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Abstract

Energy storing and return (ESAR) prosthetic feet showed continuous improvements
during the last 30 years. Despite this, standard guidelines are still missing to
achieve an optimal foot design in terms of performances. One of the most important
design parameters in ESAR feet is the Rollover Shape (RoS). This represents the
foot Center of Pressure (CoP) path in a shank-based coordinate system during
stance. RoS objectively describes the foot behavior according to its stiffness, which
depends on foot geometry and material. This work presents the development of a
finite element modeling methodology able to predict the stiffness characteristic of
an ESAR foot and its RoS. The validation of the model is performed on a well-known
commercially available prosthetic foot both in bench tests and realistic walking
scenario. The obtained results confirm an error of +6.1% on stiffness estimation
and +10.2% on RoS evaluation, which underlines that the proposed method is a
powerful tool able to replicate the mechanical behavior of a prosthetic foot.
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Introduction

Over the past thirty years, prosthetic foot technology hdtmaessed the design,
evolution and improvement of different passive and actasaks. The development of
such prostheses is mainly oriented to mitigate foot impagbrovide stability during
gait, to control weight transfer from heel to toe during seaphase and, finally, to store
and return energy during propulsion phase.

The main mechanical characteristic of a passive prosttiett is its stiffness,
which results from the combination of implemented geomairg material properties,
and defines foot deformation and energy stored and retumdidet patient during
the gait cycle. Prosthetic feet achieve the desired stffngharacteristic with two
main architectures. The first consists in utilizing an inelegent blade design, thus
decoupling the deformation of heel and toe in two differemnhponents (as it occurs
in the Echelor(Blatchford Ltd., Basingstoke, UKQr RenegadéFreedom Innovations
LLC, Irvine, CA, USA)prosthetic feet). The second, instead, utilizes two joivlades,
each interacting in a specific portion of the gait cycle, €ng. Variflex foot(Ossur,
hf., Reykjavik, Iceland)While desired stiffness can be designed with both solufions
the latter is more advantageous with respect to the firstWorreasons. The first is
the possibility of keeping relatively low thickness bladesile achieving a non-linear
stiffness profile through the interaction of both compogairhultaneously. The second
is the possibility of maximizing the energy restitutiondhghout the design of the keel
while remaining in the anthropometric volume of the humaotfeince heel blade
bulkiness is reduced. For these reasons, it has been dedoidiecls the investigation
on a Variflex-like foot design.

Effects of the stiffness profile on prosthesis performarse been the focus of
different studie$=>. A decrease in stiffness of prosthetic feet is considereponmesible
for higher ground reaction force (GRF) and muscle activitytee residual limb during
mid-stance® Lowering forefoot stiffness improves mechanical efficigland energy
storage and return, while higher stiffness increases matiemfort and reduce the
prosthetic limb motor work over the center of m&ss® Moreover, increased stiffness
in the hind-foot can provide a lower energy restitution He@gknee flexion angle during
stance and knee extension during mid-stance, but also <dnigker inter-articular
forces in the sound limb during heel strikeDespite these findings, different issues
remain unsolved, e.g. the lack of comfort of different pheses, the prevalence of
osteoarthritis in the amputee intact knee (due to an inecklsee external abduction
moment) and a general increase in the metabolic cost caysamhipensatory muscle
activity during gait. All these problems show that curresiisions are still sub-optimal,
especially in the long terrd?1!
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Nowadays, design specifications for achieving an optimagr§y Storage and
Return (ESAR) foot are still missing. Moreover, the lack tdralardized methods
for the evaluation of prosthetic feet energy behavior ca I misclassifications,
thus complicating the comparis@mong theavailable prostheses. A solution to this
problem has been proposed by Hafeeal.2?. In their work, they suggest a renewed
nomenclature and emphasize the importance of keel and heajyecontribution to
the overall prosthesis performances. It is critical to elatie patient perception of the
foot to its mechanical properties, as Hafreerl.23 summarized in their review. The
international standards ISO 10328 and 22675 are mainlyséton the strength and
longevity of the product and not on its performance wherizgtil by a patient. The
American Orthotic & Prosthetic Association (AOPA) devetdpa series of tests with
some target values for foot characterization to help in thietgc design, but they still
rely on a trial and error approach which results in a majoovytion barrier due to
prototyping costs, especially for smaller companies. Mweg, even prosthetic feet that
are not appreciated by patients and therapists, e.g. fbdsiil heel impact response,
etc., can satisfy ISO standards.

In this scenarioRollover Shape can be considered a fundamental featuratoate
prosthetic feet performance. It represents the path of grdet of Pressure (CoP) of
a foot as seen from a local coordinate system integral wighsthank. It is typically
fitted with a circle. The radius and the anteriority of its wnwith respect to the
origin in the sagittal plane are the parameters considerettié RoS computation
(anteriority is considered as the positive or anterior - elgrtowards the toe - distance
between the RoS center of the fitting circular arc and the lshased coordinate
system origin). Among the three rollover-shape systemstified in the literaturé®,
the knee-ankle-foot (KAF) and the ankle-foot (AF) ones dre most interesting
regarding lower limb prosthesis design. While the formerdpable of including the
overall behaviour of the lower limb during gait, the lattéves a better quantitative
representation of the combination of foot stiffness angshwaithout considering the
knee contribution (which can, in fact, change dependinghenprosthesis type and
user capability). Therefore AF RoS system parameters airgenesting foundation for
prosthetic foot evaluation (as suggested by Hareseh.2%), where the origin of the
system is considered approximately at the ankle joint lonatt has been found that,
in an healthy physiological gait, the fitted circle radiusatsout0.3 + 0.1 times the
leg length. This radius tends to be independent of carried® walking speeds or
heel heighté!. This is due to the individual ability to adapt to differembgnd or load
conditions and thus, to maintain the RoS radius invariadarAczyket al. conducted
evaluation of RoS in healthy subjeét€3 they found interesting association between
RoS values and their effect on center of mass (CoM) work riéaluespecially in step-
to-step transitions. The RoS radius in prosthetic feet sderiollow the same principle,
where popular prosthetic feet tend to have a radius valudasino physiological
oneg?. This is true for level walking, while some changes in the Ro&ile have been
highlighted by Hansest al.2%. Their study reflected the RoS adaptation of able-bodied
ankle joint behavior to different scenarios such as slopelsstairs. Micro-processor-
based prosthetic devices (such as the Elan foot) providealkghment capabilities,
which can improve walking and standing effé¥€®. This is not possible for ESAR feet
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that rely on pure deformation of the blades, thus resultireghigher load on the sound
limb with consequent increased effort required by the aegut

Since the stiffness characteristics determines the defitomof the foot throughout
the gait cycle, and being the RoS a representation of thermefb profile under the
same load conditions, then RoS can stand as a reasonabiegtardor foot design.
For example, it can be used to discard possible designs thatiproduce prosthetic
feet with a radius that exceeds the aforementioned phygabvalues.

In order to reduce the number of prototypes needed at thgriesage, Finite
Element Analysis (FEA) represents a powerful tool that cenused to evaluate
the performance of a component, e.g. a prosthetic foot. @bjsect is particularly
significant in the manufacturing of prostheses, sine it migtp reducing the overall
design time and cost. Even if different works on FEA appl@@tosthetic feet can be
found in literature, only few of these works include ESARt#g'®. Moreover, most
of them are focused on stress-strain investigations urg@rll0328 conditions, as in
Bonnetet al.2’ Among the most recent works, Soetal .28 replicated the Vari-Flex LP
(Ossur) properties, optimizing its geometry for lowering prodoatcosts. In addition,
Tryggvasoret al. collaborated withDssur for an ankle joint design optimization of
their Pro-Flex prosthetic foéf.

A simplified approachhat included a RoS evaluatiavas proposed by Mahmoodi
et al.2’, where the concetf rolloveris associated to a theoretical model and applied
for prosthetic design optimization. Recently, Balaranstkranet al. presented a non-
linear finite-element methodology to estimate the rollvasleape of a solid ankle and
cushion heel (SACH) foot, with a particular focus on the febtll, highlighting
the advantages of their solution compared to standardanderror approaché&s
Combining FEA capabilities with proper parameters, sucthasforementioned RoS
center and radius, would allow designers to establish tladitgwf a given design and
to increase the efficiency of the process, that would otlssnéquire expensive labor
and costly trial and error procedures through prototyping.

In light of these considerations, the goal of the authorsoisidémonstrate the
validity of FEA to predict stiffness and RoS behavior of anARSprosthetic foot
under vertical ISO-compliant load and in gait-scenarial #mprovide the scientific
and industrial community with a patient-independent tdieao perform early-stage
design optimization of new prosthetic feet.

The paper is structured as follows: the Methodology seqtimsents the approach
adopted for the mechanical testing of a commercial prostHfebt and for the
development of a finite element model of the foot. The Ressdtstion shows the
outcome of both experimental trials and simulations, sgbsetly commented in
the Discussion section. The Conclusion section summatimeachieved results and
presents the future developments of this research.

Methodology

The prosthesis analyzed and used as a reference for theatppliand validation of the
presented methodology is a Vari-Flex (CAT 6 - L 27)®ysur. Itis an ESAR carbon
fiber prosthetic foot widely used by the amputee communitycivlis composed of
heel medial and lateral blades bolted to a split keel in thefooit, and with a carbon
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tube as a means of connection to the pylon. Two feet of the s@meeand category
were analyzed, one for material investigation includingtdective test, the other for
stiffness investigation. This was achieved with 2 différeast campaigns: &ngle
Component Test session, following an internal protocol, was conducted xtraet
material properties, while Boot Compression Test based on ISO 22675 guidelines
was carried out for FEA validatiorit has been proven that ISO 22675 fatigue test
is representative of a prosthetic gait force/shank anghawier?. It should be noted
that, in this context, the load profile should be scaled tostecific patient’s weight.
Moreover, no anthero-posterior GRF component is modeléddratigue test, which
would be important for propulsion investigation. Indeetitlis case, it can be omitted
since it is not among the goals of the presented warkexperimental testRance
Phase Analysis) employing an able-bodied adaptor was conducted to irgastithe
FEA model in a realistic scenario.

FEA Model Development

The geometry of the foot was obtained by a combination ofctlireeasurements and
photogrammetry. Pictures were taken for both heel and keesponents and processed
in Agisoft Photoscan, then the obtained scanned model wperted in Solidworks
2018 to scale it according to actual prosthesis size. Thar efr the reconstructed
model was analyzed by sampling several dimensions alorgathigal (namely the foot
thickness) and frontal (width, height and length) profiléshe foot. Reconstruction
artifacts were found on the model borders due to triangutedipproximation on hard
edge transitions. Such errors were compensated in SoliBMitus obtaining a clean
model to be imported in Ansys. The overall reconstructed ehsdowed an error of
less than 1 mm.
a) b)
Eaalentstess

Type: Equivalent (von-Mises) Stress - Layer 0
Unit: MPa

ime:
26/04/20181:27

239,42 Max
239,42
209,49
179,56
149,64
119,71

H 89,781
I 59,854

29,927
0 Min

Figure 1. Vari-Flex photogrammetry profiles (a); FEA model in simulation environment (b).

The model was then exported to ANSYS Workbench, where ACPd&tepackage
was used for composite material modeling. In order to aehéeworrectly-built model
of keel and heel, each upper and lower surface was extractBésignModeler, the
former to act as sources for composite extrusion, the latted to apply the tapering of
the carbon plies and limiting the extrusion. In ACP, the ttese— the local coordinate
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systems representing the direction of each carbon ply — wefimed according to
keel and heel geometry. The x-axis is always aligned withfither main orientation,
the y-axis is in-plane perpendicular to the x-axis, and th&ig completes the reference
frame according to the right-hand rule.

Surface meshing techniques have been implemented for virfpidnexagonal
elements for both keel and heel components. A preliminanyemence study was
conducted in order to choose the minimum element size, whiad set to 4 mm
maximum: smaller elements were created only if imposed lmyrgery and achieved
throughout local mesh refinement. With a bigger mesh siescdntact region between
keel and heel suffered from sudden changes in contact stetding to different
results in the overall evaluation. The number of elements edved using symmetry
condition, which resulted in simulation times ranging frérto 22 minutes depending
on the number of contact elements. Figure 1 showspti@ogrammetry profiles and
the resulting model.

A carbon fiber sandwich structure was identified by means ofascopic analysis
on a sample of the foot material. The core section was madaidfractional (UD)
tapered plies along the longitudinal direction of the fdaft)(and woven plies at the
extremities. Some 90UD plies were also found near the external surfaces. Fatigwi
the previous considerations, each ply was modeled as astaniic equivalent material
with thickness of 0.2 mm and UD properties. Specifically, Yoeng’s Modulus along
the x-axis {,,) for each component was computed through direct optindnadf the
stiffness profile obtained in the relati@ngle Lamina Test. £, E., shear moduli and
Poisson’s coefficients were set using typical values of cencially available plies.
Details of the carbon laminae and connection between th@ooents are highlighted
in Figure[2.

Moreover, residual pieces of a rubber wedge were found letvireel and keel:
this affected the stiffness profile during th®ot Compression Test. Wedges are
usually implemented to increase foot stiffness from hesfestto flat-foot condition
by shortening the lever arm of the heel. The importance ofg&eih prosthetic
foot response has been highlighted by Woneaal.2°, where up to 40% stiffness
increment can be achieved with different wedges. This ddpex been investigated
in the simulation by offsetting the wedge region of 1 mm.

ANSYS Static Structural node was used for the definition aftaots, load cases
and boundary conditions to replicate the experimentalpsekhe foot was clamped
with a Fixed Support constraint in the upper bolted region, oriented accordinipO
22675 protocol: five key-points were chosen, each one quureling to a specific force
value and shank angle with respect to the ground, as can hers€eure[3.Despite
prosthetic feet are almost never perfectly aligned in tbathl plane, the orientation of
the foot was altered only in the sagittal plane: this allowsimplify the experimental
protocol (in agreement with ISO 22675) and to avoid unddsféects from an everted
alignment which would be necessary to replicate in the meichatests.

The first two key-points refer to the heel contact and weigltteptance phases
of gait, the third coincides with flat foot condition, whilbe last two refer to late
stance and pre-swing phases. The last position did notlgtraspect ISO standards
due to safety protocol in the testing laboratory. A rigidtplvas modeled as close as
possible to the bottom of the foot to facilitate contact igition. It was constrained
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Figure 2. UD plies are stacked to give the correct thickness of the foot (top left corner); the
external surfaces are made of woven carbon plies; the connection between keel and heel is
achieved throughout bolts and industrial glue (bottom right corner)

to move only along the plate normal direction and a rigid ldispment was imposed
accordingly. This motion led to the plate-foot contact athais, to the generation of
the relative reaction force. Foot/Plate and Keel/Heel @cintegions were modeled as
a friction-less non-linear type with an Augmented Lagrafagenulation and default
normal stiffness. Negligible differences were found shiitg from Asymmetric to
Symmetric behavior. Contact detection was kept to Nodal rriédContact because of
the smooth contact surfaces of the geometries. The boligairbetween keel and heel
was defined as a squared area of 625%mmeasured directly from the prosthesis, and
modeled aBonded surfaces with multi-point constraintiPC) formulation to achieve
no penetration.

Sensitivity Analysis

A sensitivity analysis was also performed to investigate #ifects of the most
important parameters on the foot behavior, since theiratians could affect the
stiffness behavior and, therefore, the overall reliapitif the proposed methodology.
The chosen parameters were: the Young'’s Modilysalue derived from the Single
Component Test, and the contact area between heel and keekdér to better
understand the effect of such variations, the heel comioressal at 10 was chosen
as sample. This was selected to include both keel and heetilmgtion to the
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Figure 3. Key-points extracted from 1ISO 22675 load profile. 20° Toe trial was set at a lower
force value with respect to the actual test due to safety protocols of the testing laboratory.

overall stiffness of the prosthesis. Variation of thg for keel and heel components,
individually and combined, were set &t20% to account for model and material
uncertainties. In addition, the border of the area definiogtact between keel and
heel were extended/reduced along the fiber directiot by mm (this represents 40%
of the original region and about 3.8% of the foot total length

Mechanical Testing

Mechanical tests were performed in order to obtain stifmaefiles of the individual
laminae and of the assembled foot in different conditioti§n®ss was calculated by
means of first order differentiation of force with respeatlisplacement, given the data
extracted at each trial.

Single Component Test In order to investigate the mechanical properties of the
material, a single component test campaign was carriedaige experimental data
to compare with the direct optimization output of the Young Modulus. Keel and
heel laminae were disassembled and separately clampeel folted region to a fixed
support: since the keel component presents two fastemst, flile upper (or proximal)
bolted region was chosen. An increasing vertical load ugbtdl vas applied and the
vertical displacement recorded with a digital dial gaudee @lefinition of the load was
based on laboratory equipment capabilities and considariidient to the goal. The
load was applied at the opposite side of the clamp, 15 mm fhrenotitermost point for
the heel, 32 mm for the keel. Each trial was repeated 4 timekeok for repeatability
of the tests and only negligible variations were observed.

Foot Compression Test A set of compression tests based on the ISO 22675
fatigue test (Figure[13) for prosthetic feet were performesl: orientations
(plantarflexion/dorsiflexion angle) were chosen, each ameesponding to a specific
vertical load.
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Figure 4. The overall testing environment: (1) angular adapter, (2) tensile — compression
machine, (3) VariFlex Foot and (4) base plate with rolling pins for frictionless contact

A Zwick Roell tensile—compression machine, including aedén actuator, a
single axis load cell and a displacement sensor, was ilipe the experimental
characterizations. Load was applied at constant 5 mm/dspeeangle adapter has
been manufactured to control the prosthesis plantar ansi-flexion angle during
each trial. This adapter was sufficiently rigid to avoid tieamotion between the foot
connection and the load cell. It consists of an half-moopstdanetal component with
threaded holes, capable of covering all ISO 22675 with @ad@jle span. A threaded
cylinder is screwed at the desired hole, having the oppesgltecoupled to the carbon
tube of the prosthesis: in this way, a rigid connection isead. The foot was pushed
against a metal plate with rollers beneath it to minimizetifoin. Figured 4 shows the
described test environment. Each load case was repeatedwiinimum of 5 trials
for repeatability purposes. A second test session waspeefibon a different date, in
order to account for some eventual setup errors.

Stance Phase Analysis

The stance phase analysis was performed on a healthy subizing a custom-
made able-bodied adapter (see Fiddre 5). The able-bodaatexdvas connected to a
prosthetic knee that was in turn coupled to the ESAR foot frast.lt is important to
underline that no foot shell was introduced in this analyBids was done to correctly
compare the experimental results with FEA simulations arabbid the introduction of
undesired dynamics related to footweArcommercial Vicon motion capture system
was used to reproduce the prosthetic stance phase. Thdlowass of the subject,
including the adapter and the prosthesis, was of 76 kg. Aedamatform shoe has
been used to compensate the height difference betweenuhd aad prosthetic limb.
The alignment was checked following prosthesist guidslingth the knee center of
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rotation 22 mm posterior to the load line. This conditionvaerged the knee from
flexing during prosthesis loading. A training session was$qumed to allow the user
to achieve a natural heel strike angle and to properly loagthsthesis. Four reflective
markers were put on the foot to identify a local coordinatstay centered in the
proximal bolt marker, as shown in Figuré 5. Markers placedtenbolts were also
used to track the angle between pylon and the ground durangitd while an AMTI
force platform was used to obtain CoP location and GRFs. AyHauilder model
was used to compute synchronized CoP coordinates (in tisalgtoordinate system),
RoS coordinates (in the shank coordinate system), sharlk and the vertical GRF
(GRF;) for simulation purposes. In order to maintain the alignbietween the model
and the actual test scenario, two markers were placed taatsttre time-shank angle
relationship during stance phase trial. In the FEA moded, fibot was aligned in
the same configuration, so that the angle imposed matcheshtrk angle obtained
from the Vicon systemG RF, andGRF, components were not implemented in the
FEA model. Their lower intensity (less than 25%@R F, maximum value) as well
as higher foot stiffness in those directions gave a nedégibontribution to the foot
deformation.

Figure 5. Test setup for ROS calculation - on the left, the healthy subject fitted with the
able-bodied adapter; on the right, a sideview with the markerset highlited. Axes of the local
coordinate system (shank) are shown

The shank angle was chosen in order to mimic 1ISO 22675 cyadicprofile while
avoiding flexion of the knee (not included in the FEA modelssAming that the
shank perpendicular to the ground corresponds to an an@fe,adnd positive angles
represent clockwise rotations, a single trial ranged fraffi up to 15. Hip extension
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was therefore provided to prevent knee flexion while perfogmoll-over on the foot.
Among the tested trials, authors discarded those preggmtisufficient shank angle,
bad load condition (not enough weight on the prosthesis)tunkling. A custom
MATLAB script was used to post-process the experimental dad compute the best-
fit circle for RoS parameters estimation.

Results

Single Component Test

The stiffness value at maximum deflection is 65.2 N/mm forl leeenponent and
41.7 N/mm for keel. Linear regression of experimental dada performed, with R=
0.99. Direct optimization oft, of the carbon ply in simulation environment led to
E, = 51000 MPa for the heel, with an error of -8.3% on maximum stiffnessg
E. = 38000 MPa for the keel, where the error on stiffness is -6.5%.

Foot Compression Test

400

Vertical Force [N]

w
S
S

~
S
3

100

0 2 4 6 8 10 12 14 16 18
Vertical Displacement [mm]

Figure 6. Comparison of experimental (solid line) and FEA (dashed line) data of the Foot
Compression Test. Trial force and shank values can be extracted from the labeled point in
Figure 3.

Figure[6 reports the data from tHeoot Compression Test. The experimental
results show a non-linear behavior when both keel and heeleagaged during
the compression. This is more appreciable during heel cessn configurations,
in the shank angle range comprised within *2dhd -10 . The 10 toe trial is
characterized by a rapid increase of stiffness due to théacbbetween the plate
and the bolted region of the fooThe experimental results of Figuié 6 represent
the average trends of the five trials performed for each cordigpn (see the
Methodology section details). The experiments presentedyla repeatability with
negligible variations. In the worst case scenario, nantedy 6° toe trail (strong non-
linearity), the following standard deviations were obselvST D,,s,,., = £0.029
mm, ST Dyos,...... = £0.007mm, ST D oree,... = +3.4N, STD orce,,.... = +£1.25
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N. The maximum standard deviation represents the highestdatd deviation
measured over the experimental trend, while the mean stdudeaiation accounts for
the average of the standard deviations computed for eaci @fithe considered trial.
Table[1 shows the percentage error for each angular pogitienthe experimental
stiffness value obtained as displacement-force ratio atrfaximum compression
condition. The authors attribute the overestimation dfirstis to the contact definition
between heel and keel. In the real foot, the contact regiawden heel and keel
is obtained by the combination of a bolted connection witldithal industrial
CF specific adhesive. This contact is indeed different fréma dne used in the
FEA model (fixed bonded area), which is more rigid and affeébes non-linear
interaction of the blades in the neighboring region. Noakss, the error (+6.1 % in
a single configuration) was considered acceptable formnediry analysis of a design
evaluation. The sensitivity analysis explored also theasof the FEA model.

Trial Experimental Stiffness [N/mm] FEA model Stiffness/fiNn]  Error

20° Heel 65.5 68.3 +4.2 %
10° Heel 69.3 73.5 +6.1 %
Flat Foot 213.3 218.2 +2.3%
10° Toe 46.5 48.1 +3.5%
20° Toe 24.4 25.7 +5.3%

Table 1. Percentage error between experimental value and related FEA model. Stiffness
values refers to maximum vertical deflection condition of the foot.

Sensitivity Analysis

The results of the sensitivity analysis are presented irl€li@b Starting from the
nominal profile of the validated FEA model, the left and rigbtored bars represent
respectively the negative and positive variations on t¢gtffness due to the analyzed
parameters.

Stance Phase Analysis

The gray point cloud shown in Figuké 7 shows the RoS coordfmain the sagittal
plane - obtained from experimental tests and representbd shank-based coordinate
system. The red circles represent the simulated data (autdhrough FEA analysis)

Parameter Stiffness Variation
E,- Heel +/- 20% -23.2% B --12%
E,- Keel +/-20% -3.8% il +7%
E,- Keel & Heel +/- 10% 31% I -25%
Region Extension (10 mm) -4,4% .+] 0%
NP

Table 2. Sensitivity Analysis of the FEA model stiffness variation. Left bars indicate a
negative variation with respect to the nominal profile (NP), right bars a positive variation.
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with equivalent loading conditions at different shank asgSpecifically, the red points
from left to right refer to -15,-10°,-8°,-5°,-2°,0°,+5°,+8°,+1(°, respectively.

! ! !
| % RoSkxperimental data!
| O RoSFEM data !
| - - RoSexperimental circle-fit
| = = ROSFEM circle-fit [
| .
|

|

Infero-superior coordinate [mm]

i

|

-0 -20 0 20 40 60 éO 100 1é0 140 1‘60 180 200
Antero-Posterior coordinate [mm]

Figure 7. Point cloud showing ROS data from Vicon Setup. Red circles represents FEA
point, red line is the average circumference which fits FEA data; black dashed curve is the
average circular arc of the experimental data

The black dotted line is the mean circle fit of the experimigmiat cloud, while red
dotted line represents the circle fit of FEA data. RoS radiosfaverage experimental
data is 408.7 mm, while 455 mm is the simulated one, with arifice of +10.2%.
Anteriority shows an error of -11.4%, with an experimentalue of 93.56 mm and
82.9 mm in simulation environment.

Discussion

The presented work showed how an equivalent FEA model is @mblaredict the
stiffness behavior of a carbon fiber prosthetic foot. Theharg believe that this
model can contribute to the future development of prostiett thanks to its simple
load scenario, relatively fast simulation times and rééabhodel results. The general
behavior of the stiffness is well reproduced, and the mariretror is +6.1%, similar to
what is reported in the literatutg where the ESAR foot specifications were provided
by the manufacturer. No CoP imposition was performed, aliguthe interaction
between foot and plate to determine its location. The cariraplementation of an
equivalent material for simulation purposes is useful ggatsides suggestions for an
actual design. The approximation of the material propgitiea crucial portion of the
presented work and implies some consequences, which wetiallpaaddressed in
the sensitivity analysis. However, the approximation rdg the material properties
represented also a compulsory choice since no relevantiafon were found in the
literature. In fact, the main purpose of the microscopidysisand of the single lamina
tests was to limit the sources of error related to the modedfrihe material. Such tests
helped in the implementation of UD plieés terms ofthickness and main Young's
Modulus value ;). Moreover, these tests also supported the choice of stariga
andE, values, whose contribution was minor to the prosthesisrdeftion.

The performed investigations highlight important aspetisshaped feet. First, the
non-linear stiffness profile - visible in Figuké 6 -, is mairdaused by the lever arm
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between the CoP location and the closest heel section irmcowith the keel. Since
the two blades shift their contact region during heel corsgion, the lever arm of the
reaction force is reduced, resulting in a stiffening medrarwhich may be desirable
for flatfoot condition to improve stability. This effect sae to be more related to
geometry rather than material properties, even thoughdhelinear contact between
keel and heel is affected by the deformation of each singigament. The insertion of
different wedges in the same region changes the base lendenagth. The interaction
between the two components may be used to generate theddsifieess profile. In
the 10 compression trial, the sudden increase in stiffness icealile, likely caused
by the contact of the heel blade when the CoP travels fronotogdfoot. Presence of
the silicon footshell and patient’s shoe may filter this effféuring prosthetic gaitn
fact, the missing footshell represents a limiting factotha proposed analysis, since
the prosthetic foot is typically used in combination witre tfootshell and, thus, its
behavior should be accounted during foot performance aizalonetheless, the goal
of this research was to provide a methodological approaakdess the performance of
carbon fiber prosthetic feet by means of FEA simulations s€lemulations can then
be used to optimize the foot design independently from tlogsfeell characteristics,
hence decoupling the two components (foot and footshetijrdmtions to the overall
gait performance.

The RoS characterization reproduces the experimental ittmmddespite the
simplifying assumption made with respect to the absenceriofidn. Figure[T
shows that the general shape of the RoS curve is well repticathe radius error
(+10.2%) is caused by the different stiffness of the fooimtyheel strike, where less
deformation produces a bigger radius. Curtal.?* investigated the RoS of a Vari-
Flex foot (size 27 - CAT unknown) and estimated a RoS radiuz86fmm. However,
they implemented a different methodology applying constegight (about 687 N)
throughout the trial, while - in the current study - the hesgion has been loaded
in a range from around 500 N to 650 N, according to the confiddacel of the
user to load the prosthesis. Moreover, the foot-shell wasrmouded and the same
stiffness categories of prosthesis should be considereddmoper comparison. A non-
circular trend is observable at the beginning of the RoS ler(ffigure ). This, in fact,
represents the heel strike and weight acceptance phassgarhof the experimental
RoS affects the radius calculation, and it can be reasor@blyped out for a better
fitting. However, this would in turn neglect the first part bétgait cycle. Majoet al .3t
proposed a possible solution, suggesting the use of diffésad profiles to completely
describe the patient’s gait.

A second relevant aspect of our FEA model is the number oftpoir. the shank
angle values, used to sample the rollover shape trajedbary.to the implemented
fitting algorithm, an equal distribution of RoS points alothg entire stance phase
needs to be achieved to correctly approximate the expetaheurve. This is critical
since each point represents an additional simulation. Gnhand, it is true that a
more complex simulation could be implemented to obtain nsam@pling points at
once. However, this usually ends up with an increased caatipngl time that is not
desirable in this phase. Our approach consists of findingrttemum number of
configurations required to approximate the experimentalewithin an acceptable
error. It is also important to underline that the fitting aijum is affected by the
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possibility of offsetting the obtained circular arc towaw@lspecific region if the spatial
distribution of the points is not uniform. This issue is inn@mt for both experimental
and simulated data, but more critical in the first case. Itdligsady been discussed the
influence of the heel strike contribution to the RoS radiugltion. In fact, in the
experimental data, the number of points available for alsitrgal is not necessarily
equally distributed along the RoS curve and, thus, the t®sah be affected by the
timing at which the foot is compressed on a specific regioni¢ivivould produce
more sampling points). This emphasizes the need of a stpiarocol of testing to
avoid such issues. On the other hand, a simulated envirancaeneasily solve the
problem by carefully choosing the specific configurationise¢dested.

The 1ISO 22675 describes patient loading profile during @gaitl it is profitable to
implement these loads during FEA modeling to achieve a staiied and accurate
evaluation for design. This strengthens the independeeiveden the patient and the
methodology. On the other hand, 1SO 10328 load scenariosnaiely focused on
the prosthesis strength, which is not dealt in this work du¢he lack of detailed
information on the material propertiethe latter being requiretb perform accurate
analysis throughout specific composite failure criteria.

The Sensitivity Analysis enforces the tool advantages in a potential design process,
showing the contribution of each component to the overidfihess. Decreasing,. of
heel component does not produce an equal variation as Biogeid by same amount.
Variations on the keel component are less evident due to in®@metontribution to
stiffness during heel compression trials. ThE)% variation ofE,, of both components
results in a major effect compared #20% FE, single component variation. This
highlights the non-linearity of the contact imposed by teemetric design.

Conclusion

The FEA-based methodology presented in this paper proddesient-independent
tool that is able to accurately replicate the mechanicabbien of a prosthetic foot.
The implementation of the RoS radius (evaluated through)FSAlesign value should
be used to account for patient perception of the fadte choice is not only based
on previous literature and on patients experience of wedivkn feet, but it should
also consider whether or not the radius is within acceptahlees.A standardized
evaluation of prosthetic feet behavior is advisable in thieirfe of prosthetic design
to increase the device performance, the patient acceplewsleand to avoid possible
bias based on qualitative approaches. By exploiting sfiedliboundary conditions
and standardized load cases from ISO 22675, the simulatawides results with very
limited computational time and therefore it constitutegHitient method to obtain the
aforementioned design parameters. The highlighted fesiuftthis tool are particularly
useful in early stages of passive prosthetic foot desigreesihey will strongly reduce
time and cost without imposing constraints in terms of gasssolutions to explore.
Even if the developed methodology has been applied to akmelvn ESAR foot, it
can be replicated to any other foot geometry or material.edeer, at the cost of an
increased computational time, the methodology can be elquhto include also the
foot-shell in a future development. This will introduce &atghal contact interactions
and material non-linearity.
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Finite Element Analysis validation has been supported lpyeermental data in
both test bench setup and real use scenario, with a maximron e +6.1% on
stiffness and +10.2% on RoS radius. Furthermore, the pagdrinvestigations on a
commercial prosthetic foot highlighted important aspeiftits design: the relation
between stiffness non-linearity and keel/heel contadbreghift during stance phase,
as well as the heel-strike contribution to the RoS radiuseal
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