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ABSTRACT - walking is one of the aspects directly comprongidimman wellbeing, as it has a physical and ematimnpact in daily life.
For this study, we delve into the challenge of ioying some walking conditions in a patient suffgrlower limb loss, specifically at transtibial
or transfemoral levels. Given that our purposetivasnalysis, design and manufacture of a lowel-fimosthetic component, which fills the needs
for functionality, it became necessary to buildoatfwith all the quality standards associated ttheand all movements required to form the
complex fundamental pattern of walking. Besideis thot should also easily endure weight, daily asd physical characteristics of the patient
object of this study. When performing physical gation and during human walk, a proper responsessrved in terms of mechanics, materials
and dynamics of the component, thus making evigeyer construction and assembly. On the other hitisdeasible that design and verification
of the component provided a competitive elementamspared to existing elements currently in thekeiarThe previous situation generated the
need for verification from the National Instituter fMedications and Food (INVIMA), as well as theision of the use replying device, for
component verification, in accordance with ISO 1832

Keywor ds- Biomechanicalgait analysis, foot, prosthesis, transfemoral.

RESUMEN- La marcha humana es uno de los aspectos que coeteromirectamente el nivel de bienestar del seranomademas de
impactar de manera emocional y fisica, tambiénlaotadiano vivir. Para este estudio nos encontmmmersos en el reto de poder mejorar
algunas condiciones de la marcha en un pacienteay@esufrido pérdida de miembros inferiores, efipamente a nivel transtibial o transfemoral.
Dado que nuestro propdésito fue el andlisis, disafanufactura de un componente protésico de miemfmaor que supla las necesidades propias
y de funcionalidad, es necesario construir un pietodos los estandares de calidad que constibalgesty cada uno de los movimientos requeridos
para formar el complejo patron fundamental de lachw ademas que pueda soportar el peso facilnyesteuso cotidiano ademas de las
caracteristicas fisicas de nuestro paciente objetestudio. Al realizar la validacion fisica y enrharcha humana, se observa una respuesta
adecuada en términos mecéanicos, de material dérgocidn y el dinamismo del componente, evidenaidadadecuada construccion y ensamble
del componente. Por otro lado, podemos evidenaeetidiserio y la verificacion del componente nasstra un elemento competitivo, comparado
con los elementos existentes en el mercado; Hawieecksario la verificacion ante Instituto NaciataVigilancia de Medicamentos y Alimentos
INVIMA, y la puesta en marcha del dispositivo reptior de uso, para la verificacion del componeeteé a la norma ISO 10328.

Palabras clave- Biomecanico, analisis de marcha, pie, protesansfemoral.

1. Introduction accurate diagnosis for the implementation of each
Human walk, configured as biped motion is one ef th component. Proper decision- making for the patretit
aspects emerging as a result of joining togetmemaber increase the level of motor agility, stability acwimfort,

of little physiological processes which, enable hum  which are the characteristics for a proper wallgagern
body movement. For this particular case, the [1].

aforementioned function has been lost due to the The mostrelevant factors which may, somehow affect
amputation of a lower limb. walking function can be described as follows:

Along this research, it has been noted that poidné e Pathologic: injuries, trauma, amputation, and some
implementation of any prosthetic component, it is type of neurological anomaly. For this case stugy w
necessary to assess the patient thoroughly both deal with lower limb amputation.
quantitatively and qualitatively. This will geneganore
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¢ Physical intrinsic to the person: it is the mostvant
factor when designing and implementing a prosthetic
component, which corresponds to activity level, age

and weight. For this case study it is a 1,75 m; 85-

kilogram male, with a moderate level of activity,

corresponding to level 3 [2].

Due to the research complexity posed by human walk, ,
it is necessary that a group of professional gtafforms ‘
an assessment of the patient. For this study rthepgvas “ -
formed by eight experts on orthosis and prosthetieas,
as well as physical therapists, who provide anlidea Figure 1.Support stage.
assessment of patient and his physical alteraf8jns

Since there are several areas of work, as well as
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professionals in these areas, involved in thisanes$e it
becomes necessary for the whole work team to ésttabl
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terms and concepts. For this reason, the first step

consisted on the implementation of initial techhica
parameters which will be used for the manufactuand
assembly of the prosthesis and further adaptatiche
patient.

Along this article we will show the development in
manufacture of the foot, its analysis and validagtio
presenting a final product with high levels of guesce
from the patient. We will also observe the levefs o
proximity to normal patterns of walk for each ofth
measurements performed in component analysis.

2. General analysis of prosthetics

An interdisciplinary group of engineers, orthotjsts
prosthetists, physical therapists and some uses wa
conformed for the design, manufacture and validiatio
the product. Using physical and biomechanical
measurements, and with the help of patients, gamt
designed several solutions to select the prototinaé
best biomechanically and physically reproduces the
behavior of walking, regarding balance and massecgn
during biped walk under reasonable conditions [4, 5

The prototype begins with the simulation and
verification of walk under normal conditions of an
average person with similar physical and behavioral
conditions the those of the patient case of sttiiynce
the specific design parameters for prototype cangon.
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Figure 2. Gait analysis in balance stage.

After the walk analysis [6], and considering the
physical parameters of the patient, reference peatens
were extracted to implement the prosthetic compbnen
Design parameters are shown below:

Table 1.Design parameters

PARAMETER MEASUREMENT
Age 30-35 years
Foot size (wearing 34
cosmesis)
Weight 85Kg (Max value)
Height 1,75m
Activity level 3
Length of the stump Medium third
Muscular strength 4
Length of the 15cm
articulation
Suggested weight for 1 kg (Max value)
the whole component
Dorsiflexion Normal up to 20°
Plantarflexion Normal up to 50°
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These prototype parameters were fully described in 3. Full articulation assembling

prior articles, as mentioned in [7, 8], so thelgsia stage
will be overlooked and we will proceed directly ttoe
implementation stage [8].

Prior to the analysis of the prosthetic componént,
was necessary to include a previous market reselrch
the field of applied research, several prototypes a
available for prosthetic foot components, a numiier
which are currently under technical and commercial
validation. Some of the cases for internationatmefce
are available in German universities and companibe,
stand out for their technological advances.

Next, we describe some prosthetic components:

Fillauer's component presents a design incorpagatin
a third carbon-compound spring and emphasizesson it
higher quality due to their innovation on matesigience.
The design is comfortable and smooth in each stage
the step cycle.

Figure 3. Fillauer’'s external foot prosthesis with impact
buffer/ Dynamic reaction [9].

Another reference is the one built by Mercurius
Company, a technological (spin-off) branch of the
University of Munich (fig. 3). Their NextStep progal
implements CAD digital adaptation technology, tigou
their Mercuris (beta) platform, along with 3D pmdg,
supplied by a certified German dealer. Anothervahe

aspect in this model is the speed of costume-made

assembly and validation, which aims at having a
completely finished product within 48 hours.

10
MECURIS
exstep

Assembly was carried out following the required
protocols for each material and bearing as an tibgec
that the prototype was not designed to be an idnibi
model, but a functional one, as proven in the
biomechanical analysis in the “findings” section.

Prototype building and construction was clearly
described in previous articles, therefore, thiscopill
not be addressed in order to show the final resdiich
was used for the biomechanical verification of the
component [11]. It is worth noting that there was a
validation process along the design stage, by utiag
analysis through finite elements was carried outhim
SolidWorks software, in which static and dynamic
studies were carried out with similar parametersuo
patient object of study, On the other hand, acmdsin
was chosen as coating, due to the crew's experigitice
its use and its compliance with the required
characteristics of resistance; adding, using ttredyais
through finite elements was carried out in the
SolidWorks software, in which static and dynamic
studies were carried out with similar parametersuo
patient object of study [12].

The layout of the raw material and the geometric
orientation of the layers of carbon fiber for eaghthe
pieces is given as follows:

Figure 5. Foot design (linstep; 2 sole; 3 keel; 4 adapter).

The layout of the material and its geometric
orientation are described in the following tabl€01
grams of acrylic resin were used for pieces
manufacturing.

Table 2. Construction and geometric layout of the
component; FC90: Carbon Fiber at 90°; FC45: Cafiben at

45°
Piece/ 1 2 3 4 5 6
procedure,
Instep FC45| FC45 FC9D FC90 FC45 FCBO
Sole FC45] FC45 FC9D FCY90 FC45 FCPO

Figure 4. 3D printed foot prosthesis [10].
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Anterior | FC45| FC45] FC9Q FC9D FC45 FC90
spring
Adapter Duralumin

After the molding and manufacture, the final ressilt
a functional component that meets the needs for the
patient object of this study.

Figure 6. BIOC-DM2.

Next, we present the results of the bio-mechanic
analysis performed on the component.

4. Analysis and resulta by using biomechanics
analysis

The information presented was acquired
experimentally at the gait laboratory of the Cerftar
Design and Metrology (Centro de Disefio y Metrolpgia
affiliated to the School of Orthopedic Technologye
laboratory was calibrated using Auto-Calc, which
validates the information supplied by both; gaugd a
cameras.

Two studies were performed to describe the
component performance. First corresponds to phlysica
analysis consisting on platform measurement ofefgrc
which will determine forces, gain, angle, and
spatiotemporal parameters, for each of the morgficabd
parts of the body influencing biped walk for theigat.

Results after the analysis are shown in table & It
worth noting that the prototype is accurately adgn
since it properly generates load vectors associateach
body part and the movements in each stage of gait.

Clarifying, only the most relevant results are

presented, since the whole analysis is too deep and

thoroughly covers each of the articulations in blogly;
for this reason, we only include the articulatioglevant
for the use of the prosthesis object of this study

RIDTEC | Vol. 15, n.° |, enero - junio 2019.

Table 3. Construction and geometrical layout of the

component
Parameters to be Right leg Leftleg
measured
Balance time ( 0,45 + ,0: 0,45 + ,0:
Support time(s) 0,93+ ,0: 0,89 + ,0:
Support stage (%) 67,16 £ ,45 66,2 £ ,6
Balance stage (%) 32,84 +1,45 33,68+ b1
Step duration (: 1,38 £ ,0: 1,35+ ,0!
Knee Flex- 43+,2 12,9+ 4
extension (degree
Ankle Dors- -46+,1 42+ 2
plantiflexion (degree
Foot progression -6,1+,2 12+ 1
(degrees

4.1 Discussion

Analyzing the results obtained, it is feasible that
values do not correspond to exact numbers, butgeta
since the walking function varies depending on ssve
physical and behavioral factors, proper to eacieptt

From the results, we see that the figures in bo¢h t
amputated leg and the whole leg are quite neaewise,
range variations are also within the functionabpaeters
for the patient.

The parameters obtained are based on the results
generated in the software, they are not presemtesl i
percentage way but in a quantitative way so astamot
damage and alter the study.

The difference in the flexion - extension angle is
generated due to the dynamism of the construction
materials of the prototype.

The results shown graphically and numerically, are
reflected in the figures [8, 9, 10] in the same \aaythat
shown in the table [3].

The second performance analysis, corresponds to
kinematic validation, which is based on the acgoisiof
data using retro reflecting sensors, strategidaltated
in the patient’s articulations. Sensor layout iswgh in
the image.

After performing the required captures of patient
walk, we see an appropriate response from thelptist
component regarding manufacture and functionality.
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The first image of figure 11 corresponds to muscula
potential of the hip, which is in turn correlatenl the
muscular potential of the whole lower limb. Thigure
shows total muscular activation of the leg, gernegat
proper extension and contraction.
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Figure 10. Kinematic analysis for hip and ankle.
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Figure 7. Retro reflecting markers attached to patientcbje - S

of study. Figure 11 Kinematic analysis for hip and knee momentum.
PorPlantAnkle [Degr=ess)  Frogressien oot Out of a general analysis, it is possible to codelu
. - A that prosthetic limb performance is rather santbab of
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= (e w a sound limb, and in some of the charts there éven
—  Left . e . ! ;
Narmal Value :;;‘;'yv .| : lineal graph, rather than a curve. This occurs sethe

Flami

manufacturing material makes the component stiff
without any methods for direct dispel, as the idlial
Figure 8. Cinematic analysis for ankle and foot. muscles Conforming the foot would provide.

Finally, the balance phase of the prosthesis behave
ideally. However, the inability for movement on the

Force Ant-Post (%Weisht) Force Med- Lat(3Weight) Vertical force (Sweight] negative axis of the instep, due to the lack obesor
I T muscles on the foot, maintains the whole load ereb,
rather than the foot. For this reason, it is neags

m implement higher rigidity values in the anteriorisg to

dispel this effect and distribute the load.

Another relevant factor is the proper alignmenthef
component in the patient, since this setting emable
efficient load distribution and the consequenteetibn
in the walking function.

Cyde %) Cyche [%) Cyche (%]

Figure 9. Kinematic analysis for ankle and foot.

The ankle and foot will be specifically assessed fo
this analysis; all other articulations have movetsen
rather approximate to proper walk, so the analygide
based exclusively on the aforementioned ones. 5. Legal Framework o

The first image of figure 9 shows a high valuetia t The legal frame is given by the possibility of
force vector received by the prosthesis. This value validating the product by INVIMA (National Institerfor
corresponds to an energy return in the compound Medlcatlor)s and Food) standards, thg revision (_af th
material and the dynamics of the component itsgf,[ ~ Product with ISO 10328 and the possibility to buid
as the material used for manufacturing poses energydeV|ce which validates all 30.000 use cycles of the
return properties; however, this level is not taghh ~ component.

because there are not any muscles to generatedak i The implementation of new technologies for
force. manufacturing, adapting and installing prosthesid a
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orthosis in patients is somehow limited by Colombia
regulations from manufacturing to the final usethefse
components. The General System of Social Secundy a
Health, with Bill 5592, 2015 regulates technical
assistance requiring the implementation of prosthas
orthosis for users affiliated to Health Promotingfities
(EPS). This bill grants the users to receive pesthor
orthosis complying with low process, and therefoveer
guality and resistance, without determining thesiale
variables for adaptability of the user and appmdpri
functioning of the element; for this reason, thif b
restricts innovation and implementation of new
technologies by directing the market to the martufac
of prosthesis and orthosis compliant with the tézdin
characteristics required by the EPS.

In view of the previous, new regulations are reggir
to allow the implementation of new technologies,
oriented to innovation and new forms of adaptabftir
people who require prosthesis or orthosis, workiagd
in hand with users. This joint work should enable
inclusion and the elimination of the word “disatyili
thus determining that this item in healthcare ig no
another line in the business of Colombian health
emporiums. It would also facilitate compliance wéth
technical and legal regulations to receive the IMXI
approval on our component.

6. Conclusions

e The final element complies with all initial
functionality protocols, it fully solves both phgai
and movement parameters for the patient case of thi
study.

e The follow up on this analysis is providing the
element with the 30.000 use cycles required to
validate the prototype commercially and industyiall

in accordance with ISO 10328, and thus implement [6]

the component massively.
e Regardless of the static and dynamic analysis @f th

component, it becomes necessary to implement test[7]
specimens for each of the materials used (ASTM ES8).

This test is justified in that the component munsiugre
a lifespan of around three years, so it must bgstib
to tension and compression stress analysis, whith w
provide a level of certainty and quality closetrthat
of the actual use.

o After the construction and assembly of the
component, exhaustive training is required from the
patient, as dynamic behavior makes it difficult to

RIDTEC | Vol. 15, n.° |, enero - junio 2019.

recognize and this may lead to a difference with
components frequently used.
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Metrologia - SENNOVA”"). Starting year: 2018.
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