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Abstract. Ventricular Assist Devices are blood pumps used in patients with Congestive Heart
Failure who are waiting for a heart transplant. They aim to assist the ventricle to pump out blood
in physiological circulation by increasing aortic pressure and decreasing intraventricular
pressure. The IFSP Laboratory of Bioengineering and Biomaterials (BIOENG) has been
developing an Implantable Centrifugal Blood Pump called CARoL for mechanical circulatory
support. The objective of this dissertation is to evaluate the changes in the crystallinity of the
polymeric Pivot Bearings supporting the impeller of this pump when subjected to friction
generated by rotation of zirconia oxide ceramic shafts. The adopted methodology consisted of
submitting new and used samples of: a) bearings set made of polyamide 6; and b) the set made of
poly-ether-ether-ketone. Those new and used samples were characterized by X-ray diffraction
tests and Infrared Spectroscopy. The diffractograms and spectra obtained were compared to
evaluate the bearing crystallinity, for both polymers before and after friction. The tests carried
out showed diffractograms and similar spectra for the new and used samples, thus, there are
indications that the friction generated by the rotation of the shafts did not change the crystallinity
of the polymeric bearings supporting the pump rotor.

Keywords. VAD, X-Ray Diffraction, Infrared Spectroscopy, Crystallinity, Polymeric Bearings,
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Introduction. Ventricular Assist Devices (VAD) are blood pumps used in patients with
Congestive Heart Failure who are waiting in line for a heart transplant. They aim to assist the
ventricle to carry out blood circulation by increasing aortic pressure and decreasing
intraventricular pressure, which can be applied to the left, right or biventricular assistance [1-5].
It demonstrated through tests carried out in Institute Dante Pazzanese of Cardiology in situations
of heart failure resulted in increase of blood flow and reduction in heart rate [6-8].

In 2006, INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support)
was created in the United States, as inter-agency registry with the objective of generating
statistical data on mechanical circulatory support. One of the points monitored is the patient's
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survival rate, according to the intended use at the time of implantation (bridge for
transplantation, bridge for decision and destination therapy). An important concept is the Kaplan-
Meier curve for continuous flow left ventricular assist devices [9-11].

The IFSP Laboratory of Bioengineering and Biomaterials has been developing an Implantable
Centrifugal Blood Pump called CARoL (Cardiac Assistant Recovery of Life) for mechanical
circulatory support, illustrated in Figure 1.

Figure 1. Drawing 3D (left) and Prototypes (right) of the CARoL Pump.

Materials and Methods. The general objective of this work is to evaluate changes in
crystallinity of the polymeric pivot bearings of the CARoL pump when submitted to the friction
generated by the rotation of the ceramic shafts under application conditions.

The VAD application in patients with Congestive Heart Failure can have a variable duration
according to its destination, it can remain implanted for several years in Kaplan-Meier Curve [9].

The design of VADs must be concerned with their durability, in order to minimize the
probability of failures and, consequently, the number of interventions due to equipment failure.

The change in crystallinity of polymers generates changes in some properties like Young
modulus and hardness.

Thus, a change in pivot bearings crystallinity after use is an indicator of degradation by friction,
which can lead to failures in VADs during its lifecycle, Fig. 2. Therefore, the study is justified
insofar as it allows identifying the existence or not of alterations in crystallinity.
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Figure 2. Three-dimensional drawing of CARoL pump showing the position of the pivot
bearings (upper and lower) and the machined bearing.

Tests were carried out with zirconia ceramic shafts and PEAUMM, polyamide 6 (PA6) and poly-
ether-ether-ketone (PEEK) bearings. Since VADs are designed for use in long-term ventricular
assistance, a system of durable pivot bearings is required, Fig.2. The pivot bearings used remain
in contact with the pump shafts only at speeds below 1,100 rpm (lower bearing) and above 1,500
rpm (upper bearing). In the range of 1,200 rpm to 1,400 rpm, hydrodynamic levitation of the
rotor occurs, with no friction between the components during normal operation, thus reducing
the possibility of wear and reducing the life of the pump [2,6,11].

This work was designed to assess whether there are changes in the crystallinity of the polymeric
bearings of the CARoL Pump, two pairs of bearings machined in PA6 and two pairs machined in
PEEK were used, each pair consisting of an upper bearing and a lower bearing. The contact area
between bearings and ceramic shafts consists of a concave surface in order to guarantee the
correct positioning of the shafts and the proper movement of the pump rotor, Fig.2.

In order to generate results that would allow the comparison of crystallinity after the bearing was
used, a new pair and a used pair of bearings from each of the materials were selected to perform
the measurements. The used PA6 bearings that were selected for analysis were submitted to 10
hours of tests friction workbench [7]. The fluid applied to the bench to perform the test was pure
water [12,13] and after verification with a microscope (up to 200x magnification) and
profilometer, no wear was found, only changes in the bearing surfaces [8,14].

PEEK bearings, on the other hand, were submitted to a 6-hour test performed directly on the
pump and using 750ml of human blood as a fluid, which aimed to analyze the hemolysis in the
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CAROL pump. No previous tests were performed to evaluate the wear on these bearings. The
tests performed on bench are equivalent to those performed on pumps, since the friction
workbench developed has high precision in adjusting the contact force between the bearing and
shaft and the motor speed and features a pumping system that simulates the passage of fluid
between the bearing and the rotor shaft [15-21].

The new and used samples of the lower bearing of PA6 and of the lower bearing of PEEK were
submitted to the X-ray diffraction test (XRD Empyrean Panalytical, Almelo, Netherlands) Fig. 3.

Figure 3. X-ray Diffractometer, sample holder and sample positioning.

The upper bearings were not tested because the shape and dimensions of the samples did not
allow the test to be carried out - the ideal is to subject the contact surface between the bearing
and the shaft to the test and, in the case of the upper bearing, this does not it is possible without
destroying the sample. The specific sample holder was selected for solid sample analysis and
each sample was attached to the diffractometer sample holder. Then, the prepared set was
positioned on the equipment support for testing, Fig. 3.

The diffractograms obtained were compared with the aid of the High Score Plus software to
assess the bearings crystallinity and their changes, for both polymers before and after friction by
comparing the position of the diffraction peaks between the diffractograms. Thus, even
superficial changes can be perceived in the signature of the materials, depending on the degree of
change in the crystallinity of the material, if there is any relevant displacement of the peaks.
Changes in the diffraction intensity are not relevant for the evaluation of crystallinity, since it is
measured in relative units [22-26].

After X-ray diffraction tests, the upper and lower bearings were subjected to infrared
spectroscopy (Nicolet 6700 FT-IR, Thermo Scientific). A first reading was performed on the
equipment without any sample, in order to capture the air spectrum and subtract its peaks from
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the sample spectra - to minimize the impact of changes in the air, the laboratory has controlled
temperature, humidity and air exchange, in however, the air has high infrared absorption due to
its composition (since it contains water and other impurities) and its spectrum must be removed
to allow the correct reading of the sample spectrum. Each sample was cleaned with isopropyl
alcohol bath, dried on absorbent paper and positioned on the equipment.

Once the sample is positioned, measurement begins, which consists of generating the infrared
radiation beam, which falls on the sample so that the equipment measures the radiation
absorption by the tested material, generating the characteristic spectrum of that sample. The
position of the peaks in terms of wave number is what characterizes a specific band, and
consequently, a specific material - the intensity of the peaks has low relevance in the
characterization. The spectra obtained were compared in two ways from the point of view of
peak positions to assess possible changes between samples of the same material: upper bearing
with lower of the same pair, and similar bearings before and after friction [27].

Results. The results obtained by X-ray diffraction (lower bearings) and infrared spectroscopy
(upper and lower bearings) tests performed on the new and used samples of the set manufactured
in PAG and the set manufactured in PEEK are presented below.

The PAG6 polymer presents diffractograms with two peaks, which are in approximate positions of
20° and 23°. Therefore, it is the expected behavior for the diffractograms of the tested samples if
they do not present differences in crystallinity.

The results may show some variation in intensity, given that it is measured in relative units.
Changes in the position of the peaks (x-axis), and consequently in crystallographic planes, may
indicate changes in crystallinity in samples.

Two PA6 samples were submitted to X-Ray Diffraction test according to the methodology
described before, the new upper bearing and the used upper bearing, which generated the
diffractograms that can be seen in Fig 4.

For both PA6 bearings, the diffractograms show peak intensity at approximately 20° and 23.4°
positions. There is a variation of less than 0.1° between the new bearing and the used bearing,
which can be disregarded. The 0.4° variation observed between the reference curve and the
spectra does not indicate a variation in the crystallinity of the material. There is a variation in
intensity between samples, which can be justified by the concave geometry of the analyzed
surfaces, Fig. 4.
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Figure 4. X-ray Diffractometer comparing, used and new PA6 pivot bearings with reference in
degrees.

The PEEK reference shows peaks of diffraction intensity visible when 20 is approximately 19°,
21°, 23°, 29°, 33° and 39°, the first 4 peaks being associated with specific crystallographic planes.
As in the PA6 polymer, changes in the diffraction points (x-axis), and consequently in the
crystallographic planes, may indicate changes in crystallinity in the samples manufactured in
PEEK.

Two PEEK samples were submitted to the X-ray diffraction test according to the methodology
described before, the new upper bearing and the used upper bearing, which generated the
diffractograms. The PEEK-machined bearings have diffractograms that show four intensity
peaks at the 18.7°, 20.7°, 22.6° and 28.7° positions, Fig. 5.

The peaks in 20 equal to 33° and 39° were not observed in any of the curves obtained - they are
peaks of lesser intensity in relation to the others and may have been reduced to the point of being
imperceptible due to variations in diffraction intensity motivated by samples geometry, Fig. 5.

For PEEK, no diffraction intensity variation was observed between the new sample and the used
sample.
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Figure 5. X-ray Diffractometer comparing, used and new PEEK pivot bearings with reference in
degrees.

The new and used samples of PA6 submitted to infrared spectroscopy generated the following
spectra. In the case of new samples, the comparison between upper and lower bearings shows
that most of the absorbance peaks are repeated, with a variation in intensity in some of them and
a peak close to 2,960 cm™ with relevant absorbance (> 0.01 ua, according to the reference
curves) that appears on the new bearing and does not appear on the used bearings.

Referring to the samples used, when comparing upper and lower bearings, it is noted that the
peaks occur in the same positions with variation in absorbance. With these results, a comparative
analysis of the new and used samples for each bearing was carried out. All comparisons show
some level of difference in absorbance at the peaks. The wave numbers indicated in yellow in
Fig. 6. represent the positions of main peaks observed in the reference spectrum, while the one
indicated in gray also appears in the reference, but without highlighting depending on its
intensity.

The Fig 6. indicates that all the peaks present in the samples appear in the reference curve, with
only one of them (830 cm™) being considered irrelevant in the reference curve, but has an
absorbance greater than 0.01 water in the new bearing spectrum.
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Figure 6. Comparison of the infrared spectra of the lower bearings of PAG.

On the other hand, the comparison of upper bearings shows only yellow lines, that is, the peaks
coincide with the reference spectrum.
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Figure 7. Comparison of the infrared spectra of the upper bearings of PAG6.

The new and used PEEK samples submitted to the infrared spectroscopy test generated the
following spectra. For new samples, the comparison between upper and lower bearings shows
the absorbance peaks at the same positions in the spectrum, with some variations in intensity. For
the samples used, the comparison between spectra of the upper and lower bearings shows the
absorbance peaks at the same positions and intensities.
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The wave numbers indicated in yellow represent the main peak positions highlighted by
reference spectrum, while those indicated in gray also appear in the reference, but not
highlighted due to their intensity. Despite variations in intensity, the absorbance peaks occur in
the same positions both in the reference spectrum and in the analyzed samples. The same
comparison was made for the PEEK upper bearing samples which shows a lower intensity
variation than the lower bearings, with high adherence between the reference spectrum and the
samples. In both comparisons, it is possible to notice that the behaviors of the curves are
maintained, observing only an increase in the absorbance in used bearings in relation to the new
bearings.

Conclusions. In order to evaluate possible changes in the crystallinity of CAROL Pump
polymeric bearings when subjected to the friction generated by ceramic axes rotation, X-Ray
Diffraction and Infrared Spectroscopy tests were performed on samples of bearings
manufactured in PEEK and PAG.

The PAG bearings generated diffractograms and spectra with peak intensity / absorbance in the
same positions for the new and used samples, consistent with the reference curve, showing a
small variation in the diffraction intensity, which can be explained by the concave geometry of
the analyzed surface and, in the case of spectra, a change in the absorbance levels that do not
disfigure the characteristic bands of the material.

Changes due to friction in the materials used for making the bearings were expected. Thus,
although in recent work it is possible to measure wear, PEEK samples show diffractograms with
peak intensity in the same positions, and diffraction intensities at the same level for the new and
used bearings, coinciding with the reference curve. In addition, the spectra show the same
absorbance peaks for new and used bearings, also aligned with the reference curve.

Additionally, comparisons were made between upper and lower bearings of the same set, both
for PEEK and PAG, using the infrared spectroscopy technique. These comparisons showed
slightly different spectra for the PA6 samples, a behavior that remains in both new and used
pairs, indicating that the manufacturing process for obtaining the different geometries influences
the structure and crystallinity of the material. In the case of PEEK, the pairs have spectra with
peaks in the same positions, so there is no evidence of changes in crystallinity between the upper
and lower bearings of the same pair.

From the results presented, it is possible to conclude that the friction generated by the rotation of
the shaft in the test period of each samples did not change the crystallinity of polymeric bearings
supporting the pump impeller in analyzed bearings, in both materials. Therefore, from the point
of view of crystallinity, given that both PEEK and PA6 showed the same performance, it is
recommended to use PAG, which is a more accessible and cheaper material.
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