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ABSTRACT In this article, MyFlex-¢, an ESR foot prosthesis equipped with a light and manually adjustable
mechanism that allows for varying its stiffness in the sagittal plane, and a systematic approach to calculate
its rotation-stiffness curves are presented. Through a design of experiment conducted numerically using a
two-dimensional (2D) finite element (FE) model, calibrated experimentally, a geometric parameter whose
variation alters the sagittal plane stiffness of a prosthesis originally designed with invariable stiffness,
MyFlex-§, was determined. After building the mechanism and integrating it into MyFlex-6 to obtain MyFlex-
€, the displacement-force curves of the latter through tests equivalent to the static tests specified in ISO
10328 were determined. Based on the experimental results, the 2D FE model of MyFlex-¢ was built and
calibrated to determine its rotation-stiffness curves in the sagittal plane. Comparing the rotation-stiffness
curves obtained with the most compliant setting to the stiffest setting, stiffness variations of 119%, 122%,
138%, and 162% at plantarflexion angles of —5° and —2.5°, and dorsiflexion angles of 7.5° and 15°,

respectively, were found.

INDEX TERMS Prosthetics, rehabilitation, variable stiffness foot prosthesis.

I. INTRODUCTION

In Italy, approximately 15,000 major lower limb amputations
are performed every year [1], while in the Netherlands, the
average is 2,210 [2], and in Germany, around 16,000 [3].
These amputations are primarily caused by trauma, diabetes,
and other diseases [4], and they have significant physical
and psychological impacts [5], [6], [7]. The loss of mobility
itself can contribute to these negative impacts, but the use
of prostheses can partially restore it. The most commonly
available prosthetic feet are Energy-Storing-and-Releasing
(ESR or ESAR) feet, which are equipped with carbon
and/or glass fiber blades that act as elastic elements. These
blades deform during the gait cycle due to the user’s mass
and inertia. This deformation allows for impact absorption
during heel-strike and the storage and release of elastic
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energy during the mid and late stance phases, aiding forward
propulsion and partially reducing the metabolic cost of
walking [8]. The stiffness of these elastic elements is crucial
in determining the overall performance of the prosthesis [9].
Users generally have preferences regarding the deformation
of these elastic elements, making stiffness a critical factor in
the prescription of foot prostheses by Certified Prosthetist
Orthotists (CPOs). Typically, CPOs consider the user’s
body weight and ambulation level during prescription [10],
although recent studies have shown no correlation between
preferred stiffness and body weight [11], [12]. Other studies
have demonstrated that ESR feet reduce metabolic energy
consumption and enhance comfort and safety compared to
conventional prosthetic feet [13], [14], [15]. The prescribed
stiffness is generally standardized for comfortable walking
speeds on even surfaces [16]. However, throughout the day,
users engage in various tasks that require different ankle-foot
stiffness levels. For example, a stiffer prosthesis is beneficial
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FIGURE 1. Schematic of the variable stiffness foot prostheses found in literature: (a) the Variable Stiffness Prosthetic Ankle-Foot (VSPA) by Shepherd
and Rouse [16]; (b) the Variable Stiffness Foot (VSF) by Glanzer and Adamczyk [26]; (c) the Variable Stiffness Ankle (VSA) by Lecomte et al. [27]; (d) the
Pro-Flex Pivot with Shear Thickening Fluit (STF) by Tryggvason et al. [28], [29]. (d) Schematic of the foot presented in this paper: the MyFlex-¢ foot.

for standing still or walking faster [17], [18], [19], while
lower stiffness is preferred for walking on ramps or stairs
or when carrying additional loads [20], [21], [22], [23].
Despite their advanced features, ESR feet cannot modulate
their stiffness to adapt to these varied tasks, leading users to
develop compensatory movements during different activities,
resulting in an asymmetrical gait. This asymmetry can cause
physical issues such as socket pain, back pain, and joint
disorders [8], [24].

Several studies have focused on the development of bionic
foot prostheses [4], [25]. With an optimized control system,
these devices have the potential to enable a more natural gait
across various activities, minimizing asymmetry. However,
their technological complexity poses significant challenges
for development and successful market introduction. Con-
sequently, recent research has shifted towards designing
adaptive prostheses with adjustable stiffness. While these
prostheses cannot fully replicate the behavior of a healthy
foot, they are less complex and offer practical benefits.
Notable examples of variable stiffness prosthetic feet in the
literature include the Variable Stiffness Prosthetic Ankle
(VSPA) by Shepherd and Rouse [16], the Variable Stiffness
Foot (VSF) by Glanzer and Adamczyk [26], the Variable
Stiffness Ankle (VSA) by Lecomte et al. [27], and the speed-
adaptable ankle-foot prosthesis by Tryggvason et al. [28],
[29]. The operating principles of the VSPA (Figure la)
and VSF (Figure 1b) rely on the length of the overhung
portion of an elastic beam in a cantilever configuration. This
portion is adjusted by a secondary support actuated by an
electric motor. When force is applied to the end opposite
the main constraint, the stiffness increases as the overhung
portion shortens [16], [26]. Similarly, the VSA uses an
elastic beam in a cantilever configuration, where the point
of force application moves along the length of the elastic
element. The further the force is applied from the constraint,
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the lower the stiffness [27] (Figure 1c). Tryggvason’s
proposed prosthesis (Figure 1d), the Pro-Flex Pivot Ossur
with a damper-spring system, varies stiffness by altering
the damping properties. While this system provides variable
stiffness, its disadvantage is that the damper dissipates
energy [28], [29].

In this paper, MyFlex-¢, an ESR foot with a stiffness that
can be modulated through a manually adjustable mechanism,
is introduced. MyFlex-¢ was developed from MyFlex-4,
an ESR foot equipped with a spherical ankle joint that
passively adapts to uneven terrain conditions [36]. As aresult,
many elements and the overall configuration of MyFlex-§
are shared by MyFlex-€. Although MyFlex-€ is currently a
manually adjustable prosthesis rather than an automatically
adjustable one with an actuator and control system, it is
hypothesized that an improvement over the current state-of-
the-art of foot prostheses is represented by it. A prosthesis
with these characteristics has the potential to help users adapt
to various activities, such as transitioning from walking on
a flat surface to an inclined plane or climbing stairs, with
minimal effort. In the following sections, details on how
the stiffness adjustment system operates will be explained.
Additionally, assistance can be provided to CPOs during
the initial prescription phase by MyFlex-¢. By varying the
stiffness of MyFlex-¢, the optimal stiffness for each patient
can be determined by CPOs without needing to change
prostheses multiple times. One limitation of the current
MyFlex-€ design is that the stiffness of the prosthesis must
be adjusted by users, requiring them to stop, although the
effort required is minimal. However, this limitation could
be addressed in the future by adding an actuation system.
The aim of this work was to determine whether the new
system applied to the existing ESR MyFlex-§ can effectively
vary stiffness and assess the extent of the range it can
cover.
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In addition to the description of the variable stiffness
prosthesis, the procedure for deriving the rotation-torque and
rotation-stiffness curves of a prosthesis is outlined in this
paper. This approach is based on a numerically calibrated
method that has been validated through experimentation.
For the determination of rotation-torque curves, a procedure
was presented by Frossard et al. [30], while the direct
determination of rotation-stiffness curves from linear static
tests was proposed by Adamczyk et al. [31]. Understanding
these curves is crucial, as the operation of the residual
limb muscles is influenced by their shapes. Additionally, the
pressure transferred from the prosthesis to the socket varies
depending on the curve shape; for instance, less pressure
is exerted by prosthetic feet with concave rotation-torque
curves compared to those with convex curves [32], [33],
[34], [35]. A different approach to deriving rotation-torque
curves is proposed in this paper, and the procedure to obtain
rotation-stiffness curves is described. The advantage of this
approach is that the stiffness characteristics of the prosthesis
are decoupled from the foot shapes and the manner in
which they come into contact with the test platform/ground,
as will be explained in detail in the following sections.
It is believed that this methodology is straightforward and
can be useful for comparing the stiffness characteristics
of various prostheses, both in the literature and on the
market.

The remainder of the paper is organized as follows. The
design concept is presented in Section II, and the systematic
design methodology is described in Section III, which
comprises the calibration of the 2D FE model (Section III-A)
used to perform the design of experiment that allowed the
determination of the parameter to change to vary the stiffness
(Section III-B), and the calculation of the novel prosthesis
stiffness characteristics (Section III-D). The results are shown
in Section IV and discussed in Section V. Conclusions are
drawn in Section VI.

Il. DESIGN CONCEPT

With MyFlex-€¢, a balance between the simplicity of ESR
feet and the adaptability of bionic feet is aimed for, although,
at present, the adjustment of this new design is still performed
manually. MyFlex-¢ was developed by integrating a variable
stiffness system into MyFlex-é [36] (Figure 2a). The general
configuration of the elastic and non-elastic elements found in
MyFlex-§ is retained in MyFlex-€. Consequently, MyFlex-¢
functions as a variable stiffness foot prosthesis that operates
like a traditional ESR foot during the stance phase but can be
adapted to different activities thanks to its variable stiffness
system. The design of MyFlex-¢ includes three elastic
components (the lower blade, middle blade, and upper blade)
made of carbon fibre-reinforced plastic (CFRP), utilizing
unidirectional and woven carbon fibre prepreg (T700 with
epoxy matrix). The non-elastic elements are constructed
from structural steel (38NiCrMo4) and aluminium alloy
(Al 7075-T6). MyFlex-§’s sagittal plane configuration can
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FIGURE 2. Picture and schematic of MyFlex-§. The footprint in the sagittal
plane of the foot without the foot cosmetic (or foot shell) is 250 mm. The
foot cosmetic size is 27 (270 mm of sagittal plane footprint). MyFlex-¢
was built on this configuration by redesigning the Tube Connector part.

be considered a kinematic chain. Under the same external
load, the forces exchanged among the kinematic chain
elements can be altered by varying their dimensions and
relative inclinations. In previous work, it was observed that
the middle blade is the elastic element most involved in
both dorsiflexion and plantarflexion of MyFlex-§. Therefore,
it was hypothesized that the stiffness of MyFlex-§ could be
changed by varying the force exchanged between the link
and the middle blade. MyFlex-6’s configuration allows for
the variation of three parameters depicted in Figure 2b: Dx,
Dy, and MBy. Dx and Dy are the longitudinal (x-direction)
and vertical (y-direction) distances between points A and B,
respectively. Point A is the ankle joint rotation centre in the
sagittal plane, while B is the rotation centre of the hinge
joint that connects the link and the tube connector. MBy, is
the sagittal plane distance between the M,,-M; line and point
C. The M,,-M; line represents the metatarsal bolts’ axis in
the sagittal plane, and C is the rotation center of the hinge
joint connecting the link with the spring holder. Through a
numerical DOE, Dx was identified as the parameter with the
greatest influence on MyFlex-§’s stiffness. The mechanism
designed to adjust Dx is based on a screw-nut system: with a
simple external rotation, point B can be shifted back and forth
along the x-direction.
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FIGURE 3. Flow chart. (a) The 2D FE model is first calibrated with respect
to the MyFlex-3 prototype, (b) then the DOE is performed using the same
2D FE model to find the most impactful parameter on the prosthesis
stiffness. Finally, (c) the functional design of the new prosthesis, its
fabrication and its testing to determine its stiffness properties are
carried out.

In the following section, the calibration of the numerical
model used to conduct the DOE and the functional design
of MyFlex-¢, as well as the procedures for static testing and
the determination of stiffness performance (rotation-torque,
rotation-stiffness, and rotation stiffness variation curves), are
described.

ill. METHOD

With the DOE, the goal is to determine the parameter that
most significantly influences MyFlex-§’s stiffness. Dx, Dy,
and MB_’s effects were assessed through rotation-torque
curves.
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FIGURE 4. The 2D FE model of the static tests. The equivalent
(a) plantarflexion and (b) dorsiflexion configurations include the contacts
and joints modelling listed in Table 1.

As described in the following sections, these curves were
obtained using a 2D FE model with simplified boundary
conditions compared to the static tests typically used to
characterize foot prostheses. This simplified configuration
offers the dual advantages of reducing computational times
and facilitating the calculation of rotation-torque curves.
In Section III-A, the calibration of the 2D FE model used to
perform the design of experiments (DOE) is detailed, which
is presented in Section III-B. Subsequently, the functional
design of MyFlex-e and the determination of its stiffness
curves are described in Section III-C and Section III-D,
respectively. The procedure followed is summarized in the
flow chart in Figure 3.

A. THE 2D FE MODEL CALIBRATION

The 2D FE model was calibrated to ensure alignment between
the displacement-force curves obtained from both the 2D
FE model and the equivalent static test on the prototype.
To achieve this, static tests were conducted on the prototype
of MyFlex-§, following procedures equivalent to those
outlined in ISO 10328 and the guidelines from the American
Orthotic Prosthetic Association (AOPA), as described in
previous works [36], [37]. The displacement-force curves
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TABLE 1. 2D FE modelling details of the foot prosthesis.

Discretization (mesh modelling):

For all parts: 2D 8-node and 6-node elements and quadratic formulation
(PLANE183)

Contacts modelling:

(C1) tube connector - ankle frame at ankle joint: no separation, pure penalty
(C2) ankle frame - upper blade: bonded, pure penalty

(C3) upper blade - middle blade: frictional, augmented Lagrange, friction
coefficient = 0.2

(C4) middle blade - lower blade: frictional, augmented Lagrange, friction
coefficient = 0.2

(C5) middle blade - spring holder: frictional, pure penalty, friction coeffi-
cient =0.2

(C6) lower blade - platform: frictional, pure penalty, friction coefficient =
0.2

Joints modelling:

(J1) link part modelled by a body-to-body beam joint (BEAM183), direct
attachment to spring holder and tube connector nodes, diameter D = 16
mm, material: steel;

(J2) bolts spring holder - middle blade modelled by a body-to-body spring
joint (COMBIN14), direct attachment to spring holder and middle blade
nodes, preload of 7.4 kN, stiffness k = 500.000 N/mm

(J3) bolts upper blade - middle blade - lower blade modelled by a body-
to-body spring joint (COMBIN14), direct attachment to spring holder and
middle blade nodes, preload of 13.7 kN, stiffness k = 500.000 N/mm

Upper and lower blades elastic properties:

Upper blade: E, = 79484 MPa;E, = 17602 MPa; G,y = 6298 MPa; Ef, =
58034 MPa; Ej, = 29384 MPa;
Middle blade: E, = 87842 MPa;E, = 17767 MPa; Gy, = 4100 MPa; Es, =
76797 MPa; Ey, = 24038 MPa;

obtained from these tests were used to calibrate the 2D
FE model. Concurrently, MyFlex-§’s 2D CAD model was
created, capturing its shapes and dimensions in the sagittal
plane, and replicating boundary conditions equivalent to
those used in the static tests. Subsequently, MyFlex-6’s 2D
FE model was developed in Ansys Workbench, and the
static tests were simulated (Figure 4). The details of the 2D
FE model are extensively described in [36] and [37] and
summarized, including the equivalent material properties,
in Table 1.

The 2D FE model employed does not incorporate vari-
ations in component shapes and sizes in the transverse
direction, nor does it account for the presence of holes or cuts.
Instead, a single ‘width’ value is assigned for each component
in the Ansys settings. This simplification is particularly
notable for the elastic elements (Figure 5). For example, the
lower blade, in reality, exhibits variations in size, along with
holes and a cut extending from the tip to nearly the end of
the heel. The middle blade maintains a consistent maximum
footprint in the transverse plane but features holes and a fork-
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FIGURE 5. Picture of the three elastic elements of MyFlex-¢ (top view):
(a) the upper blade has size variation, holes and a cut from the tip almost
to the end of the heel; (b) the middle blade has two holes and a fork-like
shape; (c) the upper blade has four holes.

Hy
Force Gy
Force

FIGURE 6. The simplified 2D FE model. The boundary conditions with
direct force applied in the region between H; and H, for the
plantarflexion, while it is applied in the region between G; and G, for the
dorsiflexion. The force is applied from 0 to 1200 N with a rate of 100 N/s.

like shape. Similarly, the upper blade includes two front-side-
by-side holes and two aligned holes at the rear. Below is the
structured summary of the process followed for calibrating
the FE model:

o Initial width assignment: An initial average width
was assigned for each component made of composite
material (i.e., the three blades), considering variations
in transverse shapes, holes, and cuts on the geometry.

o Elastic moduli assignment. An elastic modulus was
assigned for each elastic element based on the equivalent
isotropic material properties equal to the equivalent
flexural modulus Eg, of the laminate. This Ez, was deter-
mined using classical laminate theory, considering the
specific lamination sequence for each elastic element.
Detailed values are provided in Table 1.

o FE simulation execution: The FE simulations were
conducted to simulate the equivalent static test, and the
displacement-force curve was obtained as a result.

o Experimental and FE displacement-force curves com-
parison: After obtaining the displacement-force curve
from the FE simulation, it was compared with the
experimental curve obtained from physical tests on the
MyFlex-§ prototype.

o Width calibration: If the FE displacement-force curve
did not closely replicate the experimental curve, the
widths of the three elastic elements in the FE model were
iteratively adjusted. This iterative process continued
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FIGURE 7. Design of Experiment Results. (a) Dx is varied from 41 mm to 49 mm; (b) Dy is varied from 44 mm to 52 mm; (c) MB, is varied from 159 to
167 mm. The original values from MyFlex-§ were Dx = 45 mm, Dy = 48 mm, MB; = 163 mm. The increase in stiffness of MyFlex-5 occurred by increasing
Dx and Dy, and decreasing MB;. Among the three parameters, Dx is the parameter whose variation most significantly influenced the stiffness variation

of MyFlex-§.

until numerical displacement-force curves that closely
matched the experimental results were achieved.

By systematically following these steps, the accuracy of
the 2D FE model in representing MyFlex-§’s mechanical
behaviour under static loading conditions was ensured. This
calibrated FE model serves as a reliable tool for the DOE.

B. THE DESIGN OF EXPERIMENT

In the DOE, the loading configuration was modified to
simulate dorsiflexion and plantarflexion by applying forces
directly to specific areas of the lower blade. Forces were
applied to two distinct areas of the lower blade: for
dorsiflexion loading, the force was applied in the Gji-
G portion, with midpoint G,,; for plantarflexion loading, the
force was applied in the Hi-H», with midpoint H,, (Figure 6).
The applied force was consistently vertical, starting from
0 up to the maximum value. To calculate the torque around
the ankle joint, the lever arms provided by the longitudinal
distances of G,, and H,, from the ankle joint rotation centre
A were considered:

T =F-(xg, —xa) (D

The torque calculated can be expressed as a function of the

foot’s rotation angle 6, which is defined as the variation in the
angle formed by points H; and M with the horizontal line:

@

6= 6y m,g(w)

XM — XH1

where 6y is the initial angle of the foot, calculated as
follows (3):

3

00 — arctg(w)

XM0 — XH10

The DOE was conducted by varying one parameter at a
time while keeping the other two constants at their initial
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values (Dx = 45 mm, Dy = 48 mm, MB; = 163 mm) and
applying a force as shown in Figure 6b, ranging from 0 N
to 1200 N at a rate of 100 N/s. For this phase of the study, the
force was applied solely to the toe of the foot to determine the
effects of the parameters on dorsiflexion rotation, crucial for
energy accumulation and subsequent release during the push-
off phase. Initially, simulations were conducted by varying
Dx from 41 mm to 49 mm in 2 mm increments while
keeping Dy and MB;, constant. The rotation-torque curves
obtained from these simulations are shown in Figure 7a.
Next, Dy was varied from 44 mm to 52 mm in 2 mm
increments, with the other two parameters held constant.
The resulting rotation-torque curves are shown in Figure 7b.
Finally, MB; was varied from 159 mm to 167 mm in 2 mm
increments. The torque increases with the increment of Dx
(Figure 7a) and Dy (Figure 7b), while it decreases with
the increment of MB;, (Figure 7c). To illustrate the torque
variation due to parameter changes, the torques obtained at
each parameter’s minimum and maximum values at angles
of 5°, 10°, and 15° were graphically represented by blue,
green, and orange dashed lines, respectively. The torque
variation between the maximum and minimum values of Dx
at 5° is approximately 5 Nm, at 10° it is about 14 Nm,
and at 15° it is around 37 Nm. For Dy, the difference
is 3 Nm at 5°, approximately 4 Nm at 10°, and about 7 Nm
at 15°. Regarding MBy, the difference at 5° is 4 Nm,
at 10° it is 5 Nm, and at 15° it is 20 Nm. Based
on the results, Dx was identified as the parameter with
the most significant contribution to the stiffness variation
of MyFlex-§.

C. MYFLEX-¢'S FUNCTIONAL DESIGN AND FABRICATION

To ensure that the dimensions of MyFlex-6 were not
significantly exceeded, thereby preventing fitting issues with
the foot shell and discomfort for the user, as well as avoiding
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FIGURE 8. MyFlex-¢ picture and schematics. (a) Picture of the prototype;

(b) 3D CAD (sectioned view) of the Dx Slider System, with the three main

parts: the Dx Slider, the threaded shaft, and the fixed tube connector. The
Dx Slider slides along the prismatic guide inside the fixed tube connector
by screwing and unscrewing the threaded shaft; schematic of MyFlex-¢ at
() minimum and (d) maximum Dx.

FIGURE 9. MyFlex-¢ static tests. (a) Plantarflexion and (b) dorsiflexion
static tests in loaded situation. The results of these tests are reported in
Figure 10.

a prosthesis with an excessively high build height, the new
system was designed to allow Dx adjustment from 40 mm
to 47.50 mm. Figure 8a shows a picture of MyFlex-¢, while
Figure 8b displays a sectioned view of the 3D CAD model of
the Dx Slider system.

The Dx Slider system consists of several main components:
the Dx Slider (or the movable part of the tube connector),
the fixed tube connector, and the threaded shaft. The Dx
Slider features a threaded hole that matches the thread of
the shaft and moves back and forth within a prismatic guide
inside the fixed tube connector. This movement of the Dx
Slider is achieved by rotating the threaded shaft, which is
constrained to allow only rotational movement around its
axis. The threading selected has a pitch of 1.25 mm with a
nominal diameter of 8 mm. The new parts were fabricated
using 38NiCrMo4 steel and Al 7075-T6 aluminum alloy, and
they were integrated into the foot group and tendon group of
MyFlex-6 [36].

D. MYFLEX-¢'S STATIC TESTS AND STIFFNESS
DETERMINATION

Slight variations were made to the dimensions of certain
components and the distances between key points to maintain
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FIGURE 10. MyFlex-¢ experimental and numerical displacement-force
curves. Both for (a) plantarflexion and (b) dorsiflexion, the solid lines
represent the results from the 2D FEAs using the calibrated 2D FE models,
while the dashed lines represent the results from the static tests on
MyFlex-¢ prototype.

alignment with MyFlex-§ and facilitate the integration
of various mechanical parts of the Dx Slider System.
Following the third phase of the flow chart from Figure 3,
dorsiflexion and plantarflexion static tests were conducted
on MyFlex-e, and new experimental displacement-force
curves were obtained. Its 2D FE model was built in
a static test configuration, FE displacement-force curves
were obtained, a simplified 2D FE model was created,
rotation-torque curves were obtained, and rotation-stiffness
and rotation-stiffness variation curves were then calculated.
Rotation-stiffness curves were obtained by interpolating the
FE rotation-torque curves using fifth-degree polynomial
functions:

T(9)=a1~95+a2-94+...+a5-0+a0 “4)
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TABLE 2. The stiffness values of MyFlex-¢ and their ratios with the
stiffness values for Dx = 40 mm at —5°, —2.5°, 7.5°, and 15°.

-5.0° -2.5° 7.5° 15.0°

Dx kT(G) AkT kT(G) AkT kT(G) AkT kT(G) AkT
(Nm/?) (%) |[(Nm/Y) (%)  |(Nm/*) (%) |(Nm/%) (%)

40.00 9.21 100 8.46 100 7.31 100 17.19 100

42.50 19.68 105 9.09 107 7.99 108 2022 119

45.00 {10.29 112 9.70 115 8.54 117 23.74 127

4750 (1092 119 1034 122 9.27 138 2777 162

Subsequently, the rotation-torsional stiffness curves were
calculated by deriving the function (4) as follows:

kr(0) = T'(6) &)

Finally, to evaluate the range of stiffness covered by
MyFlex-¢, the torsional stiffness ratio was calculated between
a generic Dx ranging from -5° (plantarflexion) to 15°
(dorsiflexion) and the torsional stiffness at Dx = 40 mm,
as follows (6):

kr@py (0)

Arepe(©) kr @px=40(6) ©
IV. RESULTS
A. STATIC TESTS CHARACTERIZATION OF MYFLEX-¢ AND
STIFFNESS CURVES DETERMINATION
Figure 10 displays the static tests and corresponding
simulation results for MyFlex-¢: the dashed curves depict
the experimental displacement-force curves, while the solid
curves represent the FE results. The plantarflexion curves
(Figure 10a) show a linear trend and can be described by
linear functions F(u) = m-u, where m represents the slope
of each curve. In contrast, the dorsiflexion curves exhibit a
trend describable by a fourth-degree polynomial function.
Figure 11a displays the rotation-torque curves along with
the fifth-degree polynomial functions that describe their
behavior. Figure 11b shows the rotation-stiffness curves,
which are described by fourth-degree polynomial functions
derived from the differentiation of the polynomial functions
T(60) with respect to rotation 6. Finally, Figure 11c presents
the rotation-stiffness variation curves. The two graphs in
Figure 10 and the curves in the three graphs of Figure 11
confirm that increasing the Dx parameter increases the
stiffness of MyFlex-€. To emphasize the contribution of Dx
to the stiffness variation, stiffness values kr at angles —5°,
—2.5°, 7.5°, and 15° are presented in Table 2, along with
their respective ratios to kr for Dx = 40 mm. In addition to
these angles, the stiffness was also calculated in the neutral
position (0° rotation), which is 7.68 Nm/° at Dx = 40 mm
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(a) Sagittal plane ankle torque

Dx = 40.00: T(9) = 0.00001365 + 0.0003400* — 0.00035363 +
—0.0808506? + 4.3938796; R? = 0.9996

Dx = 42.50: T(8) = 0.0000146° + 0.0003696* + 0.0007896° +
—0.07611462 + 4.5924850; R? = 0.9998

Dx = 45.00: T(8) = 0.0000126° + 0.0004136* + 0.0027376° +
—0.07479602 + 4.7446476; R? = 0.9994

Dx = 47.50: T(6) = 0.0000286° + 0.0007300* + 0.0017346° +
—0.10627862 + 5.0934456; R? = 0.9998

200

150

100

Torque 7(8) (Nm)
3

Rotation 8 (°)
(b) Sagittal plane ankle stiffness

0 @ - O
kr(0) = =24 Dx

0 + + + !
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Rotation 6 (°)

Stiffness kr(8) (Nm/°)

(¢) Sagittal plane ankle stiffness variation
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80% + + t

Rotation 8(°)

FIGURE 11. MyFlex-¢ stiffness curves. (a) The ankle rotation-torque
curves obtained from the FEAs performed, for different values of Dx (from
40 mm to 47.50 mm, with a 2.50 mm step). The four curves were
interpolated with fifth-degree polynomial functions. (b) the ankle
rotation-stiffness curves obtained after deriving the fifth-degree
polynomial functions that describe the rotation-torque curves. (c) The
ankle rotation-stiffness variation calculated with respect to Dx = 40 mm.

and 9.49 Nm/° at Dx = 47.50 mm, resulting in a ratio of
approximately 124%.

V. DISCUSSION

In this article, the transformation of an ESR foot prosthesis
with fixed stiffness (MyFlex-§) into a variable stiffness
prosthesis (MyFlex-€) was systematically detailed through a
methodology involving experiments and numerical models.
Five prototypes of MyFlex-6 were constructed for a previous
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FIGURE 12. MyFlex-§ and MyFlex-¢ displacement-force curves. The
dashed lines represent the curves obtained from the static dorsiflexion
tests on MyFlex-§ optimized for users weighing 60 kg, 70 kg, 80 kg, and

90 kg, while the solid lines represent the curves obtained with MyFlex-¢
from Dx 40 mm to Dx 47.50 mm.

investigation [36], each optimized to accommodate users
weighing 60, 70, 80, 90, and 100 kg, based on the typical
range of motion observed in healthy feet during normal
ground walking. The prototype optimized for 80 kg users was
selected from among these five MyFlex-§ variants.

A. MYFLEX-5 VS. MYFLEX-¢

To compare the stiffness range achieved with MyFlex-
€, the experimental displacement-force curves of the first
four stiffness categories of MyFlex-§, along with the
displacement-force curves of MyFlex-e at Dx = 40 mm
and Dx = 47.50 mm, were plotted in the same graphs
(Figure 12). It should be noted that the curves for MyFlex-
4 in this comparison differ from those reported in [36], where
the MyFlex-§ prototypes were tested with the foot cosmetic
attached, whereas in this study both prostheses were tested
without it.

Table 3 shows the forces corresponding to displacements
from 5 to 50 mm, for MyFlex-¢’s most compliant and stiffest
configurations, and for the four MyFlex-§ prototypes. The
force range covered by MyFlex-¢ is relatively limited for the
initial displacement values. It was observed that the curves
obtained with MyFlex-¢ manage to cover the stiffness range
covered by MyFlex-5-70 kg, and MyFlex-5-80 kg in the
initial segment, i.e., 0-15 mm of displacement. From 15 to
20 mm, there is a transition phase where the curves derived
from MyFlex-e shift from covering the MyFlex-5§-70 kg and
MyFlex-3-80 kg curves to covering those of MyFlex-§-60 kg
and MyFlex-6-70 kg. From 20 to approximately 30 mm, the
range covered remains within the MyFlex-§-60 kg - MyFlex-
8-70 kg range. Between 30 and 40 mm, MyFlex-e manages to
cover the MyFlex-6-70 kg - MyFlex-§-80 kg range. Finally,
from 40 mm to 50 mm, the blue area in Figure 12 expands
with increasing displacement, covering the MyFlex-§-70 kg
- MyFlex-5-90 kg range.

A primary aspect that can be observed is the overall
different behaviour between MyFlex-e and the MyFlex-
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TABLE 3. Force values at specific displacement for MyFlex-¢ at Dx =
40 mm and Dx = 47.50 mm and for MyFlex-§ for 60 kg, 70 kg, 80 kg and
90 kg patients.

MyFlex-e | MyFlex-e | MyFlex-d | MyFlex-é | MyFlex-6 | MyFlex-

Dx40.00 |Dx47.50 |60 kg 70 kg 80 kg 90 kg
umm)| FN) | FON) | FO) | FON) | F(N) | F(N)
5 75.9 93.6 58.8 68.7 85.8 103.0
10 140.1 169.0 112.8 1324 171.6 201.1
15 192.7 230.8 169.2 208.4 247.6 304.0
20 237.3 286.6 228.0 264.8 3335 399.7
25 281.5 347.8 289.3 335.9 419.3 487.9
30 336.7 429.1 3335 409.5 5124 598.2
35 417.7 548.6 402.1 487.9 595.8 713.5
40 543.5 728.1 487.9 578.6 701.2 858.1
45 736.4 992.5 610.5 718.4 907.2 1098.4
50 1022.8  |1370.4 |772.3 985.6 1343.6 |-

8 prototypes. The displacement-force curves behaviour
generally depends on several factors: the prosthetic elastic
elements’ shape, the elastic elements’ material properties, the
connecting joints’ positions with respect to the ankle joint
position, and the ankle joint’s position itself both in general
and in relation to the lower blade - test setup contact point.
The elastic elements’ shapes are crucial as they define how
they deform to each other [37]. The stiffness of the elastic
elements also heavily depends on the elastic modulus of the
materials from which they are made. The positioning of the
connecting joints relative to the ankle joint is significant, and
this positioning is precisely what is exploited to vary the
stiffness in MyFlex-€, i.e., changing the relations between the
parts in a kinematic chain. As part of the overall assembly of
connecting joints, the ankle joint’s position is important since,
for instance, the greater the distance between the ankle joint
and the sole-platform contact point, the lower the resulting
stiffness, leading to a lower displacement-force curve. The
differing trend between the displacement-force curves of the
MyFlex-6 models and MyFlex-¢ is driven by the fact that in
MyFlex-¢, the elastic elements remain the same, and only the
Dx is varied. In contrast, from MyFlex-§-60 kg to MyFlex-§-
100 kg, several aspects change: in the MyFlex-6 models, all
elastic elements have the same shape, but they differ in their
elastic properties (the layup sequences of the three composite
carbon fibre blades are different) and in the thicknesses
of the blades, particularly the upper blade and the middle
blade. The different elastic properties alone result in varying
displacement-force curves, which rise with increasing elastic
moduli. Additionally, varying the thicknesses of both the
middle and upper blades increases the inherent stiffness of the
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prosthesis and slightly alters the position of the ankle joint
within the overall prosthetic reference frame, as well as the
positions of the joints relative to the centre of the ankle joint.
Changing the thicknesses, elastic moduli, and positions of key
points, i.e., A, B, and C in Figure 2, leads to variations in the
displacement-force curve behavior.

B. THE ADVANTAGES OF A VARIABLE STIFFNESS
ANKLE-FOOT PROSTHESIS

For MyFlex-§’s clinical tests, three patients with transfemoral
amputations and different body weights participated [36]:
the first weighed 103.3 kg, the second 80.6 kg, and the
third 73.3 kg. With these clinical tests, it was aimed to
determine whether the carbon spherical ankle joint offered
biomechanical advantages. To conduct these tests without
the biases of inappropriate stiffness, it was needed to ensure
that each patient selected the MyFlex-§ with stiffness closest
to what they were accustomed to, i.e., stiffness similar to
what they wore daily. During the familiarization phase with
MyFlex-4, each patient had to wear at least two different
stiffnesses before selecting the suitable one. This process
was lengthy, as all three patients had to repeat a series
of activities with each foot. Additionally, each time they
changed prostheses, a technician familiar with MyFlex-8,
a CPO, and a physiotherapist were required to ensure that
the prosthesis was mounted perfectly and safely, with the
proper alignment. As a result, the overall testing time was
further extended. This suggests that a variable stiffness foot
prosthesis could shorten the timelines during ambulatory
activities such as tests to determine the benefits of a
particular feature or during initial tests with an individual
who has just undergone lower limb amputation. Furthermore,
a variable stiffness prosthesis is believed to potentially
enhance the gait symmetry of amputee users by enabling
them to customize their device based on their activity or
pace. Currently, MyFlex-¢ lacks an automatic control system.
Nevertheless, the screw mechanism is designed to require
minimal effort, and the capability to adjust the stiffness
to prevent asymmetrical walking during specific activities
remains preferable compared to compensating when using a
prosthesis with fixed stiffness. The manual adjustment mech-
anism allows users to fine-tune stiffness with less effort than
tying shoelaces while keeping the device’s weight relatively
low: both MyFlex-6 and MyFlex-e¢ weigh approximately
950 g.

C. THE ADVANTAGES OF THE DESIGN OF EXPERIMENT
THROUGH 2D FE ANALYSES

In this study, a design of experiments (DOE) based on 2D
FE simulations to determine the most effective geometric
parameter for varying the stiffness of a foot prosthesis was
proposed. 2D simulations offer reduced computational costs
compared to 3D simulations, achieved through a significant
reduction in the number of elements and, consequently,
degrees of freedom in the FE model. Considering the
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simulation parameters used in this work and in [37], for
equivalent computational power, the time required for a 2D
FE simulation is approximately 50 to 60 seconds, whereas
the same simulation in a 3D FE model would take about
4 hours. Carrying out DOEs on 3D FE model would require
a highly extended time of work. In the present work, the
twelve configurations were simulated in around 10 minutes
(not including the post-processing). This approach also serves
as an effective alternative to experimental methods, where
multiple prototypes with different stiffness mechanisms
would need to be designed, manufactured, and tested,
requiring months to carry out all the activities, from design to
testing (in addition to considering cost reduction). Leveraging
the same modelling technique, this approach allows also
to characterize a variable stiffness prosthesis by setting
different stiffness configurations, thus avoiding the need
for multiple experimental tests. This aspect further reduces
investigation times and, once again, contributes to cost
savings.

D. THE LIMITS OF THE METHODOLOGY PROPOSED TO
CALCULATE THE TORSIONAL STIFFNESS OF A FOOT
PROSTHESIS IN THE SAGITTAL PLANE

The method of obtaining the rotation-torque and rotation-
stiffness curves used both for the DOE on MyFlex-§ and
on the final determination of MyFlex-e¢ ones might be
approximate as it does not replicate the natural functioning
principle of the prosthesis. Indeed, it does not consider
the contact between the ground and the foot. In actual
operation, for instance, the contact point (adequately defined
as the centre of pressure) at the heel moves forward from
heel-strike to just before toe-strike and continues to do so
during the push-off phase. However, observing the results
of gait analysis published in other literature works, both
for healthy subjects and those with amputations, the relative
angle between the foot and the ground varies from person to
person and even from step to step of the same subject [39].
Taking the early stance as an example, the relative angle
between the foot and the ground can depend on the angle
between the foot and the shin (or pylon) and between the
shin and the thigh. This suggests that even if two subjects
exhibited the same ground reaction force (GRF) profiles
and used the same prosthesis, they could have different foot
rotations around the ankle because of variations in how the
same GRFs are applied to the prosthetic foot. Additionally,
as documented by Major et al. [40], [41], the stiffness and
other characteristics of the prosthesis vary depending on the
footwear used. It was hypothesized that this is primarily due
to the stiffness characteristics of each shoe. Furthermore,
it was hypothesized that the contact pattern between the
ground and the shoe changes and depends on both the
shape under the sole of the shoe and the positions of each
portion of the foot within the shoe. Therefore, the shape
and type of the worn shoe alter the contact point between
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the ground and the shoe and between the shoe and the
foot, resulting in a modification of how the foot prosthesis
is subjected to the GRF. Therefore, it is believed that this
method, albeit approximate, can provide stiffness curves in
the form of rotation-moment, normalized concerning the
aspects above, thus reducing stiffness to equivalent ankle
joint torsional stiffness. Moreover, it can provide these
curves in lower computational time compared to 3D FEA,
and it is less time-consuming compared to performing the
experimental test, which also requires the determination of
the centre of pressure between the foot and the platform
to determine the lever used to calculate the torque around
the ankle.

E. FUTURE WORKS

MyFlex-e¢ was constructed by constraining the design (and
realization) based on the original elastic elements and
restricting the adjustment range of Dx to 7.5 mm. This
limitation was imposed to validate the efficacy of its stiffness
adjustment on MyFlex-§, which later evolved into MyFlex-
€ with the incorporation of the Dx Slider System. Future
efforts will involve redesigning the Dx Slider System to
expand the Dx range and broaden the spectrum of achievable
stiffness. Additionally, there are plans to redesign the elastic
elements to better suit the integrated system. The new
prosthesis will also undergo clinical testing to assess stiffness
variation effectiveness from a biomechanical standpoint and
to determine user preferences based on their activities and
perceptions of stiffness. Compared to other variable stiffness
prostheses discussed in this article and in the literature, such
as VSPA, VSF, and VSA, the present prosthesis lacks an
automatic actuation system to vary Dx and, hence, stiffness.
Introducing an actuation and control system is clearly a key
future objective to enable MyFlex with variable stiffness
to adapt seamlessly to various activities without manual
intervention by the user. The current design of the Dx Slider
is conducive to accommodating an electric motor for an
actuation system.

VI. CONCLUSION

In this work, a variable stiffness foot prosthesis was
developed based on a fixed stiffness ESR foot. A systematic
methodology was proposed to identify the most effective
geometric parameter for adjusting stiffness using a nonlinear
two-dimensional simulation design of experiments. Despite
its simplicity and low computational cost, the 2D FE model
accurately represented experimental test results and facili-
tated the design of the novel foot prosthesis. The resulting
MyFlex-e¢ foot prosthesis can cover stiffness categories
ranging from 60 to 90 kg, equivalent to the fixed stiffness ESR
foot. Specifically, the system can achieve stiffness variations
of 119%, 122%, 138%, and 162% at plantarflexion angles
of —5° and —2.5°, and dorsiflexion angles of 7.5° and 15°,
respectively.
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