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Standard Practice for
Finite Element Analysis (FEA) of Non-Modular Metallic
Orthopaedic Hip Femoral Stems1

This standard is issued under the fixed designation F2996; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This practice establishes requirements and consider-
ations for the numerical simulation of non-modular (that is,
limited to monolithic stems with only a femoral head / trunnion
taper interface) metallic orthopaedic hip stems using Finite
Element Analysis (FEA) techniques for the estimation of
stresses and strains. This standard is only applicable to stresses
below the yield strength, as provided in the material certifica-
tion.

1.2 Purpose—This practice establishes requirements and
considerations for the development of finite element models to
be used in the evaluation of non-modular metallic orthopaedic
hip stem designs for the purpose of prediction of the static
implant stresses and strains. This procedure can be used for
worst case assessment within a family of implant sizes to
provide efficiencies in the amount of physical testing to be
conducted. Recommended procedures for performing model
checks and verification are provided to help determine if the
analysis follows recommended guidelines. Finally, the recom-
mended content of an engineering report covering the mechani-
cal simulation is presented.

1.3 Limits—This practice is limited in discussion to the
static structural analysis of non-modular metallic orthopaedic
hip stems (which excludes the prediction of fatigue strength).

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

1.5 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.

2. Referenced Documents

2.1 ISO Standards:2

ISO 7206-4 (2010) Implants for Surgery—Partial and Total
Hip Joint Prostheses—Part 4: Determination of Endurance
Properties and Performance of Stemmed Femoral Com-
ponents

3. Significance and Use

3.1 This practice is applicable to the calculation of stresses
seen on a femoral hip stem when loaded in a manner described
in ISO 7206-4 (2010). This method can be used to establish the
worst case size for a particular implant. When stresses calcu-
lated using this practice were compared to the stresses mea-
sured from physical strain gauging techniques performed at
two laboratories using two different methods, the results
correlated to within 8 %.

4. Geometric Data

4.1 Finite element models are based on a geometric repre-
sentation of the device being studied. The source of the
geometric details can be obtained from drawings, solid models,
preliminary sketches, or any other source consistent with
defining the model geometry. In building the finite element
model, certain geometric details may be omitted from the
orthopaedic implant geometry shown in the CAD model if it is
determined that they are not relevant to the intended analysis.
Engineering judgment shall be exercised to establish the extent
of model simplification and shall be justified.

4.2 It is most appropriate to consider the “worst case” stress
condition for the orthopaedic implant being simulated. The
“worst case” shall be determined from all relevant engineering
considerations, such as stem geometry, dimensions, and head
offset. If finite element analysis is being used for determining
the worst case, then the worst case head offset may not be
known. It may be necessary to run several variants of head
offset, in order to determine this.1 This practice is under the jurisdiction of ASTM Committee F04 on Medical and

Surgical Materials and Devices and is the direct responsibility of Subcommittee
F04.22 on Arthroplasty.
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2 Available from International Organization for Standardization (ISO), 1, ch. de
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5. Material Properties

5.1 The required material properties for input into an FEA
model for the calculation of strains and displacement are
modulus of elasticity (E) and Poisson’s ratio (ν). These values
can be obtained from material certification data. It should be
noted that as ISO 7206-4 (2010) is run under load control, the
FEA should also be run under load control. When the FEA is
run under load control, the modulus of elasticity will not affect
the stress calculations under small displacement theory but will
affect displacement and strain. The influence of Poisson’s ratio
on the stress calculations is negligible.

5.2 Ensure that material property units are consistent with
geometric units in the CAD model. SI units are the preferred
units of measure.

6. Loading

6.1 The loading and orientation of the hip stem shall be
guided by the ISO 7206-4 (2010) standard. The areas of
particular interest are the stresses in the neck region, driver
hole region, potting level, and other design-specific critical
regions.

6.2 The load shall be applied such that the magnitude and
direction are identical to that defined in ISO 7206-4 (2010).
The point of load application shall produce a statically equiva-
lent bending moment to a load applied through the head center
with its worst case head offset.

6.2.1 The load in the model will be applied to the end
circular face of the hip stem trunnion or in a justifiably
equivalent manner. The trunnion may be extended or truncated

to approximate the loading conditions that simulate the worst
case head offset, which may be determined via an iterative
process. This approximation should be reported if performed.
Alternatively, a rigid couple can be used to tie the load point to
the trunnion end circular face. Refer to Fig. 1.

6.2.2 It is recognized that the loading conditions in this
practice are not identical to that of ISO 7206-4 (2010).
However, the difference in loading conditions (for example,
load applied to surface of head versus face of stem trunnion;
potting level differences; use of bone cement which is not
modeled in FEA) does not significantly affect identification of
the “worst case” stress condition and construct for subsequent
bench testing, which is the primary objective of this practice.

6.3 Ensure that load units are consistent with material
property units.

7. Boundary Conditions

7.1 The hip stem will first be cut at a distance from the
center of the head as described in ISO 7206-4 (2010) with the
worst case head/neck offset. This cut represents the level to
which stresses and strains shall be evaluated. A second cut shall
then be made 10 mm below the first cut. The hip stem shall be
constrained in all directions on all faces distal to the second
cut. Constraining the stem in this manner ensures that exces-
sive erroneous stresses are not generated at the region of
interest due to the influence of rigid fixation. Refer to Fig. 2,
Fig. 3, and Fig. 4, which present three stem length variants
provided in ISO 7206-4 (2010). The use of other stress
evaluation levels or constraint levels, or both, shall be justified.

FIG. 1 Load Application
NOTE 1—Generating the statically equivalent maximum bending moment by (a) an offset node tied rigidly to the circular trunnion face, or (b) a

cylindrical extension (or truncation of circular trunnion face which equals the maximum femoral head offset (which is an approximation of the offset node
method, to be documented if utilized). As an example, the modeling of a +8 mm femoral head offset is shown here. Figures are for illustration purposes
only.
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8. Analysis

8.1 The analysis and modeling system, programs, or soft-
ware used for the finite element model creation and analysis

should be capable of fully developing the geometric features
and idealizing the loading and boundary condition environment

FIG. 2 Boundary Condition Location for Hip Stem Length #120 mm
NOTE 1—CT: Distance between center of the head and the most distal point of the stem.

FIG. 3 Boundary Condition Location for Hip Stem Length of 120 mm < CT # 250 mm
NOTE 1—CT: Distance between center of the head and the most distal point of the stem.
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of the orthopaedic implant. An engineering justification shall
be provided to support any assumptions or simplifications, or
both.

8.2 The finite element can be created using automatic
meshing, manual meshing, or a combination of the two
techniques. The overriding consideration is that the type, the
size, and the shape of the elements used must be able to
represent the expected behavior without significant numerical
limitation or complication. Most FEA packages have a built-in
program which checks the shape of the element for the type of
analysis selected. If this tool is not available, then additional
checks are needed.

8.3 The number and spacing of nodes (that is, mesh density)
should be consistent with the type of element used and the type
of result desired. This may be demonstrated with a mesh
density study, whereby a series of models with increasing mesh
refinement in the critical stress regions is used to demonstrate
solution convergence. This allows the error associated with
subsequent models to be estimated. The method used to
demonstrate mesh convergence, in analysis cases where it is
not performed directly onto the model being analyzed, shall be
documented in the FEA report. It is recommended that a model
convergence of ≤5 % is demonstrated on all measures and
regions of interest (see footnote 3).

8.4 The choice of element type is left to the analyst;
however, it is recommended for analysis of a hip stem that
tetrahedral or hexahedral elements be used. If tetrahedral
elements are considered, use of 4-noded elements should be

avoided to prevent stress and strain incompatibilities across
elements. Additionally, the linear, 4-noded tetrahedron element
is a constant strain element. This means that displacement
interpolation is linear and the corresponding stresses and
strains are constant within any element. Therefore, a very
refined mesh is required around locations where high stress/
strain gradients are present when utilizing these elements.
When elements are used which are not directly identified in the
guide, documentation shall be provided in the FEA report
which demonstrates their validity.

8.5 The finite element results should be examined to ensure
that the geometrical models of the implant, boundary
conditions, and applied loads have been appropriately defined
in the analysis and properly represent the behavior being
analyzed.

8.6 The measure of interest is the Maximum (1st) Principal
Stress. Refer to Fig. 5. If other stress values are used, their
validity for use should be documented.

9. Report

9.1 The finite element analysis for the evaluation of an
orthopaedic implant should be fully documented in an engi-
neering report. The actual format of the report should comply
with any acceptable proprietary or non-proprietary engineering
report format; however, the report shall include, but is not
limited to, the following:

(1) A complete description of device being analyzed in-
cluding detailed dimensions. Report can reference a source

FIG. 4 Boundary Condition Location for Hip Stem Length of CT > 250 mm
NOTE 1—CT: Distance between center of the head and the most distal point of the stem.

F2996 − 13

4

 



CAD geometry file by name and revision number. If the
evaluation is not being performed on the final design of the
device or if there are other significant assumptions that may
limit the use of the results, this must be clearly stated.

(2) A description of boundary constraints, loads, and ma-
terial properties. The source of the material property data
utilized should be referenced.

FIG. 5 Typical Maximum Principal Stress Plots for the Driver Hole, Potting Level, and Neck
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(3) A summary of the finite element modeling and analysis
system used for the analysis. If current versions of widely used,
commercially available software are used, this summary can be
by name and reference to the version used. For non-
commercially available, proprietary tools, or customer user
modification of commercially available software, sufficient
technical background and results of test problems should be
provided to demonstrate the utility, verification, applicability,
and limitations of the software tool.

(4) A description of the procedure used to convert the
geometric or CAD representation of the device to the finite
element model. Any geometry simplifications should be docu-
mented.

(5) A description of the finite element model and its
relation to the device being evaluated. The number of nodes
and elements (or the degrees of freedom in the model), the
finite element type selected including its capabilities, and any
special considerations involved in the model should be in-
cluded. For each region of interest, the maximum (1st) principal
stress and von Mises stress at the location of maximum (1st)
principal stress shall be reported.

(6) A description of mesh convergence considerations and
how they were applied to the analysis.

(7) A description of any numerical considerations or con-
vergence criterion associated with the analysis.

(8) A summary of analysis results using all appropriate
forms of text, graphics, and tabular representations of data to
highlight the key behavioral characteristics involved in the
evaluation.

(9) Engineering conclusions or recommendations as appro-
priate.

(10) Deviations from this standard.
(11) All relevant references and supporting documentation

and drawings.

10. Precision and Bias

10.1 The precision and bias of this practice has not been
established.

11. Keywords

11.1 computational simulations; displacements; FEA; finite
element analyses; model calibrations; model validations;
model verifications; orthopaedic implants; solution sensitivity;
strains; stresses

APPENDIXES

(Nonmandatory Information)

X1. ROUND ROBIN STUDY

X1.1 A round-robin study was performed with seven labs on
a representative hip stem model (refer to Figs. 1-4 for geom-
etry) following the procedure in this practice. The length of the
stem falls into the category depicted by Fig. 3 of this practice.
A femoral head offset analyzed coincided with the center of the
circular area at the proximal tip of the trunnion was evaluated
(that is, no trunnion extension or contraction was considered).
The model was assumed to have a modulus of elasticity (E) of
113.7 GPa and Poisson’s ratio (ν) of 0.3. The neck, driver hole,
and potting level regions were evaluated (Fig. 5). The maxi-
mum percent difference from the overall average was less than
8 % (Tables X1.1 and X1.2).

X1.2 A laboratory study comparing stresses at the neck and
potting level determined from strain gage measurements to
those calculated from FEA on four commercially available hip
stems was performed at one lab. The average difference
between the measured and calculated stresses for the different
hip stems was 4.24 % (Table X1.3). Details of the methodology
used are provided in Appendix X2.

X1.2.1 A similar study comparing strains at the neck and
potting level determined from strain gage measurements to
those calculated from FEA was performed at a second lab on a
representative hip stem. The average difference between the
measured and calculated strains for the hip stem was 4.2 %
(Table X1.4). Details of the methodology used are provided in
Appendix X2.

X1.2.2 The magnitude of the differences seen in both
studies was consistent with the range of 3 to 7 % reported by
Ploeg, et al.4

X1.3 The CAD model that was analyzed during the round
robin is available from download at http://www.astm.org/

4 Ploeg, H. L., Buergi, M., and Wyss, U.P., “Hip Stem Fatigue Test Prediction
International Journal of Fatigue 31, 2009, pp. 894–905.

TABLE X1.1 Round Robin FEA Model Results—Maximum
Principal Stress (ksi)

NOTE 1—(1) all laboratories used tetrahedral elements, and (2) all
laboratories used the recommended convergence criterion of ≤5 %.
However, also note that the 5 % convergence criterion was not necessarily
performed at each region of interest in the round robin. It is recommended
that when using this practice that the model convergence within each
region of interest be ≤5 %. Reporting of the degrees of freedom is not
necessary if the model satisfies the convergence criterion.

Round Robin Participant Neck Region Driver Hole
Region

Potting Level
Region

Company 1 59.9 26.5 25.3
Company 2 61.7 27.3 24.3
Company 3 62.6 28.2 24.5
Company 4 57.3 25.5 24.3
Company 5 59.3 24.3 22.9
University 1 58.5 24.0 24.5
University 2 58.6 26.3 23.2

Average 59.7 26.0 24.1
Standard Deviation 1.9 1.5 0.8
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COMMITTEE/F04.htm. Given this CAD model, an analyst
can develop a finite element model consistent with that used in
the ASTM Round Robin. Loading and boundary condition
application, as well as a mesh convergence study, can then be
performed utilizing the method outlined in this practice. The
expectation is the user will obtain results that are consistent
with those reported in Tables X1.1 and X1.2.

TABLE X1.3 Percent Difference Between Strain Gage
Measured and FEA Calculated Stresses on Four Different Hip

Stems

Finish Material Location % Difference
Grit blasted Ti-6Al-4V potting level 1.90 %

neck level 7.40 %
Sintered, grit

blasted
Ti-6Al-4V potting level 4.70 %

neck level 1.80 %
Machined Ti-6Al-4V potting level 4.10 %

neck level 7.30 %
Polished CoCr potting level 6.20 %

neck level 0.50 %
Average 4.24 %

TABLE X1.4 Percent Difference Between Strain Gage
Measured and FEA Calculated Strains on a Representative Hip

Stem

Location Physical Test
Strain, %

FEA Averaged
Max Principal

Strain, %

% Difference
Using Averaged

FEA Based
Strain

Femoral neck 0.0929 0.0983 5.5 %
Femoral body,
lateral face at
70 mm level

0.0875 0.0900 2.8 %

Average 4.2 %

X2. A COMPARISON OF FEA-BASED STRAIN RESULTS TO CONVENTIONAL STRAIN GAGE MEASUREMENTS

X2.1 Introduction:

X2.1.1 The purpose of this experiment was to compare the
stresses predicted using finite element analysis (FEA) to those
measured using conventional strain gages on actual physical
test specimens to validate the ASTM FEA methodology.

X2.1.2 At Laboratory 1, hip stems representing a variety of
materials and surface finishes were selected to determine if
there were any variables that would affect the comparison.

X2.1.3 At Laboratory 2, a commercially available hip stem
was selected for evaluation.

X2.1.4 At both laboratories, both strain gage and finite
element analyses were performed under similar loading con-
ditions to compare the stress values generated by each method.

X2.2 Description of Samples, Description of Equipment/
Apparatus, and Test Method:

X2.2.1 Conventional Strain Gage Technique:
X2.2.1.1 Laboratory 1—The following materials were used

during testing:
(1) 1 – grit blasted Ti-6A1-4V commercially available hip

stem.
(2) 1 – sintered and grit blasted Ti-6A1-4V commercially

available hip stem.
(3) 1 – machined Ti-6A1-4V commercially available hip

stem.
(4) 1 – polished CoCr commercially available hip stem.
(5) 12 – strain gages (Vishay Micro-measurements, WK-

06-060WR-350).

(6) 1 – strain gage recorded (Vishay Micro-measurements,
model P3).

X2.2.1.2 Laboratory 2—The following materials were used
during testing:

(1) 1 – polished CoCr commercially available hip stem.
(2) 2 – stacked rosette strain gages (Vishay Micro-

measurements, C2A-13-031WW-350).
(3) 1 – strain gage recorder (Vishay Micro-measurements,

model P3).
X2.2.1.3 Hip stems were tested and simulated using ISO

7206-4 (2010) loading conditions (80 mm potting level). For
each component, rosette strain gages were placed in two
locations. One gage was placed in the area of the peak stress,
and the second was on the superior portion of the neck (Fig.
X2.1).

X2.2.1.4 The components were potted in bone cement
according to the loading configuration. The stems were potted
at a level 90 mm from the center of the femoral head and load
was applied to the top of the femoral head using an X-Y
bearing fixture. Although ISO 7206-4 (2010) loading condi-
tions call for the stem to be potted at 80 mm from the head
center, 90 mm was chosen to be consistent with ASTM FEA
methodology which holds the stem fixed at 90 mm but the peak
stresses are taken at the 80 mm level. The three component
strain measurements were recorded for each rosette gage using
a 4-channel strain gage recorder in 11.2 N increments up to the
maximum load. The results were plotted and curve fitted to
determine the stress versus load relationship. The maximum
principal strain was calculated using the equation:

TABLE X1.2 Round Robin FEA Model Results—Difference From
the Average Value (%)

Round Robin
Participant

Neck Region Driver Hole
Region

Potting Level
Region

Company 1 0 % 2 % 5 %
Company 2 3 % 5 % 1 %
Company 3 5 % 8 % 2 %
Company 4 4 % 2 % 1 %
Company 5 1 % 7 % 5 %
University 1 2 % 8 % 2 %
University 2 2 % 1 % 4 %
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X2.2.1.5 Using a standard value for the Young’s modulus
(E) of each material (Table X2.1),the maximum principal stress
(σ) was calculated according to the following equation for
comparison to the FEA:

σ 5 Eε (X2.2)

X2.2.1.6 Three-dimensional FE models of all the compo-
nents were developed in a commercially available software
package. The components were meshed using 10-noded modi-
fied tetrahedral elements utilizing a commercially available
software package. The hip stems were modified to simulate the
maximum head offset by extruding the taper. A load of 2300 N
was applied to the proximal end at a 10° lateral/9° anterior
direction. The stems were constrained 90 mm below the center
of the femoral head that corresponds to 10 mm below the

potting level to enable recording stresses at 80 mm potting
level used for the ISO 7206-4 (2010) test condition.

FIG. X2.1 Laboratory 1 – Conventional Hip Stem Test Setup Using ISO 7206-4 (2010) Type Loading Conditions (Note 1)
NOTE 1—Figs. X2.1-X4.2 illustrate tests performed at two laboratories which were performed solely to correlate FEA to physical test results.

TABLE X2.1 Laboratory 1—Percent Difference Between Strain
Gage Measured and FEA Calculated Stresses on Four Different

Hip Stems

Finish Material Location % Difference
Grit blasted Ti-6A1-4V potting level 1.90 %

neck level 7.40 %
Sintered, grit

blasted
Ti-6A1-4V potting level 4.70 %

neck level 1.80 %
Machined Ti-6A1-4V potting level 4.10 %

neck level 7.30 %
Polished CoCr potting level 6.20 %

neck level 0.50 %

Average 4.24 %
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X2.2.1.7 The strain gage measurements and FEA predic-
tions were performed independently by two engineers and the
results were subsequently compared.

X3. PARTICIPATING LABORATORIES

X3.1 The following laboratories participated in this inter-
laboratory study:

1. Smith & Nephew, Inc. 2. Stryker Orthopaedics
1450 Brooks Road 325 Corporate Drive
Memphis, TN Mahwah, NJ
38116 07430

Research Manager Senior Manager
Jeff Sprague Walter Schmidt
901-399-5215 201-831-5386
jeff.sprague@smithnewphew.com walter.schmidt@stryker.com

X4. STATISTICAL DATA SUMMARY

X4.1 Conventional Strain Gage Technique

X4.1.1 A summary of the results of the strain gage and finite
element analyses are shown in Table X2.1 and Table X4.1.
Representative pictures of the strain gage setup and FEA
results are shown in Fig. X4.1 (from Laboratory 1) and Fig.
X4.2 (from Laboratory 2).

X4.1.2 While the strain gage analysis provides a single
value for stress at the location of the gage, in reality it is a sum
over an area formed by the gage length of the strain gage. For
the strain gages used in this experiment, the area is approxi-
mately 2.32 mm2. In order to best approximate the area effect
on the FEA results, the values of the nodes over a similar area
were averaged to determine a mean stress value.

X4.1.3 At Laboratory 1, the strain gage values and FEA
predicted stresses were within 4.24 %, on average. The maxi-
mum error observed with any of the strain gages was 7.40 %,
and the minimum error observed as 0.50 %.

X4.1.4 At Laboratory 2, the strain gage values and FEA
predicted stresses were within 3.8 %, on average for the single
hip stem instrumented.

TABLE X4.1 Laboratory 2—Percent Difference Between Strain
Gage Measured and FEA Calculated Stresses on Four Different

Hip Stems

Finish Material Location % Difference
Polished CoCr potting level 2.8 %

neck level 4.8 %

Average 3.8 %
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FIG. X4.1 Laboratory 1—Conventional Strain Gage (left) and FEA (right) Comparison for the Grit Blasted Ti-6Al-4V Hip Stem (Note 1)
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT/).

FIG. X4.2 Laboratory 2—Conventional Strain Gage (left) and Localized FEA Results (right) Comparison in the Region of Interest for the
Polished CoCr Hip Stem (Note 1)
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