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Abstract—Diabetes has brought several health problems;
one of the most common is the amputation of the lower
limb, for which the development of low-cost lower limb
prostheses has taken on an important role to allow people
with these injuries to continue independently with their
lives. This paper proposes developing a transfemoral pros-
thesis for a 47-year-old patient with a weight of 100kg
and a height of 1.80m. The approach shows the kinematic
model of the four-bar mechanism of the knee, following the
Denavith-Hartenberg method, and the calculation of the
knee angle curve and the gait with the help of OpenSim.
Consequently, it is shown the design of the parts of
the prosthesis done in Autodesk Fusion 360 and their
optimization by a lattice in Creo software. Finally, the stress
simulations in Ansys with the materials previously selected
in CES EduPack are presented.

Index Terms—Knee biomechanics, Lattice optimization,
Lower-limb prosthesis.

I. INTRODUCTION

Between 2004 and 2013, the Mexican Social Security
Institute (IMSS) concluded that the index of major
amputations due to Diabetes Mellitus (DM) was 100.9
per 100,000 subjects in 2004 and 111.1 per 100,000
subjects in 2013 [1]. In 2017 it was estimated that 57.7
million people were living with limb amputation due to
traumatic causes, including amputations related to DM
[1]. Based on these prevalence estimates, approximately
75,850 prostheses are needed globally to treat people
with traumatic amputations [2]. Therefore, to improve
the patient quality of life and to help them increase
their independence, it is essential to place a prosthesis
[3]. This prosthesis must be manufactured considering
several factors such as friction, adhesion, stiffness, length
design and deformation that the material can withstand,
so patients may have better control of the prosthesis
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with as little pain and as much comfort as possible
[4]. Finally, the most important factor to consider is the
type of prosthesis that the patient needs. For the lower
limb, a prosthesis is made according to the patient’s type
of amputation and characteristics, i.e. height, weight,
and activity level. For transfemoral amputations, some
prostheses are knee disarticulation prosthesis, femoral
prosthesis, hip disarticulation and above-knee prosthesis.
For prosthetic knees, the type of prosthesis depends on
the joint, which acts as an element that absorbs energy
from the impacts received when walking or running [5].
Although the knees have 6 degrees of freedom (DOF),
the flexion-extension movement in the sagittal plane in
two dimensions is the most important due to its poly-
centric character, which allows maintaining the Instan-
taneous Center of Rotation (ICR) of the body aligned to
the Trochanter-Knee-Ankle (TKA) line. However, they
can still be classified into two major groups depending
on their number of axes: monocentric (single axis of
rotation) and polycentric (can alter their axis of rotation
and have better control of the knee to give a more natural
and closer movement to the body’s biomechanics).

The design of polycentric knees is generally composed
of a 4-bar mechanisms, where the position of the center
of rotation is altered according to the individual’s po-
sition. These prostheses’ ability to better mimic natural
movements is more comfortable for patients and gives
excellent stability and ease during walking. Additionally,
unlike monocentric knees, they can improve the swing
phase of a normal walk [6] and allow the patient to have
different kinds of motion such as: oscillation, rotation,
or a combination of both [6]. Also, they are suitable for
patients that have a short residual limb; they are more
aesthetic; and, during flexion, the toe has greater slack
because of the relative dorsiflexion of the foot [7]. The
main negative features are their cost, the large amount
of maintenance they require and their shorter lifespan.

Finally, in recent studies about transfemoral pros-
thesis’ design, such as: [8], it is described the static
analysis and kinematic and kinetic study of the four-bar
mechanism, where it is considered the generation of the
trajectory of the ICR. However, the prosthesis should not
exceed a load of 100 kg, and it must have cushioning to
help dissipate the energy of the knee during walking.

4801



A. Paper Structure

In this paper, Section II describes the problems related
to the design of the lower limb. Section III introduces
the kinematic model of the four-bar polycentric knee.
Section IV presents the description of the material selec-
tion, the structural design of the lower limb and the static
analysis simulations made in Ansys Workbench. Section
V shows the results of the prosthesis design, which are
discussed in section VI. Lastly, section VII comments in
more detail the conclusions of this work.

II. PROBLEM STATEMENT

Over the years, the design of lower limb prostheses
has evolved, where a crucial factor has been considering
the material used for each part of the transfemoral
prosthesis (foot, pylon, knee and knee socket). If careful
analyses of the materials and design are not made,
the patient’s health can be compromised. On the one
hand, mechanical injuries can cause blisters, oedema,
callosities, cellulitis, hyperkeratosis, etc. On the other
hand, sweating can cause miliaria, hidradenitis, skin rash
and irritation. Additionally, a lousy adjustment can lead
to folliculitis, pyoderma or acroangiodermatitis.

Moreover, if bacterias or fungi are present, the patient
may present irritation, folliculitis, cellulitis, or other
symptoms [9]. In this work, a transfemoral prosthesis
is designed for a 47-year-old person with an amputation
due to DM. With the following characteristics: a weight
of 100kg and a height of 1.80m. The work is focused
on the knee, pylon and foot. Regarding the design of
the knee, it consists of a four-bar mechanism whose
kinematic model is obtained throughout the Denavit-
Hartenberg (DH) theory (which theoretical ground can
be consulted in [10]) and whose configuration reduces
the friction between the moving parts due to its polycen-
tric character [11]. In addition, the lattice configuration
of the foot and the material selection of this part give the
mechanism a damping system and reduce the amount of
material needed to build the prosthesis. Therefore, the
patient already possesses a socket that can be adjusted
to this design of the transfemoral prosthesis. The socket
analysis will be done in future work.

III. KINEMATIC MODELING

For the mathematical model of the leg, it was neces-
sary to use a tomography to scale and obtain the patient’s
model. This helps determine the reference point, place
markers in points of interest with the software OpenSim
[12], [13] and verify if there is a correct trajectory of
the lower limb prosthesis during the gait cycle [14]-
[17]. To perform the kinematics of the lower limb, it is
established that the leg is a complex mechanical system
since it has 21 DOF. However, it is possible to accurately
model the movements of the leg by simplifying a 9 DOF
mechanism; this is shown in Figure 1. Nonetheless, some

of the assumptions that need to be made for this 9 DOF
model are: the leg is modelled as a serial robot; the
hip joint is modelled as a perfect ball joint; standard
DH configuration is used and the ankle joint complex is
locked for robotic manipulation, and it is rigid [18].

{ Hip Ball Joint '

Hip-Leg Fleslon
Hip-Leg Adduction (Varus)
Hip Internal / External
Fermur

Mechanicals

Knee loint Auis

Knee Extension/Flexion

Knee Ant [Posterior
Knee Varus

Knee Medial / Lateral

Knee Proximal Distal
{Knee Gap)

Knee Internal / External

Ankle

Figure 1. TKA line and the kinematic model of the leg (9 DOF) using
DH [18].

In this section, the analysis of the kinematic model
of the polycentric knee is presented, assuming that the
mechanism is an open kinematic chain composed of two
rigid bodies connected to a four-bar mechanism that has
6 DOF (Figure 2).

(a) ML

Figure 2.  Convention of the four-bar mechanism. a) Shows
OpenSim’s markers as a pink dot regrading roll-pitch-yaw co-
ordinates points:M at [0.0150174, —0.36972,0.0928795], N at
[—0.004347, —0.459433,0.0912315], and F at [0.01, —0.38, 0.1]. b)
Markers of each link of the proposed mechanism.

The positions of each of the points E, U, N and
F, relative to the fixed coordinate frame at point M,
are known by using the DH convention. In which a
transformation 77 is established by changing any point
from the reference frame i, , ) to the reference frame
J(z,y,2)- The transformations for the four-bar knee are
presented in the system of equations 1.

cos¢ sing |E|cos¢ cosy —siny |EU|cosy
TM = |—sing cos¢ |E|sing|.TF = |siny cosy |EU|sin~y|, (1)
0 0 1 0 0 1

T = |sind cosd |UN|sing sindy  cosdy  |NF|sindy

0 0 1 0 0 1

cosd —sind |UN|cos 6:| |:cos dy —sindy |NF]|cos 62:|
I =
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Where the angle ¢; of a transformation Tij is defined
as the angle between the z;-axis and x;-axis. For in-
stance in T}%, ~ is the angle from zg-axis to xy-axis.

And to know the coordinates of the points of interest
N and F, the following transformations concerning the
desired reference frame M, , .) need to be made.

M M E U M M E U N
Ty =T Ty TN, Tp =Tg Ty TNTR (2)

Since these transformations depend on the angles
¢, v, 0 and 02 and, therefore, on the coordinates of
points A, E, O and U, it is necessary to obtain the
coordinates of points A and O by using the equations
for a four-bar mechanism (Eq. 3), proposed by Robert
L. Norton [19]. It is important to clarify that these
equations are for the reference frame E, ,, ), so at the
end, the transformation Tg must be used to obtain the
coordinates in the frame M, , ..

_ 2 _ P B
0, = JOEVRTZAPR g YOy 3)
2P Uz — |AE|
Where P, Q, R and S are given by:
2
%y +1, R=—(JAB| - )% — |40|? 4

T (Us - 1AE]2

2Uy (|AE| — S)
© Ug —|AB|

_ |EUI? = |oU|? + |40|? - |AE|?
2(Ug — |AO))

A. Optimization

The error of the trajectory that the coordinates of the
points E, U, O and A of the prosthesis was minimized
by making an iterative process in Matlab. This process
compares the error of the prosthetic model concerning
the trajectory of the OpenSim’s model. In order to
calculate the error, an interpolation between the point N
with coordinates (z,y) was done in order to obtain the
trajectories y(x) with respect to the reference yger(x).

Interpolation of the error function
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Figure 3. Trajectory interpolation of point F' (blue), in which the
error is emphasized to show what happens when the trajectory is not
optimized.

The same process was repeated with point F' and the
total error was the sum of both errors, i.e, e7 = ey + €.
The equation of the error between curves (the trajectory
of point NV or F') is defined by:

€= (y—yres)® )

The algorithm was optimized, so the error function
was smaller than 1e~!9. In order to do so, the coordi-
nates A, F, O, and U were modified until this happened.
The trajectories and error are shown in Figure 3.

B. Evaluation

The average relative errors of the trajectories of the
coordinates A, E, U and O was obtained with the
equation below. With this procedure, it was possible to
determine the maximum error and look for outlier values.

n
Yy — yref
Yref

1
Err=— (6)
i=1

Also, a trajectory test was done with the Computer-
Aided Design (CAD), and different values of v were
given to obtain the absolute error between the analytical

trajectory and the trajectory made by the prosthesis.

C. Shock absorb design

After selecting the prosthesis material, the CAD files
were joined using revolute joints, and a dynamic sim-
ulation was performed with SimScape Multibody. An
array of the values of the angle ~(¢), which is the angle
between bars A and EU, was done to obtain the tibia’s
position and angular velocity data. In this equation, ¢y
corresponds to the knee angle during walking, wy, to the
angular velocity of the tibia, k to the elastic constant,
and J to the damping coefficient. And with Eq. 7, the
moment of the knee during the gait cycle was known.

M = ky + dpwy (7N

With the reference data of the knee moment, obtained
from [20], an optimization of the variables k and & was
performed. The moments of the prosthesis were adjusted
so they would emulate those exerted during the natural
gait cycle. In the trajectory optimization, the data was
interpolated, and the error function was obtained.

IV. MATERIALS AND METHODS

A lower limb prosthesis can be divided as seen in
Figure 4 and should be composed of materials that have
high tensile strength to reduce the slippage and pistoning
that occurs in the gait cycle. However, it should also
be considered the friction, adhesion, stiffness and defor-
mation that the materials can withstand. To select the
materials for the prosthesis, the CES EduPack software
was used. According to the mechanical, physical or
chemical properties needed to suit specific application
requirements, this software filters the materials. For the
socket, the comparison was made between plastics [21],
but for the pylon, knee and foot, the comparison was
based on metallic materials [22] and carbon fiber [23].
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Table T
PROPERTIES OF THE MATERIALS FOR THE TRANSFEMORAL PROSTHESIS

Material * Compressive  Tensile Density Poisson’s  Elongation Young’s
strength strength [kg/m3]* ratio” [%]" modulus
[MPa]* [MPa]” [GPa]"
Polyethylene 19.7-31.9 20.7-44.8 939-960 0.41-0.43 200-800 0.62-0.90
Carbon Fiber, high strength ~ 4900-5000  4400-4800  1800-1840 0.01-0.2 1.7-2 225-260
Aluminum 7068 655-764 648-756 2850 0.33-0.343 5-7.2 71.2-74.8

* Mechanical properties taken from the software CES EduPack.

| .. Soclfel Paint of integration between human
._“—_‘l Liner {Inside) and tissue and replacement limb
| Socket (Qutside) | il

Knee
Rotater and
Knee Jaint

Mimics flexion and extension, and gives

stability and handling during gait

L Pylon

Connection between the limb and the foot

(il

Gives stability, support, and balance

Figure 4. The design of a transfemoral prosthesis can be divided in
four blocks: socket, knee, pylon and foot.

Since the socket will be subjected to stress, it was de-
cided to analyze the compressive strength and the elon-
gation to know if the material can withstand compressive
forces without breaking and return to its initial position
without suffering deformations. Materials with a greater
interval of elongation are polyethene and polypropylene.
Furthermore, these materials can withstand compressive
strengths of about 25MPa, which means that the socket
can bear the load of the patient’s weight and it does not
break. Thus, with the information gathered, it can be seen
that polyethene is a good option for the socket since it
has a lower density, withstands the forces caused by the
limb, avoids problems related to sweating, and the price
per kilogram is accessible. It is also more flexible than
polypropylene and allows to mold sockets with ease [21].
In the case of the pylon, knee and foot, a similar analysis
was made. Nonetheless, it was considered that the knee
and pylon would be composed of a rigid material, whilst
the foot needed to be made out of a more flexible
material that could act as a damper. Considering that
the safety factor of the prosthesis should be at least two
or greater, that the density of the material should be light
and that it must withstand the weight of the patient, it
was seen that the aluminum 7068 (Al-7068) and carbon
fibre could provide these design specifications. Making
the Al-7068 a good option for the pylon and knee
and the carbon fibre a good choice for the foot. Also,
carbon fibres withstand more compressive strengths than
some metals and plastics. Also, they have an elongation

higher than 0.1% and lower than 10%. Simultaneously,
aluminum can withstand compressive strengths greater
than 100 MPa and have a greater elongation than carbon
fibres but lower than plastics. Finally, Table 1 shows the
most relevant mechanical and physical properties of the
materials used for the transfemoral prosthesis.

A. Structural Design

It is crucial to remember that a limb amputation design
can generate unpleasant psychological consequences, as
multiple investigations have shown. This is mainly in
the later phase of the amputation, where stress and
depression and the null possibility of accepting a new
anatomical condition. So beyond the functionality of
the prosthesis, it is imperative the aesthetic quality of
it, which has a significant weight in the psychology
of amputee patients as described in the theory of the
Uncanny Valley, which attempts to describe the level
of familiarity and human likeness of various entities
through the level of acceptance that observers show to-
wards them [24]. Moreover, it is essential to keep in mind
the load line for the stability of the prosthesis (Figure 5).
Thus, the location and direction of the load line can be
measured by a force plate during gait, and it is constantly
changing its location and direction concerning the long
geometric axis of the prosthesis [25]. The pylon and knee
design feature casings provide an aesthetic appearance
and protection to the rest of the interior parts; these are
designed based on the contour of the leg’s front and side
views. Afterwards, the foot model proposed has a light
structure, adaptability to different walking speeds, safety
when walking, the necessary support when standing, and
considerable helpful life.

B. Lattice Optimization

A lattice with a hexagonal cell shape on a closed body,
cell size 25 x 25, with a wall thickness of 2mm and
rounding radius 0.8mm, was realized in Creo software.

The lattice optimization changes the geometry of the
foot and allows a reduction of material greater than 70%
of the initial weight. The weight before this reduction
was 1.779kg, whereas after it was 0.530kg. Besides,
since carbon fibre was used for the foot, this part of the
body became flexible and helped dissipate and withstand
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Figure 5. Free body diagram of the proposed prosthesis. a) The load
line (yellow line) is passing behind the knee when the heel touches
the ground. This line goes from the ankle to the joint located in the
hip and its direction is related to the knee’s stability (blue arrows). F'
represents the normal force that is produced when the ground pushes
back on the heel; its magnitude is the same as the force acting on the
socket, but in the opposite direction. Since the force is acting directly
on the load line, this produces the knee to buckle when the load of the
weight acts upon the mechanism. b) The combination of the joint force
and extension moment acting on the hip joint produces a stabilization
of the knee. M represents the extension moment, and d is the distance
between the force exerted on the socket and the normal force. ¢) The
moment in (b) can be replaced with forces Fy, and Fjg separated by
a distance d. By doing this, F' and Fg cancel each other out.

the stresses, thus reducing the damage to the stump.
The type of scaffold structure was proposed to decrease
the rigidity of the support system. However, the term
damping was not associated with viscoelasticity, but
rather with energy dissipation through reduction of mass
by matrix arrangement using scaffolds.

C. Computational Analysis

The computational analysis was carried out in the
Ansys program, and this was performed with the foot
alone and with the fully assembled prosthesis. For both
analyses, two cases were made: one with a 100kg load
and the other with a maximum 200kg charge. The first
step to do the static structural analysis of the mechanism
was to export the assembly to the program and mesh it.
The parameters of the mesh are seen in Table II. In the
fully assembled prosthesis case, the external load was
applied to the knee, but the force was set to be above
the ankle for the foot analysis. Besides those mentioned
above, the areas of contact with the ground were chosen
as fixed points; that is, the part of the prosthesis at the
level of the metatarsal bones and the lower part of the
heel. This can be seen in Figure 6.

Table 11
STATIC ANALYSIS PARAMETERS

Study case Nodes Elements Connections
Foot 11076 1665 0
Fully assembled prosthesis 33823 12906 21

§ External Loads

‘ External Loads

Aligned
Foot
Sample

Fixed Geometry

Fixed Geometry

a) b) 4]

Figure 6. a) Direction of the load applied to the fully assembled
prosthesis. b) Selected areas (red) in which the forces of 981N and
1962N were applied to the assembly. c) Direction of the load applied
for the foot simulation.

V. RESULTS
A. Trajectory tracking

The comparison between the trajectories of points N
and F' with their respective reference is shown in Figure
7. An average relative error of points N and F of Errp =
0.059% and Errp = 0.31% respectively was obtained.
With maximum error values of Erry,q. n = 0.20% and
Ertmas,r = 1.28%. The design parameters (with mea-
surements in millimeters) obtained with the reference
data are: O = [—23.68, —70.32], A = [—28.85, —26.58],
E =[-8.25,—26.58] and U = [1.67,—79.10]. Also, the
ICR trajectory during full knee flexion presented values
of v = 47.65mm, and 6 = 264.95mm.

Trajectory of point N of the mechanism during flexion

20 i |
M
4] ¥
£ -20 ] AN
P I | | A2 1
2 a0 ! -
5 \ i
\ 1B
S -eof e \ 1
N =4 \ |
-80 k‘ u-zq
—— Ref. N
-100 | orig.
— — Opt.
=120 i i ] i i i I
-100 -80 =60 -40 =20 4] 20 40 60

X coordinate [mm]

Figure 7. Comparison between the optimized trajectory of point N
and the reference trajectory. It can be seen in blue solid lines the
arrangement of the links after being optimized, with their respective
reference (red lines).

The comparison between prosthesis flexion and knee
angle during the gait cycle is shown in Figure 8. It is
observed that a maximum error of 7.93% was obtained.
Nonetheless, the trajectory tracking evaluation of the
experimental model had a maximum error between the
experimental and analytical model of 0.01mm.
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Figure 8. Knee flexion angle during gait. The reference data, denoted
as a blue line, was obtained from a normal gait processed in the
OpenSim software. The red line represents the propose model.

B. Shock absorb

The damping analysis was divided into two sections;
during ground contact (0-40% of the gait cycle) and
after detachment. The comparison between the reference
moment and that obtained with the dampers. Values of
the elastic constant k; and the damping coefficient dy;
corresponding to each section (: = 1,2) are: k; = 2.268,
01 = 0.001, ko = 0.0125, 2 = 0.0203.

C. Finite Element Analysis

In Figure 9, it can be seen that the maximum total
deformation of the foot during compression is 0.01889.
This means that the deformation that could be produced
during the gait cycle is minimal. In the case of the
equivalent stress, the maximum value was 17.088MPa.
The same results were obtained in both cases, i.e. for
the load of 100kg and 200kg.

Figure 9. Foot simulation: Total deformation (Left) and Equivalent
Von-Mises Stress (Right).

From the knee, pylon and foot simulations, it can be
seen that the maximum total deformation was 0.58817.
Meaning that the deformation in the area of most sig-
nificant risk is within a safe area for the operability
of the prosthesis. Also, the results with 100kg and
200kg were the same. This is the properties that the
aluminum and carbon fibre have, which provide enough
resistance to deformation and the flexibility necessary
to cushion the stress at which the prosthesis is sub-
jected. The scaffolding system was implemented to re-

duce weight and rigidity. The type of manufacturing
with carbon fiber can include additive manufacturing
in 3D or alternatively by injection of some alternative
polymer such as polyurethane. On the other hand, the
equivalent stresses on both loads applied, the maximum
value can be observed in the anchorage between knee
and pylon, notwithstanding this value remains lower
than the aluminum tensile strength, despite maximum
value, the majority design remains on the minimum of
454.19-10~3. Thus the selection of the Al-7068 provides
stability and hardness desired.

Figure 10. Lower limb prosthetic simulation: Total deformation (Left)
and Equivalent Von-Mises Stress (Right).

VI. DISCUSSION

The proposed methodology allows the design of cus-
tomized modular limb prosthesis able to follow the
trajectory of healthy walking by modelling in OpenSim
the polycentric movement of the knee through the four-
bar mechanism. As seen in Figure 2, points E and U
are joined by twin bars at the sides of the mechanism,
while a bar joins points O and A, this is located on the
symmetry axis, which allows the addition of mechanical
barriers to prevent hyper-extension and hyper-flexion.
On the other hand, the optimizer can be modified to
meet the specific needs of each patient. The material
selection played an important role in knowing that the
prosthesis would withstand the patient’s total weight
and two times this value. In the end, it was seen that
the knee, pylon and foot would have a maximum total
deformation of 0.58817, whereas the maximum stress
was 454.19 - 103MPa. This value was always above
the tensile strength that the materials can withstand,
meaning that the mechanism would not suffer any struc-
tural deformation. Furthermore, the hexagonal lattice
geometry reduced the material by more than 70% of
its original weight. And since carbon fiber was used
for the foot, instead of a rigid material such as steel
or aluminum, this allowed the foot to act as a damper
with a maximum total deformation of 0.01889. The four-
bar mechanism of the knee was capable of following
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the trajectory of the gait cycle with a maximum error of
7.93% during knee flexion. This was done by mimicking
the polycentric motion of the human knee and assuming
that the mechanism was an open kinematic chain.

VII. CONCLUSIONS

The first challenge for someone who suffers an ampu-
tation is having to adapt to a new lifestyle. Nonetheless,
the prosthesis may become an important factor that helps
the patient regain his autonomy. But, to do so, the
prosthesis mechanism must follow the same trajectory
that the leg has during the gait cycle. Simultaneously, the
design process of a lower limb needs to be customized to
meet each patient’s specific needs and consider the am-
putation level and the socket’s adaptation. However, the
design of each socket should be personalized. The poly-
centric knee, pylon, and foot mechanism presented in this
work can be replied to and adapted to any transfemoral
prosthesis. Regarding the selection of materials, it was
concluded that the mechanical and physical parameters
allow determining if the load will be withstood, and the
prosthesis will have a high index of functionality and
durability. Finally, the generative design helped reduce
the material to more than half its original weight, and
it was seen that it did not compromise the resistance.
Therefore, when manufacturing the foot with lattice
optimization, the cost of the prosthesis will decrease.
As part of the future work, it is worth mentioning the
application of static, cyclic strength and cyclic resis-
tance tests to the lower limb prostheses, following the
ISO 10328:2016 norm requirements. Additionally, the
norm ISO 16142-1:2016 must be followed for medical
devices’ essential safety and performance. This will be
done at INCMNSZ. Furthermore, an extra evaluation for
experimental corroboration of the trajectory would be
performed using videogrametry with markers placed on
points M, N and F' of the prosthesis.
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