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Abstract

Currently, finite element analysis techniques are used to reduce costs in the manufacturing process of sports
prostheses. This study primarily focuses on the finite element analysis of a design for a transtibial prosthesis for a
paralympic cyclist, integrating the biomechanics of an athlete with a double leg amputation below the knee with two
prostheses categorized before the Union Cycling International (UCI) with a C-3 disability and the characteristics of
the terrain and the dynamic model. The analysis employing finite elements aims to evaluate the static and dynamic
behavior of the proposed design when subjected to competition in the track-cycling category. As a result of this
analysis, mechanical aspects, such as static forces, buckling, frequency, fatigue, free fall, impact, and aerodynamics,
can be evaluated to verify that the design of the proposed transtibial prosthesis meets an adequate aerodynamic
profile and its mechanical characteristics are suitable to be used in a high-performance Paralympic cycling
competition.

Keywords: Aerodynamics, Dynamic model, Finite elements, Paralympic cyclist, Transtibial prosthesis.
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Resumen

En la actualidad se emplean técnicas de analisis por elementos finitos para reducir costos en el proceso de
fabricacién de prétesis deportivas. Este estudio particularmente se centra en el analisis por elementos finitos de un
disefio para una protesis transtibial de un ciclista paralimpico, en el que se integra la biomecanica de un atleta con
amputacion en ambas piernas por debajo de la rodilla, con dos protesis categorizado ante la Unién Ciclista
Internacional (UCI) con una discapacidad de grado C-3, considerando caracteristicas del terreno y el modelo
dindmico. El analisis por medio de elementos finitos tiene como objetivo evaluar el comportamiento estatico y
dindmico del disefio propuesto cuando se somete a una competencia en la categoria de ciclismo de pista. Como
resultado de este analisis, se pueden evaluar aspectos mecanicos como: esfuerzos estaticos, pandeo, frecuencia,
fatiga, caida libre, impacto y aerodinamica, permitiendo verificar que el disefio de la prétesis transtibial propuesto
cumple con un perfil aerodinamico idéneo y sus caracteristicas mecanicas para ser utilizada en una competencia de
ciclismo paralimpico de alto rendimiento.

Palabras clave: Aerodinamica, Ciclista paralimpico, Elementos finitos, Modelo dindmico, Prétesis transtibial.

1. Introduction International Cyclist Union (ICU). Any
modification, no matter how small, can cause
Today’s lower limb prostheses are designed to variations in the drag force of the Paralympic
be lightweight, versatile, and adjustable. Custom cyclist, generating a higher or lower expenditure
socket designs are used to provide greater of energy in high-performance competition®.
stability, better grip, and ergonomics at the point
of contact with the skin. Because the socket is It is essential to know the dynamic model that a
the most important prosthetic device for a high- Paralympic cyclist experiences in a track cycling
performance athlete, it is necessary to optimize competition to achieve the optimal design of a
its design using finite element analysis transtibial prosthesis. This model allows us to
techniques®. obtain the starting point for the kinematic and
aerodynamic design of the lower limb prosthesis
The selection of materials for the manufacture of that can be used in high-performance Paralympic
prostheses must be considered, as it plays a vital competitions®.
role in durability, mechanical properties, and
costs. In Latin America, the use of carbon fiber, Furthermore, the use of the finite element
fiberglass, and Kevlar reinforced plastics for the analysis is a fundamental tool to optimize
manufacture of prostheses and orthoses has product design and manufacturing processes®,
increased because of their high mechanical and guarantee a feasible, practical, ergonomic,
properties®. and appealing design. This technique allows the

identification of a product’s different mechanical
characteristics, saving time and money, which
can be used for the construction of a functional
prototype, as simulations provide highly accurate
results to validate the geometry of the proposed
designs in a real environment®. In this case,
static analysis, frequency study, topology study,
buckling, fatigue, drop, and aerodynamics
analyses were carried out using the finite
element analysis technique.

The cyclist’s kinematic analysis should also be
considered, as it allows characterizing time and
space factors of the prosthesis’ movement,
among them, displacement, time, speed, and
acceleration, factors that are important for the
cyclist’s sports performance. It also enables the
optimization of factors, such as mechanics,
energy transfers, and aerodynamics, without
exceeding the limits established by the
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SolidWorks was used in the CAD (Computer-
Aided Design) modeling of a socket for a
transtibial prosthesis to be used in high-
performance competitions in Paralympic cycling.
However, for the study of finite elements, the
SolidWorks Simulation module was used, and
the aerodynamic analysis of the socket was
performed using CFD (Computational Fluid
Dynamics) technology in SolidWorks Flow
Simulation.

The methodology followed was the creation of a
conceptual design, a preliminary design, and a
detailed design. CAD designs were produced to
evaluate the designs using the finite element
analysis technique. The results obtained were
analyzed, and the design of the most viable
socket for an athlete with a double amputation of
the lower legs categorized C3 before the
International Cycling Union (ICU) is proposed®.
Lastly, the conclusions and potential for future
works are presented.

2. Methodology

This study approaches the design of a socket (the
hard part) for a biomechanical and aerodynamic
lower limb prosthesis, which will improve the
performance of a Paralympic cyclist. Figure 1
shows the methodological course of the different

stages considered, the conceptual design,
preliminary design, detailed design, CAD
design, and Finite Element Analysis. It

synthesizes the execution of the finite element
analysis of the socket of a transtibial prosthesis
to determine whether the design is optimal,
considering that this socket will be used by a
high-performance  grade  C-3 disabled
Paralympic cyclist.

2.1. Conceptual design

The conceptual design is a fundamental part of
the manufacturing process in a prototype or
product. In this stage, the requirements and
needs of the client-user are identified to address

key aspects for the final design®. Thus, the basic
need and fundamental aspects were identified to
guarantee the functionality and applicability of
the socket for a transtibial lower limb prosthesis.
To this end, an interview with a high-
performance Paralympic cyclist was conducted
to layout the research project, which was carried
out by means of two techniques QFD (Quality
Function Deployment) and PDS (Product Design
Specification).
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2.1.1. Identification and layout

An interview was carried out to identify the
user’s needs and expectations. It was determined
that the cyclist has a bilateral transtibial
disability caused by burns and amputation. His
use of different prostheses established that
improved must be made regarding weight and
aerodynamics. The QFD, also known in Spanish
as Despliegue de la Funcién de Calidad (Quality
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Function Deployment) is a tool that provides a
systematic route for the process of developing a
product or research. It establishes a link between
the customer and end-user and the technical
requirements that may trigger the development
of the product or research®. Figure 2 shows the
systematic path and the design specifications that
were obtained for the development process of the
socket of a transtibial prosthesis, which will
provide the guidelines to invest in human
resources and time. It develops each module
according to its importance, so that, the main
modules of this research correspond to those
shown in Figure 2a and Figure 2b, which
describe the general aspects that were taken into
account for the development of the PDS (Product
Design Specification) using the Brief model and
applying it to all the modules established by the
QFDUO),
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Figure 2. Systematic path according to QFD and B)
Design specifications (PDS)

2.2. Preliminary design

This stage focuses on establishing a solution to
the problem and determining the components
and interactions that will allow an objective
evaluation of the proposed design. It determines
the specific shapes, proposed materials, and
general designs, which represent the product or
prototype as an organized set of parts,
components, links, and couplings.?

Thus, three (03) sketches were produced
considering the ease of manufacture, minimum
number of pieces used, inclusion of an

aerodynamic profile, ease of coupling between
pieces, and minimum use of material. Each of
the proposed designs is described in Figure 3.
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Figure 3. Designs proposed as alternative solutions.
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Design #1 is based on the lower end of a horse’s
leg, which is one (01) piece (Figure 3.1). It has
an internal cavity with lower support for
coupling with the subject’s limb; the mechanical
structure of the socket in the lower part is hollow
to reduce weight and manufacturing costs.
Design #2 is a two-piece design (Figure 3.2). It
uses a ratchet-type joint where the lower piece
has a flange, and the upper piece has a coupling
slot. This design also has an internal cavity with
solid lower support for coupling with the
person’s residual limb. Design #3 is a design
based on four (04) pieces (Figure 3.3). These
pieces are coupled by using a threaded shaft that
fits directly into the socket, securing it with a
self-blocking thread.

Then, a statistical analysis of the applied surveys
was proposed to evaluate the previous sketches
and select the best design. A sample of eight (08)
people was used, considering their link and
transcendency in the development of the
prototype®?, to determine significant differences
concerning the classification of the designs.
Hypothesis testing was applied (sum of
Wilcoxon ranges).

4112



Zamudio, et al/Ingenieria y Competitividad, 22(2), 8706, julio-diciembre2020

Subsequently, the state-of-the-art was assessed.
Two large groups of symmetrical and
asymmetrical —aerodynamic  profiles  were
identified. Given that all airfoils have a standard
of terms used to explain the main components
that mathematically determine the behavior of
the profile, we set out from the premise that an
adequate coefficient to improve the aerodynamic
behavior of the prosthesis must be less than 1.
Considering the previous, the state-of-the-art of
different types of materials (Kevlar, glass,
carbon fiber) used for the manufacture of
prostheses was also performed. It was concluded
that most of those existing in the market are
made of carbon fiber. Therefore, we looked at
the carbon fiber types that exist commercially
according to their mechanical properties and
number of filaments or threads that compose
them (1K, 3K, 6K, 12K, 24K, and 50K)*3,

This project is a case study. In a preliminary
way, it shows how to find the “Dynamic model
of a transtibial prosthesis for Paralympic
cyclists”®. The characteristics of a velodrome
and the rules imposed by the International
Paralympic Committee (IPC) were considered in
the determination of this model. In this particular
case, the dynamic model was determined using
the characteristics involved in a track
competition, such as the structure and shape of
the Rio 2016 Olympic velodrome, the
“CERVELO-T3” track bicycle, and a 3D scan of
the C-3 disabled Paralympic cyclist’s end socket.

Additionally, to apply it to the dynamic model,
the CAD design of the bicycle was completed, as
shown in Figure 4, using the true dimensions of
the track competition bicycle used by the
Paralympic cyclist.

2.3. Detailed design

The detail design phase involved the production
of all the specifications necessary for the
production of the product®™. Following the
previous steps, it was decided that the dynamic
model of the socket for the transtibial prosthesis
should use the actual characteristics of the
competition  scenario, track bike, and
biomechanics of the Paralympic cyclist. This
was done to calculate the exertion experienced in
a high-performance competition in the initial
proposed design and to theoretically validate the
allowable section module using the mechanical
characteristics of a 3k carbon fiber material.

2.3.1. Analysis using the Finite Element
Analysis

The FEM (Finite Element Method) has become a
solution to predict failures caused by unknown
stresses. It shows the issues of stress distribution
in the material and allows designers to see all the
stresses and forces involved®¥. Therefore, it was
decided that topology, static analysis, frequency
study, buckling, fatigue, drop, and aerodynamics
studies should be performed.

Figura 4. Diseiio CAD bicicleta de pista “CERVELO T3”
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Table 1. Statistical analysis

H1 VALUE-P
# A B c Ho V.S.R A B c
1 W < Uy Wi F Uy U > Uy W = Uy 89.5 0.9930 0.0190 0.0095*
2 U < Uz W #F Uz Uy > U3 U = U 85 0.9705 0.0780 0.0390*
3 Uy < Uz Uy F U3 Hp > Uz Uy = Us 70.5 0.6141 0.8244 0.4122
3. Results Based on the search of materials (Kevlar, glass,

In the preliminary design, a statistical analysis of
the applied surveys was made to evaluate the
drafts presented in Table 1 to identify the
differences between the sketches. It took into
account three null hypotheses (Ho) that there are
no differences in the expected value of the score
obtained from the evaluated sketches (u; = u,,
U1 = U3, Uy = U3 ), with their corresponding
alternative hypotheses (H1-A, H1-B, H1-C). It
was evident that Design #1 achieved a
significantly higher score than Design #2 (p-

value = 0.0095), and Design #3 (p-value =
0.0390).
Following the results obtained from the

statistical analysis of the initial drafts, we
proceeded to use Design #1 to propose three (03)
designs with a variation in their aerodynamic
profile and perform the respective validations.
However, this design cannot be compared with
current models because the UCI’s classification
of category C3 competitors is based on
functionality, not by the type of amputation.
Thus, each design is exclusive to the competitor.
Variations of the proposed aerodynamic profiles
are shown in Figure 5.

Propuesta diseio #2 perfil
aerodindmico

Propuesta diseito i1 perfit
aerodindmico

Propuesta diseno #3 perfil
aerodindmico

Figure 5. Proposed aerodynamic profiles

and carbon fiber), it was determined that the
most suitable and widely used material for the
manufacture of sockets for prostheses is the
carbon fiber. This material can be found
commercially in three woven patterns. Each one
is different because of how they distribute the
forces exerted, and their price by length or
weight. However, all of them are CF sheets
without epoxy thermosetting resin;  this
protection is applied after the thermoforming to
provide higher duration, aesthetics, and
waterproofing of the treated object. They can be
obtained in the following patterns: Carbon fiber
flat pattern 1x1, carbon fiber twill pattern 2x2,
and carbon fiber 4H SATIN pattern®®,

Next, a theoretical validation was carried out,
calculating the section module of each one of the
proposed designs to verify if they were optimal
or not. The mechanical characteristics of carbon
fiber 3k were used to calculate the section
module, obtaining a maximum permissible stress
of Su,, = 228 Mpa, according to the shear force
and bending moment diagrams (Figure 6)
obtained from the dynamic model. It was
determined that the minimum safety factor
experienced by the proposed designs is 2.87,
implying that, theoretically, the three (03)
proposed designs for the socket can withstand
approximately three times the forces experienced
in a track cycling scenario.

Figure 6. Shear force and bending moment diagram
(Cross shaft - axial)
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Table 2. Mechanical characteristics of the materials used in the simulation.®®

Mechanical property 3K carbon fiber 6K carbon fiber 12K carbon fiber
Elastic limit 228 Mpa 241 Mpa 290 Mpa
Maxi ispl t
a”i)\(/\'l?d”m displacement 069 x 101 mm  1,2758 x 10~ mm  1,5352 x 10~ mm

Elastic limit by fault
theorem with maximum
distortion energy.

131,55 Mpa

139,05 Mpa 167,33 Mpa

3.1. CAD design and finite element analysis

In the previous sections, we talked about
aerodynamic profiles and material selection; this,
for the creation of the materials in SolidWorks
and to produce the CAD design with each one of
the alternatives in its aerodynamic profile.

Three (03) preliminary CAD designs are
proposed to begin the analysis by finite elements
in order to determine which of the designs is
optimal, according to the mechanical
characteristics of the socket design. In Figure 7,
with the help of the PhotoView3601® tool. The
renderings of each of the three (03) designs are
shown.

Disefio 1.0 Diseiio 2.0 Diserio 3.0

Figure 7. CAD designs proposed according to the
variation of the aerodynamic profile. Created by the
authors.

We based our evaluation of the proposed
transtibial prosthesis socket designs on the
Colombian technical standard NTC 4424-3 and
the opinions proposed by the World Health
Organization WHO in the Orthoprosthetic
Standards. Eight (08) studies were carried out
using simulation based on finite elements using
SolidWorks software™”. The information was
used following the characteristics provided by

the 3K, 6K, and 12K carbon fiber mode
manufacturers. In order to obtain true results in
the simulation, the materials were created in
SolidWorks, considering the carbon fibers’
mechanical properties. Table 2 shows the
mechanical properties of the materials used in
finite element analysis.

3.1.1. Topology study

This study allows for the redesign of an existing
part to reduce the weight and improve
performance (better strength-to-weight ratio) of
the parts @9, Figure 8 shows the three (03) new
designs suggested by this study, evidencing the
difference in weight of each of the designs.

@j ﬁ wﬁ

Disefio CAD 1.1 Disefio CAD 2.1 Diseiio CAD 3.1

ESTUDIO DE TOPOLOGIA
(REDUCCION MASA)

. 6
L)
2 4
z- 0 B B 8 B B
® 0

1.0 13 20 21 3.0 31
™ Peso 4,17 3,34 3,69 3,05 4,21 3,53

Diseno 2.1 Diseno 3.0

Figure 8. Topology study results
3.1.2. Static analysis

This analysis allows us to evaluate the safety
factor to redesign and avoid malfunctions in the
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most desirable areas. That is, it provides the
minimum and maximum values where the design
and the material that have been chosen may
falter, thus showing the results of stresses that
exceed the elastic limit of the material and the
stresses that are generated®®. In this case, the
mechanical parameters of maximum stresses,
maximum displacement, and safety factors were
analyzed. Figure 9 shows the analysis obtained,
according to the best and least optimal design.
The results showed that Design 3.0 in 12k
carbon fiber has the best performance, achieving
the support of up to 1.888.46 Newton. In
contrast, Design 1.0 in 3k carbon fiber supports
up to 1.358.08 Newton.

Andlisis estético (Esfuerzos)

15
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- mun IEN monm
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1.0 20 30
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o Ty za= - s -
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1,78
2,15

0,6
0,72

Figure 9. Results of the Finite Element Static
Analysis

3.1.3. Frequency study (Fundamental Natural
Frequencies)

Structures have a tendency to vibrate at specific
frequencies called natural or resonant
frequencies @Y. Each natural frequency is
associated with a particular shape called a modal
shape, which the model tends to adopt when
vibrating at that frequency. With the aid of the

SolidWorks software, the basic modal shapes of
vibration were determined according to the
geometry of each socket design. In this study,
the response in amplitude and natural
frequencies were considered, according to the
clamping point parameters and the radius of
curvature. The results are shown in Figure 10.
Design 1.0 in 12k carbon fiber shows better
performance to enter resonance frequency.
Design 2.0 in 3k carbon fiber is the least optimal
because its fundamental frequency is the lowest.

Estudio de frecuencia (Frecuencias
naturales fundamentales)

1000
500

° HNE mpE ENE
1.0 20 3.0
579,43
595,71
653,47

Frecuencia natural
(Hz)

W Fibra de carbono 3K 704,01
723,8

793,98

666,18
684,9
751,31

Fibra de carbono 6k
W Fibra de carbono 12K

Figure 10. Results of the frequency study by finite
element

3.1.4. Buckling

Buckling is a sudden and marked displacement
that occurs in thin sections caused by axial loads;
a section can undergo different types of buckling
under critical loads @2, In this case, as can be
seen in Figure 11, none of the designs had
mechanical failure due to buckling because the
safety factors are very high. However, Design
3.0 in 12k carbon fiber had the best performance,
and Design 2.1 in 3k carbon fiber had the least.

3.1.5. Fatigue

Material fatigue is a phenomenon that occurs
when cyclical amplitude loading over time
causes the structure to break, yielding lower
stress values than those that occur involving
constant amplitude®. This study considered the
load factor, percentage of damage, as well as and
SN-curves. Figure 12 shows that Design 3.1 in
12k carbon fiber had the best fatigue behavior,
and Design 2.0 in 3k carbon fiber was the least
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optimal. The percentage of damage over twelve 3.1.6. Drop
(12) months corresponds to 34.59% of the socket
when it is subjected to high workloads, during
training, or competitions set for the high-

performance Paralympic cyclist.

This  study  considered the  maximum
displacement generated in the socket by a drop
of approximately one meter high. Figure 13
shows the results. Design 1.1 in 12k carbon fiber
had a better behavior to support deformations;
Design 2.0 in 3k carbon fiber had the least.

| |
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J [betelen = o sl - B, Disefio 3.0 Disefio 2.0
(24,5 cm) (6,94 cm)

Figure 11. Results of the buckling evaluation by finite
elements

) 3}

Factor de carga Diseio 2.1 Factor de carga Disefio 3.1

Figure 13. Drop analysis results by finite elements.

3.1.7. Aerodynamics

Aerodynamics is the part of mechanics that
studies the relative motion between a solid and
the surrounding fluid, usually air, thus
determining the pressures and forces that are
generated on a body Y. An aerodynamic study

Factor de carga Diseno 1.1

Fibra de carbono 6k Fibra de carbono 3k Fibra de carbono 12k
was performed for each of the designs. The
Fatiga(Factor de carga) . . .
B oy following parameters were determined according
§ gg I I - - -
;8 ll D| |“ e lz ,l |N| In to t_he_ result§ obtained with the Paralympic
= Fibra de carbono 3K 24:89 30:68 9,‘52 23;85 31:94 Z7,‘67 CyCIISt In maXImum effort teStS'
Fibra de carbono 6k 26,16 37,15 10,39 24,35 33,76 33,32
®Fibra de carbono 12K 32,22 44,62 125 25,74 40,65 549 .
7 e Atmospheric pressure = 101.325Pa
Disefio 3.1 Disefo 2.0 e Ambient temperature = 20°C
oS e Flow rate = 60 Km/h = 16.66 m/s
dafio es . -
34,50% e  Fluid used: air
e Study for exterior surfaces
Figure 12. Results of fatigue analysis by finite e Volume analysis selection
elements.
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Then, aerodynamic studies were performed
according to the behavior of the socket
concerning speed, temperature, and pressure.
The results obtained for each of the behaviors
described above are shown in detail below:

3.1.7.1. Velocity

It was considered that the maximum velocity
produced by each of the socket designs is
provided by a wind current of approximately 60
km/h. It was determined that Design 2.1 had the
best performance to turbulence, and Design 1.0
had the least because it increases the input speed,
generating more turbulence; this is shown in
Figure 14.

Comportamiento Velocidad Disefio 1.0 Comportamiento Velocidad Disefio 2.0 Comportamiento Velocidad Disefio 3.0

AERODINAMICA (VELOCIDAD)

25

20

15 H

10 |
5

0

Disefio 2.1

VELOCIDAD (M/SEG)

10 11 20 21 30 31
"Velocidadmixima 21,47 1801 2027 176 2138 1817

Disefio 1.0

Figure 14. Aerodynamics results (velocity) by finite
elements.

3.1.7.2. Temperature

Figure 15 shows that Design 2.1 had better wind
friction heat dissipation performance and
Designs 1.0-3.0 had the least heat dissipation.

Temperatura Disefio 2.1

Temperatura Disefio 3.1

AERODINAMICA (TEMPERATURA)

o Disefio 3.1
£ 2ma

S

2 2933 ' I

2 P

§ o= 'l - " Diseno 1.0 —
ARl 10 11 20 21 30 31 3 .0

" Ter

mperatura 29334 | 293,22 293,24 29319 293,34 293,18

Figure 15. Aerodynamics results (Temperature) by
finite elements.

3.1.7.3. Pressure

The main objective of calculating the values of
velocity, temperature, and pressure is to
determine the drag force, which depends on the
air area that forms the socket’s front profile. It
made it possible to determine the aerodynamic
coefficient® of each one of the proposed
designs and determine, aerodynamically, which
design is more optimal. Figure 16 shows that
Design 1.1 had the best aerodynamic coefficient.

<l _— =

Presién Diseio 3.0

AERODINAMICA (COEFICIENTE

8 AERODINAMICO) Disefio 1.1
s a

5 o 11

N w1 2021 [0 n Diseﬁoz,o

w Cocfic

¥

nicecrodinimico 205 | 1.99 329 308 273 253

Figure 16. Aerodynamics results (Pressure) by finite
elements and aerodynamic coefficient

4. Conclusions

In this work, different studies were carried using
the finite element analysis technique to
determine the mechanical properties of the
designs proposed. The results can aid decision-
making regarding the most viable design option
for a Paralympic cyclist to obtain better sports
performance and achieve the goals set during his
competitive and high-performance season.

Based on the aerodynamic analysis presented, it
can be concluded that the aerodynamic
coefficient varies according to the geometry of
each socket, generating a greater or lesser impact
on the drag force that the Paralympic cyclist
must overcome in timed track competitions, as
this force is a fundamental variable in time loss
or gain and, ultimately, in achieving the top
positions in the competition.
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The design of these prostheses could be a
predominant factor in improving an athlete’s
sports performance, not only with greater safety
but also with efficiency when performing their
own pedaling technique. Therefore, this
prosthetic design, are a contribution to science in
terms of engineering and physiology applied to
the sciences of high-performance Paralympic
sports, which generates a technological impact
and promotes social inclusion at a national level.

This design will allow the National Army of
Colombia to apply the methodology and
implement it to all its members who have some
type of disability and are Paralympic athletes in
different categories of the Olympic Games.
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