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[54] Title of invention
A prosthetic heart valve fatigue life test device

[57] Abstract

A prosthetic heart valve fatigue life test device.

The present invention proposes that the total load
on the valve is used as a monitoring parameter. The drive
frequency, amplitude, and valve back pressure are
adjusted so that the valve load waveform after
acceleration is close to the load waveform at 72
beats/min.

The device of the present invention has the three
portions of the drive, main body, and monitoring. The
main body portion consists of a linear motor, a test
section, and a circulation loop. The linear motor is
located at the top of the device, and a drive signal drives
the linear motor to drive the reciprocating motion of the
link rods and valves in the test sections through the
spindle disc.

The monitoring portion consists of the valve load,
displacement, and pressure transducers.

This device has a compact and reasonable structure,
can continuously work stably for a long time, and has
good sealing, no noise, and low energy consumption.
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1. A prosthetic heart valve fatigue life test device is characterized in that the device
consists of a main body portion, a drive portion, and a monitoring portion.

Its main body comprises: linear motor (1), test section (2), circulation loop (30), main
shaft (3), spindle disc (4), link rod (5), and valve frame (6). The linear motor (1) is located on the
upper part of the device, i.e., the upper part of the frame (7). The linear motor shaft is integral
with the main shaft (3), and the lower end of the main shaft (3) is fixed to the spindle disc (4).
Each test section (2) has a link rod (5) and a valve frame (6). The upper end of the link rod (5) is
connected to the spindle disc, the valve (16) is installed on valve frame (6) at the lower end of
link rod (5), and the valve test sections (2) are independently distributed symmetrically with the
main shaft (3) at the center.

The drive portion is the power source of the device, comprising a power supply (8), an
arbitrary waveform generator (9), and a DC power amplifier (10). The drive signal drives the
linear motor (1), through the main shaft (3) and the spindle disc (4) to drive the reciprocating
motion of the link rod (5) and valve frame (6) in the test section (2).

The monitoring portion comprises a valve load measurement, a valve displacement
measurement, and a valve back pressure measurement. The valve load test is performed using a
strain-based force transducer (24), which is mounted between the link rod (5) and the spindle
disc (4). The valve displacement measurement is performed using a photoelectric displacement
transducer (25), which is mounted at the upper end of the linear motor (1). The valve back
pressure is measured using a blood pressure transducer (29).

2. A prosthetic heart valve fatigue life test device in Claim 1

is characterized in that two force transducers (24) with consistent performance are
installed between the two symmetrical link rods (5) and the spindle disc (4). One of the two
symmetrical valve frames (6) is installed with the tested valve (16), and the other is not fitted
with a valve (16). At different frequencies, the output of the two force transducers (24) is
subtracted to obtain the change curve of the total load received by the valve (16).

3. A prosthetic heart valve fatigue life test device of Claim 1 is characterized in that said
circulation loop is a two-unit two-parameter circulation loop (30) that comprises air chamber C;
(11), a needle valve damper R; (13), a reservoir tank (17), large air chamber C (12), and damper
R> (14). C; and R; correspond to the respective test sections (2). The large air chamber C, (12) is
located above a perforated separator (18) in the reservoir tank (17), and R» (14) is located above
the concentric cylinder of the reservoir tank (17) and is adjustable.
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4. A prosthetic heart valve fatigue life test device of Claim 1 is characterized in that said
linear motor (1) consists of a motor shaft, bobbin (19), coil (20), guide magnet (21), and
permanent magnet (22), and its exterior has a stainless steel cover (23). The whole moving part
is a titanium alloy material, using a centered orientation.

5. A prosthetic heart valve fatigue life test device of Claim 1 is characterized in that the
drive system of the device is equipped with a 36-volt battery and a power supply (8) to ensure
the continuous normal operation of the drive system when a sudden power failure occurs.

6. A prosthetic heart valve fatigue life test device in Claim 1 is characterized in that the
device has an observation system, and the movement of the leaflets can be observed by the
mirror (26), the strobe light (28), and the observation tube (27).
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A prosthetic heart valve fatigue life test device

The technical field to which the present invention belongs is biomechanical measurement
technology.

Current international and domestic state of the art for the present invention:

The heart of the human body is the center of the blood circulation system, which provides
a rthythmic contraction and dilation to push blood to flow through the blood vessels. The human
heart is composed of four chambers, with valves between the ventricle and the atrium and
between the ventricle and the outlet. Heart valves are simple stop valves that passively open and
close as the heart relaxes and contracts. Heart valves can be damaged by various congenital
defects or by rheumatic disease, which impairs normal one-way reverse function. With the
development of biomedical engineering, artificially manufactured heart valves can now be used
to replace the diseased valves and restore the patient’s ability to work. Therefore, the
performance and longevity of prosthetic valves directly affect the safety of patients. Due to the
long cycles of animal and clinical experiments, the evaluation and comparison of the fatigue life
and mechanical performance of prosthetic heart valves are mainly achieved by in vitro
simulation test devices. According to relevant data at home and abroad, due to calcification,
perforation, and leaflet tearing of biological valves and due to wear, fracture, and jamming of
mechanical valves, death and re-operation were the results for a great proportion of valve
failures. In particular, due to the nature of the material, the structural design, and the
manufacturing process, the fatigue life problem is even more prominent, which has become the
main problem affecting the development of the bio-valve.

The in vitro accelerated simulated fatigue life test of prosthetic heart valves can greatly
shorten the study cycle and can accumulate a significant amount of valve durability data over a
long period of time. The advantages and disadvantages of the structural design, material
selection, and treatment process of prosthetic heart valves can be identified early in the
development process. Some scholars have been engaged in this research as early as the 1960s
and have successively established simulation test devices with different structures. Most
representative of these are R.E. Clark and M.W. Swanson’s test benches, H. Reul’s “rotary” test
devices, and the fatigue life test devices of the United Kingdom’s Rowan Ash company.
However, the circulatory systems of these simulated test devices are relatively simple, and only
the trans-valve pressure differential is controlled to be similar to the physiological conditions.
This also does not take into consideration the stress changes generated at high frequencies after
acceleration. The forces experienced by valves under acceleration are much greater than those
experienced by movements under normal physiological conditions, so the measurement of the
fatigue life of prosthetic heart valves on these simulation devices is much smaller than the
actual life in the body. The data obtained from fatigue tests on the same valve on different
simulation devices can also have big differences. Most of the existing simulated test devices are
mechanical transmission methods, with poor wear resistance and high noise. The life of the
device itself is short, so it cannot work continuously for a long time.
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To solve the problems in the existing prosthetic valve fatigue life test, the present
invention invents a prosthetic heart valve fatigue life test device. Its prominent point is that the
load experienced after the prosthetic heart valve is accelerated is similar to the physiological
conditions in vivo so that the results of the in vitro artificial conditions test can reflect the
condition in vivo to a certain extent and predict the working condition and life of the prosthetic
heart valve in vivo.

The basic point of the present invention is: Using the total load on the valve as the
monitoring parameter, i.e., by adjusting the compliance and impedance of the circulation loop
(30), the drive waveform, frequency, and amplitude are adjusted so that the total load
experienced by the prosthetic heart valve after acceleration is similar to the total load
experienced under physiological conditions (72 beats/min (see Fig. 6). The device of the present
invention comprises a main body portion, a drive portion, and a monitoring portion (see Fig. 1).
The main body portion consists of a linear motor (1), test section (2), circulation loop (30), main
shaft (3), spindle disc (4), link rod (5), and valve frame (6). The linear motor (1) is located on
the upper part of the device, i.e., above the frame (7). The linear motor shaft is integral with the
main shaft (3), and the lower end of the main shaft (3) is fixed to the spindle disc (4). The
circulation loop (30) employs a two-unit two-parameter model. Each of the six test sections is
independent, and within each test section there is a link rod (5) and valve frame (6). The valve
test sections (2) are symmetrically distributed in pairs with the main shaft (3) as the center. The
drive portion is the power source of the device and includes a power supply (8), an arbitrary
wave generator (9), and a DC power amplifier (10). The linear motor (1) is driven by the drive
signal, through the main shaft (3) and the spindle disc (4) to drive the reciprocating motion of
the link rod (5) and valve frame (6) in the test section (2) to open and close the test valve. The
monitoring portion comprises: A valve load measurement transducer mounted between the
spindle disc (4) and the link rod (5); a pressure measurement transducer (29) mounted on the
wall of the test section (2) below the valve, and a displacement monitoring transducer (25)
mounted on the upper end of the linear motor shatft.

Compared with the state of the art, the test device for the fatigue life of the prosthetic
heart valve of the present invention has the following characteristics:

1. The concept is novel, the design is refined, the parameters are reasonable, the device is
compact and symmetrical, the test device and the monitoring instruments are integrated, its
portability is convenient, and the footprint is small.
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2. The circulation loop (30) and the test section (2) have a reasonable structure, can
simulate the compliance and impedance of the arterial system, greatly reduce the occurrence of
the water hammer effect, have good sealing performance, provide easy valve replacement, and
are easy to install and unpack so as to facilitate observation.

3. The linear motor (1) and main shaft (3) are located above the unit so they do not
create any conflicts in sealing and friction caused by a lower drive, are noise-free, and have low
energy consumption.

4. Monitoring of valve motion transforms into monitoring displacement, frequency, and
pressure for easy automatic control.

5. Six symmetrical valves (16) are tested simultaneously and driven by the same drive
shaft, so their amplitude and frequency are exactly the same. As long as the adjustment of the
valve back pressure is the same, the valve load is the same, so as to facilitate comparison.

6. The total valve load can be adjusted by changing the drive frequency, amplitude, and
valve back pressure to bring the total load in the accelerated operating state close to
physiological conditions.

7. The entire device has no mechanical transmission components, the friction is very
small, the durability is good, the corrosion resistance is good, and the circulation frequency can
reach 2,000 beats/min under fully open and closed conditions of the valve, that is, above 33 Hz.
It can work reliably and continuously for a long time.

8. The unit is equipped with batteries and a power source to continue operation in the
event of a power outage to the power grid.

Attached Drawings:
Fig. 1.A block diagram of a prosthetic heart valve fatigue life test device.

Fig. 2.A schematic view of the main body structure of a prosthetic heart valve fatigue life
test device.

Fig. 3.Schematic top view of main body structure.

Fig. 4.Schematic diagram of circulation loop.

Fig. 5.Schematic diagram of a linear motor structure.

Fig. 6. Load waveform at 72 beats/min.
Fig. 7. Schematic diagram of observation system structure.

A detailed structure of the apparatus of the present invention is described below with
reference to the attached drawings.
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The present invention indicates that in addition to the trans-valve differential pressure,
inertial forces should also be considered as forces acting on the valve at high frequencies after
acceleration, with the total force being:

F =Fm, Fq, Fap

Fm—Inertial force caused by the inertial mass of the moving parts of the valve.

Far—The force by which the trans-valve pressure differential acts on the valve.

Fq—The force by which fluid inertia acts on the valve.

The inertial force is proportional to the square of the frequency of motion, i.e. (Fm + Fq) « 2,
with f as the heart rate. Inertial forces Fm and Fq are small at physiological frequencies, i.e.,
low frequencies, and are small relative to the trans-valve pressure differential. The physiological
system works optimally with pulsating flow, having a good balance of inertia and compliance.
When accelerated, the forces caused by the inertia and fluid inertia of the moving parts of the
valve will increase dramatically, with the inertial forces and the trans-valve pressure differential
together forming the total load on the valve. On the test devices of the state of the art, only the
trans-valve pressure differential is taken into consideration as being made similar to
physiological conditions, so it is necessary to make the valve load high after acceleration. It will
be quickly damaged due to excessive force. Therefore, the test result of the valve fatigue life is
far less than the actual life in the body. This problem actually involves how to ensure that the
load on the prosthetic heart valve structure during the in vitro acceleration test is similar to the
load on the prosthetic heart valve under physiological conditions in the body. In order to make
the distribution of maximum stress similar to the maximum stress distribution of the prosthetic
heart valve under physiological conditions, we can adjust the compliance and impedance of the
circulation loop system, change the flow rate through the valve and the trans-valve pressure
differential, and select the appropriate drive waveform to drive the linear motor to move
according to a certain waveform, frequency, and amplitude so that the opening and closing
motion of the heart valve is close to the physiological conditions and so that the movement
pattern of the system after acceleration can be close to the normal physiological conditions. The
valve back pressure waveform is close to the aortic pressure waveform under normal
physiological conditions, and no water strike is produced when the valve is opened and closed.
A prosthetic heart valve fatigue life test device of the present invention, which is
composed of a drive portion, a main part, and a monitoring part (see Figure 1). The drive
portion thereof is a power source consisting of a power supply (8), an arbitrary wave generator
(9), and a DC power amplifier (10). The main part includes the linear motor (1) test section (2),
circulation loop (30), main shaft (3), spindle disc (4), link rod (5), and valve frame (6) (see
Figure 2. 3). The circulation loop (30) uses a two-unit two-parameter model (see Fig. 4), which
consists of air chambers C; (11) and C; (12), dampers R (13) and R> (14), and test sections (2).
The valve test sections (2) are independent, and the test sections (2) are paired and distributed
symmetrically with the main shaft (3). The device uses six valve test sections. The upper end of
the link rod (5) is coupled with the spindle disc (4). The valve (16) is mounted on the valve
frame (6) at the lower end of the link rod (5). The required waveform is generated by an
arbitrary waveform generator (9). After being amplified by the DC power amplifier (10), the
waveform drives the linear motor (1), through the main shaft (3) and the spindle disc (4) to
drive the link rod (5). The valve (16) opens under fluid inertial action when the valve frame (6)
moves up. The valve (16) closes due to fluid resistance as the valve frame (6) moves down. This
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also pushes the liquid down. The liquid flows from each test section (2) to its respective
corresponding air chamber C; (11) and needle valve damper R; (13) and then flows together
into the liquid storage tank (17). The liquid storage tank (17) has a large air chamber C; (12),
and there is a perforated separator (18) below it to prevent water waves. The liquid is divided
and diverted back to each test section through the adjustable damper R» (14). The valve back
pressure, i.e., the trans-valve pressure differential, is adjusted through the damper R; (13) and
can be varied from 0 to 100 mg Hg, which can meet the physiological range. The waveform
generator (9) can provide an arbitrarily selected drive waveform to ensure the movement of the
linear motor (1) so that the opening and closing movements of the heart valve are close to
physiological conditions. By adjusting the valve back pressure and the frequency, amplitude,
and waveform of the drive signal, the total load curve on the valve (16) under accelerated
operation is brought close to the total load curve at normal heart rate, i.e., the load waveform at
72 beats/min heart rate (see Fig. 6). The linear motor (1) is mounted above the frame (7) (see
Fig. 2). In terms of its structure (see Fig. 5), it consists of the motor shaft (3) (the motor shaft
and the main shaft are integrated), the bobbin (19), the coil (20), the guide magnet (21), the
permanent magnet (22), and its outer stainless steel cover (23). The whole moving part is made
of titanium alloy material, so it is lightweight, has a wide frequency range, good fatigue
resistance, and uses a centered orientation. It has small radial force, low friction, low energy
consumption, smooth motion, and no noise.

The monitoring system comprises the three parts of a valve load measurement, a valve
displacement measurement, and a valve back pressure measurement.

The valve load measurement is a change curve of the load the valve (16) is subjected to
during motion as measured with a strain-based force transducer (24). The transducer (24) is
mounted at the junction of the valve link rod (5) and the spindle disc (4) (see Fig. 2). The force
on valve (16) is transmitted to the force transducer (24) through the link rod (5). The output of
the force transducer (24) is the sum of the load size on valve (16) and the link rod (5), the valve
frame (6). In order to obtain the load received by the valve (16), the load of the link rod (5) and
the valve frame (6) must be subtracted. For this reason, we first installed it without the valve (16)
for the adjustment, installing two force transducers (24) with consistent performance on the two
link rods (5) that are symmetrical. At different frequencies, the dynamic load of the valve frame
(6) and the link rod (5) was measured. Due to its complete symmetry, the post-movement load
was zero, and then the tested valve (16) was installed on one valve frame (6) and the other
without the valve (16). After the output of the two force transducers (24) at different frequencies
was subtracted, the curve of the load received by the valve (16) was obtained. Making the load
during the accelerated operation close to the normal heart rate is achieved by adjusting the valve
back load and drive signal. This force transducer (24) is very convenient to install and uninstall.
When measuring force, the transducer (24) is installed. After the whole machine is adjusted, the
force transducer (24) is removed, and the device will operate normally.
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The pressure measurement uses a blood pressure transducer (29). A pressure
measurement hole is opened on the side wall of the test section (2) on the back side of the valve
(16), and the valve back pressure change is measured through a small medical three-way valve
connected to the test section (2). Using a small medical three-way valve, the blood pressure
transducer (29) can be connected to the test section (2) during pressure measurement. When
pressure is not being measured, it is opened to atmosphere and zeroed.

Detection of displacement signal: The motion of the linear motor (1) is measured by the
displacement transducer (25). The displacement transducer (25) is mounted at the upper end of
the linear motor (1) (see Fig. 2). The photoelectric principle is adopted to detect changes in
displacement using the principle that the current generated by the photosensitive element is
proportional to the area of light. The line light source emitted by the slit light source is
obstructed by a part of the shaft end of the linear motor (1) and irradiated onto the light-
sensitive element. When the linear motor (1) is moved on and off the shaft end, the light flux
received by the light-sensitive element changes, which is directly proportional to the amplitude
of the reciprocating movement of the linear motor (1). The change in current generated by the
light-sensitive element reflects the change in the amplitude of the linear motor (1). The
displacement transducer (25) has a simple structure, no mechanical transmission parts, and has
no wear, making it suitable for long-term continuous operation.

The test device for the fatigue life of the prosthetic heart valve of the present invention is
accelerated under near-physiological conditions of load, under which the valve (16) is fully
opened and closed in each cycle. There is an observation system (see Fig. 7). The mirror (26) is
installed below the valve test section (2), and the strobe light (28) is used to irradiate the valve
(16). When the flash frequency of the strobe light (28) is adjusted to have a certain difference
from the rate of valve movement, it can be clearly seen through the observation tube (27) that
the valve (16) is slowly opened and closed. Whether it is fully opened and closed, whether the
valve (16) is damaged or deformed, whether the leaflets are fluttering, and other motions are
recorded through the video recording system.
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