and elastic materials. They can be modeled by
combining elements that represent these characteristics.
One viscoelastic model called the Maxwell model
predicts behavior akin to a spring (elastic element) being
in series with a dash pot (viscous element), while the
Voigt model places these elements in parallel. Although
the Maxwell model is good at predicting stress relaxation,
it is deficient in predicting creep. On the other hand, the
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Voigt model is good at predicting creep but not good at
stress relaxation prediction.

In a one-dimensional relaxation test, the material is
subjected to a sudden strain that is kept constant over the
duration of the test, and the stress is measured over time.
The initial stress is generated from the elastic response
of the material. Then, the stress relaxes over time due to
the viscous effects in the material. Typically, when a
tensile, compressive, bulk compression, or shear strain is
applied, the resultant data about stress vs. time can be
fitted with a number of equations. Prony series, which
contains multiple equations, can describe the static and
dynamic features of viscoelastic materials.

In the infusion pump, the tube is compressed by the
pressure sensor. When the fluid pressure in the tube rises,
the reaction force generated by the pressure sensor will
also rise. The total reaction force is affected by the fluid
pressure and the force generated by the deformation of
the tube. The force generate by the deformation of the
tube will decrease because of the stress relaxation
phenomenon.

3 FEA method for stress relaxation
analysis

There are several types of FEA software which can
simulate the structure of viscoelastic materials. The
stress relaxation process can therefore be calculated and
displayed by FEA software.

Complex inelastic behavior of materials includes
hysteresis and viscoelasticity, according to the
framework of finite strain viscoelasticity proposed by
Simo. This framework is one of the most used model to
interpret inelastic behavior due to its simplicity and easy
implementation. Additionally, the effect of the strain-rate
on the response is studied as well in Mullins effect,
which is a phenomenon occurring in the first cycles of
loading. Special attention has been paid to the influence
of temperature and plastic behavior on large strains. The
development of constitutive models which include these
characteristics is not an easy task. Currently, complex
material models based on continuum mechanics are
trying to combine many of these characteristics. Good
examples are recent models of viscoelasticity, plasticity
and damages, as well as the thermo-mechanical models
for large deformations.

Furthermore, additional research has focused on the
analysis of the material behavior at different scales,
leading to useful models for fiber-reinforced composites.
Notably, the physically based models describes the
complex rate, amplitude dependency, and rate and
temperature dependency in a constitutive manner.

All these sophisticated models share some common
features. Most of our work was conducted with Finite
Element codes using a Lagrangian formulation, in which
the internal variables were treated with special attention.

4 Finite element simulation of stress
relaxation

4.1 The structure

. B
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Pressure sensor wall\

‘Pressure sensor wall

Figure 1. Schematic of the tube and the pressure sensor.
The tube is not compressed in this figure. It will be
compressed by the pressure sensor in the simulation
process.

4.2 Meshing settings

Figure 2. Structure of the mesh.
The vertical lines of on the left and right side represent
the walls of the pressure sensor. The mesh size of the
tube is 0.04 mm.

4.3 Loading settings

In Figure 2, DOF of the left vertical line is set at 0. The
right vertical line will move to the left in 1 second. The
reaction force generated by the deformation of the tube
will be calculated in the following 10,000 seconds.

4.4 Parameters of the material
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Figure 3. Parameters of the material.

Upper panel: Uniaxial Tension with Mooney 3
parameter. Lower panel: Shear modulus decay vs time.

4.5 Solver settings

Static analyse for the large deformation is conducted. In
the simulation, the walls of the pressure sensor will
contact the infusion tube. The contact pressure and the

reaction force will be calculated.

4.6 Results

4.6.1 Stress distribution
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Figure 4. Stress distribution in each section of the tube during
different time period.
The stress intense reduces as time lapses.

4.6.2 Strain distribution

NODAL SOLUTION

Figure 5. Strain distribution in each section of the tube.
The strain distribution is consistent with the stress
distribution. The four corners have very low strain

intense.

4.6.3 Stress versus time at different locations of the
tube
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Figure 6. Stress vs time at different locations of the tube.
Upper panel: Arrows show the chosen locations on the
tube. Lower panel: Stress vs time at chosen locations of
the tube. After 10,000 seconds, the stress intense is
decreased by over 75% as compared with the stress
intense at the first second.

4.6.4 Pressure on the walls of the pressure sensor
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Figure 7. Pressure on the surface of the pressure sensor.
The pressure on the walls of the sensor is uneven.

4.6.5 Reaction force on the pressure sensor versus
time
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Figure 8. The change of reaction force on the pressure sensor
over time.
After 10,000 seconds, the reaction force is decreased by
more than 75% as compared with the stress intense at the
start.
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4.6.6 Reaction force on the walls of the sensor vs
the width of the pressure sensor

0.018

0.017

0.016
Z 0015

re

2 0.014

n f

2 0.013

Reacti

0.012
0.011

0.01

2.4 2.5 2.6 2.7 2.8 2.9 3 3.1
Distance between two walls of the pressure sensor{mm)

Figure 9. Reaction force on the surface of the sensor vs the
width of the pressure.
The relationship between reaction force and the width of
the pressure is almost linear.

5 Conclusions and Prospects

The reaction force on the walls of the pressure sensor
decays over time, making it difficult to obtain the fluid
pressure data in the tube. At different positions of the
walls of the pressure sensor, reaction force generated by
the deformation of the tube varies. Therefore, a better
shape design of the walls of the sensor will facilitate the
accurate reading of the fluid pressure in the infusion tube.
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