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Abstract
This paper presents a new testing protocol for running-specific prostheses that aims to better simulate real running conditions.
Unlike traditional methods that often use fixed conditions and lack standardization, this approach adjusts the rotation of the
bottom platform and the vertical compression force, based on findings from treadmill tests and static analyses. The study
tests two prosthetic footblade models by simulating two different running styles. To evaluate the accuracy of these dynamic
tests, the study compares the vertical and horizontal forces measured during testing to those recorded from actual users
running. The most accurate test showed only a 2.46% error in the ratio of horizontal to vertical forces and a 2.38% standard
deviation compared to real-life data. These findings indicate that the testing method closely matches real-world conditions,
demonstrating its reliability. In the future, this dynamic testing method could be standardized to improve the evaluation of
prosthetic running blades across various models and stiffness levels, helping to bridge the gap between laboratory tests and
real-world usage.

Keywords Machine testing · Running biomechanics · Machine simulation · Prosthetics · Stiffness
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F load evaluated at the upper end of the prosthesis

from the experimental running test data
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F̄ load measured at the load cell during the quasi-
static tests

F̂ estimated load for quasi-static tests when α ∈
[26◦, 40◦]

F̃ loadmeasured at the load cell during the dynamic
machine tests

R ground reaction force measured from the tread-
mill during experimental running tests

α inclination angle of the machines’ lower platform
θ rotation of the prosthesis reference frame, in the

sagittal plane, estimated from the experimental
running tests

γ inclination of the prosthetic pylon, attached to the
prosthesis, during dynamic machine tests

[*]n interpolation point on loading curves, n ∈ [1, 30]
[*]ζ horizontal direction component in the sagittal

plane
[*]ξ vertical direction component in the sagittal plane
[*]y horizontal direction component in the prosthetic

reference frame
[*]z vertical direction component in the prosthetic ref-

erence frame

http://crossmark.crossref.org/dialog/?doi=10.1007/s40799-025-00838-w&domain=pdf
http://orcid.org/0009-0005-4724-4963


Experimental Techniques

Introduction

Running Specific Prostheses (RSPs) are designed to allow
for high-impact activities. To ensure optimal performance, it
is essential to test prostheses in real-world conditions such
as running [1, 2].

Extensive experimental analyses, primarily involving
human subjects, have been conducted on the running biome-
chanics of amputees [3–8], typically associated using a
simple spring-mass system. Therefore, the vertical stiffness
of the affected and unaffected legs and of the prosthetic is
usually computed. There are no standardized test specifica-
tions for experimental tests on RSPs, and various tools and
methods are used for mechanical evaluations. This results
in conflicting outcomes. For example, McGowan et al. [3]
found that the stiffness of the affected leg decreased with
speed, while Hobara et al. [4] measured a constant stiffness
with speed. These differencesmaybe due to variations in test-
ing methods, the lower running speeds analyzed by Hobara
et al., and the different RSP models used by the athletes.
Rigney et al. [9] also demonstrated the necessity of devel-
oping a standard procedure. They performed experimental
tests by adopting different marker locations on the ampu-
tated leg. They showed that motion capture techniques based
on able-bodied methods produce different results compared
to an amputee-specific approach. It was found that the RSP
should not be analysed with just two markers, nor should the
ankle joint be set at the same height as the biological ankle.

The stiffness properties of RSPs have also been widely
evaluated through mechanical tests [1, 2, 10–13]. Machine
testing offers the benefit of assessing the behaviour of pros-
thetics under different loads, stresses, and impact conditions,
while ensuring the consistency and reproducibility of the
data.

Machine testing protocols exist for assessing the prop-
erties of foot prostheses [14–17], with the aim for testing
for cyclic fatigue testing assuming a walking gait. The
development of a universal standard for running-specific
prostheses remains highly challenging due to the intraindi-
vidual variability in running gait, influenced by individual
biomechanics, running speed, and activity levels. In contrast,
walking biomechanics ismore extensively studied and under-
stood.

While walking-based standards provide a foundation for
evaluating prosthetic devices, they do not represent running
motion. There is no standardisedmachine-based test to evalu-
ate the functional behaviour of RSPs. As a result, studies rely
on human testing in sports halls, which makes it challenging
to set up all the necessary equipment. Simulating real-world
running conditions on amachinewould allow for amore con-
trolled evaluation of functional performance. For this reason,
researchers have attempted to replicate the running condi-
tions that the prosthesis experiences in machine-based tests.

Usually, static tests are performed under mid-stance con-
ditions since the maximum Ground Reaction Force (GRF)
is measured, and the maximum stiffness can be recorded [1,
10]. However, as underlined by Beck et al. [10], the angle
and force variations can cause different stiffness behaviours,
which also depend on the shape of the test sample. From
machine tests, Beck et al. [10] measured an increasing stiff-
ness with load, in contrast with the experimental results of
the in-field tests performed by McGowan et al. [3]. This dif-
ference is likely due to the prosthesis tilting during the stance
phase of running, which leads to a decrease in stiffness.

Selecting the appropriate constraint for mechanical tests
is crucial, as it directly impacts stiffness properties. Dyer
et al. [2] suggested constraining the distal end during static
tests to measure the highest stiffness, but this may result
in over-constraining conditions. During running, the Force
Contact Point (FCP) changes depending on multiple factors
i.e., speed, technique, straight or curved run and the fatigue of
the athletes. Furthermore, the researchers wondered whether
stiffness should be measured as an average value or at max-
imum load.

An experimental protocol has been proposed by Doyen et
al. [11] to evaluate RSPs’ performances. The experimental
setup included a mechanical testing machine and a camera.
The tests aim to evaluate the influence of the prosthesis-
ground angle, the sole type and the flooring type on the
prosthesis performances, in terms of secant stiffness and
energy dissipation. However, this study faced limitations due
to the displacement loading control, which prevented achiev-
ing the maximum force recorded during the run, as well as
the constant relative angle between the prosthetic and the
ground.

Mechanical tests are also relevant for the verification
and validation of Finite Element (FE) models of prostheses
[12, 18]. Rigney et al. [12] integrated the static and stress-
relaxation tests with FE analyses to evaluate a reliablemodel,
tuning the isotropic material properties, friction coefficient
and Railegh parameters. Alternatively, Barattini et al. [18],
optimised the orthotopic material properties of a FE model
based on experimental hammer test results on the prosthesis.

The evaluation of prosthesis performance has also been
conducted through modal tests by Noroozi et al. [13, 19, 20].
According to Noroozi et al.[13], once the stiffness is known,
assuming fixed boundary conditions, the natural frequency
can be predicted based on the mass applied, and the athletic
bouncingmovement can be adjusted to match the natural fre-
quency of the prosthetic. Nonetheless, boundary conditions,
such as the FCP, are variable and continuously change during
running.

Other studies have focused on assessing the energy return
properties of prostheses through drop tests [1, 21]. Notably,
Grobler et al. [21] performed these tests on the combined
assembly of the prosthetic and socket.
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The varying approaches and conflicting results observed
among researchers in evaluating RSPs stem from the lack
of standardised criteria for assessing these devices under the
specific conditions in which they are meant to be used.

It is important to underline, however, that mechanical test-
ing cannot fully reproduce the conditions experienced during
actual running. The movement of the whole body, the mus-
cle control of the user and the high-speed movements cannot
be replicated in a machine-based setup. Nevertheless, care-
ful design of the mechanical testing protocol can improve the
relevance of the test and provide meaningful insights into the
functional performance of running-specific prostheses.

This paper presents the methodology for designing a
machine dynamic test that mimics real-world running gait,
while acknowledging the limitations discussed above. The
tests are performed on two models, Cheetah® Xceed (CX)
and Flex Run™(FR) (Össur hf. Iceland).

This study builds on ISO/TS 16955 [15] to develop
an adapted setup for evaluating real-world running gait
conditions. ISO/TS 16955 focuses on the performance char-
acterization of walking feet of a specific size (260 mm
height), for a specific intended user weight (70 kg). In con-
trast, this research aims to evaluate functional data using
abstract running input profiles.

As underlined by the literature review, RSPs are typi-
cally tested using quasi-static, modal, or drop tests. In these
analyses, the contact point and the relative rotation between
the prosthetic component and the contact surface are usu-
ally fixed or uncontrolled, introducing a simplification in the
tests that do not reflect real-world conditions. In contrast,
this research aims to replicate the running gait conditions the
prosthesis experiences on a dynamic machine by controlling
the vertical compression load and the rotation of the contact
platform.

The paper is organised as follows: in Section “Dynamic
Test Setup and Tested Components”, the experimental setup
adopted for the dynamic tests is presented. Afterwards, the
process for evaluating the input data for the tests is described
and divided into four subsections. In Section “Running Gait
Data”, the post-processing of the running gait data obtained
from the experimental running tests is outlined. In Sec-
tion “Quasi-static Tests”, the quasi-static tests performed
are detailed. In Sections “Correlation of Real-life Run-
ning and Quasi-static Test Results” and “Input Data for the
Dynamic Tests”, the methodology for obtaining the input
data is explained. Finally, in Section “Dynamic Tests”, the
results of the dynamic tests are presented. To conclude, in
Section “Conclusions”, considerations on the results and pos-
sible future developments are drawn.

Dynamic Test Setup and Tested Components

The RSP foot is tested in an adapted setup similar to the
test specification ISO/TS 16955 [15], Fig. 1. According to
the specifications, the load cell should be positioned at 0.5
m from the lower platform, which supposedly represents the
locationof a knee joint,while a pivot joint is set above the load
cell at 0.7 m. These measurements correspond to dimensions
h and H in Fig. 1 and are considered in the dynamic test setup.

The load cell used for the tests is a 6-Axis Combined
Force/Torque (FT) sensor.

The parameters that are set and controlled during the
dynamic test are the vertical input force above the pivot joint
and the rotation of the tilt table (Rξ and α in Fig. 1).

Choosing the right input settings and the output measure-
ments is key to getting accurate and useful test results.

Fig. 1 Schematic representationof dynamicmachine test. The test input
data, Rξ and α, are shown in green, while the measured loads, F̃y and
F̃z , are displayed in red. The markers’ positions and nomenclature are
highlighted in yellow. Six markers, from M1 to M6, are placed on the
prosthesis, while Mr is located on the prosthetic pylon attached to the
tested component



Experimental Techniques

Fig. 2 Tested prosthesis
models: Flex Run (a) and
Cheetah Xceed (b). Photos
©Össur [24, 25]

In the stance phase simulation, the tilt table angle in the
machine test setup does not directly match the shank tilt-
ing angle during running. This is because the prosthetic
pylon can freely rotate under compression. This means that
the Anterior/Posterior (A/P) forces observed are due to the
mechanical behaviour of the RSP.

The input vertical force selected is the load measured
from the force platform during the experimental running tests
described in Section “Running Gait Data”.

The validation parameter selected is the A/P force at the
upper end of the prosthesis (Fy in Fig. 4). As the load cell is
integrated in the setup under the pivot joint, it rotates together
with the prosthetic pylon attached to the prosthesis. Hence,
the horizontal force F̃y sensed by the FT sensor is rotating
with the prosthetic upper part. Another option would be to
measure themoment and compare itwith the one sensed at the
knee during running. However, knee joint height varies, and
different methods can be used to measure the moment, such
as Wearable Inertial Measurement Units (IMUs) or inverse
dynamics based on motion capture and force plate data [22,
23]. These differences directly affect the resulting values.

During the tests, the deformation of the prostheses and the
inclination of the prosthetic pylon are tracked using markers,
which are represented in yellow in Fig. 1.

Since the main running movement occurs in the sagittal
plane, for these tests, all considerations and computations
are performed in this plane, without considering the lateral
dimension.

Two different prosthesis models are tested: Cheetah®

Xceed and Flex Run™, Össur hf. Iceland (Fig. 2). The first
model is designed for sprinting purposes, while the other
is developed for jogging and distance running. Table 1 pro-
videsan overview of the components tested, with their stiff-

ness properties and the corresponding suggested user weight
according to the Instructions For Use (IFUs). As stated in the
table, both samples belong to the same stiffness category.

Dynamic Tests Pre-Processing

Figure 3 presents a schematic representation of the procedure
followed during the pre-processing steps.

Firstly, the running test data, described in Section “Run-
ning Gait Data”, are post-processed. During this step, the
components of the GRF, Rζ and Rξ , the shank inclination θ

and the components of the force in the Prosthesis Reference
Frame (PRF), Fy and Fz , are evaluated (refer to Fig. 4). In
particular, 30 values Fn

z and corresponding Fn
y are selected.

The details of this process are outlined in Section “Running
Gait Data”.

Next, quasi-static tests at fixed inclination α of the contact
platform have been conducted. This step, presented in Sec-
tion “Quasi-static Tests”, aims to evaluate the rotation angle
of the tilt table for the dynamic test. Each prosthesis under-
goes multiple tests, where α is changed for every trial. The
forces at the load cell, F̄y,α and F̄z,α , are collected.

Finally, the input data for the machine dynamic tests are
evaluated, as outlined in Section “InputData for theDynamic
Tests”. For the vertical compression force, the load Rξ ,
obtained from the post-processing of the treadmill running

Table 1 Tested components for the dynamic test

Model Category User mass [kg] Naming

Cheetah Xceed 2 53 - 59 CX

Flex Run 2 45 - 52 FR
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Fig. 3 Schematic of the
workflow adopted to evaluate
the input angles for the dynamic
test, starting from the
quasi-static tests and the running
gait data

test data, is interpolated. The input rotation angle of the tilt
table is instead evaluated from the comparison of the post-
processed data of the experimental running tests (Fn

y ) and

the load recorded in the quasi-static tests (F̄y) at a specific
inclination of the contact platform α.

Running Gait Data

The input running gait data is derived from experimental
running tests conducted at Össur on two unilateral amputees
running on a treadmill. During the tests, contact force and
body movement were measured using force plates and a
marker-based motion capture system.

User 1 is 1.65 m tall, weighs 66 kg, and has reduced knee
jointmobility due to rotationplasty (RP).User 2 is 1.85m tall,
weighs 78 kg, and has a transtibial (TT) amputation. Both
users wore the CX model in the stiffness category recom-
mended by the manufacturer for their respective body mass.

Due to discrepancies in knee joint mobility, the biome-
chanics between the two users differ. The data considered
corresponds to the top speed, which is 5.5 m/s for User 1 and
6.0 m/s for User 2.

The force at the location of the foot adapter, F , is com-
puted from the GRF, R, evaluated during the experimental
running tests. To ensure comparability with the forces mea-
sured at the load cell, the projections of F in the PRF, Fy and
Fz , are computed. During the run, the PRF rotates according
to the shank Center of Stability (CoS). Therefore, from the
static force plate on the ground, the forces are calculated in
the dynamic foot adapter CoS.

InFig. 4, a schematic representation of the aforementioned
parameters, along with the fixed (ζ ξ ) and prosthetic (yz)
reference frames, is provided. The depiction of moments,

however, is omitted. As displayed in the image, for the
equilibrium of the prosthesis, the force at the upper end, F ,
must be equal in magnitude and opposite in direction to the
GRF R.

As presented in Fig. 5, the PRF inclination θ , defined by
the shank rotation, is higher for User 2, indicating that User
1’s running gait involves a more horizontal landing on the
blade.

The plots (b) and (c) of Fig. 5 show the GRF components,
Rζ and Rξ , and the load components in the PRF, Fy and Fz .
In the plots, the positive values of the force components cor-
respond to the versus of the arrows displayed in Fig. 4. All
the plotted variables are normalized over the percentage of
the stance phase to eliminate the time basis for better com-
parability.

The vertical load Rξ and the A/P force component in the
PRF, Fy , are considered as input and output variables of the
machine dynamic test. Rξ is applied at the pivot joint, while
Fy is the target to be sensed at the load cell during the dynamic
machine test.

All the force data are averaged over the stance phases
and normalized by the users’ BodyWeight (BW), resulting
in units of [N/BW]. For the machine tests, the input force
values are subsequently multiplied by the BW intended for
each stiffness category by the manufacturers IFU guidelines
[26].

As expected, User 1 shows a higher vertical force and a
lower A/P force in the PRF than User 2, since User 1 leans
more forward during the run.

Figure 6 presents the relation between the vertical and
horizontal force components in the PRF. On these curves, 30
points Pn(Fn

z ; Fn
y ), where n = 1, 2, ..., 30, homogeneously

spaced over the stance phase, are identified. These values are
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Fig. 4 Schematic representation of the ground contact force R and of
the force at the upper distal end F . The projections Rζ and Rξ are
measured in the absolute reference frame (ζ ξ plane) from the force
platform, while Fy and Fz are the projections of F in the prosthesis
reference frame, yz, which is defined by the shank inclination (θ). Here,
the representation of moments is omitted

used to calculate the input vertical force and the A/P force as
an output value, necessary for evaluating the input platform
inclination in the dynamic test (Section “Quasi-static Tests”).

Quasi-static Tests

As a preliminary analysis, quasi-static tests are performed
on all the prostheses to evaluate the ideal inclination angle
of the bottom platform for the dynamic machine tests based
on the A/P force.

Both setups selected for static and dynamic testing do not
differ despite a controlled moving bottom platform: the FT
sensor is placed at 0.5 m from the bottom platform and is free
to rotate in the sagittal plane due to the presence of a pivot
joint at a height of 0.7 m.

The prostheses are placed on the machine considering the
alignment suggestions of the guidelines [26]. Each compo-
nent is tested for multiple tilt angles of the lower platform:
α = −7◦,−6◦,−4◦,−3◦, 0◦, 5◦,±10◦,±15◦,±20◦, 23◦,
24◦.

The prostheses tested are compressed with a vertical force
to a maximum force of 3 times the intended user BW pre-
scribed for that stiffness category [26]. Indeed, according
to the vertical GRF measured in the running tests from the
treadmill and supported by literature [3, 27], the maximum
vertical force during running is approximately three times
the body weight.

In Fig. 7, the vertical and horizontal forces measured at
the load cell, in the sagittal plane, during one quasi-static
test are displayed. For better viewing purposes, only the tests
conducted at platform angles of−20◦, 0◦, and 20◦ are shown.
For zero and positive angles of the lower platform, which
represent the toe-off condition in the runninggait,CXshowed
around the 6% to the 20% higher horizontal force than FR,
resulting in greater push forward.

The circular markers in Fig. 7 (a) are the points where
F̄z,α = Fn

z . They represent the interpolation of 30 Fn
z val-

ues from the running-gait data onto the load cell curve. The
corresponding F̄n

y,α values are determined from these points.
Given the presence of hysteresis [10], the loading and unload-
ing curves do not perfectly overlap. The loading curve is used
to interpolate the Fn

z values related to the running phase from
touch-down to mid-stance, while the unloading curve is used
to simulate the next part of the run till take-off.

Based on the loading curves, it is verified that the correla-
tion between F̄z,α and F̄y,α can be approximated as linear by
dividing the curve into two segments: the initial 30% and the
remaining 70% of the curve (Fig. 7 (b)). This holds true con-
sidering that the foot blades experience vertical loads up to
three times the user’s weight recommended for the specified
stiffness category.

Correlation of Real-life Running and Quasi-static
Test Results

To evaluate the input angle for the machine dynamic tests,
the real-life running forces in the PRF are compared with
thosemeasured by the FT sensor during the quasi-static tests.
The 30 Fn

z values, selected from the running gait data, are
interpolated on the quasi-static curves to determine the corre-
sponding F̄n

y,α values, as explained in Section “Quasi-static
Tests” Fig. 7. For each Fn

z , meaning for each row, the plat-
form inclination for which F̄n

y,α = Fn
y is selected.

Since the quasi-static tests are performed up to a platform
inclination of 24◦, the horizontal force for higher inclina-
tions, F̂n

y,α , is estimated using linear interpolation, as given
by Equation (1). This equation is based on the observation,
performed in Section “Quasi-static Tests”, that the relation-
ship between F̄n

z and F̄n
y can be approximated as linear in

two distinct regions: the first 30% and the remaining 70%
(Fig. 7). To estimate the coordinates of the point at the 30%
of the loading curve for inclination angles above 24◦, it is
assumed that the maximum vertical load sensed from the
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Fig. 5 Plots of the PRF rotation
angle θ , vertical G components,
Rζ and Rξ , and the load
components in the PRF, Fy and
Fz , over the running stance
phase. The red and green curves
present the running data of User
1 (U1) and User 2 (U2)

Fig. 6 Ground force
components in the PRF scaled
by the users’ body weight. The
2D space of the sagittal plane is
considered. The circular
markers on the curve are the 30
points Pn selected as a reference
for the next evaluations for the
dynamic machine tests

Fig. 7 Forces measured at the
FT sensor during the quasi-static
tests on CX and FR, for platform
inclination of −20◦, 0◦ and 20◦.
In plot (a), the loading unloading
curves with the interpolation
points are displayed (orange
circles). In plot (b), the slopes of
the loading curves are shown
with dashed grey lines
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load cell remains approximately the same as when α = 24◦.
Thus, the vertical load is 0.3max(F̄z,24◦) for α ≥ 24◦, and
the corresponding horizontal load is calculated using Equa-
tion (3).

Consequently, the slope of the first part of the curve E1,α

and that of the subsequent part E2,α are computed for each
loading test, corresponding to different platform inclinations
α.

Toget the slopes for higher angles (Ê1,α and Ê2,α), another
linear interpolation is performed based on the slopes evalu-
ated for tests at α = 20◦ and α = 24◦ (equation (4)). Once
the new slopes are computed, approximated values of F̂n

y,α ,
when α > 24◦ can be evaluated according to Equation (1).

The logic described above can be synthesised in the fol-
lowing list of passages:

1. compute Ē1,α and Ē2,α of the quasi static loading curves
F̄y,α vs F̄z,α for every α ∈ [−20◦, 24◦];

2. evaluate Ê1,α and Ê2,α for α ∈ [26◦, 40◦] according to
Equation (4);

3. estimate the coordinates F̂z,30% and F̂y,α

∣
∣
∣
∣
F̂z,30%

of the

point at 30% of the loading curve for α ∈ [26◦, 40◦]
(equations (2) and (3));

4. calculate F̂n
y,α for α ∈ [26◦, 40◦] and n ∈ [1, 30] (equa-

tion (1)).

F̂n
y = Fz − F̂z,30%

E2,α
+ F̂y,α

∣
∣
∣
∣
F̂z,30%

(1)

where:

F̂z,30% = 0.3max
(

F̄z,24◦
)

(2)

F̂y,α

∣
∣
∣
∣
F̂z,30%

= F̂z,30%

Ê1,α
(3)

Êg,α = Ēg,24◦ − Ēg,24◦ − Ēg,20◦

24◦ − 20◦ (24◦ − α), for

g = 1, 2 and α ∈ [26◦, 40◦] (4)

Since the tilt angles considered are a limitednumber, linear
interpolations are performed between the two closest values
of F̄n

y,α to Fy,n to determine the final output angle for the

dynamic test, as given by Equation (5). In the equation, F̄n
y,h

is the nearest higher value to Fn
y , with αn

h being the associ-

ated platform inclination. On the other hand, F̄n
y,l refers to

the closest lower value to Fn
y and αn

l to the corresponding

platform angle. For clarity, the equation only shows F̄n
y,h and

F̄n
z,h . However, the interpolated values of F̄n

y,h and F̄n
z,h are

also taken into account, so that α ∈ [−20◦, 40◦].

αn = αn
h − αn

l

F̄n
y,h − F̄n

y,l

(Fn
y − F̄n

y,h) + αn
h (5)

The evaluations performed with the workflow presented,
show that the trend of the input platform rotation varies
among the tested prostheses.

Input Data for the Dynamic Tests

The dynamic tests are conducted using a hyrdaulic test
machine (ShoreWesternKS-07) intended for endurance test-
ing of prosthetic feet. Vertical loads are applied to the test
samples via a linear piston at variable lower plate angles.
The equipment operates at a maximum speed of 1500 mm/s
with displacement adjusted by optimizing the vertical force
input-to-output curves using PID loop control at 1000 Hz.

The machine’s limited speed and responsiveness prevent
an accurate simulation of human running. As a result, each
loading cycle on the machine is adjusted to 2 seconds, about
twice the length of actual running conditions. Within this
cycle, the contact phase is set to 1s, representing the stance
phase of running,while the component remains out of contact
for the next 1s. As a result, input values for the dynamic tests
are defined over 2s with a time discretisation of 0.001s.

The input vertical compression force of the contact phase
corresponds to the Rξ force sensed from the treadmill dur-
ing the running experimental tests (Fig. 5). As mentioned
previously, the value in [N/BW] is used to eliminate the
influence of individual user body mass. This value is nor-
malised over the stance phase and scaled by the body mass
recommended for each prosthetic stiffness category.

Fig. 8 Trend of the platform inclination angle selected for the dynamic
tests for CX category 2 (red curves) and FR category 2 (violet curves)
to simulate User 1’s (dashed lines) and User 2’s (continuous lines) run.
Negative angle values refer to a dorsiflexed position
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Fig. 9 Forces measured at the
load cell during the dynamic
tests. The results of loading CX
categories 2 and FR category 2
are considered. Plots of the
horizontal F̃y force component
for the simulation of User 1’s (a)
and User 2’s (b) run and of the
vertical F̃z force component to
mimic User 1’s (c) and User 2’s
(d) run. Plots of the relation
between force components
sensed by the load cell for the
simulation of U1 (e) and U2 (f)

To define the angle position at each time step of the stance
phase simulation on the dynamic machine, an interpolation
of the 30 αn previously evaluated (Section “Correlation of
Real-life Running and Quasi-static Test Results”) is per-
formed. Consequently, the time trend is extrapolated, and
the platform rotation is defined for each time step up to 1s.
For the remaining part of the dynamic cycle, the platform
moves linearly from the last position to the initial one of the
next cycle.

An example of the platform rotation input values is plotted
inFig. 8. For the simulation ofUser 1’s run, the platform incli-

nation ranges from−25◦ to 4◦, replicating amore dorsiflexed
position. On the other hand, the range of rotation specified
for the simulation of User 2’s run is higher, moving from a
minimum of −25◦ to a maximum of 40◦. By following the
process described in Section “Correlation of Real-life Run-
ning and Quasi-static Test Results”, the input angle derived
for simulating User 2’s run with CX exceeds 40◦, however
it is limited to this value. This restriction is necessary due to
the piston’s maximum travel range and the risk of slippage
at higher inclinations, which can cause sudden detachment
and require test abortion.
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Table 2 Test results for Cheetah Xceed and Flex Run models when the
User1’s and User2’s runs are simulated

Model User RMSE [%] MAE [%] R2 [%] σ [%]

CX U1 2.46 2.11 90.36 2.38

FR U1 2.93 2.58 86.74 2.18

CX U2 3.26 2.42 97.67 2.99

FR U2 9.61 6.94 67.90 7.40

The values of Root Mean Square Error (RMSE), the Mean Absolute
Error (MEA), Coefficient of Determination (R2) and standard deviation
(σ ) are reported for the error on F̃y/F̃z between the dynamic tests and
the real-life running gait data

Dynamic Tests

The dynamic tests are conducted by transferring the setup
from thequasi-static testingmachine to thedynamicmachine,
ensuring all setup variables remain constant. The input plat-
form rotation angle computed for each model, αcx and α f r ,
is applied during the dynamic tests.

In Fig. 9, the vertical F̃z andhorizontal F̃y forcesmeasured
by the load cell during the dynamic test are compared to the
target, Fy and Fz , corresponding to the red curve calledRUN.

Table 2 shows the correlation between the F̃y/F̃z results
from dynamic tests with real-life running gait data (Fy/Fz).
Both prosthesis models successfully simulate User 1’s run-
ning gait, with CX achieving the highest accuracy, as
indicated by the lowest RMSE and MAE and highest R2.
For User 2, CX maintains a strong correlation (high R2) but
exhibits higher errors, while FR shows the highest errors and
lowest correlation.

During the tests, markers were placed at the tested com-
ponents and the attached prosthetic pylon, as shown in Fig. 1.
From the post-processing of the videos, the deformation of
the components and the rod inclination during the loading
phase are evaluated. The rotation of the prosthetic pylon is
tracked, its range of motion is found to be within [0, 10◦].
Figure 10 compares the elastic deformation and prosthetic
pylon inclination of CX and FR. For the same tested com-

ponent, both parameters do not change significantly between
User 1’s and User 2’s run simulations, despite the significant
difference in the input lower platform inclination. The distal
end displacement of the RSP differs by about 18% in the
FR model and 25% in the CX model, while other markers
show discrepancies of 0% to 5%. For pylon inclination, the
discrepancy is 3% for CX and 7% for FR.

On the other hand, higher prosthetic pylon inclination is
registered when CX is compressed. This is because the upper
distal end (M1 in Fig. 1), located in the loaded region, dis-
places further downwards than the adjacent points, M2 and
M3, compared to the FR model. The direct consequence of
the greater prosthetic pylon inclination is a higher horizon-
tal force component, F̃y , in the CX model relative to the FR
model, as previously mentioned and shown in Fig. 9(a) and
(b). Moreover, even though a higher Rξ is applied in simulat-
ing User 1, the displacement of the prostheses’ lower distal
end is bigger when User 2’s run is simulated. This is a result
of the higher platform angle applied.

Conclusions

The entire process to simulate the running gait on a dynamic
machine, where the vertical force and the lower platform
rotation angle can be controlled, is presented. The procedure
involves post-processing real-world running gait data, con-
ducting quasi-static tests on all the prosthesis samples, and
comparing the results from these two steps to determine the
input data for the dynamic test.

In this case, the specific running gait at high speed of two
users is considered. Indeed, there are no standardised refer-
ences for running gait, as factors such as speed, technique,
and terrain affect both the gait pattern and the forces exerted
on the prosthesis. As a result, empirical data must be used.

The two simulated running gaits have different charac-
teristics. User 1 lands more horizontally on the blade while
running due to limited knee joint mobility.

Fig. 10 Deformation of the
prostheses (a) and prosthetic
pylon inclination (b) during the
dynamic compression tests of
CX and FR, category 2, for the
simulation of U1 and U2 runs
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Given the manufacturers’ specifications, it is expected the
model CX to better replicate the high-speed running condi-
tions simulated in the machine tests compared to the FR. The
FR is suitable for high-impact activities like recreational jog-
ging and long-distance running, in contrast, CX is designed
to maximise energy storage and return, which is essential
when higher power is applied, such as during sprinting and
jumping.

User 1’s specific running motion could better be repro-
duced by the test setup compared to User 2. This may be
related to the fact that, to simulate User 2, higher rotation
angles are computed during the pre-processing steps. How-
ever, machine constraints only allow for an angle of 40◦. In
these tests, the same type of sole is used to avoid any differ-
ence in sole behaviour and friction at the contact. As a future
improvement, spiked soles or a different setup height could
be used to allow testing at angles greater than 40◦.

The effect of the input platform angle proves to be funda-
mental to simulate the conditions close to real-world loads.
Indeed, it significantly affects the F̃y/F̃z trend,which is a cru-
cial parameter to describe the conditions and the response that
the foot prosthesis is experiencing during the stance phase.

The results presented in Table 2 suggest that, in the setup
conditions presented, FR is less suitable for running at high
speeds (above 5.5m/s), as it is designed for jogging. The large
discrepancy between CX and FR registered for User 2’s run
simulation indicates that CX performs better at higher incli-
nation angles. During sprinting, the Center of Mass (CoM)
shifts further forward than in jogging, requiring improved
CX performance at steeper angles.

Indeed, the selected input lower platform angles are simi-
lar between the twomodels, but CX, particularly for User 2’s
simulation, shows a peak F̃y that is 15% greater than that of
FR. The results found in this study are in line with the man-
ufacturers’ recommendations. Indeed, during sprinting and
jumping, for which the use of CX is recommended, users
seek greater forward push performance from the blade.

Supporting this, marker tracking reveals that when CX is
compressed, its deformation causes the prosthetic pylon at
the upper distal end to tilt approximately 45%more than FR,
further enhancing the push forward (Fig. 10).

The experimental results confirm that this approach effec-
tively replicates the conditions experienced by the prosthesis
during the specified running gait. However, the inability to
match the exact timing of a real run limits the precise repro-
duction of real running conditions. Applying the vertical load
over a longer time interval than in real sprinting may lead to
an underestimation of the peak forces, as the acceleration-
related inertial effects are reduced. In addition, the lower
strain rate may result in a softer mechanical response com-
pared to the higher-speed conditions. Additionally, to prevent
slippage at steep platform inclinations, spike soles can be
introduced.

One limitation of the current setup is the 150 mm piston
stroke, which requires modifications for certain tests. Addi-
tionally, this study only considers sagittal motion. A future
step will be incorporating 3D motion, as the setup does not
allow movement in the transverse plane.

Despite these constraints, the strong correlation between
real-world running data and machine test results in terms of
load validation is highly promising.

The method presented requires preliminary evaluations
before conducting dynamic tests, but it enables the identifi-
cation of platform angle trends for each RSP to simulate any
specific running gait.Moving forward, the goal is to standard-
ize the testing procedure by defining a reference running gait
and establishing standardized input values. These values will
vary based on the prosthesis model and be scaled according
to stiffness properties.
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