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Abstract

This thesis produces to fulfill the requirements for the Mechanical Engineering Bachelor's
Degree at the Vietnamese-German University.

The goal of this project is to design, fabricate, and testing of a prosthetic leg to create a
prosthetic. The Leg design was initially built as an initial model, followed by optimization in
Topology Study, and then rebuilt as a validation model using the graphical reference
provided by the Topology Study's outcome. In Solidworks, CAD modeling is created. Based
on a structural statistics study of the design carried out by utilizing Finite Element Analysis
(FEA) to comprehend the stress and displacement distribution throughout the designs. A
prosthetic Leg is usually costly and uses expensive material. This project will emphasize this
problem of the prosthetic legs by focusing on a design that uses simple engineering
mechanics and alternative materials for knee prosthetics.

The results of this research are also the comparability of the characteristics of the present and
proposed materials, which help to provide substitute materials that are more economical and
environmentally friendly while maintaining the features needed for prosthetic limbs. The
research is intended to improve patient access to more economical products and advance

prosthetic leg design.
AUTHORSHIP STATEMENT

This project was accomplished by two MEN2017 students of the Vietnamese-German
University.

Nguyen Thai Binh and Nguyen Anh Vu are combining their work as a thesis project for the
degree of Bachelor in Mechanical Engineering program.
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I hereby certify my authorship of the bachelor thesis submitted today entitled: " DESIGN,
FABRICATION, AND TESTING OF THE PROSTHETIC LEG ".

The result of my own research, except where otherwise acknowledged, and that this thesis
has not been submitted for a higher degree at any other institution. To the best of my
comprehension. The thesis contains no information previously published by other individuals
except when the reference is given in the thesis itself.
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Chapter 1: Introduction

Research Background and motivation

The development of science and technology in the fields of human health

We have entered the 21st century, known as the century of rapid science and technology
advancements. In this age, the achievements of science and technology are applied to all
aspects of life, not limited to the industrial and manufacturing sectors/environment. In daily
life, we can see the presence of machines everywhere. In transportation, many have been
built to meet the demand for global freight (tracking and monitoring the location of
containers)

In household applications, many advanced security systems and automation systems
(lighting, monitoring, health tracking, locking doors) can be controlled using a phone, all
within our grasp. However, the need of man is infinite, and it arises under certain
circumstances. Hence conventional technology can only meet users' needs for a period of
time before being further developed. Thanks to the continuous development of technology.
Especially in the health sector, countless types of research have been done all over the globe
to increase life expectancy and living conditions forepatients of all departments in a hospital.
As a matter of fact, machines and technologies are developed by humans to serve the needs
of our life's problems. In that direction, the development of science and technology in human
health unstop growing. With today's development rate, the public's health has improved
significantly compared to the 20th century. Life expectancy has increased, mortality rate
caused by the disease has decreased. Incurable diseases in the past can now be solved through
the development of breakthroughs in vaccines, antibiotics, etc. Thanks to the development of
Modern technology and equipment, the treatment of patients has greatly improved: High-
precision robotic arms have gradually replaced/are slowly taking the places of human hands
in surgery, and they can perform complex surgical operations with broader access to internal
organs of the body with only a small incision instead of having to cut a large part like when
humans do => improve safety and post-surgery recovery. The appearance of CT machines,
PET/CT machines, EEG machines, MRIs, and ultrasounds help doctors diagnose diseases

more precisely than ever and shorten diagnosis time.
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With the development of technology, even today, we can replace lost body parts with all
types of prosthetics that integrate with MR damper, creating suspension to simulate real
human, polycentric using mechanism system simulate human movement. Also, the
development of 3D printers makes more people get more suitable Prosthetics, for example,
flexible arm and leg parts. The increase of available material due and human biological
studies.

Due to the characteristics of the field of study as well as the requirements of society, this led
to one question, why do not use this based available development to make a design for
prosthetics using this technology?

Unsurprisingly, this has, in fact, already been done, and not even limited to the mechanic
field but it also involves computerized with complex designs but it also that most medical
prostheses for amputees on the market are quite limited in terms of design and materials, as
well as relatively high prices, and are less suitable for developing countries with the majority
of the population being working people. The inability to pay for a Prosthetic leg because of
the expenses leads to amputees in these countries being unable to travel, creating a burden
on themselves, their families, and society.

This thesis provides more data and anatysis-for/theriniegration and development of future
prosthetics, which can be beneficial for public health development.

Motivation

Today, the primary reason for amputations is dysvascularity, a condition that frequently
results from or connects to diabetes [1]. While rising in demand, the supply of prosthetic
devices is still limited. Engineers are needed to design better limb replacements. The purpose
of us as an engineer is to create products that perform better than the products with the same
price on the market. The aim of this study is to find the right design of a prosthetic leg for
the developing country. Creating a design focus on mechanisms and using alternative
materials that are more cost-efficient and eco-friendly, easy to maintain for developing
countries but still keep the attributes necessary for prosthetic limbs. The findings assist
patients with a cheaper product and approach the development of the advanced prosthetic
limb. With The topic "Design fabricates and testing of an affordable prosthetic leg”. | hope
to contribute to the advancements of the medical industry as well as human health in the

future.
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Chapter 2: Literature review

Introduction

This chapter provides an overview of literature expressing the fundamentals and state of
research of prosthetics as well as leg anatomy functional to find the basic requirement of our
design before we go deeper into each part. Analyzed data in this review are four primary
areas: Prosthetic History, Leg Functional Anatomy, Human Movement, and Knee Prosthetic.

Background study/fundamental and state of research

Prosthetic History

As a result of World War 11, the development of prosthetic devices surged considerably as a
result of the enormous amount of amputees after the war. The majority of those cases were
young people who needed the most cutting-edge prosthetic technology to regain their
function. Engineers had a significant and enduring impact on the area at the time, and they
are still actively involved in prosthetic design today to transform the industry. Probably the
most important development was the consequence of procedure design cooperation between
engineers and doctors in the surgery field for the prosthesis's best alignment and fitting, and

optimal restoration of ambulation [1].

Leg Functional Anatomy

So how can we, engineer can understand the prosthesis field, first we need to know the
principles and focus on the parts we need to restore in this prosthetic leg design.

Let us see how the lower leg movements are show in Figure 1. The quadriceps group include
the hips, knee, and ankle, the three main joints of the human leg and the movement of them.

QUADRICEPS GROUP
FOOT FREE FOOT FIXED

Hip S
25 &S FLE x30m o) =L e xione
- ] OF i@ - OF wID
{\

Knee =) !
/ EXTENSION = X T E MNSK
9LKN€5 W ENEE

- =

Ankle —~

Figure 1 Quadriceps group [1]
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Flexion-extension of the hip and the knee and horizontal rotation are the three axes in which
the hip can spin. By combining these rotations, the hip can also be circumduction.
Fundamentally, the hip is a ball and socket joint. The knee slips while rotating along the
condyle, bending and extending like a hinge in one plane (sagittal), it operates as a "four-
bar" mechanism [1].

After knowing the movement of the leg the next thing is find out how the leg work Figure

2.a represent the main muscle of human leg Femoris and Vastus, gastrocnemius and soleus.

— Triceps surae =

Gastrocnemius __
muscle

Rectus
femoris

Vastus Vastus
lateralis medialis
Soleus muscle —

|

Figure 2.a: The muscles of the lower leg (source internet)

} RE
GLU <
— . VAS
GAS
soL

Figure 2.b: The muscles of the lower leg [1]

For easy for design the lower leg's muscles are represent as a spring and dashpot and shown
in Figure 2.b. The Rectus Femoris and Vastus muscles, denoted by the letters REC and VAS,
are the two main knee flexors. These muscles make up the quadriceps, which attach to the
tibia and fibula at sites immediately behind the knee joint and extend downward from the

15
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hip. The hamstrings extend the knee, the gastrocnemius and soleus flex the ankle, and the
gluteus muscles flex the hip. Each muscle is modeled as an active contractile element
connected to a spring or dashpot in series. The action occurs simultaneously to make a leg
move. So to recreate the leg movement we have to strictly stick on this study and transform

this into the type of suitable mechanic to create the same function.

Human movement

Gait Cycle

Next, in order to understand leg trajectory, analyze how human move their legs are needed.
The gait cycle is taken into consideration to fully understand how the human body controls
the lower body to advance while maintaining balance.

As shown in Figure 3 below, the movement of our leg consists of many continuous phases

with each phase is a combination of flexion and extension of different muscles within the

leg.

Gait Flow Chart

STRIDE
|
STANCE SWING
WEIGHT SINGLE LiMB LIMB
ACCEPTANCE SUPPORT ADVANCEMENT

AW
INIMAL LOADING MID TERMINAL PRE THITIAL M0 TIRMINAL
Coﬁf‘(fl lu’ml ] STANCE | | STANCE SWING SWING ” SWING ] I SWING

Figure 3 Human gait Flow chart [2]

Gait cycle can be categorized into 2 predominant phase: Stance phase and Swing
phase. However, if we take in detail, total of 6 micro phases is determined in the gait cycle:
heel contact (HC), foot flat (FF), mid-stance (MST), heel-off (HO), toe-off (TO) and mid-
swing (MSW) [2] as shown in Figure 4

16
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ALY

1
HC FF HO TO HC

,IA .‘ \ ‘,
MST l MSW ‘

Stance phase 55% Swing phase 100%

Figure 4 Classification of the human gait cycle [3]

The gait cycle of one leg begin at the heel contact, the leg start reaching out for initiate the
new step, with the heel made contact to the ground, next, the foot is positioned flat to the
ground surface, at this position the leg act as force absorber and balancer for the leg, notice
at this position the leg can withstand maximum weight. Mid stance is the transition phase
where from flat foot to initiate heel off and toe off leading to the swing phase of the foot
(mid-swing) [3]

The stance phase takes up about 60% of the gait cycle, and the swing phase takes up around
40% [3].0ne factor to be considered when mentioning the safety of the human leg when
walking is Toe clearance [3] Figure 5 illustrate the heel and toe clearance pattern during gait.
Toe clearance is chosen because it is used to measure the vertical distance from the ground
to the lowest point of the toe during the walking cycle. If that obstacle is higher than the toe
clearance, the prosthetic user cannot walk past that and may cause falling. Toe clearance, the
primary performance factor that we need to consider and improve, happens with the main
major index in the swing phase. During the swing phase, we defined the toe clearance by the
minimum of the distance vertical of the lowest point of the leg while swinging with the
ground or floor surface. [4]
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Heel and Toe Clearance Pattern during gait

Swing Phase T
Toe-Off Heel-Strike

Figure 5 Heel and Toe clearance during gait [5]

When met with an obstacle, the patient can raise the leg simply by lifting their remaining
thigh. However, performing many times can lead to accumulated stress on the hip, and make
it difficult to work for a longer period of time. A healthy toe clearance of an able-bodied
person is ranged from 10 to 20 mm from the surface [3]. To test the toe clearance tester using
a visual test where LED lights are attached to our prosthetic leg at the 3 main joints: hip, knee

angle, and at the lower point of our toe to estimate the minimum toe clearance [5].

Types of Prosthetic Knees joints

In this Part study, we look at the typeof kneejoint available in the market, and its advantage
and disadvantage, between mechanical or computerized prosthetic knees. Mechanical Knees
are still the main focus since this project aims to create a prosthetic knee suitable for
developing countries where most of the population is working class. So the price point must
be considered.

Every prosthetic knee needs a stability mechanism, whether a manual locking system or one
actuated by weight. They also require a method for directing the movements of flexion and
extension. This may be done via friction or hydraulic/pneumatic control. [6].

Above knee prosthetic leg (AK type)

Here prosthetic chosen to study is the AK (Above knee) since most of the movement function
is lost, which means that the amputated position is located above the knee, and a part of the
leg is just retained from the hip. Our leg design process will mainly focus on hip control, the
structure of the knee as well as the support structure of the lower leg. [1]

Single-Axis Knees

Mechanism: a simple hinge knee shows in Figure 6.

18
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These structures carry out a straightforward rotation around the knee axis during flexion and
extension. Single-Axis knees have a basic design, and easy alignment complies with

mechanical rules. Single-Axis knees are available with manual or automated blocking of

flexion for use by people with weak muscles. [6]

>
w >
\ :

Figure 6 Single-Axis Knees [6]

Advantages: straightforward, robust, light, and affordable.

Disadvantages: Due to the simplicity, the person must utilize their own muscular force in the
limb to maintain the knee's stability when standing with the heel in touch. Because there is
minimal to no hip support, walking for & long period of time can lead to muscle fatigue.
Weight-Activated Stance Controf alsc called safety knees™ (Kind of Single-Axis
Knees)

Mechanism: The knee has a constant friction mechanism, which means that while the patient
puts weight on the prosthesis, it will apply a braking force to keep the knee from buckling.
The knee will swing freely all of the time until weight is placed on it [6] show in Figure 7.

Figure 7 Single-Axis Knees [6]
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Advantages: Stable knee. Primarily prescribed for first-time prosthetic users who require
stability, particularly in the elderly or less active population, but who can still exercise some
control over the knee. Or someone who becomes exhausted after just a few steps. This is
especially helpful for patients who accidentally put weight on a knee that is only half bent
since the friction in the knee will brake and stop the knee from falling into flexion.
Disadvantages: The patient will be unable to utilize their prosthetic side when sitting down
since they must remove their weight from the leg in order for it to flex the patient will walk
more slowly and take smaller steps as a result of the friction in their knee. [6]

Manual Locking Knee

Mechanism: The most stable knee utilized in prosthetics is the manual locking knee. During
walking, the knee is locked, but the lock is released when it's time to sit down. Patients who
are unable to manipulate their knees due to having very short residual limbs or weak hips

typically employ manual locking knees [6] show in Figure 8

Figure 8 Manual Locking Knee [6]

Advantages: This will enable for locking the knee with weight bearing the patient could
decide to manually locking their knee. This is excellent for persons who require more
protection to prevent the knee from mobile or disabled individuals who cannot freely control
their own prosthetic knee. Extremely straightforward, robust, light, and affordable.
Disadvantages: the locked knee requires excessive energy to use and produces a stiff,
awkward gait [6]

Polycentric Knees
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Mechanism: Polycentric Knees This knee has several axes of rotation. Polycentric knees may
be four-bar knees (4 axes of rotation) or seven-bar (seven axis of rotation). The most common
usage is of 4 axes (or 4 bars), Their flexibility is the main factor behind their setup,
Polycentric Knees extremely stable in the early stance phase, simple to bend to begin the
swings phase or sitting, another popular attribute of the knee's design is that the total length
of the leg shortens as soon as a step is taken, lowering the possibility of stumbling.
Polycentric knees can be used for a diverse group of amputees. Various models are perfect
for amputees who cannot secure the other knees when walking, have bilateral or knee

disarticulation amputations of the legs, or have lengthy residual limbs. [6] show in Figure 9

Figure 9 Polycentric Knees [6]

Advantages: It is incredibly adaptable in terms of stability and can be set to be very stable
when the patient enters the stance phase, but at the same time it also permits an effortless
swing and allows sitting down with a bent knee. The various axes and instant Centre of
Rotation (ICR) show in Figure 10 cause the prosthesis length to "shorten” at the beginning

of the toe-off, allowing for foot clearance.

Figure 10 Instant Centre of Rotation of link 3 with respect to link 1
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Cons: It is only for a single walking speed, and weighs more than a knee with one axis. more
components that require maintenance and replacement [6].

Pneumatic or Hydraulic Knees

Mechanism: When a single or poly-axial knee is supplemented with a pneumatic or hydraulic
component show in Figure 11.

These parts enable the user to change speeds while controlling the prosthetic knee's swinging
motion. When the speed is raised, the cylinder's valve shuts and progressively reduces the
airflow or fluid pressure to restrict knee flexion. When knee flexion is limited, the person can

walk more quickly.

Figure Vi e ISHNRAEECHO: l'|vuz'sit\|iC Knees [6]

Advantages: A more natural posture will enable the person to walk more easily at various
walking rates. When sitting down, weight can be kept on the prosthetic leg, and the knee will
help the person get comfortable. the resistance in the knee will allow the individual to climb
down step over step when walking downstairs.

Disadvantages: Compared to pneumatic knees, hydraulic knees are more expensive initially,
heavier, and require more care. The whole price is more than the knees discussed before [6].
Computerized Knees

Mechanism: The sensors inside the knee joint and/or the foot provide feedback to a
microprocessor in these knees. The sensors' data is utilized to modify the pace and range of

knee flexion and extension to suit the individual's needs at the time [6] show in Figure 12.
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Otto Bock C-Leg Ossur Rheo Freedom Plie®

Figure 12 Computerized Knees [6]

Advantages: requires less energy and effort when walking thanks to the microprocessor knee,
resulting in a more natural gait. the knee can swiftly adjust to varied walking speeds, a
changing environment, or certain circumstances. Some knees include a stumble recovery
feature as well, which helps keep people from falling and can be modified using a PC or a
mobile device.
Disadvantages: Extremely high cost. The battery requires recharging. More weight than
other knees. Designers could be challenging specific choice of the foot, environmental factors
(water, heat, cold, etc.), kneeling, and other factors can harm it [6].
Chapter summary
By this chapter, we have obtained knowledge of the movement of the human leg, its function,
gait cycle, toe clearance, and how it affects walking. We also study the prosthetic leg
available on the market and the advantage and disadvantages of each. The form that we can
conclude in the basic requirement of our design, an appropriate way to build a polycentric
knee that satisfies the demands of physical movements and re-create the gait cycle of the leg
for users in developing nations, where stability and toe clearance is crucial because of the
rough terrain faced.
Optimization consideration: hip flexion and extension moments, alternative material and
price point.
This can be sum up into 3 major aspects for the requirement for our design:

e The design material and price point (Price point)

e Ability to provide sustainability in standing and support when walking (Natural

posture, Swing support)

e Ability to Increase the ability user use for walking on uneven terrain (Toe clearance).
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Chapter 3: Conceptual design

Conceptual design

The mapping draft in Figure 13 below show the conceptual design of the polycentric knees

from how to select the parametric to the actual product finished

Polycentric
Knees
(4 bar)

Manufacture
and testing

Detail design — |

Originality and

Configuration Parametric

selection Design proposed concept

Benchmark Concept to
concept design

Figure 13 The general methodology applied

coniributions of the

Configuration selection

In this part, in order to choose the design that is reasonable with the requirements, we have

used a score on a scale of 1 -5 for each category, from which to choose the most optimal

design. Our goal is to make a knee that not only can achieve the full function of a lower Limb

Prosthetic but is also easy to use at a price that is suitable for developing countries.

From different knee types, we find out the most suitable knee requirements for an AK.

Prosthetic Knee:

Provide stainability in standing and walking

Shock absorption

Enable to forward motion of the leg for the next step
Control pendular swing

Reduce effort to walk

Restore independent
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The concept scoring must have adapted both role of the knee prosthetic and role of
requirement of our design, so the scoring will have a category that we focus on in blue words.
The list of scoring category that based on the role of requirement that make our design
difference:

e The design material and price point (Price point)

e Ability to provide stainability in standing and support when walking (Natural posture,

Swing support)
e Ability to Increase the ability user use for walking on uneven terrain (Toe clearance)

The table 1 below will provides the concept scoring and what main category of the design

Maintenance
. i Range . Price Toe Natural Swing Siting
Knee design Schematic Weight ) and Total
(degree) point clearance . posture support | comfort
Production
Single-Axis Knees
‘.
g | 0-150 5 5 1 5 1 1 1 19
Polycentric Knees
(4 bar)
< g - 0-160 4 4 3 5 3 3 3 24
Py
¢ o
=}
S
= =}
=3
Manual Locking Knee =
=
5
= oy)
é 0-140 4 5 1 5 1 1 2 19 2
o)
o
]
Z
Pneumatic or Hydraulic
Knees
“Em \‘ L 0-160 2 1 4 2 4 4 5 23
e s - =5
Computerized Knees
) | ' 0-160 2 1 5 1 5 5 5 24
|

Table 1: concept scoring table
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As compared to the table 1, we can easily see that the knee with a 4-bar structure and the
Computerized Knees have the highest concept scoring. In the table of requirement points
(blue words), the 4 bar and the Computerized Knees also have the same highest point, so the
price point has to take into account to compare and choose one suitable design only.

Due to the requirement of price point, the Computerized knee is neglected. = Therefore, the
Polycentric 4-bar mechanism was selected.

Summary

After this part following the scoring table we have cleared one thing, the main focus of design

and design categories from now will be the polycentric 4-bar mechanism prosthetic knee.

Concept to design

After choosing the suitable design, we need to study the 4-bar mechanism. To begin, we
focus on analyzing the mechanism of the 4-bar and compare it with the biomechanics of
humans with the purpose to re-create the same biomechanics. We also apply a heuristic
search method to develop a suitable 4-bar design with optimal values for the given parameters
that largely concentrate on the required design.

e The design material and price point (Price point)

e Ability to provide sustainabiiity in sianding and support when walking (Natural

posture, Swing support)

e Ability to Increase the ability user use for walking on uneven terrain (Toe clearance)
This design will also help us to reduce the price due to the simplicity and ease of
Maintenance.

Biomechanics of human knee represent in 4 bar mechanism
First, we need to understand the structure of the 4-bars and its components and dynamic
structure of the 4 bars as well as the symbols used.
The 4 bar is computed by link and joint:
e Links: rigid member having nodes
e Links: arigid member of any shape having a number of attachment call nodes, linkage
are connected specifically to have control output
Binary link: a link that has 2 nodes.
Ternary link: a link that has 3 nodes.

Quaternary link: a link that has 4 nodes.
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Node: attachment points

e Joint: connection between two or more links (at their nodes) which allows motion

In the design of the 4 bar prosthetic for the optimize of material the Binary link is use

Link classification:

Ground: fixed w.r.t. reference frame
Crank: pivoted to ground, makes complete revolutions
Rocker: pivoted to ground, has oscillatory motion

Coupler: link has complex motion, not attached to ground

The 4 bar prophetic knee is denoted as RRRR, constructed from four links connected by four

revolute joints. The planar quadrilateral linkage refers to all arrangements in this type.

Type of Linkage:

4R linkages include:

Double-crank linkage
Crank-rocker linkage
Double-rocker linkage

Parallelogram (Parallel Motion)

With actual knee movement from Biomechanics of human knee represent in 4 bar mechanism

show in figure 14

Figure 14 Biomechanics of human knee represent in 4 bar mechanism

Compared to the Biomechanics of the actual knee in figure 14, it can be seen as one link

controlling another movement with a rotation of about 120 degrees. It can be understood that

the Crank Rocker system is chosen.
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Degree of freedom: Number of independent parameters that define its configuration. It is the

number of parameters that defends the state of a physical system. To know the knee work

that is similar to the human knee, first, we need to determine its DOF. The Prosthetic knee

has to be able to do two main phases of the normal human knee the swing phase and the

stance phase. The 4-bar knee is capable of flexion and extension; this motion of the knee

requires 1 DOF that allows rotation in an x-y coordinate.

In this part, to find out the DOF we use Gruebler’s equation for planar mechanisms
M=3L-2J-3G => M= 3(L-1) - 2J; — J» (3.1)

Where

M = degree of freedom or mobility

L = number of links

J = number of full joints (half joints count as 0.5)

G = number of grounded links =1

Here with the 4 bars mechanism we calculate the moment of the Knee

Cause the knee have to produce the flexion and extension of the knee, the knee requires 1

DOF that one movement. Figure 15 show the 4-bar prosthetic knee represent in term of links

and joints.

I Joints

Link

81

w N
C

Figure 15 Human knee represent in 4 bar mechanism (source internet)

Number of links = 4

Number of 1 DOF joint = 4 (4 Revolute)
M=3(L-1)-2/; — J»

M= 3(4-1) -2(4) -0
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M=9-8-0

M=1

With M=1 the 4-bar Polycentric has 1 type of motion that is flexion and extension in swing
phase of the leg.

Applying the Grashof Rule, the calculate the rotation limit to design the linkage, Due to the
similarity of the human knee. The motion of the knee is commonly modeled as a planar four-

bar mechanism figure 16 represent Human knee represent in 4 bar mechanism

femoral link ’\
@ peL ,
AC L\ & /
% e = L)
tibial link
8=0° 8 =60° 8 =100°
Figure 16 Human-knee represent in 4 bar mechanism [7]

As we can se from figure 16 Human Krige joints 16¢ks'in an upright position. understand that

1 link must be crank
Grashof condition predicts behavior of linkage based only on length of links
S+L>P+Q (3.2)

S=length of shortest link
L=length of longest link
P,Q=length of two remaining links
The Grashof’s Rule stated that :

> If S+L < P+Q the linkage is Grashof :at least one link is capable of making a complete

revolution

» Otherwise the linkage is non-Grashof : no link is capable of making a complete

revolution

To make the knee have same function of the human knee the knee must be Non-Grashof (1

link must be crank)
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So the design knee must be Non-Grashof have condition S+L>P+Q.
From the study of 4 bar and human knee mechanic of design must have the following
condition to be fully function as a knee replacement prosthetic:
e Design use Binary link
e Design is a Crank Rocker

e Design must have 1 degree of freedom
e Design knee must be Non-Grashof (S+L>P+Q)

Benchmark concept

After choosing the suitable design condition, we focus on analyzing how the previous
polycentric 4-bar was designed and what category needs to consider when designing a 4-bar
prosthetic knee. In figure 17 below, we take a look at past, and present work, the mechanism
of prosthetic knee 3R20 made from Stainless Steel was examined and studied. Looking at
this past work, we find what category needs to consider when designing a 4-bar prosthetic
knee. This is a 4-bar type of knee that has the aesthetic knee center positioned at a height of
500mm. The hip is placed 450mm above the knee centroid, straight above the ankle. The heel
is 50mm posterior to the alignment reference line (ARL.: the line uniting the hip and ankle),

while the toe lies 200mm in the forefront of the ARL. With corresponding edge parameters.

[7]

L2

L1=27.5mm L3=22mm

L2=34mm L4=44 5mm

L1

Figure 17 Prosthetic knee 3R20 made from Stainless Steel (Ottobock)
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Figure 18 component of four-bar knee [7]

Following figure 18 and the research paper of prosthetic knee 3R20 the design of four-bar
prosthetic knees can condensation into major focus points:

e The localization of the instant center (ICR) is defined by the junction of the front and back
links elongating. This ICR is created to obtain a suitable polycentric mechanism that the
amputee can fully control and estimate the knee angle of the prosthetic that can perform up
to design.

e [ oad line (The reaction force exerted between the foot and the floor acts along a line) is
the line linking the hip joint with the center of pressure on the foot. This line is the line of the
body's "center of gravity", which the net reaction force exerted between the foot and the floor
activates. Load line is one of the main focuses to be considered when designing because it
directly affects the stability of movement.

e The x/y ratio in Figure 18 is calculated by the position of the instant center of rotation with
respect to the load line. The location front or behind the load line is determined via x, and the
height of the knee center point above the floor measured along the load line is y the x/y ratio
of a polycentric knee relies on the geometry of the four-bar knee and changes with knee
flexion. This x/y ratio divides into a 2-part x/y ratio at heel contact and an x/y ratio at push-
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off. The heel contact x/y ratio is important for stability at the stance phase, and the push-off
x/y ratio is important for stability at the swing phase.

eToe clearance: the displacement of the ground and the toe during the swing. This directly
affects the ability to walk on uneven terrain and obstacle. So the design must be optimized
for this index to have better stability on uneven terrain. [7]

Summary

This part presented the previous design of 4 bar knee and category need to consider when
design a 4 bar prosthetic knee by this study the main focus when design a 4 bar is:

e The ICR trajectory

the aesthetic knee center position based on Load line

xly ratio of stabilize

The toe clearance

And one more aspect that need to consider is material differential

Originality and contributions of the proposed concept
Design criterion and point of differential:
After studying the previous design and finding the condition to make the design fully
functional, we now focus on the requirement of the design that makes our design more
optimized compared to the previous design.
1. In order to differentiate our product from its predecessors we optimize the design our
design target was a knee mechanism with the following features:
o Ability to provide stainability in standing and support when walking (Natural
posture, Swing support)
o Ability to Increase the ability user use for walking on uneven terrain (Toe

clearance)

o The design material and price point (Price point)
2. To make the design that satisfies the requirements the following point in design need
to be done:
o Ability to provide stainability in standing and support when walking (Natural

posture, Swing support) => Stable and effortless heel contact and load, which
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the ICR reposition for stability, and a create a supported force for initial swing.
(1%)
o Ability to Increase the ability user use for walking on uneven terrain (Toe

clearance) => Maximized toe clearance during swing. (2"%)

o The design material and price point (Price point) => Optimize the material
selection (3)

Point 1: Ability to provide stainability in standing and support when walking (Natural
posture, Swing support)
Solution: Stable and effortless heel contact and load, which the ICR reposition for
stability, and create a supported force for initial swing. (1st)
To solve the requirement, we have combined two structures commonly used in prosthetic
legs, between the traditional 4 bars with the central cut of the single-axis prosthetic so that
the natural support mechanism can be activated without the need for external support (spring
or damper) thereby reducing the cost as well as the cost of manufacturing. To better
understand the centering of a sinale-axis prosthetic leg we first learn the theory of load line
and zone of stability.
Load line
Definitions for the lower-extremity prosthesis. The lower leg of the prosthesis includes 3
components: center of gravity, weight line, and load line. Figure 19 illustrates the normal

human load line.

!

[ B=— LOAD LINE

=" WEIGHT LINE
-

1
4'_*_

Figure 19 Human load line [7]

The body's "center of gravity" is the location where it is supposed that all of its weight is
concentrated.
The effective bodyweight moves vertically downward along the "weight line" after passing

through the center of gravity. The force exerted between the foot and the floor acts along a
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line known as the "load line." Since this force has two effects, it is typically not perpendicular
to the floor surface. As we can see, it does two things: it supports the body weight in a vertical
direction and it generates the horizontal forces required to move the body forward and
medially. The load line plays a crucial role in how a human walks. [8]

The principle of load line

Figure 20 represent Stage of movement when walking and he zone of voluntary stable of

load line

=3

Figure 20 Stage of movement and he zone of voluntary stable [7]

Where:

MH: Hip flexion moment

MH’: Hip extension moment

P is the reaction force from heel

P’ is the reaction force from toe.

Hip flexion moment applied. So, when we apply the hip flexion moment, it moves the load
line.

Figure 20a: Heel contact

When we apply the hip flexion from heel, the region behind that load line QP is the zone of
stability. As long as the knee is located behind the load line QP (pic a), It is stable.

Figure 20c: Toe off
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Hip extension moment here applied. when we apply the hip extension moment and move the
load line behind the knee. As long as the knee is in front of anywhere in this region in front
of this Q’P’ (pic c), it can initiate flexion moment.

Figure 20b: Superimposed (zone of voluntary stability)

We superimpose these two stages in this cross-hatched region where the two meet is known
as the zone of voluntary stability. That means the stability region of the heel and toe overlaps.
If the ICR is located in this cross-hatched, with this hip moment in this voluntary zone, we
can control stability at heel strike and initiation of flexion of the swing. For prosthetic
patients, this zone shrinks, as shown in figure 21.b, because of the number of moments of
the hip thrust, they would be able to apply lower than an able-bodied person. So, this zone is

smaller than the zone in a person who has normal hip strength.

Figure 21 Normal human leg is zone of stability compare to amputee human leg is zone of
stability [7]

Centroid point to
place prosthetic

Figure 22 Represent the point place prosthetic [7]

Applied to our design as followed:
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The hip anchor line is the line that is perpendicular to the ground from the hip. From this line,
the alignment of the knee will be put such that the centroid of the prosthetic knee is located

9 to 15-millimeter posterior to the centroid line, as shown in figure 22.

The reason to do that is since at heel contact, we are ensuring even with minimal hip strength,
the centroid will remain behind the load line. Offset it from where the normal knee would be
to ensure stability at heel contact. When the knee is hyper-stable at heel contact, the center
of gravity is further behind where it should normally be. It will provide a flexion moment to
initiate a heel strike for the swing.

Point 2: Ability to Increase the ability user use for walking on uneven terrain (Toe
clearance)

Solution: Maximized toe clearance during swing. (2nd)

This is the clearance of the toe from the ground during the swing, starting from the angle of
23° of the hip flexion cycle and 49° of the knee flexion cycle [9]. Normal walking needs a
small amount of toe clearance. But for more far purposes than walking, the toe clearance
index must be increased. The lowest toe clearance for a prosthesis user may occur at
numerous combinations of hip and knee flexion. The greater the minimum toe clearance, the
less the chances of tripping during the swingphase:<The toe clearance can represent through
the Instantaneous center height range (Q) because the AC can assume as the ground link and
connect to the shank, so only the BD moves with the thigh. The hip movement so can consider
the height of the highest point of moving side a 4 bar mechanism (D) or (B) up to the type of
linkage, and the ICR (P) is a toe clearance range of the design [10], present in figure 23 (with
an example of Crank Quadrilateral Linkage).

Applied to our design

P(x,y)=ICR

o2

: 84
A c

Figure 23 Represent the ICR (Instant Centre of Rotation)
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Figure 23 represents the ICR and the Q (the distance from the highest point of 4 bar
mechanism D to the ICR called the Instantaneous center height range). To prevent hyper-
stabilization, the height limit of the Instantaneous center height range (Q) maximum is
constrained to 400mm, and the minimum height is set at 200mm. [10]
So Q height constraint is 100 < Q <400 mm [10]
Point 3: The design material and price point (Price point)
Solution: Optimize the material selection (1st)
To make the design reduce weight and cost compared to other previous designs. We study
the human leg based on the weight line to find out the tensile strength. We take a regular
person's data with a mass of 750 N=75kg as well as the Tensile Force= 2050N, With the
average Young's modulus of normal male bone to be 17.0 x 109 Pa The tibia metrics 0.4 m
in length, 1.3 cm in average inner diameter, and 2.5 cm in average outer diameter. To
replicate the prosthesis limit weight we have the individual stand in 1 foot, the person weighs
750N but because the person is on their toe, tensile forces in the calf are required to stretch
the toe downward and lift them off the ground (generating a moment at the ankle joint)
(creating a moment about the ankle joint) Given that the person is in static equilibrium, the
tibia must react to these forces in@away-thatensures that the sum of all forces acting in the
y-direction (up and down the leg) is zero.
tensile force: Fyonsize

Frensitet W+ Fripig=0 (3.3)

2050 +750 +Fripia=0

Fripia=2800N

=> s0 the tibia is experiencing a total force in the y-direction of 2800N

Figure 24 demonstrate the free body diagram of the tibia under the mass
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2800 N 2800 N

Figure 24 Free body diagram of the leg

Area of a circle however the trick here is that the marrow won't take any compressive forces.
The actual structural x-sectional area is only contributed by the bone-bit
A = (T outside z - Tinside 2) =3.58 x 10~*m? (3.4)

Stress is force/area

_ Fribia_  2800N
| A==3/58 x10—*

=7.82Mpa (3.5)

Stain in the x and z directions are clearly-0, so we don't need Poisson's ratio, v, and E is the
modulus of the bone

Hooke's Law (in y-direction only)

1 1 _
&y =~ (0y — (0, + 0,))= 11— (7.82x10%) = 4.6x10~"pa=0.46 MPa (3.6)

To make sure the foot suitable for everyday activities like walking in high speed or up and
down the stair, the foot must have to please the request of applied 5 times the body weight
That mean the stress and stain will equal to 5 time this number

Foor:
o= tZ’"‘ = 7.82Mpa X5 = 39.1Mpa

1
g = z (6y—v(o,+0,) =0.46 MPa x5 = 2.3MPa
From the tensile strength o tibia we can minimize the material based on the previous we see
the most common material is stainless steel, titanium, Aluminum

We compare the material
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Tensile Density

. ) Price per flat
Article No. Material ~Strength

sheet per kg
(Mpa)
Stainless 7980 kg/m3
316L 175 3.8usd
steel
880 4540 kg/m3
Ti GR. titanium 38usd
Stainless 8000 Kg/m3
304 210 3.2usd
steel
1100 Al 76Mpa 2710kg/m3 2.36usd

Table 2 Material comparison table

Applied to our design

After comparing based on Tensile Strengtht (39.1Mpa) we see that stainless steel has a
much more requirement tensile strength with a much higher price than necessary, so another
material has to be considered. AL is tihe material with the nearest tensile strength requirement.

So we try to take the material from the AL and calculate the required safety factor.

Oy o tibia 37

Safety factor: SF = —2¢ — (3.7)
Ototmax Ototmax

Orotmax = —aro=""P% = 19.55Mpa (3.8)

In here we take the safety factor is 2 approximate for human bones

So base on the table 2 and the safety factor we see the AL is the most suitable and optimize
material for the 4 bar part.

Chapter summary

This chapter provides the conceptual design, a study of the basic condition of the 4-bar
polymeric knee design, and what is needed to improve the design to make the new design
different from the previous benchmark design based on the focus point of the 4-bar prosthetic
knee.

From the study of 4 bar and human knee mechanics, the design must have the following

condition to fully function as a knee replacement prosthetic:
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e Design use Binary link
e Design is a Crank Rocker
e Design must have 1 degree of freedom
e Design knee must be Non-Grashof (S+L>P+Q)
The new design criterion following condition must be:
e Design centroid of prosthetic knee is located 10 to 15-millimeter posterior.
e Design constrain the Instantaneous center height range Q to 100 < Q <400 mm

e Design material is focus is aluminum
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Chapter 4: Parametric Design

Introduction

Following the concept to design and study of previous benchmark design, the parametric
design is the next step need to conduct. To get the design parameters, we used an available
visual design model of four bar 3R20 prosthetic knee to optimize with the corresponding

edge parameters (table 3).

L1=27.5mm L3=22mm

L2=34mm L4=44 5mm

Table 3 Previous parametric

Design configuration

The visual design only provides a range of motion. However, it does not provide any support
system or detail to function. Based -on the measurements and range of motion we compared
the conditions and found this model is suitable for applying the optimization. To match the
optimization, first, we compare the scale and raise the parametric scale of the old model to
suit the design. The material of 3R20 is 316 stainless steel with a Tensile Strength of 175Mpa,
which means two times stronger than the Aluminum Strength 76Mpa. In order to optimize
the design, we have to scale the parameter also.

The length of base prosthetic knee links (table 4) is chosen:
L1=55mm L3=44mm

L2=68mm L4=89mm

Table 4 New base parametric

After chosen the parametric we have to make sure it satisfied the condition constrain
Condition Constrain:
e Design use Binary link

e Design is a Crank Rocker
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e Design must have 1 degree of freedom

e Design knee must be Non-Grashof (S+L>P+Q)

e Design centroid of prosthetic knee is located 10 to 15-millimeter posterior.

e Design constrain the Instantaneous center height range Q to 100 < Q <400 mm

e Design material suitable
Number of links = 4
Number of 1 DOF joint = 4 (4 Revolute) => M= 1 (the design satisfy DOF condition)
The knee is must defined as Crank Rocker, so in this part we need to defined what kind of
crank rocker design is suitable for our condition limitation Q range to 100 < Q <400 mm to
this we chose Quadrilateral Linkage (RRRR) show in figure.

P(x.y)=ICR
Q PRI
RCoupEIJ D
By L4
L2 E Rocker
crank $92 a4
: - C

Ground

Figure 25 Represent the ICR and Quadrilateral linkage

Which mean the motion part is occurred and limited by the coupler. This is achieving by
Using AutoCAD software to draw a structure diagram and consider each position to infer the
parameter show in Figure.

The result shows the Q=144.606mm the design satisfies constrain the Instantaneous
center height range Q to 100 < Q <400 mm
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(144.606)

Figure 26 Represent the 4 bar on inventor concept

Quadrilateral Linkage (RRRR) include:

Ground Link Length (Link 1) | I1=55mm=G
Crank Length (Link 2) [2=68mm=In
Coupler Length (Link 3) I13=44mm=Coupler
Rocker Length (Link 4) [4=89mm=0ut

Tabie 5 New design base parametric

After assign the parameter to the linkage system we have to compare again with the
condition to see if it satisfy the condition or not.
Non-Grashof condition:

S=13=44mm=Coupler | S+L=133mm

L=14=89mm=0ut

(rocker) S+L>P+Q
P=12=68mm=In P+Q=123mm 133>123 Non-Grashof
(Crank)

Q=I1=55mm= G

The design is non-Grahof =» Correct to requirement of knee
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After having the basic base parameter, we design the parameter for each part to be suitable
for the criterion.

The design centroid of the prosthetic knee is located 9 to 15-millimeter posterior. To solve
this, we chose the Coupler L3 because the L3 is connected directly to the body part and
directly affects the centroid line. The design uses the Trapezium geometry represented in
figure 27. Using this geometry, we can easily calculate the centroid of the Trapezium, in this

case, can be considered the centroid of the prosthetic (remaining part is a simple binary link).

h
YC
/X

Figure 27 Represent of design L3 coupler on inventor

Input condition:
e X=44mm (the length of coupler)
e 15.746mm <Yc< 21.696mm (distance from centroid to load line located 9-15
millimeter posterior in y-direction)
e (> 15mm (due to the limitation of bearing available)
e Theangle of p and x is 60°

We got the centroid of trapezoid formula

= (q+2p)h (4.1)
¢ =1[h/2, 3(p+4q) ]

We got the equation of q flowing

sina = — (4.2)
x

, h ,
sin60 = 12 => h = 44.s5in60

p=q+p
p = q + V44?2 — h? (Pythagorean)
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[(a + 2(a+ V47 —17)) )

Ye =

3[(q +V44* — h?) + q)]

(4.3)

After finding the equation flowing q we replace q from 15 to infinity using excel we got the

table of Yc according to g(mm).

a (mm) p (mm) Yc (mm)
15 37.0002 21.73941
15.04 37.0402 21.73528
15.08 37.0802 21.73116
15.12 37.1202 21.72706
15.16 37.1602 21.72297
15.2 37.2002 21.71889
15.24 37.2402 21.71483
15.28 37.2802 21.71078
15.32 37.3202 21.70674
15.36 37.3602 21.70271
15.4 37.4002 21.69869
15.44 37.4402 21.69469
15.48 37.4802 21.6907
15.5 37.5002 21.68871

Table 6 Result of p and Yc according to g

We compare the condition of Yc 15.746mm <Yc< 21.696mm and the limit of g. Using the

resulting number to draw a trend forecast Tfigure 28, we can see that the higher the g, the

lower the Yc. So to optimize the material, the index g must be close to the limit, which is 15.

As we can see from the table 6, with g=15.4, we have Yc=21.698, which is close to the upper

limit of Yc and close to the minimum limit of g. The smaller q means less material

consumption and less expensive the material is to manufacture. So the value of q=15.4 is

selected for the design.

o 5 10

15 20

Yc

25

30 35 40

45 50

Figure 28 Trend forecast of Yc according to q
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After having q we easily having p and h. Finally, we have the design with trapezoid parameter
of p=15.418mm; q=37.418mm; h=38.105mm show in figure x

15.418

37.418

44y

Figure 29 Parametric design of L3

The coupler design is the main major change in the design. The remaining part is the
binary link with the table 5 parameter.

Shaft radius calculation and material selection

After having the design parametric, we continue to calculate the shaft.

To connect each part, we use a shaft-and-bearing, which is connected to a bearing attached
to the body part.

Calculation of shaft diameter when lifting load, figure 30 is a free body diagram of the shaft

when force reacting.

Figure 30 Force distribution free body diagram on the shaft axis

With the input parameter load at least 75kg person we estimate the force estimate the force

P in the diagram over about 750N.
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Calculating the bonding reaction at the bearing inner shaft:

{Z F=0 ®{ N,+Ng—P=0 (4.4)
MatA=0 " |[P+*AC—Ng+AB =0

{NA+NB=P=750N ¢>{NA+NB:P:750N
2700+ AC—Ng *AB=0 "~ |750%26 —Ng*52 =0

{NA = 375N
Np = 375N

Draw the internal force diagram of the shaft including the diagram of shear force and bending

moment

375N

I
i

375N

Figure 31 Shaft shear force diagram

* WMMWW

9750N

Figure 32 Shaft bending moment diagram

Static strength test shaft:

To prevent excessive plastic deformation or failure due to sudden overload, the shaft should
be tested for static strength. According to [1], page 200, the test formula

The test has the form:

o=Vo2+312 < 0 (4.5)
9750
0= Myay | (0.1d%)=57 =5 =97.5 Nimm? (4.6)
375
T=Thax | (0.2d%)= --—5=1.87 N/mm? (4.7)
o=Va2+31% = /97.52+3(1.87)%2 = 97.5Mpa (4.8)
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With the same calculation to the inner shaft the outer shaft with the length of 85mm have the

result,

0=V02+371% = \/159.372+3(1.87)2 = 159.4Mpa
With the first selection we select the Aluminum material
[6] =0.8*0,s,=0.8%76 =60.8Mpa
o inner == 97.5Mpa > 60.8Mpa
o outer== 159.4Mpa > 60.8Mpa
So the material is not suitable for shaft cause the shaft affect by force applied of the whole
structure the material with the more tensile strength is selected
304 stainless steel with g, = 210Mpa is selected
[6] = 0.8 0, = 0.8 210 = 168Mpa (4.9)
o inner==97.5Mpa < [o] = 168Mpa
o outer== 159.4Mpa < [o] = 168Mpa
So the given inner shaft is suitable enough so both inner and outer shaft is suitable with the
d of 10mm
Shank pine diameter calculation
To ensure the safety of the design we caicuiate the shank pipe diameter
Calculation for the shank pipe to for Inner D=35mm
Cylinder intersection area: R of outer diameter = 40mm
A= m.1404% = T.(R* — 17) (4.10)
Stress formula:
o=F/A (4.11)
Since
F=2800 N (the maximum weight acted on one leg)
Tensile strength of aluminum = 90 MPA=9x10’N/m2
With
A= .15 :4%= 3.11x10x107° = 1.( 0. 042-12)
c=F/A
=> A =F/¢ =2800/(9x107)
A= 3.11x10x1073(m?)
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=>r=0.039 m = 39.8 mm
Therefore, we can assure that the shank pipe can handle 2800N at long as the ID is smaller
than 39mm
With the result above, we decide to Round down the inner diameter to 35 mm for safety

assurance.

Simulation

Position analysis

To estimate the motion of the 4-bar, we use Matlab position analysis based on the Loop
Closure Method and New-ton Rasphson method. Using position analysis, we will find out
the orientation of each link relative to the fixed link for a given configuration of four bar
mechanism. The length of the links and the angle made by the link to that is the angle theta
two are the inputs needed for the position analysis the angles theta 3 and theta 4 are the
outputs. This method proceeds to find out the ICR as well as the displacement of point to
compare gait cycle simulation with knee angle in the gait cycle to make sure the maximum
knee flexion and angle of load line for stahility.

Matlab simulate

Input: Ly, Ly, L3, Ly, 6,

Output: 65,6,

Is show as figure 28 as a 4 bar mechanism in MathLab

Figure 33 Represent the 4 bar on Matlab simulation

we will use loop closure method for position analysis
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Starting form point D the length of each link expressed in horizontal and vertical component
interm of i and j
Loop Closure Method
—14i
I, cos 0,1 + 1, + 1,sin0,j
I3 cos 031 + 13 sin03j
1, cos (180° + 0,)i + 1, sin (180° + 0,)j
Using loop closure method for A, B, C, D sum of component is 0
So the | component and J are also 0
i component

f; = —L; + Lycos0, + L3cos0; + Lycos(180+0,) =0

j component
f, = L,sin@, + L3sin03; + L,sin(180+04) = 0
So we have 2 equations with 2 unknown
But these equation is non-linerand cannot be solve directly, We using the New-ton Rasphson
method to sold the equation

Newton-Raphson method

o f(x) (4.12)
+1 n f’(xn)
f’(xn)Ax = _f(xn) (413)

the Newton-Raphson method is iterative Take the initial guess for the unknown variable this
is called the initial solution then the method keeps on doing iterations till the solution
converges here is the formula used in the Newton-Raphson method to calculate the values of
unknown variables in each iteration

of1(x1x2)  af1(x1x2) (4.14)

axq 9xo {Ax1}:_ fl (x1,x2)
f2(x1x2) of2(xax2) | (Ax2) | f, (x1 xz)
ax1 axz '

delta x is the difference of value x in each iteration in matrix form the Newton-Raphson
method gives this equation

here is the matrix form of Newton-Raphson method in terms of theta 3 and theta 4.
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91 9f1
263 96, {Aes}:_{f 1(9394)}
92 912((AB4) (f,(6030,)
303 00,

071 = 0% + 7B,
63+ = 6} + 40,
the derivatives of functions f1 and f2 are substituted in this equation

-1y + l,c050; + 1 3c0503

—l3sinf; —1,;sin(180 + 0,) {Ae:;}__ +14c0s(180 + 0,)
lgSineg l4Sln(180 + 04) A94 - leinez + lgSineg
+l4Sln(180 + 04)

How to solve the angle of theta 3,4 based on Input: L;, L,, L3, Ly, 6, Output: 65,6,
Step 1: Input the known value L4, L,, L3, Ly, 6,

o MATLAB R2022a

LIVE EDITOR

= Lol Comgsare e Mormal > m— [l Refactor p’— |=) Section Break [ [
& O | o & E - E = - P S
= Print = 4 Find * Y & w4 . Yl Run and Advance
Mew Open Save — Go To Text Code Control  Task : Run Run Step Stop

= = * |z Bxpont ~ [ Bookmark v - * | Section P& Run to End
L NAVIGATE TEXT CODE SECTICH
S EE | » B v DOWNLOADS »
Current Falder

Mame

Input length and angle

(Strathelyde Bioengineering Seminars) B M. Kenedi,.
[English (auto-generated)] Position, Velocity, Accele.
[English (suto-generated)] Position, Velocity, Accele.
(English] Lecture 35 Design Considerations_ Prosthe_. Command Window

[English] Lecture 35 Design Considerations_ Prosthe.. . Mew to MATLAB? See resources for Getting Started

GG Ry

Figure 34 Step 1 of Mathlab simulation

Step 2: input initial guess for the unknown variable
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4\ MATLAB R20222

Al LIVE EDITOR
op H |ic) Compare C)‘ < B Normal v : \il‘J & Refactor v ‘.} |=] Section Break l/ C{)
New Open | Save &= Print v GoTo = Find Text BIUM Code Control Task % & %I Run B‘ Run and Advance Run Step Stop
v v | v ggopotvy v W Bookmak v - v {3 Section P&} Run to End
FLE NAVIGATE TEXT (OOt SECTION RUN
o s s | * E » DOWNLOADS *
Current Folder ® £ SKTOP\Thesis\M. ! rbar_po: v y eratic
Name ~ fourbar_coupler_curve.m fourbar_position_velocity_accelesation (1).mix +
P ~ . -

£ “ew

thets_2 = (350

Newton-Raphson's Method

[[=t,+ ¢ 0088, 41,0056, |

. (a6, [~tising, —c.sin(180°+0,)] " || 42 c0s(180° +0,)

. 186,77 (cos0,  t,cos(180°48,) | | f.sing,+1,5in6,

: tH,a S

; initial guess for
- the unknown

t ' angle s variable

* 9 iter = 8;

5 L] sol « [angle 3jangle &];

t N_1 While Loop

{ sen 10 _Ighub_sgent 12

- . 1 ¢ oo (L1 » L2%cose(treta ) « LY%cosa({s0l(1)) » La*cosa(i00-301(2)));
# (Strathclyde Bioengineering Seminars) R. M. Kenedi... 1e (L24sina(thete 2) « L3*sina(501(1)) « L4°sind(180-502(1)))];

@ [English (auto-generated)] Position, Velocity, Accele. 15

@' [English (auto-generated)] Position, Velocity, Accele..

@l [English] Lecture 35 Design Considerations_ Prosthe.. Command Window
[English] Lecture 35 Design Considerations_Prosthe... . New 1o MATLAB? See resources for Getting Started,
Details v x>

Figure 35 Step 2 of Mathlab simulation

Step 3: Using While loop to solve then the method keeps on doing iterations till the solution

converges
alpha3 50.8574
| alphad -3.7256
Result of theta alpha_2 -26
3.4 alpha_3 1x1 sym

| alpha_4 1x71 sym
langle_3 40
angle_4 120
df [-17.9533,84.920...
| egn_acc Ix3 sym
eqn_vel 1x3 sym
f [2.6068e-07:4.17...
| iter 1000
k [0,0,1]
L1 55
L2 68
113 44
L4 89
R Ix 7 struct
| rAB [-0.0118,0.0670,0]
rBC [0.0402,0.0180,0]
rDC [-0.0266,0.0849,0]
s Ix1 struct
sol [24.0811;107.415...
theta_2 100
theta_3 24,0811

theta_3 = 24.8811
theta_4 = 167.4154

Figure 36 Step 3 of Mathlab simulation
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Matlab code to estimate theta 3,4
while iter < 1000
f=[(-L1 + L2*cosd(theta_2) + L3*cosd(sol(1)) + L4*cosd(180+s0l(2)));
(L2*sind(theta_2) + L3*sind(sol(1)) + L4*sind(180+s0l(2)))];

df = [(-L3*sind(sol(1))), (-L4*sind(180+s0l(2))) ;
(L3*cosd(sol(1))), (L4*cosd(180+sol(2))];

sol = sol - (df\f);
iter = iter + 1;
end

theta_3 = sol(1)
theta_4 = sol(2)

After finding theta 3,4 we use the result to find the instant center of rotation.
The instant center of rotation (ICR) between the femur and the shank can be considered the

intersection of two straight lines this show in figure 37 as an example.

(3.05.6.08)

#
/. -
-
: L |
o - f "
- [ -
Py
]
- - |-
/.’ - - 1f|'.
_I
A55.67 { -

Figure 37 Represent the 4 bar ICR trajectory on Matlab simulation

The first line passes through AB, while the second line passes through CD.

The ICR coordinates can be obtained from the following equation as follow:

Enlengthen the input (crank) AB and output (rocker) CD link to where it intersects, then
determine the coordinates of the point of intersection. By using this method in Mathlab, the
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coordinate of the ICR is found after simulation to get the ICR and angle data. We use this to

see the gait cycle and the specification of the design.

Result: Compare gait cycle for prosthetic after simulation

Gait cycle:

To find maximum knee flexion and angle of load line for stability, the gait cycle when swing

phase is taken into comparison. There are five distinct events that happen in a walking cycle

stance phase: thigh extension, toe-off, maximum knee flexion, maximum thigh flexion, and

heel contact, illustrated in figure 38. According to experimental data from numerous studies,

the swing phase in the / polycentric knee was only taken into consideration when comparing

corresponded to between knee flexion.

The_Knud Jansen Lecture—Above-knee prosthetics

PER CENT OF SWING PHASE .
o 3 i 100
VENT OF STANCE AXIMI A UM MAKIMUM

s
THIGH TOE-OFF i T HEEL
WALKING GYCLE : ' PHASE exrengion 0O Fichiw  FLEWON  CONTACT

KNEE FLEXION ANGLE:| o

o 3 25 &5 a0
CENTRE OF
KNEE ROTATION
.
—

Figure 38 Represent the gait cycle of a normal person

Gait Knee Swing phase The orientation of links AB and ICR coordinates

Cycle % | Angle segmentation CD with respect to AC [mm]

Swing [Degree] represent in figure 25

phase

6, 0, X y

0% 25 Toe-off 66.4 94.8 6.16355 | 15.4109
31% 65 Maximum knee flexion | 47.9 81.5 3.51354 | 7.54795
57% 45 Maximum thigh flexion | 56.3 81.2 5.49078 | 10.6306
100% 0 Heel contact 83.5 95.6 2.97128 | 25.9832

Table 4 Result of gait cycle angle compare to 4-bar mechanism after simulate
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The result of the comparison shows the corresponding angle according to the real angle and
maximum knee and thigh flexion. This number provides us with the maximum angle of the
design, and the latter will be used to compare with the real design prototype.

The result taken from Mathlab simulation represents Figures 39,40,41,42. The 4 bar ICR
trajectory result on Mathlab simulation corresponding with the gait cycle.

Class 3 Rocker-Rocker-Rocker Non-Grashof Mechanism Class 3 Rocker-Rocker-Rocker Non-Grashof Mechanism
0+ ’ e

25
. X297128
.| Y 259832
.

i S

L oo . X 6.16355
20 P 4 Y 154100
.

=
o

15 -15 -10 -5

Figure 39 Angle and ICR of heel contact Figure 40 Angle and ICR of toe off

Class 3 Rocker-Rocker-Rocker Non-Grashot Mechanism Ciass 3 Rocker-Rocker-Rocker Non-Grashof Mechanism

B 251

X 5.49078
Y 10.6306

=)

=)

-15 -10 -5 0 5 10 15

Figure 41 Angle and ICR of maximum thigh Figure 42 Angle and ICR of maximum knee

flexion flexion
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Chapter 5: Detail design

Introduction

When having the parametric, we begin to compute an actual concept of 4 bar knee. We use
the parametric also learning from the previous design to compute the CAD design of a 4-bar
system. This CAD will be simulated using FEA to simulate the static stress, displacement,
also safety factor of the design.

Prosthetic leg Structural Diagram

A System of design includes two major main parts: the 4-bar and a shank connected through
a coupling. The 4 bar knee consist of 4 part: L1, L2 (crank), L3 (coupling), L4 (rocker) with
screw holes on parts L1 and L3 to connect with other compartments:

e A pyramid adapter on top of the 4 bar for connecting to the residual limb socket

e A pipe Coupling under the 4 bar for connecting to the shank pipe

The shank shaft will act as a shank that connects from the 4 bar mechanism to the foot base,
made up of the length of the leg shown as figure 43.

]
K‘:\Let, - Socket

(— Connector

0

4 Bar

D

- Connector

A
9

- Shank

- Connector

- Foot

Figure 43 Represent Prosthetic Leg Structural

The 4-bar mechanism is divided into two main parts: the 4-bar body components: L1, L2
(crank), L3 (coupling), L4 (rocker), and the shaft. The shaft is connected to the body with an

attached bearing that uses for rotating motion. A force applied on a pyramid adapter will
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affect the 4-bar body. The same adapter is attached to L1 and connects the prosthetic leg with
the amputee's body mass.

Manufacture part

Part L1

Part L1 shown in figure 44 serves as the base for the 4 bar integrated with a slot that limits
the trajectory of the leg to 90 degrees, creating comfort for the patient when sitting. With 4
M5 screw holes below in order to connect with the Shank Coupling. Figure 44 shows the L1
part in the inventor show and figure 45 shows L1 drawing.

Material: Aluminum

1
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' //*X‘ ‘ gy
R17.50————+ g—=t—t—H—=} r 8
\ \\ / | \ »,/ / b 7 7
| S == / . 7 4 =
— ‘ | | ; f 24
8 8 3 B s ity
4 ® W c1ai A 4x145.00 ¥ 10.00-
Al L2312 43.45 :‘:" | 1 U i

aterial | 21

Polycentric knee | ™
Aluminum

B T 7 T [ T  § ¥ 9 T 3 T - 2 T T
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Figure 45 Part L1 Drawing

Part L2
L2 serves as Crank Link for the 4-bar mechanism shown in figure 46 connecting L1 with
L3 Figure 46 shows the L2 part in the inventor show and figure 47 shows L2 drawing.

Material: Aluminum

Figure 46 Part L2 in Inventor

|

=t .

Material [ 31
Polycentric knee " }7
Aluminum

i T [] T 5 ¥ £ k] T T

Figure 47 Part L2 Drawing

Part L3
Part L3 shown in Figure 48 serves as the base for the 4 bar integrated with a slot that allows
the leg to rotate 90 degrees, creating comfort for the patient when sitting on a chair. The

design of this part is one of the deferential designs (parametric explain in chapter 4).
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Following the requirement, the centroid will be a 9mm posterior to the load line shown
in figure 48 below.

With 4 M5 screw holes on top to connect to the Pyramid Adapter that connect to the residual
limb socket. Figure 48 shows the L1 part in the inventor show and figure 49 shows the L1
drawing.

Material: Aluminum

8 1 7 | 6 1 5 ¥ 4 1 3 | 2 1 1
| b
\
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_ —r=trall L[] -
8 = -——
A — ]
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o =—— T
o ‘ . o
F12.54 428
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5l -
RION 05— 4XM5 T 10—
el N\ - 7
\ \ /
i tif |
B ( = i
g ‘ ﬂ\ 2 xg26mrc2) v
B \\,\\_L// , ‘ 2xg22.1 FThry
[~ L 1°
1163
/ <l < taes =] [
A 2x $26.00M7 (:2) ¥12/ A w1 | i &
Lr20 = 21
Polycentric Knee Matevai ;—
Aluminum
5 T 7 T 3 T 5 Ly 7 T E] T 7 T 1
Figure 49 Part L3 Drawing
Part L4
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L4 serves as Rocker Link for the 4-bar mechanism shown in figure 50. This part connects
L1 to L3 with a shaft and bearing. Figure 50 shows the L4 part in the inventor show
and figure 51 shows L4 drawing.

Material: Aluminum

> /'—~ \\_\
/,// O )
/// < /7/// l/
> o //
/// -
4 //// = <
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- 5 -
a
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=1 ]
A L4 A
o | 2
) w21
Polycentric Knee emesist }7
Aluminum
a T 7 [ T 5 F el T T 2 T 1

Figure 51 Part L4 Drawing

Inner shaft
Connect parts L1, L3, and L4 together. Figure 52 shows the Inner shaft part in the inventor

show and figure 53 shows the Inner shaft drawing.
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Material: stainless steel 304

8 1 b 1 I I 5 ¥ 4 I 3 1 2 1 1
D| o]
C Ic
B [ S S I I o &=
E)
i
B B
11
e
Al | ‘ Inner shaft A
...... 1]
-
Polycentric Knee Material
Aluminum
B T of T 3 T 5 L3 4 T 3 T 2 T 1

Figure 53 Part inner shaft Drawing

Outer shaft

Connect parts L1, L3, and L2 together. Figure 54 shows the outer shaft part in the inventor
show and figure 55 shows the outer shaft drawing.

Material: stainless steel 304
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Figure 54 Part outer shaft in Inventor

8 1 7 | 6 1 5 ¥ 4 1 3 1 2 1 1
D D
C G
10js7 (25
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I D

i [ l Outer shaft A
om [ 1 |

i = 51
Polycentric knee | Material
Aluminum

8 T 7 T ] T 5 5 £l T 3 T 2 T 1

Figure 55 Part outer shaft drawing

Shank Part

The shank is an aluminum pipe that is directly connected to the 4-bar knee using a pipe
coupling. Figure 56 shows the shank part in the inventor show and figure 57 shows the
shank drawing.

Material: Aluminum
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¢

Figure 56 Part shank part in Inventor

I p o @

- 40—
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Shank shaft
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Polycentric Knee

Material —
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1
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Figure 57 Part shank part drawing

COUPLER

There are two types of coupling widely used in prosthetics for connection and alignment. In

the operating process, many problems can occur if the part is carelessly installed, which can

result in misalignment and affect user safety.

There are two types of coupling used:
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- Pipe Flange: figure 58 this coupling can easily be tightened with a bolt and nut. One single
screwing action is needed to tighten the connection and keep the two parts in place. This
makes this easy to assemble. However, it lacks the capability to ground the part into one

direction, so we select this to connect the shank to the 4-bar structure.

A /
A/
SN N\

NN 22X M5 ¥ Thru
SN W

\

T 4 x $8.50 ¥ 5.00
| |
o o |
- Q { @ | -
[ X BT
) |
T T {7t
t
[ SECTION A-A
SCALE4: 1 e J l
A b 4xM5 ¥ Thru [ ‘ Coupling A
Quaey
; - 41
Polycentric Knee :Ia::uri‘:\im
8 T 2 T 6 T 5 L 4 T 3 I 2 T 1

Figure 59 Pipe Flange coupling drawing
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- Pyramid Adapter: figure 60 uses a pyramid of male and female connectors with a four-bolt
screw directly to the four sides of the male pyramid adaptor. The said adapter makes it easier
to tighten the joint and is more suitable for thigh, knee, and foot orientation. So the pyramid

adapter is selected to connect the L3 part with the thigh.

Figure 60 Pyramid adapter in Inventor

a
Polycentric Knee | "terel -
Auminum

Figure 61 Pyramid adapter drawing

Thrust bearing
To locate and constrain the L3 bar in place
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Figure 62 Thrust bearing in Inventor

LS

Vietnamese-German University

10.00-

=

LF

-,

—

=\

4

14,00
0.

fushing

G THD

pv

]

T L

3

q T

3

Figure 63 Thrust bearing drawing

Non-Manufacture part

Bolt

We choose bolt for our coupling design with the Proof Loads standard table 5 below

Proof Loads for Standard Pitch Bolts (Kg's)

Grade 12.9

Size Grade 8.8 | Grade 10.9

MS 820 1,180 1,280
M6 1,160 1,670 1,950
MS 2,120 3,040 3,550
M10 3,370 4,810 5,630
M2 4,890 7,000 8,180
M16 9,100 13,000 15,200
M20 14,700 20,300 23,800
M24 21,200 29,300 34,200
M20 33,700 46,600 54,400

Table 5 Proof Loads standard table (bolt-grades (fixingsmegastore.co.uk))
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Know that with M5 bolt at Grade 8.8 can already handle up to 8200N (820kg) while the
maximum load on the prosthetic is estimated at 2800N => Bolt size M5 is chosen for the
Coupling Design.

Coupling-L1 Bolt
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+ \\l ' .—
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Figure64 Col ‘awing

Coupling-Shank Bolt
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Figure 65 Coupling-Shank Bolt drawing

M8 Retainer
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Figure 66 M8 retainer drawing

M22 Washer

i

Figure 67 M22 Washing

Pyramid Adapter Bolt
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Figure 68 Pyramid Adapter Bolt drawing

Bearing NSK 6000ZZ
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Figure 69 Bearing NSK 6000ZZ drawing

Tolerance and type of fits

First, for parts to be assembled and function correctly, we need to determine the tolerances
of the parts as well as how to assemble them. The following list contains details and parts

followed up with the reasons for the selection of the required tolerances of each part.
Bearing
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To understand bearing tolerances well, first, we need to define the concept of mounting types
and how and why to choose the right type for the part. Select mounting by combining
different tolerance zones between the hole and shaft with the same accuracy grade or different
accuracy grades. In order to select the assemblies, it is necessary to follow the preferred
mounting with regard to the bearing type so that the product can be homogenized, the basis
tolerance system helps control the upper and lower deviation for the fit and prioritize not
changing dimensions unnecessarily because it can reduce machining costs as well as the
number of tools and error-checking equipment.

There are two types of tolerance systems for choosing Tolerance for bearing: The shaft
system and the Hole system, demonstrated in figure 70.

1. Hole Basis System is considered when we want to adjust the fit by changing the dimension
of the shaft while keeping the hole dimension fixed. [11]

2. Shaft Basis System is considered when we want to adjust the fit by changing the dimension

of the hole while keeping the shaft dimension fixed [11]

HOLE AND.SHAFT BASIS SYSTEM

HOLE BASIS SYSTEM

1

N )" L BASED SYSTEM

- ! S SR A" Size of the Hole is kept
A constant, Shaft size is
SHAFT]

‘ \ _—
!VSH‘-'\FF_U EH“FT Y J | varied to get different fits
CLEARANCE  TRANSITION INTERFERENCE

BASIC SIZ

S|  SHAFTBASED SYSTEM
Size of the Shaft is kept
] constant, Hole size is
. T | N J T TL' varied to get different fits
t \\ AN\ ; N\ |
CLEARANCE ~ TRANSITION  INTERFERENCE

BASIC SIZE
S

Figure 70 Hole and shaft basic system

List of Tolerance Affects the Bearing design

Bearing Relation to the Body L3: Since the bearing should not be changed, we consider this
as a Hole Basis System

Bearing relation to the shaft: Since the bearing should not be changed, we consider this a
Shaft Basis System

In this design, we select the bearing 6000zz of NSK to have Specification

70




LS

Vietnamese-German University

f i~

B~
T r
=]
D+~ ¢d
1
- U—IU KR MY -G MY R
e z W DD - DDU N
r B 3t & BATHG S B HERIRE (e WU &R
o N kol JU—Z@|MA R
d D B %5 G Cor G Gl A ”: oy n wan o £ -
0 19 5 03| 1720 840 75 8| 148] 34000 24000 40000 6800 ZZ VV DD
2 6 03| 270 1270 275 12| 10| 32000 22000 38000 6900 ZZ VV DD
26 8 03| 4850 1970 %5 201| 124| 30000 22000 35000 6000 ZZ VV DDU

Figure 71 Bearing specification (Source :Skf Official Site)

With the bearing tolerant Normal d=10%; 505 , D=26% 609

The design of then there will be separate into 2 frames.

Frame 1 of reference for the body and the bearing

Figure 72 show the CAD picture of the body and where to assembly bearing

-3 ‘ . e

\

Figure 72 CAD of the hole to assemble bearing

The inner ring of the bearing fits between relative fits and tight fits to the shaft, While the
outer ring of the bearing fits relative to the abutment edge.

The shaft basis mounting system is selected (because the bearing is unchanged). Shaft
mounting is a mounting system in which clearances and redundancies are created by
combining holes with different tolerance zones with a shaft with a single tolerance zone. [11]
The outer ring of the bearing is relative to the body, so it is affected by the load on => cyclic
load (The loads acting on the bearing are radial and fixed loads)

D=22.1mm

Used for parts that are rarely disassembled and are tight attached to the body part Abutment
tolerance => N7 is selected
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D=22.1N7=022.1% 54

Frame 2 of reference 1 relative to the bearing and shaft
(@ >
4 N | 2 '

a i

Figure 73 CAD of the shaft and bearing

The inner ring of the bearing with the shaft affected by is only applied force to a part of the
bearing. The load on the inner ring => load is local. (The loads acting on the bearing are
radial and fixed loads) The hole basis mounting system is selected (because the bearing is
unchanged) hole mounting system is a mounting system in which clearances and
redundancies are created by combining a shaft with different tolerance zones with a hole
having a single zone [11].

With d=10mm

Commonly used to bear the load of the shaft, so it is necessary to fix the joints tightly nominal
size = 10mm to make the shaft fix with the bearing Assembled with transition fit so the Js7
tolerant of the shaft is selected => shaft diameter d=10Js7=01073-09

Shaft vs L2/L4

Figure 74 CAD of L2/L4 hole
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The shaft connects the L2 and L4 with the body. The transition fit is selected because the
shaft is only applied force to a part of the bearing (local)

In this part, a shaft mounting system is selected (because the bearing is unchanged). Shaft
mounting is a mounting system in which clearances and redundancies are created by
combining holes with different tolerance zones with a shaft with a single tolerance zone.

L2 and L4 hole is selected the Transition fits D=10Js7=61075-999

The remaining details are not affected by direct force and do not need high accuracy, so they

will be determined together with IT12 tolerances.
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Figure 75 Assembly Drawing

Static mechanical Analysis

Finite Element Analysis

Finite Element Analysis: Modeling a component's or assembly's behavior under
predetermined conditions in order to analyze it using the finite element method (FEA) is
known as finite element analysis (FEA). Engineers use FEA to simulate dynamic behavior,
without the need for actual prototypes. [12]

FEA is using numerical method for forecasting how an assembly or component will function

under specific conditions. It serves as the foundation for current simulation software, which
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assists engineers in identifying weak points and areas of strain in their designs. The results
of a FEA-based simulation are frequently displayed using a color scale that, for instance,
shows the pressure distribution over the item. [12]

Von Mises Stress

A test to determine if a material may give or fracture. It is mostly used to ductile materials. A
material will yield if its von Mises stress under load is equal to or greater than its yield limit

under simple tension, according to the von Mises yield criterion.

Type: Von Mises Stress
Unit: MPa
1/16/2023, 7:07:28 PM

145.2 Max

116.2
87.1

58.1

F|£ ire 76 Von N anaIySiS

The result of von Misses stress is show in figure 76, on this figure the maximum stress is
145.2Mpa when we applied force on the adapter we can see there a small mesh region of the
region shifted and the adapter a deform. The outcome of this Von Mises Stress Analysis may
be used to inform the design engineer of the present design's weak points. [12]
Displacement

Computing the displacement field within a material exposed to external forces is the primary
goal of the displacement based finite element method. As the load is applied, every point in
the solid shifts. [12]
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Type: Displacement
Unit: mm
1/16/2023, 7:07:53 PM

0.005197 Max

Max: 0.005197 mm

0004158
0003118
0.002079
0.001039
0 Min

Figure 77 Displacement analysis

A load of 2700N is placed on the roller in this situation. We can see the pyramid adapter and
the L3 part are shifted downward to 0.005197mm.

1st principal stress and The 3rd principal stress

After Displacement simulate we see the 1st principal stress and The 3rd principal stress of
design.

“The 1st principal stress provides the value of stress that is perpendicular to the plane in
which the shear stress is 0. The,Lst principal.stress provides you the highest tensile stress
created in the component due in part to the loading situations."

"The 3rd principal stress acts normal to the plane in which shear stress 0. It provides the

maximum compressive stress created in the component during loading."

Type: 1st Principal Stress

Type: 3rd Principal Stress
Unit: MPa

Unit: MPa
1/16,12022‘;’,;27:30 PM 1/16220??;\,4&7‘;07:32 PM
: :
| 1106 5.1
I 584 54.8
6.3 114.7
-45.9 174.6
-98,1|V|inw 7 234.5 Mi
t& t‘z
Figure 78: 1st principal stress analysis Figure 79: 3rd principal stress analysis
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As the result has been shown The part which affected most under the estimated 2800N are
the deviation on part L3 and shaft. Hence in the worst-case scenario, the Prosthetic leg only

needs minor maintenance and will not be disassembled after the collision.
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Chapter 6: Manufacturing

Introduction
In this chapter, we will show the part of the 4-bar prosthetic when the prototype is made and
how the assembly of the structure together, bill of material, and mass is also shown.

Manufacture part
Part L1

Function:
e Main part of the structure
e Connect with the shank take on the transfer movement form the hip to the shank
though L3
Material: 6061 Aluminum
Volume: 204064.017 mm”"3
Mass: 0.55kg
Part L2

Figure 81 Part L2
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Function:
e Main part of the structure
e Connect with L3 with L1 take on the movement transfer from L3 to L1
Material: 6061 Aluminum
Volume: 38108.406 mm”3
Mass: 0.12kg
Part L3

Rigure 82 Part L3

Function:
e Main part of the structure
e Connect with the upper body through add perter
Material: 6061 Aluminum
Volume: 201901.362 mm3
Mass: 0.55 kg
Part L4

Figure 83 Part L4

Function:
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e Main part of the structure
e Connect with the L3 and L1 transfer from L3 to L1 also limited the movement at the
definite angle

Material: 6061 Aluminum
Volume: 40580.630 mm3

Mass: 0.11kg
Inner shaft

Figure 84 Inner shaft
Function:

e Main part of the structure
e Connect part together
Material: 304 stainless steel
Volume: 4368.385 mm~3
Mass: 0.035 kg
Outer shaft

Figure 85 Quter shaft

Function:

e Main part of the structure
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e Connect part together
Material: 304 stainless steel
Volume: 7195.818 mm”3
Mass: 0.058kg
Pyramid adapter

Figure 86 Pyramid adapter

Function:
e Main part of the structure
e Connect to the upper body thigh and socket
Material: 6061 Aluminum
Volume: 10577.138 mm”3
Mass: 0.029kg
Shank part

Figure 87 Shank part

Function:
e Main part of the structure
e Connect with the 4 bar structure replicate the leg tibia bone

Material: 6061 Aluminum
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Volume: 247005.856 mm"3
Mass: 0.67kg
Pipe coupling

Figure 88 Pipe coupling

Function:
e Sub part of the structure
e Connect the shank with 4 bar structure
Material: 6061 Aluminum
Volume: 11838.103 mm”3
Mass: 0.032kg
Thrust bearing

D,

Figure 89 Thrust bearing

Function:
e Sub part of the structure
e Mount between shaft and body to locate and constrain the L3 bar in place

Material: 6061 Aluminum
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Volume: 753.982 mm3
Mass: 0.002kg
6000z bearing

Figure 90 6000z bearing

Function:
e Main part of the structure

e Attach with a body and connect with a shaft to connect part of the structure together
Material: 6061 Aluminum
Volume: 201901.362 mm3
Mass: 0.019 kg
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No Parts Material Quantity Weight
(kilograms)

1 L1 Aluminum 1 0.55kg
2 |L2 Aluminum 2 0.12kg
3 |L3 Aluminum 1 0.55 kg
4 (L4 Aluminum 1 0.11kg
5 Inner Shaft 304 stainless steel 2 0.035 kg
6 | Outer Shaft 304 stainless steel 2 0.058kg
7 | Pyramid Adapter Aluminum 1 0.029kg
8 | Shank Pipe Aluminum 1 0.67kg
9 | Pipe Coupling Aluminum 1 0.032kg
10 | Thurs bearing Aluminum 4 0.002
11 | Bearing Steel 8 0.019 kg

NSK 600022
12 | Washer M22 Steel 8 N/A
13 | Retainer/Snap Steel 8 N/A

ring/Circle M8
14 | Adapter Bolt Steel 4 N/A
15 | Coupling Bolt Steel 4 N/A
16 | Shank-Coupling Steel 2 N/A

Bolt

Total 2.57kg
Total cost (VND) 5.000.000vnd

Table 6 List of material
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Assembly

Figure 91 is an expose assembly drawing of the prototype and explain step by step below by

inventor.

8 7 6 H & 4 3 2 1 1

PARTS LIST

ITEM | QTY | PART NUMBER | DESCRIPTION
D

L1

L2
3

=
Outer shaft

Pyramid adapter

eeeee
[Coupling [aluminum c

1
2 1
3 1
e z
5 2
6 2 [Inner shaft
7 1
8 8
9 1
8

Retainer ANST  [Steel
B27.8M -

|3DM1-3DM1-10
[Adapter Bolt AS |§u~e\
1427 - M5 x 12

T
2 \Washer ISO Steel [
7089 - 10
14 4 \Washer ISO Steel
1

Outside shaft

[Coupling Bolt__[Steel
|AS 1420 - 1973
- M5 x 14

[Shank Bolt Steel B
IGB/T 29.1 M5 x
10

[ connector
Pin Y connector

Bushing
[Shank Coupling |Aluminum
Retainer M8 -
[hank Pipe

|
o = oo [ [ o =

|Guide Bushing _[Aluminum

VGU Bachelor Thesis : Polycentric Knee

Asambly Drawing

1:2

B 7 6 5 = 4 T 3 T T 1

Figure 91 Expose assembly drawing

Firstly, we assembly the shaft with the thrust bearing show in figure 92.

Figure 92 Shaft with the thrust bearing assembly

Then we assembled the bearing to the body because the tolerance of the bearing is a tight fit,
so to do this, we used a rubber hammer and heat extension (heating the hole for mounting the

bearing) to the assembly. Loctite 680 glue is added to the mounting hole, and the L2 connects
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L3, L1 by a shaft with M22 Washer figure 93. The shaft is then locked by an M8
retainer figure 94.

LV W
//% \

Figure 93 Expose of L2 and L3 connect by L1

/’3’

Fioure 94 Shaft Ic 3 retainer

Finally, the pyramid adapter connects L3 with four hexagon bolts, and the coupling connects
the shank with L1 by four M5 bolts figure 95.

Figure 95 Assembly of adapter and coupling

Figure 96 is a real prototype part and after assembly prototype.
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Figure 96 All part and real prototype after assembly
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Chapter 7: Testing

The polycentric leg is going to be tested during the swing phase with three categories: Gait
cycle, Toe clearance, Acted Force and speed. All the testing will be used with the same
equipment and using WINanalyze (motion tracking and analysis) software testing format will
be done as follow:

A system consists of an infrared camera that detects the marker that is placed on the primary

joint of the knee to collect the data for position and direction.

Infrared _  Depth

projector RGB sensor
camera

Figure 97 Equipment and RBG maker point

RGB marker will be attached to the-joint of the polycentric knee and a system of infrared

camera will detect and analyze the movement-of L gait cycle of movement.

Gait Cycle and Movement Testing

First, we begin with the gait cycle. We got the gait cycle angle of the Swing phase simulated
in table 4 in chapter 4. This number already projects with the real human angle, so we just
need to compare this simulated angle with the prototype angle to find out if the prototype is

fully functional or not.

Gait Cycle angle in swing phase
Frame 1 2 3 4 5 6 7 8 9
Angle 82.3 | 75.2 70.7 65.2 60.4 55.2 50.2 45.9 40

Table 7 Gait Cycle angle in swing phase
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Cycle movement comparision

90 835
80
70
60
50
40
30
20
10

82.3

65.2

45.9

0% 31% 57% 100%

=== Matlab simulation =~ e====Real prototype Gait cycle

Figure 98 Gait cycle comparison simulation vs real prototype

Table 7 shows us the angle of L1(ground) and L2 (crank) 6, This number is compared
with table 4 simulation and demonstrated in a chart in figure 98. As you can see, the number
is almost the same as the simulated number and has a negligible error, so the prototype is

fully functional.

Toe clearance testing

To calculate minimum toe clearance following. We have to calculate the distance between
the toe point of the leg and the ground [9]. In order to do that, we use the same method for

the gait cycle test with the infrared camera.
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Figure 99 Prosthetic knee at stance Figure 100 Prosthetic knee at the end of swing

In this test, the full cycle of the swing phase is conducted, the toe point of the leg can be
considered point C’ lowest RBG point of the leg figure 100 and the ground is point C figure
99 with the motion tracking software we have the result of the distance of C and C’ is
12.8mm.

Vietnamese-German University

Four-bar knee
configurations Proteval Ottobock 3R36 Ottobock 3R55 Ottobock 3R70 Prototype IITM knee

Toe clearance measure in
mm
2.2 2.4 19.4 2.8 12.8 11

Table 8 Comparison of toe clearance 1
The purpose of our design is to increase toe clearance. As you can see from table 8, this digit
is increased compared to another market 4 bar knee. So the design is improving the toe

clearance.

Speed and force at heel contact
At heel contact, the knee angle is at 90 degrees with the ground. With this test, the infrared

camera and software are just used to provide the input variables properties the resulting

output is calculated manually.

Y1 P2 tr ty d m
67° 0° 0 0.84s 0.6m 2.57kg

Table 9 Input variables properties 1
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Speed
to calculate the speed of the swing we using the energy conservation formula
1 2
Wkinetic = Emv

Wiinetic = mgh
1 2= —~ 1 — -
,mv= mgh =>v =,/2gh =2.07 m/s

Force
To calculate the force, the moment at the 4 knee take into account

M=Fxd
To find F we need to find the moment
M=I+«B

We got | is a moment of inertia equation (7.6) and B is angular acceleration

equation (7.7)

With angular velocity equation (7.8)

_do @ — ¢,
w___—
dt t,—t,

By step by step with input value that provided by testing with infrared camera the

result of F is
F = 4N

(7.1)

(7.2)
(7.3)

(7.4)

(7.5)

(7.6)
(7.7)

(7.8)

So 4N is the force needed to brake the swing, this result of speed and force can be used for

future work and optimization.

To summarize, the prototype is designed and works properly according to requirements, but

there are still points that can be improved to make the prototype operate with higher

efficiency, especially with force and speed.
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Chapter 8: Conclusion

Conclusion

To summarize, the conceptualizing, designing, manufacturing, assembling, and testing stages

of the thesis project have been conducted. The prototype is made, and the result meets the

requirement given. However, there is still room for further improvement. After the research
and implementation of the thesis: "DESIGN, FABRICATION, AND TESTING OF
PROSTHETIC LEG". We have achieved the following results:

Understand the situation of the medical equipment manufacturing industry, the
opportunities, challenges, as well as inadequacies, and limitations, especially in terms
of competition and dependence on raw materials.

Identify the main functions and technical requirements of a prosthetic leg.

Provide design options for the Polycentric Knees (4 bar) and the selection of the plan
that meets the basic requirements set out earlier for the design of the mechanical part.
The development direction of the thesis is the premise for the development of
prosthetics which in Vietnam are limited and usually depend on foreign.

Through this thesis, we have Obtaiiied theoretical and practical experience in health

equipment as well as the prosthetic field.

Future improvement

Further development directions for this thesis can include:

Designed to make the device more compact and functional such as selecting a more
advanced alternative material that can reduce the parameter

Design the braking system adding to reduce the speed during when swing phase, MR
damper is one of the possible options because it can adjust damping force by each
phase.

Optimize the control problem, and improve automation. The design can modify to a
computerized 4-bar mechanic with PIC and PID control for reducing the swing speed
by a braking system.

Improve the appearance and style of the prosthetic leg for a better market appeal.
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APPENDIX

a =) Yc
15 37.0002]| 21.73941
15.02 37.0202]| 21.73734
15.04 37.0402]| 21.73528
15.06 37.0602] 21.73322
15.08 37.0802| 21.73116
15.1 37.1002] 21.72911
15.12 37.1202| 21.72706
15.14 37.1402| 21.72501
15.16 37.1602| 21.72297
15.18 37.1802| 21.72093
15.2 37.2002| 21.71889
15.22 37.2202| 21.71686
15.24 37.2402]| 21.71483
15.26 37.2602 21.7128
15.28 37.2802] 21.71078
15.3 37.3002| 21.70876
15.32 37.3202| 21.70674
15.34 37.3402] 21.70472
15.36 37.3602| 21.70271
15.38 37.3802 21.7007
15.4a 37.4002| 21.69869
15.42 37.4202| 21.69669
15.4a4a 37.4402| 21.69469
15.46 37.4602]| 21.69269
15.a8 37.4802 21.6907
15.5 37.5002 21.68871
15.52 37.5202 21.68672
15.54 37.5402 21.68474
15.56 37.5602 21.68275
15.58 37.5802 21.68077

Table: Result of p and Yc according to g

Figure: Gait Cycle angle represent in RGB dot in swing phase
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