
Designation: F2477 − 07 (Reapproved 2013)

Standard Test Methods for
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1. Scope

1.1 These test methods cover the determination of the
durability of a vascular stent by exposing it to physiologically
relevant diametric distension levels by means of hydrodynamic
pulsatile loading. This testing occurs on a stent test specimen
that has been deployed into a mock (elastically simulated)
vessel. The typical duration of this test is 10 years of equivalent
use (at 72 beats per minute), or at least 380 million cycles.

1.2 These test methods are applicable to balloon-expandable
and self-expanding stents fabricated from metals and metal
alloys. It does not specifically address any attributes unique to
coated stents, polymeric stents, or biodegradable stents, al-
though the application of this test method to those products is
not precluded.

1.3 These test methods do not include recommendations for
endovascular grafts (“stent-grafts”) or other conduit products
commonly used to treat aneurismal disease or peripheral vessel
trauma or to provide vascular access, although some informa-
tion included herein may be applicable to those devices.

1.4 These test methods are valid for determining stent
failure due to typical cyclic blood vessel diametric distension.
These test methods do not address other modes of failure such
as dynamic bending, torsion, extension, crushing, or abrasion.

1.5 These test methods do not address test conditions for
curved mock vessels.

1.6 These test methods do not address test conditions for
overlapping stents.

1.7 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.8 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.9 General Caveat—This document contains guidance for
testing as is currently carried out in most laboratories. Other
testing techniques may prove to be more effective and are
encouraged. Whichever technique is used, it is incumbent upon
the tester to justify the use of the particular technique,
instrument, and protocol. This includes the choice of and
proper calibration of all measuring devices. Deviations from
any of the suggestions in this document may be appropriate but
may require the same level of comprehensive justification that
the techniques described herein will require.

2. Referenced Documents

2.1 Other Documents:
ISO 7198: 1998(e), 8.10, Determination of Dynamic Com-

pliance2

FDA Guidance Document 1545, Non-Clinical Tests and
Recommended Labeling for Intravascular Stents and As-
sociated Delivery Systems, (issued January 13, 2005)3

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 cardiac cycle, n—defined as one cycle between dia-

stolic and systolic pressures.

3.1.2 compliance, n—the change in inner diameter of a
vessel due to cyclic pressure changes. Compliance, if
calculated, shall be expressed as a percentage of the diameter
change per 100 mm Hg and defined per ISO 7198, 8.10.5:

%Compliance/100 mm Hg 5
~Dp2 2 Dp1! 3 104

~Dp1~p2 2 p1!!
(1)

where:
Dp1 = inner diameter at the pressure of p1,
Dp2 = inner diameter at the pressure of p2,
p1 = lower pressure value (diastolic), in mm Hg, and
p2 = higher pressure value (systolic), in mm Hg.

3.1.3 diametric strain, n—a change in mock artery diameter
divided by the initial diameter. This term does not relate to the

1 These test methods are under the jurisdiction of ASTM Committee F04 on
Medical and Surgical Materials and Devices and is the direct responsibility of
Subcommittee F04.30 on Cardiovascular Standards.
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mechanical strain seen in the stent material. The diametric
strain can be identified as:

diametric strain 5
~Dp2 2 Dp1!

Dp1
(2)

that is,

diametric strain 5
~maxID 2 minID!

minID

3.1.4 distension, n—the change in diameters; such as the
inner diameter (ID) of a vessel due to a pressure change. The
term “diametric distension” is meant to represent the change in
inner diameter of a blood vessel during each pulse of blood
circulation. As an example, the change in diameter between the
diastolic and systolic pressure for each pulse of blood circula-
tion.

3.1.5 hydrodynamic loading, n—causing a change in the
inner diameter (ID) of a mock vessel by injecting a volume of
fluid into the confined test volume.

3.1.6 mock vessel, n—a simulated vessel typically manufac-
tured from an elastomeric material. The mock vessel is made to
approximate the ID and diametric distention of a native vessel
at physiological pressures (see A1.2.2 and A2.4.2) or at
non-physiological pressures (see A2.4.4).

3.1.7 native vessel, n—defined as a natural healthy blood
vessel.

3.1.8 strain control, n—a term to describe control of dia-
metric distention, relative to an initial diameter of the mock
vessel, not to be confused with controlling the strain in the
stent material.

3.1.9 vascular stent, n—a synthetic tubular structure that is
implanted in the native or grafted vasculature and is intended
to provide mechanical radial support to enhance vessel patency
over the intended design life of the device. A stent is metallic
and not covered by synthetic textile or tissue graft material.

4. Summary of Test Methods

4.1 These test methods cover fatigue/durability testing of
vascular stents that are subjected to hydrodynamic loading that
simulates the loading and/or change in diameter that the stent
will experience in vivo. The stent shall be deployed into mock
vessels that can be used to produce a cyclic diameter change of
the stent. This document details two test methods that are
currently used.

4.1.1 Physiological Pressure Test Method—This test
method (provided in Annex A1) requires the use of mock
vessels that possess similar diametric compliance properties to
native vessels at physiological pressure and rate of pulsation as
well as at higher testing frequencies.

4.1.2 Diameter Control Test Method—(Sometimes called a
strain control test method.) This test method (provided in
Annex A2) requires the use of a diameter measurement system
and mock vessels to ensure that the desired minimum and
maximum stent diameters, or the equivalent change in stent
diameter and mean stent diameter, are being achieved at the
test frequency. For conditions where a direct measurement of
the stent is not possible, measurements are typically made over

the OD of the mock vessel and a relationship is determined and
justified for the ratio of the stent OD versus measured mock
vessel OD.

5. Specimen Size, Configuration, and Preparation

5.1 Unless otherwise justified, all samples selected for
testing shall be taken from fully processed, implant quality
product. Sterilization should be required unless it can be shown
not to influence the fatigue/durability test results.

5.2 The number of specimens tested for each stent geometry
should be sufficient to support any claims to be made based on
the test results. Fatigue/durability shall be evaluated for the
worst case labeled diameter, and a rationale shall be provided
stating why the particular labeled diameter is considered worst
case.

5.3 Mock Vessels:
5.3.1 The choice of inside diameter of the mock vessel is

critically important to the effectiveness of any durability test to
be carried out. The mean non-stented mock vessel ID over a
cardiac cycle shall be consistent with the worst case stent OD,
for the stent being tested, over the full test duration.

5.3.2 See Annex A1 and Annex A2 for specific require-
ments.

5.4 The sample size, in combination with other tests, animal
and clinical tests, analysis (such as FEA (Finite Element
Analysis), and/or comparisons to predicate devices shall be
sufficient to enable demonstration of an adequate justified
reliability. In these test methods, one stent shall be considered
one sample. The reliability justification may reference addi-
tional testing and/or analysis used to establish stent durability.

6. General Apparatus Requirements

6.1 For test methods requiring precision measurement and
control of pressure, dimensions, or cycle counts, verification of
the dynamic performance of these systems shall be performed
and documented with justification of the means used.

6.2 Pressure Measurement System—Pressure transducers
should be chosen that allow for the accurate evaluation of the
pressures within the tubes at the frequency of the test. See
Annex A1 and Annex A2 for method specific requirements.
The pressure measuring system must be calibrated and justi-
fied.

6.3 Dimensional Measurement Devices, such as linear vari-
able displacement transducers, lasers, and high-speed cameras
must be calibrated and justified.

6.4 Cycle Counting System—The apparatus shall include a
cycle counting system for measuring the number of load cycles
applied to the stent/mock artery combination.

6.5 Temperature Control System—The apparatus shall in-
clude a calibrated temperature control and measurement sys-
tem to provide the testing temperature for stents being tested.

7. General Test Parameters

7.1 Temperature—The temperature shall be 37 6 2°C. If
other temperatures are to be used, a rationale shall be provided
stating why the particular temperature is considered worst case
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or equivalent. The unit is to be stable over the intended period
of the test and maintained within the established parameters.

7.2 Actual temperatures and precisions shall be documented
by the user with accompanying justifications.

7.3 Solutions—The test solution shall be phosphate buffered
saline (PBS) or equivalent unless testing in a different envi-
ronment (such as in distilled water or in air) can be justified.
Rationale for use of a different environment shall be provided.

7.4 Physiological Pressure—The pressure change in the
intended blood vessel. A suggested range for coronary stent
pulsatile fatigue evaluation is 80 to 160 mm Hg.

NOTE 1—Selection of the systolic and diastolic pressures should be
based on the patient population for which the stent is indicated.

7.5 Physiological Pulse Rate—For the purposes of these test
methods, determined to be 1.2 Hz or 72 beats per minute.

7.6 Biological growth can inhibit post-test evaluation of the
stent surface characteristics. Use of a biological growth inhibi-
tor (such as algaecides or chemical agents) may be used unless
such use would negatively impact the test by unintended
degradation of the stent or the test set-up.

7.7 The ID of the non-stented mock vessel is to be empiri-
cally verified on the test instrument after the mock vessel(s)
have been mounted in their initial test position.

7.8 Vessel Degradation—Mock vessels made of materials
that may degrade with exposure to environmental factors (such
as UV light) shall be protected from such exposure.

7.9 Stent Deployment—The stent shall be deployed in the
mock vessel in such a manner as to minimize end effects where
the vessel is connected to the test article and at a sufficient
distance from other stents that may be deployed in the same
vessel (see X2.5).

7.10 Test Frequency—See Annex A1 and Annex A2 for test
specific details.

7.11 Test Validation—The investigator shall demonstrate
that the stent to be tested maintains contact with the ID of the
vessel to be used in the durability test throughout the cycle,
when evaluated with the same pressures and frequencies to be
used in the durability test. This is not required for every
sample. This and any justifications shall be documented in the
test report. Rationale: The functionality of a test method used
to test a stent inside a vessel depends on the stent remaining in
contact with the ID of the vessel throughout the distension
cycle of that vessel.

7.12 Acceptance Criteria—A detailed test protocol shall be
written that describes all procedures unique to the stent being
evaluated. This protocol shall include any specific failure
modes to be identified, and inspections to be performed to
identify those failures in any acceptance/rejection criteria. (See
Appendix for examples.)

8. Test Report

8.1 The test report shall include a complete summary of the
materials, methods, and results including any rationale for
deviations from this procedure. The effects of any such

deviations on the significance of the test results shall be
reported. All real, artifact, and anomalous observations shall be
reported, including a justification for considering negative
findings as artifacts or discounting their clinical significance.

8.2 Test reports should include:
8.2.1 Test parameters and acceptance criteria:
8.2.1.1 Test parameters (such as):

(1) Mock vessel dimensions.
(2) Fluid temperature.
(3) Fluid pressure range and variability, or desired change

in stented vessel diameter.
8.2.1.2 Acceptance criteria (such as):

(1) Minimum level of pulsatile distention to define accep-
tance.

(2) Maximum number of failures to define acceptance.
(3) Minimum number of cycles required to define accep-

tance.
8.2.2 Test specimen information:
8.2.2.1 Number of test specimens.
8.2.2.2 Size (diameter, length, or other relevant dimensions)

of all test specimens.
8.2.2.3 Rationale for the number of test specimens and sizes

used.
8.2.2.4 Whether the specimens are representative of the

finished product.
8.2.2.5 Sterilization parameters and number of sterilization

cycles applied to the test specimens.
8.2.2.6 Traceability information.
8.2.3 Materials used:
8.2.3.1 Test equipment.
8.2.3.2 Mock vessels.
8.2.3.3 Test fluid/solutions.
8.2.3.4 Measurement devices.
8.2.4 Test protocol, including all justifications and ratio-

nales required by these test methods.
8.2.5 Protocol deviations.
8.2.6 Raw data.
8.2.7 Test results.
8.2.8 Data analysis
8.2.9 Fracture reporting:
8.2.9.1 Report any fractures that occur during the test.
8.2.9.2 Fracture information should include number of

cycles to failure, number and locations of all fractures along
the length of the stent, type of fracture such as transverse or
spiral, with or without dislocation, and any root cause analysis
performed to determine the reason for the fracture.

8.2.10 Conclusions.

9. Precision and Bias

9.1 Intralaboratory and interlaboratory reproducibility has
not been systematically determined.

10. Keywords

10.1 durability test; endovascular cardiology; fatigue test;
interventional cardiology; intravascular device test; pressure
control; pulsatile fatigue; stent durability; stent fatigue; stent
test; strain control; vascular stent
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ANNEXES

(Mandatory Information)

A1. PHYSIOLOGICAL PRESSURE TEST METHOD FOR PULSATILE FATIGUE/DURABILITY TESTING OF
VASCULAR STENTS

A1.1 Summary of Test Method

A1.1.1 With this technique, a fixed volume of fluid is
injected into a fluid filled mock vessel that has been manufac-
tured to provide a targeted physiological compliance. The
injected volume is adjusted so that the measured cyclic
pressure range is equivalent to targeted physiological pres-
sures. The primary measurements made with this apparatus are
the cyclic pressure, test frequency, cycle count, and tempera-
ture. (See general test parameters.)

A1.2 Significance and Use

A1.2.1 This test method is to determine the durability of a
stent under pulsatile vascular conditions, to assess confor-
mance to product specifications and guidance documents, and
to support regulatory submissions, quality control, and manu-
facturing.

A1.2.2 The success of this test method depends on the use
of a vessel that possesses physiologically relevant ID and
diametric compliance at physiologically relevant frequencies
as well as at higher testing frequencies.

A1.3 Apparatus

A1.3.1 Loading—Specimen is deployed into a mock vessel
that is then mounted onto a fatigue/durability testing system
that can deliver quantifiable pressures to the vessel.

A1.3.2 In this test method, a replication of the loading
conditions that occur in vivo requires the choice of a vessel that
has the ID and diametric compliance properties possessed by
the target vessel. Once a stent is deployed into a native or mock
vessel with these properties, a cyclic pressurization of that
vessel will cause the vessel to expand. At the same time, the
amount of compressive loading that the vessel is applying to
the stent is reduced in proportion to the increase in internal
pressure. This repeated pressurization is the mechanism by
which the stents are cyclically loaded. It is important that
pressure be regularly monitored throughout the testing. In
order to account for viscoelastic behavior of the mock vessel,
the compliance of the mock vessel is evaluated at 72 beats per
minute, and at the testing frequency that is to be utilized for the
durability testing. The maximum test frequency may be limited
by the dynamic response of the vessel.

A1.4 Procedure

A1.4.1 Determine the ID and dynamic (1.2 Hz) compliance
of the physiological mock vessel over the desired pressure
range (80 to 160 mm Hg unless otherwise justified) at the
frequency of test to be used as outlined in ISO 7198 (load-
controlled testing). The mean ID shall be determined as well as

the compliance. The mean ID is determined to ensure confor-
mity with 5.3.1. If multiple vessels are used, ensure that the
mock vessels are mounted under uniform tension. Rationale:
The mock vessel ID may be reduced and the radial compliance
may be increased if the mock vessel were to be mounted under
tension on the test instrument (see 7.5).

A1.4.2 Deploy the stent in the mock vessel following
instructions for use. Leave enough length of the mock vessel
extending beyond each end of the test article such that the test
article will be in the region where the required compliance is
valid, unaffected by any end effects imposed by the fatigue/
durability test system (see 7.7). Re-measure dynamic (1.2 Hz)
compliance using mounting tension similar to that used for the
non-stented dynamic compliance measurements. Verify that
this composite (stent and vessel) compliance is maintained at
the desired test frequency.

A1.4.3 Inspect the deployed stents in a systematic and
objective manner, using appropriate instruments or techniques,
and record the location and severity of any anomalies. Docu-
ment the inspection locations for correlation to post test
inspection (see A1.6.2).

A1.4.4 Install each mock vessel/stent assembly onto the
fatigue/durability test system using tensioning similar to that
used for the dynamic compliance measurements and fill the
system with the test solution. Purge trapped air from the
system. Activate the temperature control system and allow the
test system to equilibrate at 37 6 2°C (unless otherwise
justified).

A1.4.5 Start the fatigue/durability test system and adjust the
frequency to the desired rate and adjust the cyclic pressure
range to justified physiological levels (80 to 160 mm Hg should
be used unless otherwise justified). Determine the maximum
test frequency that provides mock vessel distension uniformity
comparable to that measured at the physiological rate (72 bpm
or 1.2 Hz). Document non-uniformities in vessel distension at
test frequency and provide rationale for acceptable use at that
frequency.

A1.4.6 Zero the counter.

A1.4.7 Verify the pressures at justifiable time intervals.

A1.4.8 If desired, carry out periodic inspections of the
instrument and stent. If the stent is removed from the mock
vessel for inspection, care must be taken to remove and
re-deploy it in a manner that does not destroy the integrity of
the test. Periodic inspection, or lack of inspection, shall be at
the discretion of the stent manufacturer and justified in the
report.
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A1.4.9 Periodically re-measure the dynamic compliance of
the deployed stent/vessel systems in addition to the mock
vessel mean ID at the test frequency. This may be important as
it checks for any change in loading or experimental properties
that might be occurring. Determine if the change is due to a
change in the test article or the mock vessel. If the change is in
the mock vessel, re-deploy the stent to a new mock vessel and
continue the test. If it is determined that the change in
compliance is due to a change in the test article itself, continue
the test without changing the mock vessel. Provide justification
for measurements and any mock vessel changes.

A1.5 Test Termination

A1.5.1 Continue to test until the required number of cycles
(at least 380 million cycles for a 10 year test) has been applied
to each stent.

A1.6 Post Test Inspection

A1.6.1 Re-measure the dynamic compliance and the mean
inner diameter of the deployed stent/vessel systems at the test
frequency when the test is complete.

A1.6.2 Inspect all stents as required in the protocol.

A2. DIAMETER CONTROL TEST METHOD FOR PULSATILE FATIGUE/DURABILITY TESTING OF VASCULAR STENTS

A2.1 Summary of Test Method

A2.1.1 The purpose of this test method is to reproduce the
desired minimum and maximum diameters, or equivalent
change in diameter at a mean, that the stent would see in vivo.
To reproduce these diameters, a volume of testing fluid is
injected into a fluid filled mock vessel that may or may not
have a compliance that is physiologically relevant. Thick
walled (thicker than physiological tubing walls) mock vessels
are commonly used in order to achieve the desired higher
frequency levels. The injected volume is adjusted so that the
minimum diameter and maximum diameter of the stent is
equivalent to the minimum and maximum diameters that the
stent would experience under physiological conditions. The
desired primary measurements made with this test method are
the OD (outer diameter) of the stent, test frequency, cycle count
and temperature, if necessary. If direct measurement of the OD
of the stent is not possible, an empirical method may be used
to relate the deployed stent OD with mock vessel inner
diameter (ID). Several methods for determining the relation-
ship of the OD of the stented mock vessel to the ID are
provided in X2.5. The relationship between the OD and ID of
the mock vessel used for this purpose shall be justified.

A2.2 Significance and Use

A2.2.1 This test method is to determine the durability of a
stent under pulsatile vascular conditions, to assess confor-
mance to product specifications and guidance documents, and
to support regulatory submissions, quality control, and manu-
facturing.

A2.2.2 The success of this test method depends upon the use
of a diameter measurement system that ensures that the desired
minimum and maximum diameters, or equivalently, the desired
mean diameter and change in diameter, of the stents are being
achieved at all testing frequencies.

A2.3 Apparatus

A2.3.1 Diameter Measurement System—The apparatus
should include a diameter measuring system that measures the
resulting cyclic change in diameter of the stents within the
mock vessel. If direct measurement of the OD of the stent is

not possible, an empirical method may be used to relate the
deployed stent outer diameter (OD) with the measured mock
vessel outer diameter (OD). This measurement may be made
by measuring the outer diameter (OD) of the mock vessel and
calculating the outer diameter (OD) of the stent using a
relationship and method similar to those found in Appendix
X1, or other justified relationship(s) and method(s).

A2.4 Procedure

A2.4.1 Determine the minimum and maximum diameter to
simulate the physiologic loading conditions. This can be done
using one of two methods:

A2.4.2 Method 1—Determination of Desired Minimum and
Maximum Diameters Using a Physiological (Thin Walled)
Mock Vessel:

A2.4.2.1 Create a mock vessel with physiological compli-
ance behavior. The (thin walled) mock vessel shall be engi-
neered to simulate the dynamic (1.2 Hz) compliance and
appropriate ID, at physiologic pressures (unless otherwise
justified) for the stent size (see X1.1).

A2.4.2.2 Measure the ID and the OD of the mock vessel
statically to establish the basis for determining the mock vessel
ID from OD measurements.

A2.4.2.3 Install the mock vessel onto the fatigue/durability
test system. If multiple vessels are used, ensure that the mock
vessels are mounted under uniform tension. Rationale: The
mock vessel ID may be reduced and the compliance may be
increased if the mock vessel were to be mounted under excess
tension on the test system (see 7.5).

A2.4.2.4 Fill the fatigue/durability test system with the test
solution. Purge trapped air from the system. Activate the
temperature control system and allow the test system to
equilibrate at the required test temperature, if appropriate.

A2.4.2.5 Run the test system at 1.2 Hz and adjust the
pressure and bellows displacement to achieve the expected
mean pressure plus/minus half the expected pressure differen-
tial for the intended use location (such as, 120 6 40 mm Hg;
that is, 80 to 160 mm Hg) (see X1.1). Determine and record the
maximum and minimum ID of the mock vessel by direct
measurement, or by using an appropriate equation (see X2.2
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for example equations) for maximum and minimum OD
measurements of the mock vessel.

A2.4.2.6 Deploy the stent into the mock vessel following
instructions for use. Leave enough length of the mock vessel
extending beyond each end of the test article unaffected by any
end effects imposed by the fatigue/durability test system (see
7.7).

A2.4.2.7 Run the test system at 1.2 Hz and adjust the
pressure and bellows displacement to achieve the expected
mean pressure plus/minus half the expected pressure differen-
tial for the intended use location (such as, 120 6 40 mm Hg;
that is, 80 to 160 mm Hg) (see X1.1). Determine and record the
maximum and minimum OD of the stent by direct
measurement, or by using an appropriate equation (see X2.2
for example equations).

A2.4.3 Method 2—Determine Desired Radial Distension
Based on FEA:

A2.4.3.1 Determine the predicted minimum and the maxi-
mum diameter of the stent using Finite Element Analysis
techniques to determine loading and boundary conditions that
the stent will experience.

A2.4.3.2 Determine the native vessel compliance based on
clinical data or literature (see X1.1).

A2.4.3.3 Using the compliances determine the minimum
and the maximum diameters the combined stent/vessel will
experience.

A2.4.4 Test Procedure:
A2.4.4.1 Use thick walled mock vessels that have sufficient

wall thickness to enable the minimum and maximum stent
diameters to be reproduced at higher than physiological fre-
quencies using pressure levels that may differ from physiologi-
cal levels. The ID and OD of each thick walled mock vessel
must be characterized if mock vessel ID is to be calculated
based on OD measurements.

A2.4.4.2 Install the thick wall mock vessels onto the
fatigue/durability test system. If multiple vessels are used,
ensure that the mock vessels are mounted under uniform
tension. Rationale: The mock vessel ID may be reduced and the
compliance may be increased if the mock vessel were to be
mounted under tension on the test instrument.

A2.4.4.3 Fill the fatigue/durability test system with the test
solution. Purge all trapped air from the system. Activate the
temperature control system and allow the test system to
equilibrate at the required test temperature.

A2.4.4.4 It is recommended to re-measure the mock vessel
OD at the locations where the stents will be deployed and
document (aka: mapping the tubes).

A2.4.4.5 Deploy stents into the mock vessels following
instructions for use. Leave enough length of the mock vessel
extending beyond each end of the test article unaffected by any
end effects imposed by the fatigue/durability test system (see
X2.5, Stent Deployment).

A2.4.4.6 Inspect the deployed stents, in a systematic and
objective manner, using appropriate instruments or techniques
and record the location and severity of any anomalies. Docu-
ment the inspection locations for correlation to post test
inspection (see A2.6.1).

A2.4.4.7 Record proximal and distal locations of each
installed stent in the mock vessel prior to beginning the test.

A2.4.4.8 Start the fatigue/durability test instrument and
adjust the frequency to the desired rate. Adjust the volumetric
displacement of the instrument so that the desired minimum
diameter and maximum diameter of the stented vessel is
achieved (at the same locations along the stent as determined in
the experimental, or FEA method).

A2.4.4.9 Zero the counter.
A2.4.4.10 Periodically monitor the minimum and maximum

OD of the mock artery over each stent (at the same longitudinal
positions used previously) at justifiable intervals. Document
the diameters as well as the location of the stent in the mock
vessel. Adjust the system as necessary to maintain the desired
diametric boundary conditions (desired minimum and maxi-
mum stent OD).

A2.4.4.11 If desired, carry out periodic inspections of the
instrument and stents. If the stent is removed from the mock
vessel for inspection, care must be taken to remove and replace
it in a manner that does not destroy the integrity of the test.
Periodic inspection or lack of inspection shall be at the
discretion of the stent manufacturer and justified in the report.

A2.5 Test Termination

A2.5.1 Continue to test until the required number of cycles
(at least 380 million cycles for a 10 year test) has been applied
to each stent.

A2.6 Post Test Inspection

A2.6.1 Inspect all stents as required in the protocol.
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APPENDIXES

(Nonmandatory Information)

X1. REFERENCE MATERIALS

X1.1 Selected Human Vascular Compliance References
from Medical Literature

X1.1 Alfonso, F., Macaya, C., Goicolea, J., Hernandez, R.,
Segovia, J., Zamorano, J., Banuelos, C., and Zarco, P., “Deter-
minants of Coronary Compliance in Patients with Coronary
Artery Disease: An Intravascular Ultrasound Study,” JACC,
23(4), 1994 Mar 15, pp. 879–884.

Benetos, A., Laurent, S., Hoeks, A., Boutouyrie, P., and
Safar, M., “Arterial Alterations with Aging and High Blood
Pressure,” Areteriosclerosis and Thrombosis, 13, 1993, pp.
90–97.

Heintz, B., vom Dahl, J., Roeber, K., Doettger, A., Hanrath,
P., and Sieberth, H., “Effects of Blood Pressure Reduction on
the Elastic Profile of the Aortic Tree in Patients with Coronary
Heart Disease,” Am J Hypertesn., 8, 1995, pp. 584–590.

Imura, R., Yamamoto, K., Kanamori, K., Mikami, T., and
Yasuda, H., “Non-invasive Ultrasonic Measurement of the
Elastic Properties of the Human Abdominal Aorta,” Cardio-
vascular Research, 20, 1986, pp. 208–214.

Kawasaki, T., Sasayam, S., Yagi, S., Asakawa, T., and Hirai,
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X2. CALCULATIONS

X2.1 Introductory Comments

X2.1.1 The purpose for calculating the inner diameter (ID)
of a mock vessel from measurements of the outer diameter
(OD) is to best determine the OD of a deployed stent in the
mock vessel when an actual measurement of the OD of the
stent is not possible. There are several methods for calculating
the inner diameter (ID) of a mock vessel from a measurement
of the outer diameter (OD) when the initial ID and OD, or wall
thickness is known.

X2.1.2 Calculations in X2.2 assume non-linear elastic me-
chanics of stress/strain for a thick walled cylinder assuming
constant volume mechanical properties and a uniform concen-
tric straight annular geometry.

X2.1.3 Calculations in X2.3 and X2.4 assume linear elastic
mechanics for a thick walled cylinder assuming a uniform
concentric annular geometry.

X2.2 Non-linear Elastic Mechanics of Stress/Strain for
Thick Walled Cylinder

X2.2.1 This appendix provides a geometric calculation of
finite changes in the internal diameter of an elastomeric tube
(mock vessel) due to axial stretching and radial pressure. It
assumes constant volume, uniform concentric straight annular
geometry, and homogeneous isotropic isochoric (constant vol-
ume) mechanical properties. It is noted that this geometric
condition is precisely met only before the stent is deployed as
the stent locally radially extends the mock vessel.

X2.2.2 Initial measurements of ID and OD are made on the
bench top before mounting the mock tubing between fittings in
the test instrument. Prior to operating the machine, the
stretched tube’s outer diameter is measured at atmospheric
pressure in order to determine the vessel stretch. Then, during
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machine operation, the cyclically varying tube’s maximum and
minimum OD’s are measured and the maximum and minimum
ID’s are calculated.

X2.2.3 For comparison, the linear elastic model and the
non-linear elastic model can be compared in a case with no
stretch. As shown below, for the same change in OD, the linear
elastic model predicts the ID change from 4.000 mm to 4.130
mm, and the non-linear elastic model predicts the ID change
from 4.000 mm to 4.158 mm. While the difference in ID is
small, the difference in percent diametric distention ratio
(relative to 2.0) of 3.25 % versus 3.94 % may be substantial.

X2.2.4 Calculations:
X2.2.4.1 We assume a conservation of volume for a straight

circular cylindrical tube (mock vessel) of incompressible
material.

L~Do
2 2 Di

2! 5 l~do
2 2 di

2! (X2.1)

where:
Di and Do = un-deformed inner and outer diameters,
L = un-deformed length,
di and do = deformed inner and outer diameters, and
l = deformed length.

NOTE X2.1—Define the stretch λ, which is the ratio of stretched length
l, to un-stretched length L.

X2.2.4.2 To use this function, we measure the inside (ID)
and outside (OD) diameters, Di and Do, on each end of the tube
(mock vessel). In the case of using tubing off a roll, slice
cross-sections off each end of the tube as each tube is prepared,
and measure the cross-sections under a toolscope. If desired,
mark two lengths at locations that will be in the uniform tube
region between the fittings and measure the length L between
the marks.

X2.2.4.3 Put the mock vessel on the stent durability test
machine and with only atmospheric pressure on the mock
vessel, measure the current outside diameter (OD), di. If
desired, also measure the distance l between the marks. By
definition the stretch is:

λ[
l
L

(X2.2)

X2.2.4.4 At zero pressure it can be shown that λ do
2 – Do

2 =
λ di

2 – Di
2 = 0, thus the stretch can also be determined from:

λ |P50 5
Do

2

do

(X2.3)

X2.2.4.5 In practice, the two values will be equivalent
within the range or uncertainty, though typically the uncer-
tainty will be less using the diameter measurements.

X2.2.4.6 The machine is then put into operation. It is
assumed that the tube (mock vessel) stretch remains constant
during operation so that the stretch determined at zero pressure
applies during operation. Then, at the maximum distention, the
inner maximum diameter (ID) is determined from the maxi-
mum outer diameter (OD):

di ,max 5 ~do ,max
2 2 ~Do

2 2 Di
2!/λ!1/2 (X2.4)

X2.2.4.7 Similarly, the minimum inner diameter is deter-
mined:

di ,min 5 ~do ,min
2 2 ~Do

2 2 Di
2!/λ!1/2 (X2.5)

X2.2.5 Example:
X2.2.5.1 Linear Elastic Model versus Non-linear Elastic

Model—Comparison between X1 and X1.1.
X2.2.5.2 Linear Model:

a – Unstressed OD 4
da – Change in a 0.04
b – Unstressed ID 2
Nu (for the linear elastic model) 0.5
Lambda (for the non-linear elastic model) 1
Predicted ID = 2(b + da · (a2 + b2 + nu · (a2 − b2)) / (2 · a ·
b))

4.130

linear elastic model
Predicted ID = SQRT((a + da)2 − a2 + b2) · 2 4.158
non-linear elastic model

X2.2.6 References:
Billington and Tate, “Extension, Inflation, and Torsion of an

Incompressible Circular Cylindrical Tube,” Physics of Defor-
mation & Flow, McGraw-Hill, 1981, Chapter 8, Section 5-1.

Ogden, R. W., Non-Linear Elastic Deformations, Dover,
1997, Sections 5.2.3 and 5.3.3, pp. 111–112.

Humphery, J. D., Cardiovascular Solid Mechanics,
Springer-Verlag, 2001, Sections 4.2.2 and 7.3.1.

X2.3 Mechanics of Stress/Strain for Thick Walled Cylin-
der

X2.3.1 This simple method is one technique to determine
Inner Diameter (ID) from Outer Diameter (OD) Measurements
for the Strain Control Test Method.

Sta = p(b2 + a2)/(b2 − a2) Sra = −p
Stb = p(2a2)/(b2 − a2) Srb = 0
Eta = Sta/ E − m · Sra/E = p/ E · ((b2 + a2)/(b2 − a2) − m(−1))
Etb = Stb/ E − m · Srb/E = p/ E · (2a2/(b2 − a2))

X2.3.2 Resulting Ratio Calculation:

Eta

Etb

5

F ~b21a2!

~b2 2 a2!
1mG

F 2a2

~b2 2 a2! G
(X2.6)

where:
Sta = tangential stress at radius “a,”
Sra = radial stress at radius “a,”
Stb = tangential stress at radius “b,”
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Srb = radial stress at radius “a,”
Eta = tangential strain or radial compliance at radius “a,”
Etb = tangential strain or radial compliance at radius “b,”
E = modulus of elasticity for material,
m = Poisson ratio, and
p = internal pressure.

X2.3.3 Example (reference only):

X2.3.3.1 Natural Latex Rubber Tube with the Following
Characteristics:

ID = 3.75 mm (a = 1.875 mm)
OD = 5.75 mm (b = 2.875 mm)
m = 0.5

X2.3.3.2 Ratio of ID Change in Diameter to OD Change in
Diameter:

Ratio 5
Eta

Etb

5

F ~b21a2!

~b2 2 a2!
1mG

F 2a2

~b2 2 a2! G
(X2.7)

Ratio 5 2.01

X2.4 Derivation of the Mechanics of Stress/Strain for
Thick Walled Cylinder

X2.4.1 This test method is the expanded derivation of the
ID/OD calculations shown in X2.3. One reference for thick-
walled [wall thickness > ~ 0.1*(internal radius)] mock vessels
would be Roark’s Formulas for Stress and Strain, Case 1a
(cylinder under uniform internal radial pressure with a longi-
tudinal pressure of zero or externally balanced), 6th ed., 1989,
p. 638. The published equations from this reference and their
manipulation for the needs of these test methods are presented
below.

σ1 5 0 (X2.8)

σ2 5
qb2 ~a21r2!
r2 ~a2 2 b2!

maxσ2 5 q
a21b2

a2 2 b2 at r 5 b (X2.9)

σ3 5
2qb2 ~a2 2 r2!

r2 ~a2 2 b2!
maxσ3 5 2q at r 5 b (X2.10)

maxτ 5
σ2 2 σ3

2
5 q

a2

a2 2 b2 at r 5 b (X2.11)

∆a 5
q
E

2ab2

a2 2 b2 (X2.12)

∆b 5
qb
E S a21b2

a2 2 b2 1νD (X2.13)

∆l 5
2q νl

E
2b2

a2 2 b2 (X2.14)

where:
q = internal pressure,
ν = Poisson’s ration, and
E = modulus of elasticity.

X2.4.2 Using Eq X2.12 and X2.13, the change in b can be
found if, a, b and the change in a are known. These equations
are useful if the OD change is known and the corresponding ID
change is to be found.

∆b 5 ∆a
∆b
∆a

(X2.15)

∆b 5 ∆a

qb
E S a21b2

a2 2 b2 1νD
q
E

2ab2

a2 2 b2

(X2.16)

∆b 5 ∆a
qb
E S a21b2

a2 2 b2 1νD E
q

a2 2 b2

2ab2 (X2.17)

∆b 5 ∆a S a21b2

a2 2 b2 1νD a2 2 b2

2ab
(X2.18)

(E and q drop out)

∆b 5 ∆a S a21b2

a2 2 b2 S a2 2 b2

2ab D1ν
a2 2 b2

2ab D (X2.19)

∆b 5 ∆a S a21b2

2ab
1

ν~a2 2 b2!
2ab D (X2.20)

∆b 5 ∆a S a21b21ν~a2 2 b2!
2ab D (X2.21)

b2 5 b1∆b (X2.22)

ID2 5 2~b2! (X2.23)

ID2 5 2~b1∆b! (X2.24)

ID2 5 2 F b1∆a S a21b21ν~a2 2 b2!
2ab D G (X2.25)

X2.4.3 Similarly, using Eq X2.12 and X2.13, the change in
a can be found if a, b and the change in b are known. These
equations are useful if the target ID change is known and the
corresponding OD change is to be found.

∆a 5 ∆b
∆a
∆b

(X2.26)

∆a 5 ∆b

q
E

2ab2

a2 2 b2

qb
E S a21b2

a2 2 b2 1νD (X2.27)

∆a 5 ∆b

2ab2

a2 2 b2

b S a21b2

a2 2 b2 1νD (X2.28)
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(E and q drop out)

∆a 5 ∆b 3 S 2ab
a2 2 b2D

S a21b2

a2 2 b2 1νD 4 (X2.29)

a2 5 a1∆a (X2.30)

OD2 5 2~a2! (X2.31)

OD2 5 2~a1∆a! (X2.32)

OD2 5 21 a1∆b 3 S 2ab
a2 2 b2D

S a21b2

a2 2 b2 1νD 4 2 (X2.33)

X2.4.4 Regardless of the equations provided in this section,
allowance shall be made for using other valid relationships
with appropriate rationale. For example, if the mock vessel is
made from an elastomer with Poisson’s ratio of approximately
is 0.5 (as is the case for latex), a much simpler set of relations
than those provided above may be used. A Poisson’s ratio of
0.5 indicates that deformation occurs under constant volume
conditions. If the length of a mock vessel is fixed by mounting
on a fatigue tester, constant volume deformation reduces to
constant cross-sectional area (A) deformation. If a mock
vessel’s cross-sectional area is constant, the following relations
may be used:

X2.4.4.1 If the OD is known and the ID is to be found, use:

ID 5ŒOD2 2
4
π A (X2.34)

X2.4.4.2 If the ID is known and the OD is to be found, use:

OD 5ŒID21
4
π A (X2.35)

X2.4.4.3 Other relationships may also be valid under some
conditions.

X2.5 Recommendations for Stent Deployment in a Mock
Vessel

X2.5.1 The stent shall be deployed in the mock vessel in
such a manner as to minimize end effects where the vessel is
connected to the test device and at a sufficient distance from
other stents that may be deployed in the same vessel.

X2.5.2 An experimental rule of thumb has been:

X2.5.2.1 For stent diameters less than 10 mm:
20 mm from tubing fittings and (2) stent diameters from other stents

X2.5.2.2 For stent diameters from 10 mm to 30 mm:
30 mm from tubing fittings and (2) stent diameters from other stents
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