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ABSTRACT
Previously validated hardware-only finite ele-

ment models of THA dislocation have clarified how
various component design and surgical placement
variables contribute to resisting the propensity for
implant dislocation. This body of work has now
been enhanced with the incorporation of experi-
mentally based capsule representation, and with
anatomic bone structures. The current form of
this finite element model provides for large defor-
mation multi-body contact (including capsule wrap-
around on bone and/or implant), large displace-
ment interfacial sliding, and large deformation
(hyperelastic) capsule representation. In addition,
the modular nature of this model now allows for
rapid incorporation of current or future total hip
implant designs, accepts complex multi-axial
physiologic motion inputs, and outputs case-spe-
cific component/bone/soft-tissue impingement
events. This soft-tissue-augmented finite element
model is being used to investigate the performance
of various implant designs for a range of clini-
cally-representative soft tissue integrities and sur-
gical techniques. Preliminary results show that
capsule enhancement makes a substantial differ-
ence in stability, compared to an otherwise iden-
tical hardware-only model. This model is intended
to help put implant design and surgical technique
decisions on a firmer scientific basis, in terms of
reducing the likelihood of dislocation.

INTRODUCTION
Finite element analysis of total hip dislocation has

opened new avenues for understanding the biomechani-
cal factors underlying this all-too-common major com-
plication of total hip arthroplasty (THA). Dislocation,
which ranks second only to wear-induced aseptic loos-
ening as a cause of failure, affects 2% to 11% of all pa-
tients in primary series and up to 25% of patients in re-
vision series. One third of these dislocation patients
require revision surgery due to recurrence, with only
60% of those revisions achieving satisfactory stability.
The propensity for dislocation is influenced by many
factors: mechanical design of the implant, inappropri-
ate implant placement, untoward hip joint motions by
the patient, bony impingement, and compromise of pe-
riarticular soft tissue integrity. Unfortunately, the rela-
tive influence of individual factors on dislocation pro-
pensity is difficult to determine from post hoc reviews
of clinical records, due to the confounding effects of
implant design, surgical technique, soft tissue compro-
mise, surgeon experience, and other variables.

Recent finite element models of THA dislocation20-22

enable systematic study of how various total hip com-
ponent design and surgical placement variables contrib-
ute to resisting the propensity for dislocation, during
at-risk hip joint motions. That work has shown that
improved stability (as measured by the peak moment
developed to resist dislocation) comes at the expense
of compromised range of motion, and conversely. To
learn more about the mechanics of the dislocation pro-
cess under clinically relevant circumstances, quantita-
tive motion data from THA-age-matched (but non-im-
planted) human test subjects per forming
dislocation-prone maneuvers were subsequently imple-
mented into this finite element formulation. Results of
that study17, which highlighted seven clinically recog-
nized posture/motion challenges, showed an overall
computationally predicted dislocation incidence of 47%
if these maneuvers in THA patients were to be followed
through the full motion ranges exhibited by non-im-
planted subjects. The authors of that study emphasized,
however, that other factors being equal, their finite ele-
ment formulation tended to underestimate in vivo sta-
bility (thus overestimating dislocation propensity), ow-
ing to its use of a worst-case scenario in terms of head
size and component surgical orientation, and owing to
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its absence of capsule representation. The availability
of these unique human motion data make it feasible to
systematically explore how the inclusion of capsule rep-
resentation affects both dislocation kinetics and overall
THA joint performance, compared to intrinsic “hard-
ware-only” models.

The capsule is important to the stability and proper
function of the hip joint. Clinical studies of hip stability
primarily catalog the propensity for or treatment of dis-
location following hip reconstruction2,4,8,15,16,18,27, or less
often following trauma.6,9,14,19 Experimental studies of hip
stability predominantly have explored the relationship
of fracture fragment size and residual instability4,14,26,28,30,
but also have addressed the passive restraints at the
extremes of motion.29 Hewitt et al.12,13 have recently in-
vestigated the role of joint capsule in hip stability and
movement by mechanically testing individual ligaments
within the capsule itself. In a related study, this group33

has also shown that an intact posterior capsule increases
(by ~2.5 times) the torque required to flex a prosthetic
hip joint to dislocation. Since capsular insufficiency is
well recognized clinically as predisposing to disloca-
tion34, incorporating capsule representation is an impor-
tant next step for making THA finite element disloca-
tion models more fully credible.

The current form of this FE model incorporates
nonlinearities arising from finite-deformation multi-body
contact, large displacement sliding at contact interfaces,
and experimentally derived (hyperelastic) capsule rep-
resentation. In addition, the modular nature of this
model allows for easy incorporation of existing (or fu-
ture) total hip component designs, at various positions
and orientations of surgical placement. Under complex
multi-axial physiologic motion inputs, the model reports
case-specific component/bone/soft-tissue impingement

events, as well as hardware subluxation and dislocation.
The purpose of adding capsulo-ligamentous restraints
to the THA dislocation finite element model is to im-
prove the model’s fidelity to the real world of patient
function. This soft-tissue-augmented finite element
model can potentially provide valuable new information
on both the performance of implant designs for a range
of clinically-representative soft tissue integrities, and
information about stability differences for various sur-
gical approaches and capsular repair techniques. Hope-
fully, this model can therefore help put implant design
and surgical technique decisions on a firmer scientific
basis in terms of reducing the likelihood of dislocation.

MATERIALS AND METHODS
For purposes of incorporating the entire hip capsule

into the existing computational model (Figure 1), it was
important to include the full circumferential mapping
of material properties and geometry, and to unambigu-
ously define a number of discrete sectors. This is be-
cause the forces transmitted by different portions of the
capsule are entirely dependent upon the orientation of
the femur relative to the acetabulum, and upon the lo-
cation of any forces tending to distract the two bones
(i.e., dislocate the hip). Eight individual capsule sectors
were defined, as a compromise between needing to map
a relatively large number of distinct circumferential lo-
cations, versus needing to have tissue samples be large
enough to reliably test.

These eight capsule sectors were incorporated into
the whole-joint finite element model at anatomically
appropriate insertion points, using rigid body renditions
of the femur and hemi-pelvis. As illustrated in Figure 2,
detailed anatomic features of these bony structures were
extracted from CT data, using edge-detection methods

Figure 1. (A) Cut-away of the bony members, illustrating the finite element mesh of THA components and the capsule representation. The
dark black lines illustrate the anatomic capsule attachment locus. (B) Anterior and (C) posterior views of the hemi-pelvis and femur finite
element mesh, where the individual capsule sector definitions are identified by the red dots.
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operating on 1-mm serial sections. Triangulated surfaces
were fitted to the resulting point cloud data for the fe-
mur and hemi-pelvis. These surfaces, which were zoned
with a three-dimensional, all-quadrilateral rigid body fi-
nite element mesh using TrueGrid’s (v2.1, XYZ Scien-
tific Applications, Inc., Livermore, CA) mesh generator,
provide a quantitative spatial basis for establishing cap-
sule attachment sites. Accurate registration of each cap-
sule sector in this computational model was achieved
using common reference points (the anatomical origin
of the hip capsule near the anterior inferior iliac spine,
and the insertion on the lesser trochanter) and initial
geometric measurements obtained from previous ex-
perimental work.25 Each capsule sector was meshed
entirely with hexahedral continuum elements having

experimentally-based material characteristics. Of the
various hyperelastic material models examined, the
Yeoh hyperelastic model35 (a variation of the reduced-
polynomial strain energy function) performed most sat-
isfactorily, in terms of fitting the experimental stress-
strain curves for the individual capsule sectors.

Like the earlier hardware-only dislocation models,
THA components represented in this now bone/cap-
sule/hardware finite element model consisted of three
component parts: a titanium metal backing, an ultra-high
molecular weight polyethylene (UHMWPE) acetabular
component, and a CoCr alloy femoral component (in-
cluding head and neck). The geometry adopted was that
of a widely used metal-backed THA prosthesis*, with
which our institution has considerable clinical and labo-
ratory experience. The CoCr alloy of the femoral com-
ponent and the titanium of the metal backing have on
the order of a thousand-fold higher elastic moduli than
UHMWPE. These metal components were therefore

Figure 2: Full sequence of pre-processing steps, beginning with edge detection of individual CT slices. Point cloud data, which record the
spatial coordinates of individual points along the detected periosteal surface, result from the accumulation of contoured slices taken at
1mm increments. A triangulated surface was then fitted to the point cloud data for each side of the joint (femur here illustrated). Finally, an
all-quadrilateral finite element mesh was projected onto the triangulated surface. The same sequence is used for both the acetabular and
femoral sides.

*Endurance Stem (Size 3, Standard Offset) and Duraloc Metal Shell
(2/Cluster Hole 54mm OD), Depuy Inc., Warsaw, IN.
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modeled and meshed as rigid bodies, composed of
three-dimensional, all-quadrilateral rigid body elements.
The acetabular liner was modeled as geometrically and
materially nonlinear, with constitutive behaviour based
on the fourth order polynomial relationship between von
Mises stress and tangent modulus reported by Cripton7,
and implemented in ABAQUS by Scifert et al.20,22

The inclusion of hip capsule representation (in the
form of eight discrete sectors) introduced the option
for multiple independent contact interfaces. Due to re-
cent contact algorithm improvements, ABAQUS/Ex-
plicit V6.3-1 (ABAQUS, INC., Pawtucket, RI) provides
an efficient method for solving complex contact prob-
lems that include such multiple surface definitions.
Within ABAQUS/Explicit, general contact simulations
are defined by three distinct steps: (1) specifying the
surfaces of the bodies that could potentially come into
contact, (2) specifying which pairs of such surfaces
potentially interact with one another, and (3) specifying
the mechanical surface interaction phenomena that
govern the behavior of such surface pairs when they
are in contact. ABAQUS/Explicit contact capabilities in-
clude finite-sliding contact between deformable bodies
(e.g., capsule against UHMWPE), contact between a
rigid surface and a deformable body (e.g., femoral com-
ponent against UHMWPE, metal backing against
UHMWPE), contact between rigid surfaces (femoral

component impinging against metal backing), and con-
tact between a single deformable body and itself (i.e.,
infolding of individual capsule sectors). In the finite el-
ement model, the THA implant components are sur-
rounded by eight distinct deformable capsule regions,
each having individual hyperelastic material character-
istics. Each such capsule sector can potentially come
in contact with the metal backing, the UHMWPE, the
femoral component, other capsule sectors, and/or itself,
during a dislocation motion event. For all of these pos-
sible contact scenarios that could involve capsule wrap-
around, ABAQUS/Explicit therefore provides the nec-
essary contact simulation capabilities.

 The ability to pre-position the THA components in
numerous surgical orientations using tilt and antever-
sion rotations (Figure 3) provides much-needed flex-
ibility for exploring the effects of surgically-achieved
component orientation as a factor pre-disposing to dis-
location. A cup placement position of 40 degrees of tilt
and 10 degrees of anteversion was chosen, centrally
oriented within the conventional “safe zone” for cup
placement (30-50 degrees of tilt and 5-25 degrees of
anteversion). A global coordinate system origin was
defined at the center of the cup, using the following
reference frame: X-direction being anterior, Y-direction
being medial, and Z-direction being superior. Rotation
of the acetabular component about the horizontal plane
was performed so as to place it into a surgical orienta-
tion of 40 degrees of tilt (abduction). Then, the “tilted”
component was rotated about the superior axis, to 10
degrees of anterversion. By definition, each rigid body
is associated with a specific node, termed the rigid body
reference node, whose motion governs the motion of

Figure 3: Finite element model surgical placement parameters:
cup tilt is defined by the abduction angle from horizontal. Then
rotating the ‘tilted’ component about the superior axis specifies
cup anteversion.
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the entire rigid body. The global origin was used to
define two such rigid body reference nodes: one for the
metal backing and one for the femoral component. Ap-
plication of a zero displacement boundary condition (in
all three coordinate directions) at the metal backing
reference node kept the metal liner constrained against
motion throughout the simulation. To highlight the
capsule’s contribution to stability, kinematics and kinet-
ics were input for the most dislocation-prone maneuver
identified by Nadzadi et al.17: the low sit-to-stand ma-
neuver, as occurs when rising from a toilet. As imple-
mented in previous models, joint loads and boundary
conditions for this specific challenge maneuver were
prescribed at the femoral component rigid body refer-
ence node. For preliminary validation purposes, the FE
model (run using the ABAQUS/Standard v6.3-1 code)
had previously been utilized to replicate the simpler situ-
ation of an intact, whole-capsule cadaveric hip tensile
test24, in which the femur (with natural femoral head)
was distracted away from the acetabulum, in the direc-
tion of the femoral neck axis. The previous load-displace-
ment and stress calculations for that simpler test were
confirmed using the ABAQUS/Explicit V6.3-1 finite el-
ement code.

RESULTS
Modeling the metal backing and femoral component

as rigid bodies (each controlled by an independent rigid
body reference node) allowed for straightforward track-
ing of resultant resisting moments (Figure 4). In addi-
tion, femoral flexion was explicitly tracked. Resisting
moment development as a function of angular motion
input (femoral flexion angle) served as the key output
metric for this study. Typical resisting moment profiles
for “hardware-only” models consisted of three distinct
phases: (1) an initial non-zero baseline moment (typi-
cally less than 0.2 Nm) due to bearing friction between
the UHMWPE liner and the femoral head (friction co-
efficient = 0.038); (2) the onset (toe region of the re-
sisting moment profile) and eventual full engagement
of impingement contact (linearly increasing portion of
the resisting moment profile); and (3) a subluxation
phase which initiates near the peak resisting moment
and is signalled by downslope of the femoral resisting
moment value, until onset of computational instability
(corresponding to physical dislocation). In the capsule-
enhanced model, by contrast, the angular motion input
was met with substantial resistance due to progressive
tautening of the capsule even from the initiation of flex-

Figure 5: (A) Component-only model at an instant well into impingement, (B) component mesh of the capsule-augmented model at the same
configuration, and (C) posterior view of stress contours within the capsule sectors during a low sit-to-stand maneuver.
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ion. This tautening resistance resulted in a dramatic
increase in the resisting moment developed through-
out the low sit-to-stand maneuver (see Figure 4). Once
impingement occurred, there was an additional, more
precipitous spike of resisting moment, roughly compa-
rable to that seen for impingement onset in the hard-
ware-only model. For this particular extreme maneu-
ver, the capsule was stressed (to about 70% of its failure
strength25). Since this taughtened tissue lies apprecia-
bly eccentric to the neck-liner impingement fulcrum, it
works efficiently “in parallel” with the implant itself to
resist the tendency for dislocation (Figure 5), reducing
the peak polyethylene stresses at the impingement site
and at the head egress site by typically 27% and 50%,
respectively, relative to the hardware-only case. These
preliminary results show that capsule representation
provides approximately a 3.6-fold increase in construct
stability, compared to an otherwise identical hardware-
only construct.

DISCUSSION
The purpose of adding capsulo-ligamentous restraints

to the THA dislocation model was to improve the
model’s applicability to the full reality of patient func-
tion. Maximal dislocation resistance of the hardware
construct itself is of course absolutely desirable. How-
ever, the inclusion of the nonlinear restraints (especially,
capsulo-ligamentous tautening) was felt to be likely to
substantially alter dislocation kinetics. This may lead,
for example, to substantially less net clinical efficacy of
a specific implant design improvement than might be
apparent strictly from the intrinsic hardware perfor-
mance. Experience to date with hardware-only disloca-
tion models has been that changes of individual com-
ponent design parameters (e.g., liner lip bevel angle,
neck taper angle, head center insert, etc.) which achieve
improved stability (as measured by the peak moment
developed to resist dislocation) come at the expense of
compromised range of motion, or conversely. While
implants can be designed to strongly favor either sta-
bility or range of motion, hardware-only finite element
models provide no guidance as to which type of design
is better suited to an individual patient’s need, especially
if capsule compromise is appreciable.

Successful application of the finite element method
to studies of joint and capsule/ligament mechanics is a
significant technical challenge, due to complex geom-
etries, large deformations, multi-body contact, and the
in situ stress that provides resting capsule tension and
joint stability. In addition, realistically modeling capsule/
ligament structures requires a detailed mathematical
description of the material behavior. Previous finite ele-
ment joint models that have incorporated ligament me-

chanics into their formulation have used one-dimen-
sional ligament representations1,3,5,11 (simple springs),
two-dimensional representations23 (isotropic plane strain
quadrilateral membrane elements), and fully three-di-
mensional (hexahedral continuum elements) represen-
tations.10,31,32 Using one-dimensional spring elements, the
capsule material behavior can be characterized using a
simple (often times nonlinear) load-elongation relation-
ship, which greatly reduces the overall complexity of
the model. Unfortunately, one-dimensional representa-
tions lack the ability to predict capsule stress distribu-
tions, and only allow joint load transfer at the discrete
element attachment points (i.e., wrap-around contact
between the capsule and the bone/implant is not ac-
commodated). Two-dimensional representations are
also insufficient for determining stress distributions
throughout the capsule material. Since the forces trans-
mitted by a different portion of the capsule are heavily
dependent upon the orientation of the femur relative to
the acetabulum, and upon the location of any forces
tending to distract the two bones (i.e., dislocate the hip),
it was important to make the investment of treating the
capsule as a full three-dimensional continuum, with ex-
perimentally-based hyperelastic material properties.

Now that capsule inclusion in the total hip disloca-
tion model has been achieved, an attractive application
will be to undertake parametric trials of how stability-
favoring versus range-of-motion-favoring implant de-
signs perform—in terms of avoiding dislocation—un-
der a range of clinically representative soft tissue
integrities. Specific parameters of interest for such pur-
pose include generalized capsulo-ligamentous laxity, and
localized stiffness deficit (or absence) of individual liga-
ment and/or capsule structures. These soft tissue ab-
normalities can be reasonably well appreciated on care-
ful clinical examination, but there currently is no
objective basis for knowing what (if anything) to do dif-
ferently from case to case in terms of implant choice or
targeted surgical positioning of the components. An-
other attractive application will be to undertake para-
metric series to help put surgical technique decisions
on a firmer mechanical basis. Currently, several very
distinct surgical approaches to the hip joint are advo-
cated. Surgical approach is widely recognized as a fac-
tor in the different dislocation rates experienced by in-
dividual surgeons, but the arguments advanced in favor
of one or another approach remain entirely subjective.
(The particular approach in use at the institution where
the surgeon happened to have trained, for example, is
often favored simply from familiarity). A related issue
is the extent of capsular excision that is appropriate
during surgery. Tradeoffs for the presumed stability
decrease that accompany partial or full capsule excision
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include improved surgical exposure and improved range
of motion. The gamut of considerations (again, subjec-
tively based) includes complete capsule removal, pos-
terior capsule removal, distal capsule preservation, su-
perior capsule preser vation, or complete capsule
preservation. And, the effects of complete or partial in-
cision repair could be quantified for any of these surgi-
cal approach variants. Clearly, the capsule-enhanced fi-
nite element model can introduce a much-needed source
of information for objectively studying these issues, es-
pecially during the present era where novel surgical ap-
proaches are rapidly evolving for minimally invasive
procedures.
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