
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date _ .

19 April 2012 (19.04.2012) WO 2012/049679 A2

(51) International Patent Classification: (74) Agent: MOSHE, Louise; Sanford T. Colb & Co., Beit
G01D 5/242 (2006.01) Amot Mishpat, 8 Shaul Hamelech Blvd., Tel-Aviv 64733

(IL).
(21) International Application Number:

PCT/IL20 11/000801 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
10 October 201 1 (10.10.201 1) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

(26) Publication Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

(30) Priority Data: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

61/392,059 12 October 2010 (12.10.2010) US NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,

(71) Applicant (for all designated States except US): EN- TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
DOSPAN LTD. [IL/IL]; 4 Maskit St., P.O. Box 12058, ZM, ZW.
46733 Herzilyia Pituach (IL).

(84) Designated States (unless otherwise indicated, for every
(72) Inventors; and kind of regional protection available): ARIPO (BW, GH,
(75) Inventors/Applicants (for US only): RAZ, Sagi [IL/IL]; GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

15 Ofakim St., Tel Aviv, 69697 Tel Aviv (IL). BENARY, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD,
Raphael [IL/IL]; 15 Rav Ashy St., Tel Aviv, 69395 Tel RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
Aviv (IL). SHALEV, Alon [IL/IL]; 9 Wingate St., DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT,
Ra'anana, 43587 Ra'anana (IL). LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,

SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: ACCELERATED BENCH-TESTING OF MEDICAL DEVICES

(57) Abstract: A biomedical tester (10) includes a fluid-control con
tainer (101), shaped to define a fluid-control container port (102) and a
first interface surface (24) defining fluid-control container apertures
(103). A fluid controller (22) is shaped to define a second interface sur
face (26) defining controller ports (28). These elements (101, 22) and a
motor (15 1) are arranged to relative translation between the first and
second interface surfaces (24, 26), thereby effecting a time-varying
overlap between subgroups of the system. Fixtures ( 1 12) allow dispo
sition therewithin of respective medical devices (100). Each of the fi x

tures ( 112) includes one or more fixture first ports ( 1 16) and fixture
second ports ( 1 17). The fixture first ports ( 116) are mounted in fluid
communication respective with the controller ports (28). A fluid pump
(121) includes first and second pump ports (122, 123) in fluid commu
nication with the fixture second ports ( 1 17) and the fluid-control con
tainer port (102), respectively.



w o 2012/049679 A : llll I I I I 11 III I I I II III I II III I III I I I II

Declarations under Rule 4.17 : Published:

— as to applicant's entitlement to apply for and be granted — without international search report and to be republished
a patent (Rule 4.1 7(H)) upon receipt of that report (Rule 48.2(g))



ACCELERATED BENCH-TESTING OF MEDICAL DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority from US Provisional Application

61/392,059, filed October 12, 2010, which is assigned to the assignee of the present

application and is incorporated herein by reference.

FIELD OF THE APPLICATION

The present invention relates generally to apparatus and methods for fatigue

testing, and specifically to apparatus and methods for accelerated fatigue testing of

implantable medical devices.

BACKGROUND OF THE INVENTION

Vascular prostheses, such as stents, grafts, and stent-grafts, are used for repairing

vascular abnormalities, such as abdominal aortic aneurysm (AAA). Because implanted

vascular prostheses are subjected to continuous changes in blood pressure and other

physiological stresses, they must be fatigue-tested during product development and

regulatory approval processes. Commercially-available fatigue test instruments generally

offer accelerated testing using standing pressure waves acting on both sides of the medical

device being tested. The resulting wave causes an increase in pressure which results in

radial expansion. Typically, the maximum frequency achievable in actual use of such test

instruments is 20 Hz. Fatigue test instruments generally test primarily radial expansion of

the medical device, rather than axial loading.

SUMMARY OF THE APPLICATION

In some embodiments of the present invention, a biomedical tester is provided for

fatigue testing one or more medical devices. The biomedical tester periodically increases

and decreases the pressure of a fluid in contact with the medical devices, in order to

simulate the pulsatile pressure within human blood vessels. The tester generates in vitro

conditions that simulate in vivo radial and axial load of the medical devices, by

periodically injecting a measured amount of fluid into the medical devices during each of

a large number of cycles. The tester is typically configured such that the fluid flows in a

single direction through each of the medical devices, rather than periodically reversing



direction at high frequency. The tester tests axial loading because the motion of the fluid

within each of the medical devices pushes, by way of shear, the medical device axially

forward within a fixture of the tester, and thereafter, if the medical device is anchored to

the fixture, the medical device springs backward.

For some applications, in order to effect the periodic increases and decreases in

pressure, the tester comprises: a first interface surface that is shaped so as to define one or

more apertures, and a second interface surface that is shaped so as to define one or more

ports. A motor of the tester effects relative translation between the first and second

interface surfaces, thereby effecting a time-varying overlap between at a least a subgroup

of the apertures and at least a subgroup of the ports. Whenever one of the apertures

overlaps a given port, fluid flows through the aperture into the port. Whenever none of

the apertures overlaps a given port, the first interface surface blocks fluid flow into the

port.

For some applications, the tester comprises a fluid control assembly; one or more

fixtures, configured to allow disposition therewithin of respective ones of the medical

devices; and a fluid pump. The fluid control assembly comprises a fluid-control

container, a fluid controller, and a motor. The fluid-control container is shaped so as to

define the first interface surface, which, as mentioned above, is shaped so as to define the

apertures. The fluid controller is shaped so as to define the second interface surface,

which, as mentioned above, is shaped so as to define the ports. The fluid-control

container, fluid controller, and motor are arranged to effect relative translation between

the first and second interface surfaces, thereby effecting a time-varying overlap between

at least a subgroup of the apertures and at least a subgroup of the ports. The fixtures

comprise respective fixture first and second ports. The fixture first ports are mounted in

fluid communication with respective ones of the ports of the second surface. The fluid

pump comprises first and second pump ports, which are in fluid communication with the

fixture second ports and a port of the fluid-control container, respectively. The tester is

typically configured to pump fluid therethrough in a closed loop.

For some applications, the medical devices comprise stents, grafts, or stent-grafts

used for repairing vascular abnormalities, such as an abdominal aortic aneurysm (AAA).

Some such stent-grafts for treating AAA have a plurality of modules that are coupled to

one another, such as during an implantation procedure. In stent-grafts for treating AAA,



radial expansion typically occurs primarily at the proximal neck of the aneurism and at the

distal end of the iliac artery. The tester may be configured to focus testing on (a) the

anastomosis regions between modules of the stent-graft, such as by placing an end of a

first stent-graft overlapping with an end of a second stent-graft, and/or (b) the attachment

of a stent-graft to the wall of a blood vessel, such as by attaching the stent-graft to the

wall of a fixture of the tester (for example, using barbs of the stent-graft). These regions

experience axial forces that fatigue struts of the stent-graft, and radial pressure that

fatigues graft material of the stent-graft (since the radial expansion of the graft is

negligible and the struts barely move). The tester may thus be used for evaluating the

long-term dimensional and structural integrity of the implant anastomosic region(s).

There is therefore provided, in accordance with an application of the present

invention, apparatus for fatigue testing one or more medical devices, the apparatus

including:

a fluid control assembly, which includes:

a fluid-control container, which is shaped so as to define a fluid-

control container port and a first interface surface that is shaped so as to

define one or more fluid-control container apertures;

a fluid controller, which is shaped so as to define a second interface

surface that is shaped so as to define one or more controller ports; and

a motor,

wherein the fluid-control container, the fluid controller, and the

motor are arranged to effect relative translation between the first and

second interface surfaces, thereby effecting a time-varying overlap

between at least a subgroup of the fluid-control container apertures and at

least a subgroup of the controller ports;

one or more fixtures, configured to allow disposition therewithin of respective

ones of the medical devices, each of which fixtures includes one or more fixture first ports

and one or more fixture second ports, which fixture first ports are mounted in fluid

communication with respective ones of the controller ports; and

a fluid pump, which includes first and second pump ports, which are in fluid

communication with the fixture second ports and the fluid-control container port,

respectively.



For some applications, throughout steady-state Operation of the apparatus, the fluid

pump is configured to exclusively pump fluid out of exactly one of the first and second

pump ports throughout at least one period having a duration of at least one second, such

as at least one hour.

For some applications^ throughout steady-state operation of the apparatus, the fluid

pump is configured to exclusively pump fluid out of exactly one of the first and second

pump ports throughout a test of the medical devices.

For some applications, the apparatus is configured to cyclically increase and

decrease a pressure of a fluid within the fixtures during a plurality of cycles.

For some applications* throughout steady-state operation of the apparatus, the fluid

pump is configured to exclusively pump fluid out of exactly one of the first and second

pump ports throughout at least one of the cycles, such as at least two of the cycles.

For some applications, the fluid pump is configured to receive fluid via the first

pump port, which thus serves as an inlet, and to pump the fluid out of the second pump

port, which thus serves as an outlet, such that the fluid flows through the apparatus along

a flow path:

out of the outlet,

into the fluid-control container port, which thus serves as a container input port,

through the fluid-control container apertures, such that the fluid-control container

serves as a fluid-distribution container,

through the controller ports, such that the fluid controller serves as a fluid

distributor,

into the fixture first ports, which thus serve as fixture input ports,

out of the fixture second ports, which thus serve as fixture output ports, and

into the inlet of the fluid pump.

Typically, the apparatus is configured to provide a closed loop for fluid flow

therethrough.

For some applications* the overlap periodically varies at a rate of 10 to 150 Hz.

For some applications, the apparatus further includes a fluid.

For some applications the first and second interface surfaces are cylindrical.

Alternatively, for some applications, the first and second interface surfaces are



planar. For some applications, the fluid-control container, the fluid controller, and the

motor are arranged such that the motor effects rotation of the fluid-control container with

respect to the fluid controller, and the first and second interface surfaces define respective

planes that are perpendicular to an axis of the fluid control assembly around which the

motor effects the rotation.

For some applications, the apparatus further includes a fixture container, which is

shaped so as to define a fixture container port that is in fluid communication with the first

pump port, and the fixtures are disposed within the fixture container, such that the fixture

second ports are in fluid communication with an interior of the fixture container, and with

the first pump port via the interior of the fixture container and the fixture container port.

For some applications, the apparatus further includes a fluid having a sufficient volume

such that a level of the fluid within the fixture container is above a level of the fixture

second ports. For some applications, the apparatus is configured such that the fixture

container remains stationary during operation of the apparatus. For some applications, the
i

fixture container is shaped so as to define a plurality of walls, and the apparatus is

configured such that the second surface serves as at least one of the walls of the fixture

container. For some applications, the apparatus further includes a fluid guide, which

connects the fixture container port and the first pump port in fluid communication. For

some applications, the apparatus further includes a pressure sensor, which is in fluid

communication with the fixture container. For some applications, the apparatus further

includes a pressure relief valve, which is in fluid communication with the fixture

container.

For some applications, the apparatus further includes a heating element, which is

in fluid communication with the fixture container.

For some applications, the fluid-control container, the fluid controller, and the

motor are arranged such that the motor effects rotation of the fluid-control container with

respect to the fluid controller. For some applications, the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects the rotation of the fluid-

control container. Alternatively or additionally, the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects the rotation of the fluid

controller. For some applications, the fluid-control container and the fluid controller are

disposed around a common axis. For some applications, the apparatus further includes a



rotation counter, which is configured to count a number of relative rotations of the fluid-

control container with respect to the fluid controller.

For some applications, the motor is in mechanical communication with the fluid-

control container. For some applications, the fluid-control container and the motor are

arranged such that the motor effects rotation of the fluid-control container. For some

applications, the fluid control assembly further includes a motor shaft, a first end of which

is coupled to the motor, and a second end of which is coupled to the fluid-control

container.

For some applications, the motor is in mechanical communication with the fluid

controller. For some applications, the fluid controller and the motor are arranged such

that the motor effects rotation of the fluid controller. For some applications, the fluid

control assembly further includes a motor shaft, a first end of which is coupled to the

motor, and a second end of which is coupled to the fluid controller.

For some applications, at least a portion of the medical devices are medical device

components, and at least a portion of the fixtures are configured to allow disposition

therewith of respective ones of the medical device components.

For some applications, the apparatus further comprises one or more flow

straighteners, which are positioned near respective ones of the fixture first ports, and

which are configured to cause fluid to flow through the respective fixtures generally

parallel to respective longitudinal axes of the fixtures

For some applications, the apparatus further includes a fluid guide, which connects

the second pump port and the fluid-control container port in fluid communication. For

some applications, the apparatus further includes an O-ring, which is disposed between

the fluid guide and the fluid-control container port.

For some applications, the fluid-control container apertures are generally equally

spaced along the first interface surface.

For some applications, the distributor ports are generally equally spaced along the

second interface surface.

For some applications, at least one of the fluid-control container apertures is

shaped so as to define a rectangle. For some applications, at least one of the controller

ports is shaped so as to defi ne an ellipse.



For some applications, at least one of the fluid-control container apertures is

shaped so as to define an ellipse.

For some applications, at least one of the controller ports is shaped so as to define

a shape selected from the group consisting of: a rectangle and an ellipse.

For some applications, the apparatus further includes a pressure sensor, which is in

fluid communication with the fluid-control container.

For some applications, the apparatus further includes a signal-conditioning circuit.

For some applications, the apparatus further includes a graphical user interface, and the

signal-conditioning circuit is configured to convert an output of the pressure sensor for

display on the graphical user interface. For some applications, the apparatus further

includes a processing unit, which is coupled to the signal-conditioning circuit, and which

is configured to control a speed of the motor so as to maintain a value of a fluid pressure

within a user-defined range, which value is measured by the pressure sensor. For

example, the user-defined range of the fluid pressure may have a lower limit of between

50 and 70 mmHg and a higher limit of between 160 and 200 mmHg.

For some applications, the apparatus is configured to maintain a range of fluid

pressure having a lower limit of between 50 and 70 mmHg and a higher limit of between

160 and 200 mmHg. For some applications, the overlap periodically varies at a rate of 10

to 150 Hz.

For some applications, the apparatus further includes a pressure relief valve, which

is in fluid communication with the fluid-control container.

For some applications, the apparatus further includes a heating element, which is

in fluid communication with the fluid-control container.

For some applications, the apparatus further includes a user interface, which is

configured to enable setting of operational parameters of the heating element so as to

maintain a temperature of fluid within the apparatus within a user-defined range. For

example, the user-defined range may have a lower limit of between 35 and 37 degrees and

a higher limit of between 37 and 39 degrees centigrade.

For some applications, the fixtures are generally tubular and have respective first

and second ends. For some applications, the fixture first ports of at least one of the

fixtures include two fixture first ports, which are disposed near the first and second ends
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of the first fixture, respectively. For some applications, the two fixture first ports are

disposed less than respective distances from the first and second ends of the first fixture,

each of which distances being equal to 5 times a square root of an average cross-sectional

area of the fixture. For some applications, the two fixture first ports are mounted in fluid

communication with respective ones of the controller ports. For some applications, the

fixture second ports of at least one of the fixtures include two fixture second ports, which

are disposed near the first and second ends of the first fixture, respectively. For some

applications, the two fixture second ports are disposed less than respective distances from

the first and second ends of the first fixture, each of which distances being equal to 10

times a square root of an average cross-sectional area of the fixture.

For any of the applications described above, the apparatus may further include at

least 5 liters of saline solution.

For any of the applications described above, the apparatus may further include

between 5 and 200 liters of fluid.

For any of the applications described above, at least one of the fixtures may have

an individual volume of between 30 and 400 ml.

For any of the applications described above, the apparatus may further include the

medical devices.

There is further provided, in accordance with an application of the present

invention, a method including:

providing a biomedical tester, which includes (a) a fluid control assembly, which

includes (i) a fluid-control container, which is shaped so as to define a fluid-control

container port and a first interface surface that is shaped so as to define one or more fluid-

control container apertures, (ii) a fluid controller, which is shaped so as to define a second

interface surface that is shaped so as to define one or more controller ports, and (iii) a

motor, wherein the fluid-control container, the fluid controller, and the motor are arranged

to effect relative translation; between the first and second interface surfaces, thereby

effecting a time-varying overlap between at least a subgroup of the fluid-control container

apertures and at least a subgroup of the controller ports; (b) one or more fixtures,

configured to allow disposition therewithin of respective ones of the medical devices,

each of which fixtures includes one or more fixture first ports and one or more fixture
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second ports, which fixture first ports are mounted in fluid communication with respective

ones of the controller ports; and (c) a fluid pump, which includes first and second pump

ports, which are in fluid communication with the fixture second ports and the fluid-control

container port, respectively;

disposing one or more medical devices in respective ones of the fixtures of the

biomedical tester; and

activating the biomedical tester to test the one or more medical devices.

For some applications, the biomedical tester is configured to cyclically increase

and decrease a pressure of a fluid within the fixtures during a plurality of cycles, and

activating includes activating the biomedical tester for at least 30 million of the cycles.

For some applications, activating the biomedical tester includes activating the

biomedical tester such that, throughout steady-state operation of the biomedical tester, the

fluid pump exclusively pumps fluid out of exactly one of the first and second pump ports

throughout at least one period having a duration of at least one second, such as at least one

hour.

For some applications, activating the biomedical tester includes activating the

biomedical tester such that, throughout steady-state operation of the biomedical tester, the

fluid pump exclusively pumps fluid out of exactly one of the first and second pump ports

throughout a test of the medical devices.

For some applications, activating the biomedical tester includes activating the

biomedical tester to cyclically increase and decrease a pressure of a fluid within the

fixtures during a plurality of cycles

For some applications, activating the biomedical tester includes activating the

biomedical tester such that the overlap periodically varies at a rate of 10 to 150 Hz.

For some applications, providing the biomedical tester includes:

providing the biomedical tester further including a fixture container, which is

shaped so as to define a fixture container port that is in fluid communication with the first

pump port, wherein the fixtiires are disposed within the fixture container, such that the

fixture second ports are in fluid communication with an interior of the fixture container,

and with the first pump port via the interior of the fixture container and the fixture

container port; and



placing a fluid in the fixture container that has a sufficient volume such that a level

of the fluid within the fixture Container is above a level of the fixture second ports.

For some applications, at least a portion of the medical devices are medical device

components, and disposing the one or more medical devices includes disposing the

medical device components in at least a portion of the fixtures.

For any of the applications described above, providing the biomedical tester may

include placing at least 5 liters of saline solution in the biomedical tester.

For any of the applications described above, providing the biomedical tester may

include placing between 5 and 200 liters of fluid in the biomedical tester.

For any of the applications described above, providing the biomedical tester may

include providing the biomedical tester in which at least one of the fixtures has an

individual volume of between 30 and 400 ml.

The present invention will be more fully understood from the following detailed

description of embodiments thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1 and 2 are schematic illustrations of a biomedical tester for fatigue testing

one or more medical devices, in accordance with an application of the present invention;

Fig. 3 is a schematic illustration of a portion of a fluid control assembly and

fixtures of the tester of Figs. 1-2, in accordance with an application of the present

invention;

Fig. 4 is a schematic illustration of a fluid-control container of the fluid control

assembly of Fig. 3, in accordance with an application of the present invention;

Figs. 5A and 5B are schematic cross-sectional views of the fluid control assembly

and fixtures of Fig. 4 taken along lines VA--VA and VB—VB of Fig. 4, respectively, in

accordance with an application of the present invention;

Figs. 6A-B are cross-sectional views of the fluid-control container and the fluid

controller of Figs. 1-2 in differing alignments with each other, in accordance with an

application of the present invention;

Figs. 7A-B are schematic illustrations of one of the fixtures of Figs. 1-2, in



accordance with an application of the present invention;

Figs. 8 and 9A-B are schematic illustrations of an alternative configuration of the

tester of Figs. 1-2, in accordance with an application of the present invention;

Figs. 10A-B are schematic illustrations of a portion of a fluid control assembly and

fixtures of the tester of Fig. 1-2, and of a fluid-control container of the tester, respectively,

in accordance with an application of the present invention;

Fig. 11 is a schematic illustration of an alternative configuration of a fixture of the

tester, in accordance with an application of the present invention; and

Fig. 12 is a graph showing a pressure wave, measured in accordance with an

application of the present invention.

DETAILED DESCRIPTION OF APPLICATIONS

Figs. 1 and 2 are schematic illustrations of a biomedical tester 10 for fatigue

testing one or more medical devices, in accordance with an application of the present

invention. Fig. 1 shows unassembled components of tester 10, while Fig. 2 shows the

assembled tester. Tester 10 typically comprises a fluid control assembly 20, which helps

control the flow of fluid through the tester, and one or more fixtures 112, which are

configured to allow disposition therewithin of respective ones of the medical devices.

Fluid control assembly comprises a motor 151. The motor need not operate in a pulsatile

regimen, as is necessary in some commercially-available testers, and thus may be able to

operate at a higher frequency than some commercially-available testers.

The tester cyclically increases and decreases the pressure of a fluid within fixtures

112 in contact with the medical devices, during a plurality of cycles, in order to simulate

the pulsatile pressure within human blood vessels. For some applications, the tester is

configured to repeatedly cycle between a higher pressure (e.g., 120 - 130 mmHg), which

simulates systolic blood pressure, and a lower pressure (e.g., 75 - 85 mmHg), which

simulates diastolic blood pressure. In general, a cycle of operation of tester 10 can be

considered analogous to a mammalian heart rate cycle, albeit usually having a rate that is

up to two orders of magnitude greater than a heart rate. For example, instead of a typical

human heart rate of one beat; per second (i.e., 1 Hz), tester 10 typically is configured to

cycle at a rate of at least 80 Hz, at least 100 Hz, or even higher, so as to complete an

overall simulated life-span of a medical device in as short a time period as is reasonably



possible. As used herein, including in the claims, a "cycle" includes one period of

relatively lower pressure, and one period of relatively higher pressure; the lower-pressure

period may follow or precede the higher-pressure period. For some applications, a rate of

fluid flow through at least a portion of tester 10 (such as one or more of fixtures 12)

cycles between a lower rate and a higher rate, typically synchronized with the cycling of

the tester between the higher and lower pressures.

Typically, a total fluid-containing volume of tester 10 is at least 5 liters, no more

than 200 liters (such as no more than 100 liters), and/or between 5 and 200 liters, between

5 and 100 liters, or between 5 and 80 liters, such as at least 10 liters, no more than 60

liters, and/or between 20 and 40 liters. Typically, the fluid comprises water or saline

solution.

Fig. 3 is a schematic illustration of a portion of fluid control assembly 20 and

fixtures 112, in accordance: with an application of the present invention. In this

configuration, fixtures 112 are arranged around the fluid control assembly, and extend

outward from the fluid control assembly, like spokes from a hub. Tester 10 typically

comprises at least 2 fixtures, hot more than 20 fixtures, and/or between 2 and 10 fixtures

112, such as at least 3 fixtures, not more than 10 fixtures, and/or between 6 and 10

fixtures, e.g., 6 fixtures.

Fluid control assembly 20 comprises a fluid-control container 101 and a fluid

controller 22. For some applications, such as shown in Fig. 3, fluid-control container 101

is disposed within fluid controller 22, such that the fluid controller surrounds the fluid-

control container.

Fig. 4 is a schematic illustration of fluid-control container 101, in accordance with

an application of the present invention. Fluid-control container 101 is shaped so as to

define a fluid-control container port 102 and a first interface surface 24. First interface

surface 24 is shaped so as to define one or more fluid-control container apertures 103.

For some applications, such as shown in Figs. 1-4, first interface surface 24 is cylindrical.

Reference is again made to Fig. 3. Fluid controller 22 is shaped so as to define a

second interface surface 26, which is shaped so as to define one or more controller ports

28. Fluid-control container 101, fluid controller 22, and motor 151 are arranged to effect

relative translation between first and second interface surfaces 24 and 26, thereby

effecting a time-varying overlap between at least a subgroup of fluid-control container



apertures 103 and at least a subgroup of controller ports 28. Whenever one of the

apertures overlaps a given port, fluid flows through the aperture into the port, causing a

relative increase in fluid pressure within the fixture connected to the port. Whenever none

of the apertures overlaps a given port, first interface surface 24 blocks fluid flow into the

port, causing a relative decrease in fluid pressure within the fixture connected to the port.

For some applications, such as shown in Figs. 1-4, second interface surface 26 is

cylindrical. A portion of first surface 24 in a vicinity of apertures 103 and a portion of

second surface 26 in a vicinity of ports 28 are disposed facing each other, typically

separated by a distance of at least no more than 2 mm (e.g., touching), and/or at least 0.5

mm, and/or between 0.5 mm and 2 mm.

For some applications, at least one (e.g., all) of apertures 103 is shaped so as to

define a rectangle, such as shown in Figs. 3 and 4, and Figs. 5A-B, described

hereinbelow. Alternatively or additionally, for some applications, at least one (e.g., all) of

apertures 103 is shaped so as to define an ellipse, e.g., a circle (configuration not shown).

Rectangular apertures, which abruptly widen, provide a more abrupt fluid pulse than do

elliptical apertures, which gradually widen. Rectangular apertures thus enable higher

frequency testing, because they minimize the rise- and fall-time of the fluid pulses. More

generally, for some applications, at least one (e.g., all) of apertures is shaped so as to

define: (a) a straight leading edge, oriented at an angle of at least 45 degrees, typically at

least 80 degrees (e.g., 90 degrees), with a direction of motion of first and second interface

surfaces 24 and 26 with respect to each other; and/or (b) a straight trailing edge, oriented

at an angle of at least 45 degrees, typically at least 80 degrees (e.g., 90 degrees), with a
i

direction of motion of first and second interface surfaces 24 and 26 with respect to each

other. For example, for applications in which at least one of the interface surfaces rotates

around a central axis, and the above-mentioned angle is 90 degrees, the leading and/or

trailing edges are parallel to the central axis.

For some applications, at least one (e.g., all) of controller ports 28 is shaped so as

to define an ellipse, e.g., a circle, such as shown in Figs. 1-3, and Figs. 5A-B, described

hereinbelow. Alternatively or additionally, for some applications, at least one (e.g., all) of

controller ports 28 is shaped so as to define a rectangle (configuration not shown).

(It is to be understood that the shapes mentioned in the previous two paragraphs

are not planar for applications in which the first and second surfaces are curved (e.g.,



cylindrical). For such applications, the shapes are superimposed on these curved surfaces.

As used herein, including in the claims, the terms "rectangular," "elliptical," and "circular"

include within their respective scopes such curved, non-planar shapes.)

For some applications, apertures 103 and controller ports 28 are shaped such that,

as one of the apertures transitions from non-overlapping to overlapping one of the

controller ports, the pressure! in the fixture connected to the port changes at a rate with

respect to time (dp/dt) of at least 100 mmHg/second, such as at least 2,000 mmHg/second,

no more than 8,000 mmHg/second, and/or between 100 and 8,000 mmHg/second.

For some applications, fluid-control container 101, fluid controller 22, and motor

51 are arranged such that the motor effects rotation of the fluid-control container with

respect to the fluid controller (either by rotating the fluid-control container, the fluid

controller, or both the fluid-control container and the fluid controller). Such rotation

effects the time-varying overlap between apertures 103 and controller ports 28 described

above. Typically, the fluid-control container and the fluid controller are disposed around

a common axis. For some applications, a rotation counter is provided, either as a

component of tester 10 or of a controller 200 coupled to tester 10. The rotation counter is

configured to count a number of relative rotations of fluid-control container 101 with

respect to fluid controller 22 (such as a number of full relative rotations). For some

applications, the base (bottom) of fluid-control container 101 rotate as the apertures rotate.

For other applications, the base of the fluid-control container does not rotate as the

apertures rotate. For these other applications, the base may be coupled to, or an element

of, fluid controller 22.

For some applications in which such rotation is implemented, both first and

second interface surfaces 24 and 26 are cylindrical, such as shown in Figs. 1-4. For other

applications in which such rotation is implemented, the surfaces are not cylindrical. For

example, for these other applications, the surfaces may be planar or curved, e.g., arranged

such that one of the surfaces is above the other of the surfaces, assuming the orientation of

tester 10 shown in Figs. 1-4. For applications in which the surfaces are planar, they may

define respective planes that are perpendicular to an axis of fluid control assembly 20

around which the motor effects the rotation of the fluid-control container and/or the fluid

controller. For example, the tester may have the configuration described hereinbelow

with reference to Figs. 10A-B..



Reference is made to Figs. 5A and 5B, which are schematic cross-sectional views

of fluid control assembly 20 and fixtures 112 taken along lines VA-VA and VB--VB of

Fig. 4, respectively, in accordance with an application of the present invention. Each of

fixtures 112 comprises one or more fixture first ports 116 and one or more fixture second

ports 117. Fixture first ports 116 are mounted in fluid communication with respective

ones of controller ports 28.

Reference is again made to Figs. 1 and 2. Tester 10 further comprises a fluid

pump 121, which comprises first and second pump ports 122 and 123. First pump port

122 is in fluid communication with fixture second ports 117. (Unless otherwise specified,

the term "fluid communication," as used in the present application, including the claims,

includes both direct and indirect fluid communication.) Second pump port 123 is in fluid

communication with fluid-control container port 102, such as via a first fluid guide 131.

Optionally, an O-ring is disposed between first fluid guide 131 and fluid-control container

port 102.

For some applications, tester 10 further comprises a fixture container 111, which

may serve as a fluid reservoir. Fixture container 111 comprises a fixture container port

114, which is in fluid communication with first pump port 122, such as via a second fluid

guide 141.

Fixtures 112 are disposed within fixture container 11 , such that fixture second

ports 117 are in fluid communication (a) with an interior of the fixture container, and (b)

with first pump port 122 via the interior of the fixture container and fixture container port

114. For some applications, such as shown in Figs. 1 and 2, second surface 26 of fluid

controller 22 additionally serves as at least one wall of fixture container 111. In the

particular configuration shown in Figs. 1 and 2, second surface 26 serves as an inner

cylindrical wall of the fixture container 111 that surrounds fluid-control container 101,

and fixture container 111 is generally cylindrical. Other configurations will be evident to

those skilled in the art who have read the present application, and are within the scope of

the present invention. Fixture container 111 optionally comprises a transparent material,

such as glass or plastic.

Typically, for applications in which tester 10 comprises fixture container 111,

tester 10 comprises a fluid having a sufficient volume such that a level of the fluid within

fixture container 111 is higher than fixture second ports 117. Typically, tester 10 is



configured such that fixture container 111 remains stationary during operation of the

tester.

For some applications, tester 10 further comprises a pressure relief valve, which is

in fluid communication with fluid-control container 101 and/or fixture container 111 (if

provided). For some applications, the pressure relief valve is disposed at any location

between the second pump port 123 and fluid-control container port 102.

For some applications, e.g., for applications in which fixture container 111 is not

provided, fixture second ports 117 are in fluid communication with first pump port 122

via a plurality of tubes (configuration not shown), and, optionally, also via second fluid

guide 141 . The tubes are coupled to respective ones of the fixture second ports 117.

Tester 10 is typically arranged to define the following continuous loop fluid flow

path:

• pump 121,

• second pump port 123,

• fluid-control container port 102,

• fluid-control container 101,

• fluid-control container apertures 103,

• controller ports 28,

• fixture first ports 116,

• fixtures 112,

• fixture second ports 117,

• optionally, fixture contain 11 and fixture container port 14,

• first pump port 122, and

• pump 121.

Additional fluid-conveying elements (e.g., tubes, pipes, hoses, valves, and/or seals) may

optionally be provided between the above-listed elements of the fluid flow path.

The direction of the fluid flow path is determined at least in part by the

configuration of pump 121. For some applications, pump 121 is configured to pump fluid



out of second pump port 123, such that the fluid flows through the above-listed elements

in the order in which they are listed above. For other applications, pump 121 is

configured to pump fluid out of first pump port 122, such that the fluid flows in a

direction opposite the order listed above. For some applications, tester 10 is configured to

allow the operator to select the direction of flow, such as manually; typically, any given

test of a set of medical devices is performed using a pre-selected directionality.

Alternatively, the tester may be programmable to periodically change the direction during

a given test, e.g., once every hour, day, or week. For example, a 300-million cycle test at

80 Hz may be complete in approximately 1.5 months.

When pump 121 is configured to pump fluid out of second pump port 123, the

second pump port serves as an outlet from the pump. Fluid thus flows through tester 10

along the following flow path:

• out of the outlet (second pump port 123),

• into fluid-control container port 102, which thus serves as a container input port,

• into fluid-control container 101,

• through fluid-control container apertures 103, such that fluid-control container 101

serves as a fluid-distribution container,

• through controller ports 28, such that fluid controller 22 serves as a fluid

distributor,

• into fixture first ports 16, which thus serve as fixture input ports,

• into fixtures 112,

• out of fixture second ports 117, which thus serve as fixture output ports,

• optionally, into fixture container 111 (which thus serves as a fluid return

container) and out of fixture container port 114, and

• into first pump port 122, which thus serves as an inlet of the fluid pump.

As mentioned above, additional fluid-conveying elements (e.g., tubes, pipes, hoses,

valves, and/or seals) may optionally be provided between the above-listed elements of the

fluid flow path.

When pump 121 is configured to pump fluid out of first pump port 1 2, the first



pump port serves as an outlet from the pump. Fluid thus flows through tester 10 along the

following flow path:

• out of the outlet (first pump port 122),

• optionally, into fixture container port 114 and fixture container 111,

• into fixture second ports 117, which thus serve as fixture input ports,

• into fixtures 112,

• out of fixture first ports 116, which thus serve as fixture output ports,

• through controller ports 28,

• through fluid-control container apertures 103,

• into fluid-control container 101,

• out of fluid-control container port 102, which thus serves as a container output

port, and

• into second pump port 123, which thus serves as an inlet of the fluid pump.

As mentioned above, additional fluid-conveying elements (e.g., tubes, pipes, hoses,

valves, and/or seals) may optionally be provided between the above-listed elements of the

fluid flow path.

Typically, during steady-state operation of the tester, fluid pump 121 is configured

to exclusively pump fluid out of exactly one of the first and second pump ports

throughout at least one period having a duration of at least one second, such as at least one

minute, one hour, or one week. As a result, throughout steady-state operation, fluid flows

through each of fixtures 112 in a single direction. In contrast, in some commercially-

available testers (such as those that use transducers for fluid pulsation), the direction of

fluid flow through test fixtures alternates at high frequency, such as at least several times

per second, e.g., at 10-20 Hz. Such high-frequency reversal of fluid-flow direction may

cause noise and heat, and may limit the maximum frequency at which these

commercially-available testers can operate.

For some applications, such as in order to provide substantial back-flow, at least

one of fixtures 112 is coupled in fluid communication with fluid-control container 101 at

both ends of the fixture (i.e., both fixture first port 116 and fixture second port 117), at



different respective rotational positions around the fluid-control container. As a result, at

a first rotational orientation of the fluid-control container, a fluid pulse is pushed through

a first end of the fixture (toward the fixture's second end), and at a second rotational

orientation of the fluid-control container, a fluid pulse is pushed through the second end

of the fixture (toward the fixture's first end).

For some applications, motor 151 is in mechanical communication with fluid-

control container 101, such as shown in Figs. 1-4. For some applications, fluid-control

container 101 and motor 151 are arranged such that the motor effects rotation of the fluid-

control container, such as described hereinabove. For some applications, fluid control

assembly 20 further comprises a motor shaft 152 (labeled in Fig. 4), a first end of which is

coupled to the motor, and a second end of which is coupled to the fluid-control container.

For other applications, motor 151 is in mechanical communication with fluid

controller 22 (configuration not shown). For some applications, fluid controller 22 and

motor 151 are arranged such that the motor effects rotation of the fluid controller. For

some applications, fluid control assembly 20 further comprises a motor shaft, a first end

of which is coupled to the motor, and a second end of which is coupled to the fluid

controller.

For some applications, tester 10 further comprises a heating element, which is in

fluid communication with fixture container 111 and/or fluid-control container 101. For

some applications, the heating element may be disposed near the bottom of fixture

container 111. For some applications, a user interface of controller 200 is configured to

enable setting of operational parameters of the heating element so as to maintain a

temperature of fluid within the tester, typically within a user-defined range. For example,

the user-defined range may have a lower limit of between 35 and 37 degrees centigrade

(e.g., 36 degrees) and a higher limit of between 37 and 39 degrees centigrade (e.g., 38

degrees). (In general, controller 200 comprises one or more processors and memory, and

may, for example, comprise a standard PC or workstation with appropriate software for

carrying out the functions described herein.)

For some applications, tester 10 further comprises a pressure sensor, which is in

fluid communication with fluid-control container 101 and/or fixture container 111 (if

provided). For some applications, the pressure sensor is disposed at a location between

first pump port 122 and controller ports 28. Typically, the pressure sensor is place



equidistant from all of the controller ports and at the same vertical level as the controller

ports (so as to measure actual pressure, including gravitational effects on the fluid). For

some applications, a signal-conditioning circuit is further provided, either as a component

of tester 10 or controller 200. For some applications, the signal-conditioning circuit is

configured to convert an output of the pressure sensor for display on a graphical user

interface, either of tester 10 or of controller 200. For some applications, a processing unit

is provided, which is coupled to the signal-conditioning circuit, and which is configured

to control a speed of the motor, and/or an output level of the pump, so as to maintain a

value of a fluid pressure within a user-defined range, which value is measured by the

pressure sensor. For example, the user-defined range of the fluid pressure may have a

lower limit of between 50 and 70 mmHg (e.g., 60 mmHg) and an upper limit of between

160 and 200 mmHg (e.g., 180 mmHg).

Reference is now made to Figs. 6A-B, which are cross-sectional views of fluid-

control container 101 and fluid controller 22 in differing alignments with each other, in

accordance with an application of the present invention. In the configuration shown, both

first and second interface surfaces 24 and 26 are cylindrical, and fluid-control container

101 and fluid controller 22 are arranged to rotate with respect to each other, as described

hereinabove. Such rotation effects the time-varying overlap between apertures 103 and

controller ports 28 described hereinabove with reference to Fig. 3 . Alternatively, the

time-varying overlap is effected without rotation, and/or the first and second surfaces are

not cylindrical. For example, the first and second surfaces may both be generally planar

and rectangular, and/or may slide linearly with respect to each other. The applications

described below may be implemented both for rotating and/or cylindrical configurations,

or for other non-rotating and/or non-cylindrical configurations.

For some applications, apertures 103 are generally equally spaced along first

interface surface 24, and/or controller ports 28 are generally equally spaced along second

interface surface 26. For applications in which both the apertures and the controller ports

are generally equally spaced, the time-varying overlap between the apertures and the

controller ports repeats at a constant frequency, assuming the motor effects relative

translation between the first and second interface surfaces at a constant rate.

For some applications, the overlap periodically varies at a rate of at least 10 Hz, no

more than 200 Hz, and/or between 0 to 200 Hz, such as at least 20 Hz, no more than 50



Hz, and/or between 20 and 150 Hz, e.g., at least 40 Hz, no more than 120 Hz, and/or

between 40 and 120 Hz, or at least 60 Hz, no more than 100 Hz, and/or between 60 and

100 Hz, e.g., 80 Hz. For some applications, the tester is calibrated using operation at 1 Hz

as a benchmark, to verify that a physiologically-reliable pressure waveform is obtained at

the tester's actual operating frequency, similar to the waveform obtained at 1 Hz. For

some applications, medical devices are tested in vitro for the equivalent of at least 10

years of cardiac cycles (e.g., at least 380 million cycles), such as at a frequency of 80 Hz.

Other time periods may of course be used, such as as specified by applicable regulatory

and/or quality control requirement or standards. For some applications, the tester is

activated for at least 30 million cycles.

First interface surface 24 is shaped so as to define a first number of apertures 103,

and second interface surface 26 is shaped so as to define a second number of controller

ports 28. For some applications, the first number is less than the second number, as

shown in Figs. 6A-B. For example, the first number may be less than 50% of the second

number, and/or the ratio of the first number to the second number may be less than 7:8, at

least 1:10, and/or between 1:10 and 7:8. For example, the first number may be 4 and the

second number may be 6, as shown in Figs. 6A-B. For some applications, providing

fewer apertures than ports enables a single fixture to be coupled to two ports on the same

level, such as described hereinbelow with reference to Fig. 11; the ratio of apertures to

ports provides an additional; parameter for controlling the systole/diastole duty cycle.

Alternatively, the first number may be equal to the second number. Further alternatively,

the first number may be greater than the second number, such as at least 200% of the

second number, and/or the ratio of the first number to the second number may be less than

10:1, at least 8:7, and/or between 8:7 and 10:1.

In general, for applications in which the number of apertures does not equal the

number of ports, the pressure increases in different ones of the fixtures at any given point

in time. For applications in which there are an equal number of apertures and ports, the

pressure increases in all of the fixtures at the same time, assuming that the apertures and

ports are similarly spatially distributed on the respective interface surfaces. For some

applications, all of the apertures are aligned with the ports at the same time, such that all

of the fixtures and medical devices simultaneously experience the same pressure

dynamics. For other applications, the apertures and ports are arranged to provide a phase

shift between the "systole" of the different fixtures, for example between the fixtures at a



first level and the fixtures at a second level, as described hereinbelow with reference to

Figs. 8 and 9A-B. This latter arrangement may be particularly appropriate for

applications in which there are a large number of fixtures, and the pump has insufficient

power to simultaneously provide increased pressure in all of the fixtures.

Reference is made to Figs. 7A-B, which are schematic illustrations of one of

fixtures 112, in accordance with an application of the present invention. As mentioned

above, fixtures 112 are configured to allow disposition therewithin of medical devices,

such as complete medical devices or medical device components. For example, an

exemplary medical device 00 comprising a bifurcated stent is shown disposed within the

fixture shown in cross-section in Fig. 7B. For some applications, the fixtures are

generally tubular. The fixtures may comprise, for example, glass or metal. Typically, a

volume of each of fixtures 112 is at least 30 ml, no more than 400 ml, and/or between 30

and 400 ml, such as at least 40 ml, no more than 200 ml, and/or between 40 and 200 ml,

such as at least 50 ml, no more than 150 ml, and/or between 50 and 150 ml, such as 85 ml.

For some applications, a port 130 is provided for insertion of a pressure measurement

probe. For some applications, an adapter 132 is provided for connecting flow

straighteners 120 (described below) with different types of device fixtures. For example,

the adapter may be shaped so as to define a cylindrical section with an inner thread.

For some applications, one or more (e.g., all) of fixtures 112 comprise respective

flow straighteners 120, which are positioned near fixture first ports 116 (either within the

fixtures, or immediately adjacent to the fixtures), such that fluid flows through the

straightener before reaching the area of the fixture in which medical device 100 is

disposable. Flow straightenejrs 120 are configured to cause the fluid to flow through the

fixtures generally parallel to respective longitudinal axes of the fixtures, by removing a

large portion of the vertical and horizontal rotational momentum from the radially-

oriented fluid. For some applications, each flow straightener comprises a plurality of

parallel tubes. For example, the tubes may have an aspect ratio (i.e., a ratio between

length and inner diameter) of at least 10. The flow straighteners may be generally

cylindrical.

Reference is now made to Figs. 8 and 9A-B, which are schematic illustrations of

an alternative configuration of tester 10, in accordance with an application of the present

invention. Except as described below, this configuration is generally similar to the



configurations described hereinabove. Fig. 8 shows the assembly of fluid-control

container 101, fluid controller 22, and fixtures 112. Fig. 9A shows fluid-control container

101, while Fig. 9B shows fluid controller 22 (with fluid-control container 101 visible

therewithin).

In this configuration, ,first interface surface 24 of fluid-control container 101 is

shaped so as to define two rows of apertures 103, and second interface surface 26 of fluid

controller 22 is shaped so as to define two circumferential arrays of controller ports 28, at

respective, different axial locations (such as upper and lower circumferential arrays, as

shown in Figs. 8 and 9A-B). :This configuration allows a greater number of fixtures 112

to be provided, without increasing the diameters of fluid-control container 101 and fluid

controller 22. In addition, by providing fewer apertures than ports, this configuration may

enable testing at respective, different frequencies in the circumferential arrays. More than

two circumferential arrays of apertures and controller ports may also be provided

(configuration not shown).

Reference is now made to Figs. 10A-B, which are schematic illustrations of a

portion of fluid control assembly 20 and fixtures 112, and of fluid-control container 101,

respectively, in accordance with an application of the present invention. This

configuration may be used for applications in which fluid-control container 101, fluid

controller 22, and motor 151 are arranged such that the motor effects rotation of the fluid-

control container with respect to the fluid controller, as described hereinabove with

reference to Figs. 1-4. In this configuration, interface surfaces 24 and 26 are typically

planar, and define respective planes that are perpendicular to an axis of fluid control

assembly 20 around which motor 151 effects the rotation of the fluid-control container

and/or the fluid controller.

For some applications, as shown in Fig. 10A, interface surfaces 24 and 26 are

arranged such that second interface surface 26 is positioned above and parallel to first

interface surface 24. Fluid-control container 101 is thus shaped so as to define first

interface surface 24 (and apertures 103) on a top surface of container 101, e.g., generally

parallel with a surface on which tester 10 is placed, and fluid controller 22 is shaped so as

to define second interface surface 26 (and controller ports 28) on a top surface of

controller 22, e.g., also generally parallel with the surface on which tester 10 is placed.

Because fixture first ports 116 of fixtures 112 are mounted in fluid communication with



respective ones of controller ports 28, the fixtures extend from the top surface of the fluid

controller, such as generally vertically (as shown), or generally upward at an angle

(configuration not shown). Alternatively, the fluid flow paths from ports 28 to fixtures

112 are curved, such that the fixtures extend outward horizontally, such as shown in Figs.

1-4.

Alternatively, fluid control assembly 20 is oriented in a different direction from

that shown in Figs. 10A-B. For example, the assembly may be inverted 180 degrees

(upside-down), or between 0 and 180 degrees (to the side). Further alternatively or

additionally, the first and second surfaces may not be planar, but may be instead curved.

Reference is now made to Fig. 11, which is a schematic illustration of an

alternative configuration of fixture 112, in accordance with an application of the present

invention. This configuration may be used with any of the configurations of tester 10

described herein. In this configuration, at least one of fixtures 12 is shaped so as to

define at least two (e.g., exactly two) fixture first ports 116, and, typically, at least two

(e.g., exactly two) fixture second ports 117. Typically, the two fixture first ports 116 are

positioned near (e.g., within a distance equal to 5 times a square root of an average cross-

sectional area of the fixture, and/or within 10 mm of the ends) opposite ends of the fixture

from each other (typically, such that the two fixture first ports are in direct fluid

communication with the respective ends of the fixture), and the two fixture second ports

117 are positioned near (e.g., within a distance equal to 10 times a square root of an

average cross-sectional area of the fixture, and/or within 20 mm of the ends) opposite

ends of the fixture from each other (typically, such that the two fixture second ports are in

direct fluid communication with the respective ends of the fixture). The fixture first ports

116 are typically mounted in fluid communication with respective ones of controller ports

28. For example, fixture first ports 16 may be mounted in fluid communication with

adjacent ones of the controller ports, as shown in Fig. 11.

Alternatively, first and second ones of fixture first ports 116 may be mounted in

fluid communication with controller ports of first and second circumferential arrays,

respectively, as described hereinabove with reference to Figs. 8 and 9A-B.

Typically, fluid control assembly 20 is configured to allow fluid flow to fixture

first ports 116 with a timing offset. Alternatively, the fluid control assembly is configured

to allow fluid flow to both fixture first ports simultaneously.



Reference is made to Fig. 12, which is a graph showing a pressure wave, measured

in accordance with an application of the present invention. The pressure wave was

measured during operation of a prototype implementation of tester 10, using an integrated

PC-based data acquisition system. The tester had a capacity of approximately 100 liters,

and was filled with approximately 50 liters of fluid during measurement of the pressure

wave. The tester comprised six fixtures 112, each of which had a volume of 85 cc, for a

total volume of 510 cc (about 0.5 liters). Medical devices 100 were not placed in the

fixtures during measurement.

It can be seen that the pressure peaks and troughs have physiological values

(generally fluctuating between about 80 mmHg and 130 mn Hg), except that their rate is

about two orders of magnitude greater than a typical physiological blood pressure cycle

rate (8 cycles in a 0.1 second-period, i.e., 80Hz, compared to a 1 Hz typical heart rate).

This high rate was achieved in a large tester, as described above.

It will be appreciated by persons skilled in the art that the present invention is not

limited to what has been particularly shown and described hereinabove. Rather, the scope

of the present invention includes both combinations and subcombinations of the various

features described hereinabove, as well as variations and modifications thereof that are

not in the prior art, which would occur to persons skilled in the art upon reading the

foregoing description.



CLAIMS

1. Apparatus for fatigue testing one or more medical devices, the apparatus

comprising:

a fluid control assembly, which comprises:

a fluid-control container, which is shaped so as to define a fluid-

control container port and a first interface surface that is shaped so as to

define one or more fluid-control container apertures;

a fluid controller, which is shaped so as to define a second interface

surface that is shaped so as to define one or more controller ports; and

a motor,

wherein the fluid-control container, the fluid controller, and the

motor are arranged to effect relative translation between the first and

second interface surfaces, thereby effecting a time-varying overlap

between at least a subgroup of the fluid-control container apertures and at

least a subgroup of the controller ports;

one or more fixtures, configured to allow disposition therewithin of respective

ones of the medical devices, each of which fixtures comprises one or more fixture first

ports and one or more fixture second ports, which fixture first ports are mounted in fluid

communication with respective ones of the controller ports; and

a fluid pump, which comprises first and second pump ports, which are in fluid

communication with the fixture second ports and the fluid-control container port,

respectively.

2. The apparatus according to claim 1, wherein, throughout steady-state operation of

the apparatus, the fluid pump is configured to exclusively pump fluid out of exactly one of

the first and second pump ports throughout at least one period having a duration of at least

one second.

3. The apparatus according to claim 2, wherein the duration is at least one hour.

4. The apparatus according to claim 1, wherein, throughout steady-state operation of

the apparatus, the fluid pump is configured to exclusively pump fluid out of exactly one of

the first and second pump ports throughout a test of the medical devices.

5. The apparatus according to claim 1, wherein the apparatus is configured to



cyclically increase and decrease a pressure of a fluid within the fixtures during a plurality

of cycles.

6. The apparatus according to claim 5, wherein, throughout steady-state operation of

the apparatus, the fluid pump is configured to exclusively pump fluid out of exactly one of

the first and second pump ports throughout at least one of the cycles.

7. The apparatus according to claim 6, wherein, throughout steady-state operation of

the apparatus, the fluid pump is configured to exclusively pump fluid out of exactly one of

the first and second pump ports throughout at least two of the cycles.

8. The apparatus according to claim 1, wherein the fluid pump is configured to

receive fluid via the first pump port, which thus serves as an inlet, and to pump the fluid

out of the second pump port, which thus serves as an outlet, such that the fluid flows

through the apparatus along a flow path:

out of the outlet,

into the fluid-control container port, which thus serves as a container input port,

through the fluid-control container apertures, such that the fluid-control container

serves as a fluid-distribution container,

through the controller ports, such that the fluid controller serves as a fluid

distributor,

into the fixture first ports, which thus serve as fixture input ports,

out of the fixture second ports, which thus serve as fixture output ports, and

into the inlet of the fluid pump.

9. The apparatus according to claim 1, wherein the apparatus is configured to provide

a closed loop for fluid flow therethrough.

10. The apparatus according to claim 1, wherein the overlap periodically varies at a

rate of 10 to 150 Hz.

11. The apparatus according to claim 1, wherein the apparatus further comprises a

fluid.

12. The apparatus according to claim 1, wherein the first and second interface surfaces

are cylindrical.

13. The apparatus according to claim 1, wherein the first and second interface surfaces

are planar.



14. The apparatus according to claim 13, wherein the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects rotation of the fluid-

control container with respect to the fluid controller, and wherein the first and second

interface surfaces define respective planes that are perpendicular to an axis of the fluid

control assembly around which the motor effects the rotation.

15. The apparatus according to claim 1, wherein the apparatus further comprises a

fixture container, which is shaped so as to define a fixture container port that is in fluid

communication with the first pump port, wherein the fixtures are disposed within the

fixture container, such that the fixture second ports are in fluid communication with an

interior of the fixture container, and with the first pump port via the interior of the fixture

container and the fixture container port.

16. The apparatus according to claim 15, wherein the apparatus further comprises a

fluid having a sufficient volume such that a level of the fluid within the fixture container

is above a level of the fixture second ports.

17. The apparatus according to claim 15, wherein the apparatus is configured such that

the fixture container remains stationary during operation of the apparatus.

18. The apparatus according to claim 15, wherein the fixture container is shaped so as

to define a plurality of walls, and wherein the apparatus is configured such that the second

surface serves as at least one of the walls of the fixture container.

19. The apparatus according to claim 15, wherein the apparatus further comprises a

fluid guide, which connects the fixture container port and the first pump port in fluid

communication.

20. The apparatus according to claim 15, wherein the apparatus further comprises a

pressure sensor, which is in fluid communication with the fixture container.

21. The apparatus according to claim 15, wherein the apparatus further comprises a

pressure relief valve, which is in fluid communication with the fixture container.

22. The apparatus according to claim 1, wherein the apparatus further comprises a

heating element, which is in fluid communication with the fixture container.
i

23. The apparatus according to claim 1, wherein the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects rotation of the fluid-

control container with respect to the fluid controller.



24. The apparatus according to claim 23, wherein the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects the rotation of the fluid-

control container.

25. The apparatus according to claim 23, wherein the fluid-control container, the fluid

controller, and the motor are arranged such that the motor effects the rotation of the fluid

controller.

26. The apparatus according to claim 23, wherein the fluid-control container and the

fluid controller are disposed around a common axis.

27. The apparatus according to claim 23, wherein the apparatus further comprises a

rotation counter, which is configured to count a number of relative rotations of the fluid-

control container with respect to the fluid controller.

28. The apparatus according to claim 1, wherein the motor is in mechanical

communication with the fluid-control container.

29. The apparatus according to claim 28, wherein the fluid-control container and the

motor are arranged such that the motor effects rotation of the fluid-control container.

30. The apparatus according to claim 28, wherein the fluid control assembly further

comprises a motor shaft, a first end of which is coupled to the motor, and a second end of

which is coupled to the fluid-control container.

31. The apparatus according to claim 1, wherein the motor is in mechanical

communication with the fluid controller.

32. The apparatus according to claim 31, wherein the fluid controller and the motor

are arranged such that the motor effects rotation of the fluid controller.

33. The apparatus according to claim 31, wherein the fluid control assembly further

comprises a motor shaft, a first end of which is coupled to the motor, and a second end of

which is coupled to the fluid controller.

34. The apparatus according to claim 1, wherein at least a portion of the medical

devices are medical device components, and wherein at least a portion of the fixtures are

configured to allow disposition therewith of respective ones of the medical device

components.

35. The apparatus according to claim 1, further comprising one or more flow



straighteners, which are positioned near respective ones of the fixture first ports, and

which are configured to cause fluid to flow through the respective fixtures generally

parallel to respective longitudinal axes of the fixtures.

36. The apparatus according to claim 1, wherein the apparatus further comprises a

5 fluid guide, which connects the second pump port and the fluid-control container port in

fluid communication.

37. The apparatus according to claim 36, further comprising an O-ring, which is

disposed between the fluid guide and the fluid-control container port.

38. The apparatus according to claim 1, wherein the fluid-control container apertures

0 are generally equally spaced along the first interface surface.

39. The apparatus according to any one of claims 1 and 38, wherein the distributor

ports are generally equally spaced along the second interface surface.

40. The apparatus according to claim 1, wherein at least one of the fluid-control

container apertures is shaped so as to define a rectangle.

5 41. The apparatus according to claim 40, wherein at least one of the controller ports is

shaped so as to define an ellipse.

42. The apparatus according to claim 1, wherein at least one of the fluid-control

container apertures is shaped so as to define an ellipse.

43. The apparatus according to claim 1, wherein at least one of the controller ports is

0 shaped so as to define a shape selected from the group consisting of: a rectangle and an

ellipse.

44. The apparatus according to claim 1, wherein the apparatus further comprises a

pressure sensor, which is in fluid communication with the fluid-control container.

45. The apparatus according to any one of claims 20 and 44, further comprising a

.5 signal-conditioning circuit.

46. The apparatus according to claim 45, wherein the apparatus further comprises a

graphical user interface, wherein the signal-conditioning circuit is configured to convert

an output of the pressure sensor for display on the graphical user interface.

47. The apparatus according to claim 45, wherein the apparatus further comprises a

0 processing unit, which is coupled to the signal-conditioning circuit, and which is



configured to control a speed of the motor so as to maintain a value of a fluid pressure

within a user-defined range, which value is measured by the pressure sensor.

48. The apparatus according to claim 47, wherein the user-defined range of the fluid

pressure has a lower limit of between 50 and 70 mmHg and a higher limit of between 160

and 200 mmHg.

49. The apparatus according to claim 1, wherein the apparatus is configured to

maintain a range of fluid pressure having a lower limit of between 50 and 70 mmHg and a

higher limit of between 160 and 200 mmHg.

50. The apparatus according to claim 49, wherein the overlap periodically varies at a

rate of 10 to 150 Hz.

51. The apparatus according to claim 1, wherein the apparatus further comprises a
i

pressure relief valve, which is in fluid communication with the fluid-control container.

52. The apparatus according to claim 1, wherein the apparatus further comprises a

heating element, which is in fluid communication with the fluid-control container.

53. The apparatus according to any one of claims 22 and 52, wherein the apparatus

further comprises a user interface, which is configured to enable setting of operational

parameters of the heating element so as to maintain a temperature of fluid within the

apparatus within a user-defined range.

54. The apparatus according to claim 53, wherein the user-defined range has a lower

limit of between 35 and 37 degrees and a higher limit of between 37 and 39 degrees

centigrade.

55. The apparatus according to claim 1, wherein the fixtures are generally tubular and

have respective first and second ends.

56. The apparatus according to claim 55, wherein the fixture first ports of at least one

of the fixtures comprise two fixture first ports, which are disposed near the first and

second ends of the first fixture, respectively.

57. The apparatus according to claim 56, wherein the two fixture first ports are

disposed less than respective distances from the first and second ends of the first fixture,

each of which distances being equal to 5 times a square root of an average cross-sectional

area of the fixture.



58. The apparatus according to claim 56, wherein the two fixture first ports are

mounted in fluid communication with respective ones of the controller ports.

59. The apparatus according to claim 55, wherein the fixture second ports of at least

one of the fixtures comprise two fixture second ports, which are disposed near the first

and second ends of the first fixture, respectively.

60. The apparatus according to claim 59, wherein the two fixture second ports are

disposed less than respective distances from the first and second ends of the first fixture,

each of which distances being equal to 10 times a square root of an average cross-

sectional area of the fixture.

61. The apparatus according to any one of claims 1-60, wherein the apparatus further

comprises at least 5 liters of saline solution.

62. The apparatus according to any one of claims 1-60, wherein the apparatus further

comprises between 5 and 200 liters of fluid.

63. The apparatus according to any one of claims 1-60, wherein at least one of the

fixtures has an individual volume of between 30 and 400 ml.

64. The apparatus according to any one of claims 1-60, further comprising the medical

devices.

65. A method comprising:

providing a biomedical tester, which includes (a) a fluid control assembly, which

includes (i) a fluid-control container, which is shaped so as to define a fluid-control

container port and a first interface surface that is shaped so as to define one or more fluid-

control container apertures, (ii) a fluid controller, which is shaped so as to define a second

interface surface that is shaped so as to define one or more controller ports, and (iii) a

motor, wherein the fluid-control container, the fluid controller, and the motor are arranged

to effect relative translation between the first and second interface surfaces, thereby

effecting a time-varying overlap between at least a subgroup of the fluid-control container

apertures and at least a subgroup of the controller ports; (b) one or more fixtures,

configured to allow disposition therewithin of respective ones of the medical devices,

each of which fixtures comprises one or more fixture first ports and one or more fixture

second ports, which fixture first ports are mounted in fluid communication with respective

ones of the controller ports; and (c) a fluid pump, which comprises first and second pump



ports, which are in fluid communication with the fixture second ports and the fluid-control

container port, respectively;

disposing one or more medical devices in respective ones of the fixtures of the

biomedical tester; and

activating the biomedical tester to test the one or more medical devices.

66. The method according to claim 65, wherein the biomedical tester is configured to

cyclically increase and decrease a pressure of a fluid within the fixtures during a plurality

of cycles, and wherein activating comprises activating the biomedical tester for at least 30

million of the cycles.

67. The method according to claim 65, wherein activating the biomedical tester

comprises activating the biomedical tester such that, throughout steady-state operation of

the biomedical tester, the fluid pump exclusively pumps fluid out of exactly one of the

first and second pump ports throughout at least one period having a duration of at least

one second.

68. The method according to claim 67, wherein the duration is at least one hour.

69. The method according to claim 65, wherein activating the biomedical tester

comprises activating the biomedical tester such that, throughout steady-state operation of

the biomedical tester, the fluid pump exclusively pumps fluid out of exactly one of the

first and second pump ports throughout a test of the medical devices.

70. The method according to claim 65, wherein activating the biomedical tester

comprises activating the biomedical tester to cyclically increase and decrease a pressure

of a fluid within the fixtures during a plurality of cycles.

71. The method according to claim 65, wherein activating the biomedical tester

comprises activating the biomedical tester such that the overlap periodically varies at a

rate of 10 to 150 Hz.

72. The method according to claim 65, wherein providing the biomedical tester

comprises:

providing the biomedical tester further including a fixture container, which is

shaped so as to define a fixture container port that is in fluid communication with the first

pump port, wherein the fixtures are disposed within the fixture container, such that the

fixture second ports are in fluid communication with an interior of the fixture container,



and with the first pump port via the interior of the fixture container and the fixture

container port; and

placing a fluid in the fixture container that has a sufficient volume such that a level

of the fluid within the fixture container is above a level of the fixture second ports.

73. The method according to claim 65, wherein at least a portion of the medical

devices are medical device components, and wherein disposing the one or more medical

devices comprises disposing the medical device components in at least a portion of the

fixtures.

74. The method according to any one of claims 65-73, wherein providing the

biomedical tester comprises placing at least 5 liters of saline solution in the biomedical

tester.

75. The method according to any one of claims 65-73, wherein providing the

biomedical tester comprises placing between 5 and 200 liters of fluid in the biomedical

tester.

76. The method according to any one of claims 65-73, wherein providing the

biomedical tester comprises providing the biomedical tester in which at least one of the

fixtures has an individual volume of between 30 and 400 ml.
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