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ABSTRACT

This study presents a comprehensive data analysis of the biomechanical performance of prosthetic running blades, utilizing vast data obtained from
finite element simulations to elucidate the dynamics of force and energy under operational conditions. The primary focus is on understanding the
behavior of these prosthetics at a speed of ‘1 m/s’ and exploring the stability and fluctuations of various force and energy components. Key findings
reveal that the kinetic energy of the blade and the total system energy exhibit minimal fluctuations, indicating a stable system behavior under the
tested conditions. The normal contact force F_shows a significant dynamic response, while the normal velocity V. maintains a consistent downward
trajectory, and the tangential force /' remains essentially constant. Notably, a strong positive correlation between the force components F and F_ is
observed, suggesting a synchronous'relationship in their magnitudes. Additionally, a moderate negative correlation between the normal velocity 4
and the kinetic energies of the blade and system is identified, highlighting intricate interdependencies. This research contributes significantly to the
understanding of prosthetic running blades, offering insights crucial for their design and optimization. The correlations and patterns identified under-

score the need for further investigation into the causal relationships and practical implications of these dynamics in prosthetic technology.
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INTRODUCTION

Biomechanics has long been integral to developing and
refining prosthetic devices, focusing on the dynamic inter-
actions between the human body and prosthetic components
(Savin et al., 2023; Yaneva et al., 2023). In prosthetic running
blades, explicit dynamic modeling emerges as a pivotal tool,
enabling a deeper understanding of the complex biomechan-
ical interactions. This approach is particularly relevant in the
context of high-impact activities such as running, where the
prosthetic must not only replicate but also enhance the nat-
ural movement of the human body (Al-Fareh et al., 2023;
Dardari et al., 2023; Mohd Mukhtar et al., 2023; Murawa
et al., 2023; Seratiuk Flores et al., 2023; Sidhu et al., 2023).
The explicit dynamic modeling of a prosthetic running blade
involves simulating the real-time physical behaviors of the
blade under various conditions, such as different speeds,
angles of impact, and forces. This type of analysis is cru-
cial for understanding how the blade will perform under the
rapid and high-stress conditions experienced during running
(Bellmann et al., 2012; Zhang et al., 2019; Ahmed et al.,

2023; Coltelli et al., 2023). It allows for examining stress dis-
tribution, strain patterns, and energy absorption and release,
which are vital for optimizing the blade’s design for perfor-
mance and safety. One of the primary advantages of explicit
dynamic modeling in biomechanics is its ability to handle
complex material behaviors, including nonlinear elasticity,
damping, and energy dissipation characteristics of prosthetic
materials. This is particularly important for running blades,
often made from advanced composite materials designed to
store and release energy efficiently (Alluhydan et al., 2023).
By accurately simulating these materials, researchers and
engineers can predict how the blade will behave under dif-
ferent running conditions, leading to designs that maximize
energy return and minimize the risk of injury to the user.
Furthermore, this approach allows for the exploration
of various design parameters, such as the blade’s shape,
thickness, and curvature and their impact on the prosthet-
ic’s performance. This is crucial in a field where even minor
adjustments can significantly affect an athlete’s speed,
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stability, and overall running mechanics. Modeling these
parameters in a virtual environment significantly accelerates
the design process, enabling rapid prototyping and testing
without requiring extensive physical trials. Another critical
aspect of this analysis is the interaction between the pros-
thetic blade and the ground. The explicit dynamic model can
simulate various ground conditions, from the hardness of the
track to the irregularities of the natural terrain. This provides
invaluable insights into how changes in ground conditions
affect the blade’s performance, guiding the development of
versatile designs that maintain optimal performance across
different running environments.

Moreover, integrating explicit dynamic modeling with
motion capture and other biomechanical analysis tools offers
a comprehensive view of the prosthetic’s performance. This
integration allows for the correlation of simulation data with
real-world biomechanical data, such as the forces exerted
by the athlete’s residual limb on the prosthetic socket. Such
holistic analysis is essential for developing prosthetics that
are not only high-performing but also comfortable and safe
for long-term use. In conclusion, the explicit dynamic mod-
eling of a prosthetic running blade represents a significant
advancement in biomechanics. This approach plays a crucial
role in developing next-generation prosthetics by providing
detailed insights into the dynamic behavior of prosthetic
blades under various conditions.

Numerical modeling facilitates a detailed assessment of the
performance of the prosthetic running blade, encompassing
elements like stress distribution, strain patterns, and energy
absorption (Sancisi and Parenti-Castelli, 2011; Richard et al.,
2016). Furthermore, numerical modeling aids in the optimi-
zation of design by examining different parameters, includ-
ing materials, geometries, and structural configurations.
Comprehending the static behavior of these blades is vital for
their design and performance optimization (Groothuis and
Houdijk, 2019; Yusof et al., 2021; Barnett et al., 2022). The
blade must display favorable attributes like stiffness, flexibil-
ity, and energy storage capacity. Stiffness is a critical charac-
teristic, dictating the extent of deformation or bending under
load. A harmonious balance between stiffness and flexibility
is essential to guarantee optimal energy return and efficient
running mechanics. Zadpoor et al. (2007) conducted simu-
lations on two distinct shoe types. Their parametric analysis
aimed to explore the impact of various factors, such as mass,
stiffness, damping, and gravity, on impact dynamics. The
results revealed that impact forces escalated with increasing
mass and touchdown velocities. Additionally, the study found
that the effect of damping coefficients on impact force was
more significant than that of stiffness.

Moreover, explicit dynamic analysis is a computational
technique for simulating the dynamic response of prosthetic
running blades under diverse loading conditions. This analyt-
ical method is essential for comprehending the blade’s behav-
ior during high-impact activities like running and jumping.
By modeling the blade with realistic material properties, con-
sidering its nonlinear elasticity, damping, and energy dissipa-
tion characteristics, the simulation can more accurately depict
the dynamic response of the blade. This approach provides a
detailed understanding of the blade’s performance across var-
ious loading scenarios (Bi et al., 2012). In the current study,
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finite element simulations were employed to analyze the bio-
mechanical performance of the running blade. An explicit
dynamic finite element analysis was carried out to study the
blade’s motion after an impact and quantify energy dissipation
during the impact event. Furthermore, results have been dis-
cussed with the help of data analysis.

NUMERICAL MODELING

In this research, we used a carbon fiber epoxy composite
material to simulate a prosthetic running blade (Siddiqui
et al., 2023a,b,c). We devised a novel blade design, and
meticulously studied and transformed it into a three-
dimensional computer aided design (CAD) model using
SpaceClaim software (Ansys Inc.). The design underwent
meshing and structural analysis using Ansys Mechanical
software. For our numerical investigation, a force of 1100
N was applied vertically atop the running blade assembly to
analyze its static behavior. Our blade design draws inspira-
tion from commercially available models, and the specific
dimensions and meshing details are illustrated in Figure 1.
Furthermore, we conducted explicit finite element numer-
ical modeling of the prosthetic running blades. The mate-
rial and geometric properties are shown in Table 1, while
the CAD diagram of the prosthetic running blade, complete
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Figure 1: Dimensions of the prosthetic running blade.
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Table 1: Material properties (Noroozi et al., 2013; Sunda- with all dimensions, is presented in an accompanying figure.
raraj and Subramaniyan, 2020; Ouarhim et al., 2021; Talla The blade, constructed using carbon fiber known for its high
etal., 2021). restitution, was modeled with a specific number of elements
No Property Materials determined through a grid independence test.
Carbon fiber

1 Modulus of elasticity (GPa) 230

2 Poisson’s ratio 0.2

3 Yield strength (MPa) 2500 RESULTS AND DISCUSSION

4 Tensile strength ultimate (MPa) 3590

5 Comp. strength (MPa) - Figure 2 corresponds to the ‘1 m/s’ speed for a compre-
6 Density (kg/m?) 1750 hensive understanding of the forces and energies involved.
7 Melting point (C) 3652

Initially observed, the normal contact force F/, commenced
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Figure 2: Forces, velocity, and energy plots. Abbreviation: KE, kinetic energy.

Journal of Disability Research 2024



M. I. H. Siddiqui et al.: Data Analysis of Biomechanical Dynamic Modeling

at a null value, undergoing some fluctuations before sta-
bilizing. Conversely, the normal velocity v consistently
maintained a steady, negative value, indicative of a contin-
ual downward trajectory. The tangential force F_displayed
no variation, remaining at 0 throughout the observation
period. Regarding energy dynamics, both the blade’s kinetic
energy (KE) and the system’s total KE were marked by their

Correlation Heatmap for 1 m/s Data
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Figure 3: The boxplot for the kinematic, kinetic, and ener-
getic components. Abbreviation: KE, kinetic energy.

unchanging nature. Similarly, the total energy of the system
remained constant. These findings collectively suggested
that at a speed of ‘1 m/s,” the system was characterized by
either stable values or minimal fluctuations. For the normal
contact force F _» the recorded values extended from a mini-
mum of 0 to a peak of 5348.3 N. Notably, the median value
was 0, indicating that the force was nonexistent for at least
half of the observation period. The considerable disparity
between the mean and median values suggested the pres-
ence of significant fluctuations or extreme values within
this dataset. The normal velocity v, varied from —1 m/s to
around 0.63 m/s, with an average of about —0.14 m/s. This
negative average, alongside a 25th percentile of —1 m/s,
implied a predominantly negative velocity over a substan-
tial portion of the time frame. The tangential force F_dis-
played a relatively narrow range, from —0.0016 N to 0.7408
N, and with both mean and median values approximating
0, this indicated an almost constant 0 value throughout the
observation. The KE of the blade denoted as KE blade,
exhibited a limited range from 0.1533 J to 0.1998 J, with
a mean around 0.1813 J, signifying a minimal variation.
Similarly, the system’s KE ranged from 0.5509 J to 0.5871
J, with an average of 0.5699 J. Lastly, the total energy,
labeled Total E, had a very narrow range, from 0.581 J to
0.5871 J, maintaining remarkable consistency as evidenced
by the small standard deviation. Finally, Figure 2 provides
significant information during the contact process, which
helps in understanding the dynamic effects of contact on
the running blade.
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Figure 4: Time series analysis of the normal contact force F
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The heat map in Figure 3 is a visual representation of the
interrelationships between different variables within the
‘1 m/s> data set. A notable finding was the strong positive
correlation, approximately 0.92, between the force compo-
nents F_and F . This correlation suggested that an increase
in the other typically mirrored an increase in one of these
forces. Conversely, the normal velocity V and the KE of
the blade, KE blade, exhibited a moderate negative corre-
lation of around —0.47. This indicated that an increase in
V generally coincided with a decrease in the blade’s KE.
A similar moderately negative correlation, approximately
—0.52, was observed between V_and KE, where an increase
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in V tended to result in a reduction in the system’s KE.
Other variable pairings demonstrated weak or negligible
correlations, implying a lack of strong linear relationships
between them. While these correlations provided insights
into potential interactions between variables, it was critical
to acknowledge that correlation does not imply causation.
Therefore, further investigation or experimental studies
would be necessary to determine causal connections, which
will provide helpful information in the design and manu-
facturing processes. Finally, the heat map encapsulates and
correlates all necessary kinematic, kinetic, and energetic
properties.
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Figure 7: Frequency and contact force F_ plot.

Figure 4 shows the observed component of the actual time
series data for the contact force F,. The trend component of
the data elucidated an underlying pattern, exhibiting some
initial fluctuations before stabilizing and maintaining a rel-
atively flat trajectory after the contact. The seasonal com-
ponent highlighted the periodic nature of the data, with dis-
cernible repeating patterns becoming apparent. A periodicity
of 100-time units was identified as a suitable fit, indicating a
cyclical behavior recurring at this interval. Finally, the resid-
ual component that comprised the data remaining after both
the trend and seasonal factors had been considered.

Figure 5 depicts the frequency spectrum of the contact
force variable F . Positions closer to the origin represented
lower frequencies, corresponding to long-term fluctuations,
while those further from the origin denoted higher frequen-
cies, indicative of short-term fluctuations. The emergence of
peaks within this spectrum highlighted significant frequen-
cies within the dataset. Upon observational analysis of the
plot, several low-frequency peaks were identified. These
peaks suggested the presence of periodic patterns or cycles
within the F data. These observations emphasized the poten-
tial for underlying systematic behaviors or regularities in the
temporal sequence of the force measurements. In addition,
understanding the frequency response is helpful in analyz-
ing the nonlinear dynamics of the prosthetic running blade’s
design, stability, and dynamic behavior.

The parametric plot in Figure 6 depicts the interdepend-
ence between the friction and contact force components
F_and F . It provides a significant understanding between
normal and tangential components of the contact forces. A
notable concentration of data points was observed clustering
near the origin, indicating that the values for both F_and F
were frequently close to 0. Additionally, there was a discern-
ible ascending trajectory of data points, suggesting that an
increase in F_was typically accompanied by an increase in
F . This pattern aligned with these two variables previously
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identified strong positive correlation. The visualization thus
provided empirical support for a synchronous relationship in
the magnitudes of F_and F .

The histogram provided a visual representation (as shown
in Fig. 7) of the force variable F_ distribution characteristics.
It featured a significant concentration of data points around
the 0 value. Furthermore, the distribution was characterized
by an elongated tail on the right side, signifying the pres-
ence of higher force values. These were consistent with the
outliers previously identified in the data. Overlaying the his-
togram, a black line depicted the theoretical fit for a normal
distribution. Upon comparison, it was evident that the actual
distribution of ¥ deviated from normalcy. Such a distribu-
tional shape, characterized by a concentrated peak followed
by a protracted tail, is commonly observed in various empir-
ical phenomena. Finally, comprehensive frequency analyses
are effective in understanding dynamic stability, which pro-
vides meaningful information on the selection of materials
and the design process.

CONCLUSIONS

The comprehensive analysis of prosthetic running blades,
as presented in this study, offers significant insights into the
biomechanical performance of these devices. The results,
primarily derived from a series of detailed simulations and
graphical representations, reveal intricate aspects of the
forces and energies involved in the functioning of pros-
thetic blades. The study’s findings indicate a stable force and
energy variable behavior at a speed of ‘1 m/s’, with min-
imal fluctuations observed in the blade’s KE and the sys-
tem’s total energy. The normal contact force F,_ displayed
significant fluctuations, suggesting a dynamic response to
varying conditions, while the normal velocity V maintained
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a consistent negative trajectory, indicative of a continuous
downward motion. The tangential force F_remained con-
stant, reinforcing the system’s stability. A notable aspect of
the study is the strong positive correlation identified between
the force components F', and F, suggesting a synchronous
increase in these forces.

Conversely, a moderate negative correlation was observed
between the normal velocity V and the kinetic energies of
the blade and the system, indicating a decrease in KE with
an increase in V} These correlations, while insightful,
necessitate further investigation to establish causation. The
time series analysis of F revealed a cyclical behavior with
periodic fluctuations, highlighting the importance of con-
sidering temporal patterns in understanding the dynamics
of prosthetic blades. The frequency spectrum analysis fur-
ther emphasized the presence of significant low-frequency
peaks, suggesting underlying systematic behaviors in the
force measurements. The distribution characteristics of F,
as depicted in the histogram, showed a pronounced peak at
0 with an elongated tail, indicating the occurrence of higher
force values less frequently. This skewness and deviation
from a normal distribution pattern underscore the complexity
of the forces acting on prosthetic blades. This study provides
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