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Abstract Femoropopliteal artery (FPA) reconstructions are
notorious for poor clinical outcomes. Mechanical and flow
conditions that occur in the FPAwith limbflexion are thought
to play a significant role, but are poorly characterized. FPA
deformations due to acute limb flexion were quantified using
a human cadaver model and used to build a finite element
model that simulated surrounding tissue forces associated
with limb flexion-induced deformations. Strains and intra-
mural principal mechanical stresses were determined for
seven age groups. Computational fluid dynamics analysis
was performed to assess hemodynamic variables. FPA shape,
stresses, and hemodynamics significantly changed with age.
Younger arteries assumed straighter positions in the flexed
limb with less pronounced bends and more uniform stress
distribution along the length of the artery. Even in the flexed
limb posture, FPAs younger than 50 years of age experienced
tension, while older FPAs experienced compression. Aging
resulted in localization of principal mechanical stresses to
the adductor hiatus and popliteal artery below the knee that
are typically prone to developing vascular pathology. Max-
imum principal stresses in these areas increased threefold
to fivefold with age with largest increase observed at the
adductor hiatus. Atheroprotective wall shear stress reduced
after 35 years of age, and atheroprone and oscillatory shear
stresses increased after the age of 50. These data can help
better understand FPA pathophysiology and can inform the
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design of targeted materials and devices for peripheral arte-
rial disease treatments.
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1 Introduction

The femoropopliteal artery (FPA) is the largest artery in the
limb supplying blood to the tissues of the lower extrem-
ity. It includes the more proximal superficial femoral artery
(SFA) and the more distal popliteal artery (PA) separated by
the adductor hiatus (AH), a tendinous channel between the
adductor magnus muscle and the femur. The AH and the PA
are the most common sites for atherosclerotic obstruction
that reduces blood flow to the lower limbs (Watt 1965)—a
condition known as peripheral arterial disease (PAD). PAD
is one of the major contributors to public health burden
and is one of the most expensive vascular diseases to treat
(Mahoney et al. 2008). The high cost is mostly attributed to
large numbers of peripheral vascular operations and interven-
tions that fail and require reintervention (Adam et al. 2005;
Schillinger et al. 2006; Conte et al. 2006; Schillinger et al.
2007).

High failure rates of FPA interventions compared to other
arterial beds suggest that local factors unique to the FPAmay
have a significant role. The two major differences between
the leg artery and other arteries in the body, are the complex
biomechanical environment that imposes bending, twisting,
and compression deformations on the FPA with limb flex-
ion and extension (Ansari et al. 2013; MacTaggart et al.
2014; Desyatova et al. 2017b; Poulson et al. 2017), and slow
complex flow in the flexed limb posture (Newcomer et al.
2008). Severe FPA deformations with limb flexion may con-
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tribute to arterial wall injury (Clowes et al. 1983;MacTaggart
et al. 2014), mechanical failure of the repair device due to
fatigue and fracture (Iida et al. 2006; Higashiura et al. 2009;
Ansari et al. 2013), and atherogenic flow patterns with low
and oscillatory shear (Malek et al. 1999). In addition, these
mechanical and flow characteristics may change with age as
FPA loses longitudinal pre-stretch and becomes more tor-
tuous in the flexed limb posture (Kamenskiy et al. 2016).
This can contribute to higher intramural stresses and lower
flow shear stress that can switch the phenotype from athero-
protective (>1.5 Pa) to atheroprone (<0.4 Pa) (Malek et al.
1999). All these factors acting synergistically may lead to
deleterious cellular and biochemical responses, culminating
in restenosis and reconstruction failure (Dunlop and Santos
1957; Palma 1959; Watt 1965; Clowes et al. 1983; Wensing
et al. 1998).

While deformations of the FPA have recently been char-
acterized (MacTaggart et al. 2014; Desyatova et al. 2017b;
Poulson et al. 2017), mechanical stresses and flow hemo-
dynamics associated with these deformations have not yet
been determined. Our recent study (Desyatova et al. 2017a)
focused on developing a computational framework to study
limb flexion-induced FPA stresses and strains, and the goal
of the current work was to apply this approach to determine
how limb flexion-induced arterial stresses, deformations, and
hemodynamics change with age.

2 Methods

2.1 FPA deformations with limb flexion, mechanical
properties, and constitutive formulation

Arterial deformations were measured using an 89-year-old
male human cadaver model, custom-designed intra-arterial
markers, and computed tomography (CT) imaging. Details
of the model and the method are provided elsewhere (Mac-
Taggart et al. 2014; Desyatova et al. 2017b; Poulson et al.
2017). Briefly, limbs were imaged in the standing (180◦ at
the knee, straight) and gardening (60◦ at the knee, acutely
bent) postures using clinical CT (Fig. 1), and image segmen-
tation was used to determine spatial marker positions. These
positions were used to measure FPA deformations with limb
flexion.

A large set of 579 fresh FPA specimens from 351 donors
13–82 years old was used to determine the mechanical prop-
erties and in situ pre-stretch of FPAs from seven age groups.
Details of these biaxial tests are provided in Kamenskiy et al.
(2017). Four-fiber family invariant-basedmaterialmodelwas
used to describe the FPA behavior (Desyatova et al. 2017a;
Kamenskiy et al. 2017). Strain energy density U for this
material has the form:

Fig. 1 3D reconstruction of theCTdemonstrating limbs in the standing
(180◦, left) and gardening (60◦, right) postures. Intra-arterial markers
are colored blue
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Ī1 − 3

) + 1

D1

(
J 2 − 1

2
− ln J

)

+ cel1
4cel2

{
exp

[
cel2

(
I el4 − 1

)2] − 1

}

+ csmc
1

4csmc
2

{
exp

[
csmc
2

(
I smc
4 − 1

)2] − 1
}

+ ccol1

4ccol2

∑

i=3,4

{
exp

[
ccol2

(
I i4 − 1

)2] − 1

}
(1)

Here, C0 is the initial shear modulus of the isotropic ground
substance, ci1 > 0 is a stress-like material parameter for ith
fiber family, ci2 is a dimensionless material parameter for ith
fiber family, and I i4 is a fourth invariant, equal to the square

of the stretch in the ith fiber direction I i4 = Mi
(
CMi

)2 =
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(
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)2
. Mi is a unit vector of the ith fiber direction in

the reference configuration making an angle γ i with the
longitudinal direction.C denotes the rightCauchy-Green ten-
sor. Modified anisotropic formulation with full anisotropic
invariants (Nolan et al. 2014) was adopted to properly model
material response under volumetric deformations.

Fiber families representing histological FPA structure
(Kamenskiy et al. 2016) include elastin oriented along the
longitudinal direction (γ el = 0); smooth muscle cells ori-
ented in the circumferential direction (γ smc = π/2); and two
families of collagen fibers oriented helically at angle ±γ .
Constitutive model parameters (c0, cel1 , cel2 , csmc

1 , csmc
2 , ccol1 ,

ccol2 , γ ) for different age groups alongwith the age-specific in
situ longitudinal pre-stretch are provided in Kamenskiy et al.
(2017). Parameter D1 was chosen such that the ratio of initial
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bulk modulus to initial shear modulus was K0/C0 = 20 to
satisfy recommendations for explicit analysis.

2.2 Finite element model of the FPA deformations with
limb flexion

Finite element (FE) analysis using Abaqus 6.14/Explicit
(Simulia, Dassault Systemes, Waltham, MA) was employed
to quantify intramural principal mechanical stresses due to
limb flexion-induced FPAdeformations. Details of themodel
are provided elsewhere (Desyatova et al. 2017a), butmethod-
ology will be briefly summarized below. FPA was modeled
as a tube lofted along the arterial centerline in the straight
limb posture. The shape of the artery in the straight position
was assumed the same across all age groups, but was uni-
formly scaled down using an inverse of age-specific in situ
pre-stretch λinsituz to simulate axial retraction upon excision
to a stress-free configuration. Longitudinal pre-stretch var-
ied from 1.53 for the youngest to 1.10 for the oldest group
(Kamenskiy et al. 2017).

Since arterial diameters and wall thickness change with
age (Kamenskiy et al. 2017), pressurization experiments
were performed on 32 human FPAs 15–72 years old (aver-
age age 50 ± 18 years old) to determine correct arterial
dimensions for the model. Arteries were pressurized with
formalin at 120 mmHg for 24 h, and pressure-fixed cross
sections were used to measure internal diameters and wall
thickness. Diameters ranged from 4.7 mm in the youngest
age group to 6.7 mm in the oldest following a linear rela-
tion D = 0.034 × age + 4.106 (mm), while wall thickness
remained approximately 1 mm for FPAs younger than 50
years old and then increased at a rate of 0.1 mm per decade
of life. Along with diameters and wall thickness, material
properties in themodel were also adjusted for each age group
based on data provided in Kamenskiy et al. (2017). In order
to determine whether pre-stretch reduction or material stiff-
ening has stronger effect on the deformed shape, a constant
pre-stretch of 1.10 was used in combination with varying
material properties.

Deformationfield associatedwith limbflexionwasdefined
by the differences between the FPA centerlines in the straight
and flexed limb postures. However, the deformed shape may
be different in younger arteries because they are more com-
pliant and have higher longitudinal pre-stretch. To account
for this, a set of springs and dashpots was utilized instead
of directly applying the displacement field. Artery was sec-
tioned along the centerline in locations corresponding to
the intra-arterial markers and midway between the mark-
ers. These sections were constrained to move as rigid bodies
with their reference points serving as attachment points of
springs and dashpots. Displacement boundary conditions
were prescribed to the opposite end of springs and dashpots.
Spring stiffness was set to 50 kN/m and dashpot coefficient

to 0.05 kNs/m as determined previously (Desyatova et al.
2017a).

Deformation of the FPA from the straight into the flexed
configuration was performed quasi-statically by applying
displacements to spring reference points using smooth step
amplitude. Soft springs allowed the artery to assume differ-
ent shapes depending on the stiffness and in situ longitudinal
pre-stretch of the FPA in each age group. Kinetic and internal
energies were monitored to ensure that kinetic energy stayed
within 5% of the internal energy during the entire loading
process. Four-node linear reduced integration shell elements
(S4R) were used to create an FE mesh. Enhanced hourglass
control was used to avoid mesh instability, and convergence
study was performed to determine optimummesh size. Four-
fiberFPAconstitutivemodelwas implementedusingmaterial
user subroutine VUMAT for shell elements and validated
using experimental data. Out-of-plane shear stiffness was set
at k11 = k22 = 1 MPa, k12 = 0 for all simulations (Desy-
atova et al. 2017a). Local material orientation was defined
along the longitudinal (axis 1), circumferential (axis 2), and
transverse (axis 3) directions.

Effects of age on the stress–strain state were assessed by
comparing maximum principal stresses and centerline defor-
mations across all seven age groups. Maximum principal
stresses were calculated through the wall thickness in each
element of the model except those near the rigid rings where
stress values were influenced by edge effects. Maximum and
median values of maximum principal stress along the arterial
segment were reported. Axial deformation of the artery was
calculated for each pair of intra-arterial markers (Fig. 1) and
for the entire SFA and PA segments. Calculation was done
relative to the pre-stretched in situ length in the straight limb
posture. Since in situ configuration is not stress-free due to
the presence of longitudinal pre-stretch, an additional axial
deformation measurement relative to the excised stress-free
length was obtained. Finally, arterial bending was assessed
by calculating centerline curvature and tortuosity. Tortuosity
was defined as the ratio of centerline length to the shortest
distance between the centerline endpoints, and curvature was
measured as a reciprocal of the centerline-inscribed radii.

2.3 Computational fluid dynamics in the FPA with limb
flexion

Computational fluid dynamics (CFD) analysis was per-
formed to assess the effects of limb flexion on the FPA
hemodynamics. Arterial centerlines in the flexed limb pos-
ture obtained from FEA were extracted for all seven age
groups, and surface lofting along the centerline was per-
formed with age-specific diameters used in the FEA model.
Volumemeshwas createdwith open-source VMTK software
suite (Antiga et al. 2008), and the Navier–Stokes equations
were solvedwith C++ FE library lifeV (Passerini et al. 2013).

123



A. Desyatova et al.

Blood was modeled as a Newtonian fluid with 1060 kg/m3

density and 0.0035 Pa · s viscosity. The inflow boundary
condition represented a typical femoral artery pulsatilewave-
form (Patel et al. 1965) that was assumed the same for all age
groups. Stress-free condition was imposed at the distal end
of the FPA. Time-averaged wall shear stress (TAWSS) and
oscillatory shear index (OSI) were calculated to assess FPA
hemodynamics. Time convergence was achieved by simu-
lating six cycles with a time step of 0.000642 s. Solutions
were mesh independent with<5% difference in TAWSS and
<10% in OSI. The number of elements depended on the age
group and varied from 720 × 103 to 1555 × 103.

3 Results

Figure 1 demonstrates shapes of the FPA in the standing and
gardening postures obtained with CT imaging. Limb flexion
produced severe FPA deformations primarily at the AH and
in the PA below the knee. FE modeling demonstrated that
tortuosity of the FPAs in the flexed limb posture increased
with age, particularly in the areas around the AH and in the
PA below the knee (Fig. 2). However, reduced tortuosity in
younger FPAswas primarily determined by pre-stretch rather
than more compliant material properties. In fact, when a pre-
stretch of 1.10 that is characteristic of a 71–80-year-old FPA
was used with material characteristics from an 11–20-year-
old artery, FPA tortuosity in the flexed limb posture was even
larger than in the oldest age group.

Distribution of the in situ and excised axial deformations
(%) along the normalized length of the artery for seven age
groups is demonstrated in Fig. 3a, b. Change in axial defor-
mation with age for both the SFA and the PA segments is
summarized in Fig. 3c, d, with solid lines representing aver-
age and dashed lines representing peak values. In situ axial
compression decreased with age, while excised compression
increased. Relative to the stress-free excised configuration
(Fig. 3b, d), arteries younger than 50 years of age experienced
mostly tension (up to 25%) in the flexed limb posture with
only the AH and several areas in the PA below the knee expe-
riencing compression of 3–12% depending on age group. On
the contrary, older arteries were in compression along most
of their length reaching as high as 22% compression at the
AH and in the PA. With respect to the pre-stretched in situ
configuration, FPAs in the flexed limb posture always expe-
rienced axial compression with peak values ranging from 35
to 29% depending on the age group (Fig. 3a, c).

Change in tortuosity of the FPA with age is shown in
Fig. 4a. Distribution of the FPA curvature along the normal-
ized length of the artery for three age groups is presented
in Fig. 4b. There is a gradual increase in tortuosity with
age from 1.39 in the youngest group to 1.55 in the old-
est group. Increased tortuosity reflected changes in the FPA

shape demonstratingmore pronounced peaks in the curvature
graph for older arteries (Fig. 4b).

Distribution of maximum principal stresses in the artery is
demonstrated in Fig. 2a for three age groups. Stresses in the
vicinity of rigid rings have artificially high values due to edge
effects; therefore, they were excluded from the analysis. Fig-
ure 2 demonstrates that areas of stress concentration change
with age. In younger FPAs stresses are higher in the rela-
tively straight segments of the artery that experience stretch
(i.e., proximal PA), whereas in the older FPAs high stresses
are localized to the areas of acute bends, i.e., at the AH and
in the PA below the knee. Dependence of maximum stresses
on age is demonstrated in Fig. 5a. Maximum stresses do not
change significantly around the AH in arteries younger than
40 years of age and average 54 kPa. Older arteries experi-
ence a sharp increase in stress up to 240 kPa in the oldest
group. Unlike stresses in the distal SFA, stresses below the
knee are increasing with age even in younger arteries, but
level at approximately 200 kPa starting at the age of 50 years
old. Contrary to the maximum stresses, median intramural
stresses decrease with age for both the SFA and the PA pri-
marily due to non-uniform stress distribution in older FPAs
and large areas of artery that experience no or very little stress
(Figs. 2, 5b). For the youngest age group median stresses
average 21 kPa in both the SFA and PA. They gradually
decrease with age to become less than 5 kPa.

Analysis of hemodynamics is presented in Fig. 2b, while
changes in TAWSS and OSI are presented in Fig. 6 as a
percentage of the total surface area.AtheroprotectiveTAWSS
(>1.5 Pa) and atheroprone TAWSS (<0.4 Pa) were defined
according toMalek et al. (1999), and the results demonstrate a
significant reduction of atheroprotective TAWSS by 35 years
of age and exponential increase in atheroprone TAWSS after
50 years of age. In addition, OSI monotonically increases
during the entire life span, but the increase is accelerated
after 50 years of age. In middle-aged arteries, low TAWSS
and high OSI are localized primarily to the AH and PA below
the knee. In older age groups, the majority of the artery is
experiencing atheroprone TAWSS with no atheroprotective
TAWSS and significantly more oscillatory flow.

4 Discussion

Aging is one of the primary non-modifiable risk factors
for vascular disease (Learoyd and Taylor 1966; Jani and
Rajkumar 2006; Greenwald 2007; O’Rourke 2007; Lakatta
et al. 2009; Lee and Oh 2010; Kamenskiy et al. 2017). In
human FPA, it is associated with accumulation of collagen
and degradation and fragmentation of elastin that results
in reduction of longitudinal pre-stretch (Kamenskiy et al.
2015, 2016, 2017). This in turn may lead to more pro-
nounced arterial kinking during limb flexion, high stress
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Fig. 2 Deformed shapes and a distribution of maximum principal
stresses (kPa) and b blood flow in the FPAs of different ages during
limb flexion. Results are presented for three age groups. Note that seg-
ments in (a) around rigid rings were not included in the stress analysis
due to edge effects. Levels of atheroprotective and atheroprone TAWSS

and OSI on (b) were defined according to Malek et al. (1999). Aging
results in higher localization and increased magnitude of intramural
stresses at the adductor hiatus and popliteal artery below the knee, as
well as decrease in atheroprotective TAWSS, and increases in athero-
prone TAWSS and OSI

concentrations, abnormal flow, and deleterious cellular and
biochemical responses potentially culminating in vascular
disease or reconstruction failure (Dunlop and Santos 1957;
Palma 1959; Watt 1965; Clowes et al. 1983; Wensing et al.
1998; MacTaggart et al. 2014). In this study, we have inves-
tigated the effect of aging on limb flexion-induced FPA
deformations, stresses, and hemodynamics using computa-
tional modeling.

Our results demonstrate that the shape of the artery, its
intramural stresses, and blood flow hemodynamics signifi-
cantly change with age. Younger arteries assume straighter
positions in the flexed limb with less pronounced bends in
the distal SFA near the AH and in the PA below the knee.
This effect was also observed experimentally by Cheng et al.
(2010) who found less FPA bending in younger patients with
limb flexion. Our results demonstrate that on average young
FPAs experience 24% axial compression in situ with maxi-
mum values reaching 34%. Old FPAs on average experience
only 15% compression with maximum values reaching 29%.
Decrease in in situ compressionwith age ismainly associated
with a significant reduction of longitudinal pre-stretch, from
1.53 in younger arteries to 1.10 in older subjects (Kamenskiy
et al. 2016).

These results are in good agreement with experimental
data reported previously. Smouse et al. (2005); Nikanorov
et al. (2008) measured axial compression of 14% in the PA

of 73±10-year-old cadavers.Klein et al. (2009) reported 16%
compression and their subjects were younger, i.e., 57 ± 10
years old. MacTaggart et al. (2014) measured 12±11% aver-
age compressionwithmaximumvalues reaching 19 and 30%
at the AH and in the PA of 76±19-year-old cadavers. Finally,
Poulson et al. (2017) reported 25% maximum PA compres-
sion in 80± 12-year-old cadavers. Only one study measured
axial compression in younger FPAs (20–36 year old) (Cheng
et al. 2006) and found 13% compression; however, these
results were obtained for the more proximal SFA segment
that compresses significantly less than the distal SFA–PAseg-
ments studied here (MacTaggart et al. 2014), which explains
the lower values.

While calculated in situ compression discussed above cor-
relates well with the experimentally measured values, it does
not allow assessing the true stress–strain state experienced by
the artery because of the presence of longitudinal pre-stretch.
Pre-stretch is defined as the ratio of in situ artery length to its
excised length and therefore cannot bemeasured in vivo. Pre-
stretch in the human FPA can be estimated based on subject’s
age (Kamenskiy et al. 2016), and it can be incorporated into a
computationalmodel to calculate the total (i.e., excised) axial
deformation experienced by the artery during limb flexion
which includes both tension due to pre-stretch and compres-
sion due to limb flexion. Average excised axial deformation
ranged from 15% tension for the youngest age group to 7%
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Fig. 3 Effects of age on the in situ (a, c) and excised (b, d) axial com-
pressions of the FPA with limb flexion. a, b demonstrate distribution of
axial compression along the normalized length of the FPA for differ-
ent age groups. Vertical line represents a formal division of the artery
into the SFA and PA as demonstrated in Fig. 1. AH is included in the

distal SFA. c, d demonstrate changes in axial deformations for the SFA
and PA segments with age. Solid lines represent average values; dashed
lines represent upper and lower limits for the segment. Positive values
refer to tension, negative to compression

compression for the oldest age group with maximum values
reaching 25% tension and 22% compression, respectively.
Arteries younger than 50 years of age experienced mostly
tension during acute limb flexion, although direct imaging
of in situ length would suggest compressive deformations.
The same applies for computational models that do not take
longitudinal pre-stretch into account. The fact that younger
arteries are experiencing tension even in the acutely bent limb
posture may explain their significantly straighter shapes in
this posture than shapes of the older FPAs.

Our data demonstrate that longitudinal pre-stretch plays
a paramount role in FPA mechanics, largely determining the
shape that the artery assumes with limb flexion. Computa-

tional analysis suggests that young compliant arteries with
low pre-stretch are more tortuous in the flexed limb posture
than stiffer arteries of older subjects. While more research is
needed to investigate these controversial findings, this result
suggests that arterial stiffening can in fact act as a protective
mechanism to strengthen the arterial wall and prevent it from
kinking during limb flexion.

Tensile and compressive deformationsmayplay important
roles in FPA pathophysiology asmechanical stretch is known
to regulate smooth muscle cell proliferation, apoptosis, phe-
notype, migration, alignment, and is known to stimulate
extracellular matrix remodeling (Birukov 2009; Mantella
et al. 2015). Frequency, amplitude, and pattern of mechani-
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Fig. 4 a Effect of age on the tortuosity of the FPA centerline in the flexed limb posture. b Curvature of the FPA centerline for three age groups.
Vertical line represents a division of the FPA into the SFA and PA as shown in Fig. 1

Fig. 5 Effect of age on maximum (a) and median (b) intramural stresses in the SFA and PA

Fig. 6 Effect of age on TAWSS and OSI expressed as percent of
the total FPA surface area. Note that atheroprotective TAWSS is sig-
nificantly reduced by 35 years of age, atheroprone TAWSS starts to

exponentially increase after 50 years of age, and OSI monotonically
increases during the entire life span with an exponential rise after the
age of 50 years
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cal stimulation can influence pro- or anti-inflammatory cell
responses andmaydifferentially regulate the remodelingpro-
cesses. Though most attention has been given to studying
the effects of high-frequency cyclic mechanical stretch that
is mostly pertinent to circumferential stretching imposed by
the blood flow during the cardiac cycle, large deformations
of the FPA during limb flexion and their effects on smooth
muscle cell functions also deserve thorough investigation,
particularly as the artery changes its deformations from ten-
sile to compressive.

In addition to FPA deformations, aging also affects intra-
mural stresses and changes their distribution along the length
of the artery. Though FPA stress modeling is relatively unex-
plored, one previous study (Ní Ghriallais and Bruzzi 2013)
has developed an anatomically accurate model of the limb
that included bones, muscles, artery, and skin. Authors have
not considered pre-stretch, but have calculated Von Mises
stresses and reported that they were higher distally in the
PA below the knee which agrees with our findings. We fur-
ther report that in younger arteries, maximum principal stress
associated with limb flexion is distributed rather uniformly
along the FPA length with higher values concentrated away
from the bends. As the artery ages and loses pre-stretch,
stresses redistribute and localize to the bends in the distal
SFA around the AH and in the PA below the knee—areas
most commonly affected by the atherosclerotic disease (Watt
1965). Maximum principal stresses in these areas increase
more than threefold with age with higher increases observed
at the AH.

Similar trends with aging were also observed for the
FPA hemodynamics demonstrating exponential increase in
atheroprone TAWSS and OSI after 50 years of age and
a significant reduction in atheroprotective TAWSS by 35
years of age. The effect of low and oscillatory shear has
been extensively studied and is thought to include medi-
ated recruitment of monocytes, increased vasoconstriction
and paracrine growth stimulation of vessel wall constituents,
increased oxidant state, and increased apoptosis and cellular
turnover (Malek et al. 1999).

While present study can help better understandFPApatho-
physiology and foster development of better devices and
materials for PAD treatment, itmust be considered in the con-
text of its limitations. First, we have not considered effects of
blood pressure in our solid model due to use of rigid rings for
spring attachments. Although blood pressure would change
stress values, it is unlikely that it will affect stress distribu-
tion or change the results related to the effect of age. Solid
and fluid analyses were performed separately for the sake of
simplicity and computational efficiency. While it is unlikely
that fluid–structure interaction will change the results qual-
itatively, quantitative effects may still be sizable. Finally,
all computational models need to be validated with exper-
imental data. This will require a set of younger cadavers to

assess the deformed shape that FPA takes with limb flexion
and extension. Further work in this area is therefore war-
ranted.
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