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ABSTRACT

The few microcontroller based active/semi-active prosthetic knee joints available
commercially are extremely expensive and do not consider the uncertainties of inputs
sensory information. Progressing in the controller of the current prosthetic devices and
creating artificial lower limbs compatible with different users may lead to more effective
and low-cost prostheses. This can affect the life style of lots of amputees specially the
land-mine victims in developing war-torn countries who are unable to partake in the
advancement of the current intelligent prosthetic knees. The purpose of the proposed
Active Prosthetic Knee (APK) design is to investigate a new schema that allows the
device to provide the full necessary torque at the knee joint based on echoing the state of
the intact leg. This study involves the design features of the mechanical aspects, sensing
system, communication, and knowledge-based controller to implement a cost-effective
APK. The proposed microcontroller based prosthesis utilizes a ball screw system
accompanied by a high-speed brushed servomotor to provide one degree of freedom for
the fabricated prototype. Moreover, a modular test-bed is manufactured to mimic the
lower limb motion which contributes investigating different controllers for the prototype.
Thus, the test bed allows assessing the primary performance of the APK before testing on
a human subject. Different types of sensing systems (electromyography and lower limb
inclination angles) are investigated to extract signals from the user’s healthy leg and send
the captured data to the APK controller. The methodology to measure each type of signal
is described, and comparison analyses are provided. Wireless communication between
the sensory part and actuator is established. A knowledge-based control mechanism is
developed that takes advantage of an Adaptive-Network-based Fuzzy Inference System
(ANFIS) to determine knee torque as a function of the echoing angular state of the able
leg considering the uncertainty of inputs. Therefore, the developed controller can make
the APK serviceable for different users. The fuzzy membership function’s parameters and
rules define the knowledge-base of the system. This knowledge is based on existing

experience and known facts about the walking cycle.
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Chapter 1
INTRODUCTION

In the past, the only resources available for the people who lost their lower limb were
walkers, wheelchairs, wooden pegleg, and crutches. However, nowadays, people with
this form of disability can take the advantages of advances in medical science and
technology by using lower limb motorized prosthetic.

Leg and knee play crucial roles in the body. Leg contributes to keep the body balanced
and supported while standing up. Knee locomotion joins the upper and lower legs

together and provides the bending motion that allows us to walk.

The few microcontroller based active/semi-active prosthetic knee joints available
commercially, such as Otto Bock's prosthetic C-Leg, are extremely expensive and do not
consider the uncertainties of the input sensory information. Therefore, they are only
affordable by a few, and despite their high cost, they suffer from sensitivity to input
uncertainty which could impact their performance. Hence, the motivation of this research

Is to design a cost-effective Active Prosthetic Knee (APK) with modular control/sensing



architecture. The drive mechanism of the APK should be simple to enable easy

maintenance and high robustness.

1.1 Thesis Statement

1.1.1 Motivation

The need for advanced prosthetic technologies is in critical demand, as war amputee
numbers continue to climb [1]. The millions of unexploded ordinance (UXO) devices
pervade parts of Africa, the Middle East, and Southeast Asia. Each year, hundreds and
thousands of civilians fall victim to these atrocities. Looking just at the effect of war

gives us a perception of the demand for prosthetics in war torn nations:

“Afghanistan, Angola and Cambodia have suffered 85
percent of the world's land-mine casualties. Overall,
African children live on the most mine-plagued
continent, with an estimated 37 million mines embedded
in the soil of at least 19 countries. Angola alone has an
estimated 10 million land-mines and an amputee
population of 70,000, of whom 8,000 are children [2].”

In addition to land mine explosions, other factors such as diabetes, gangrene, infections,
ischemic disease, farming accidents and even motor vehicle accidents can result in lower

limb amputation.

Amputees not only lose their limbs but they also experience job loss, limited freedom of
mobility, and increasing difficulties in day to day life. Advanced lower limb prostheses
that are currently available are accessible to those in developed countries. The developing
world on the other hand, continues to use devices that were developed nearly a half
century ago. Hence, there is a tremendous need to develop and promote new, advanced

lower limb prostheses for the developing word.



The Active Prosthetic Knee (APK) is a trans-femoral prosthetic knee device, suitable for
those with one amputation and one healthy leg. Rather than utilizing the limited energy of
the user, the APK provides active power at the knee joint to allow improved efficiency
and minimal energy depletion when moving. Most of the current intelligent lower limb
prostheses rely on sensors embedded in themselves. However, the proposed APK gains
information from the intact contra-lateral leg. The innovation of the APK’s mechanical

design and unique controller provides a possible future in intelligent feedback design.

1.1.2 Research Justification

Mobility is oftentimes a task that does not require much thought for the able-bodied.
However, for patients of amputation, it is a task that is painstakingly difficult. Daily
livelihood is a difficult one, as war affected citizens struggle not only with their own
physical limitations, but due to limited infrastructure to support them. The amount of
time, energy and investments in rehabilitation can be significant, due to the aging
technologies available in developing nations. Also, poor terrain and lack of funding
resources are also a hurdle [1]. Once amputees are fitted with prosthetics, life with it is
much improved than not having an assistive device. However, the overall fitting process

is rather crude and can be further improved.

“Because a child's bones grow faster than the surrounding tissue, a wound may require
repeated amputation and a new artificial limb as often as every six months [2].”
Unfortunately, the excessive cost associated with so many prostheses leads to deprivation

in developing countries.

The central focus of this thesis is to design a cost-effective prosthetic knee joint that
allows a full range of motion, while allowing comfort and durability to withstand harsh
terrain and other physical demands. The “active” in Active Prosthetic Knee refers to the
energy being transferred from a power source used to mimic the natural gait cycle. A
novel method of human gait phase recognition for cadence control is introduced in this
work by utilizing a knowledge-based intelligent system. This knowledge is based on

existing experience and known facts about the walking cycle. The proposed knowledge-



based control system takes advantage of an Adaptive-Network-based Fuzzy Inference
System (ANFIS) to control the knee torque as a function of echoing the angular state of

the able leg.

The principle task of APK is to assist the user in walking as normal gait cycle as possible.
The APK research in this thesis combines a mechanical system design and an intelligent
fuzzy-logic control system implementation that allows for developing an active prosthetic

device for human locomotion.

1.1.3 Delimitations

Related areas of research that will not be investigated in this work include:

* Internal knee replacements used to substitute damaged knee joints. This thesis will only

focus on full prosthetics for subjects without a knee.

* Socket for the user that covers the remnant stump and must be connected to the
prosthesis. This thesis will only focus on full prosthetics and not interface between the

APK and the leg stump.

» Material analysis. Materials are certainly an important aspect of APK design since
varying the materials alters important APK properties such as weight and strength.
Summary of Finite Element Analysis (FEA) of the APK and expansion part performed by
other members of our research group are presented in [3]. However, the effect of material

characteristics on APK mechanism performance will not be considered.

« Stability analysis of the overall system comprising the prosthetic leg. Since the ankle
joint has not been manufactured up to the moment of publishing this manuscript, the
stability analysis of the leg has not been studied which highly depends on center of
rotation of the knee and the contact point of the foot and ground. Therefore, this work

will be considered in future research.



* Cordless power supply. At this stage the power supply is plugged in, and as a result the
APK is tethered. Further research is required to replace the current power supply with

battery to energize the APK’s actuator.

1.1.4 Potential Impact of the Research

This thesis may direct to continued development to the ankle as well as to research in
other compliant prosthetics. The technology used in this study may be used in developing
a low cost active ankle joint in future. Additionally, the specific control framework
advancements achieved through this work may be possible to use in other non-prosthetic
rehabilitation applications like muscles stimulation for paralyzed people. The wireless
communication methodology between sensing system and the controller, which is
achieved through this research, can be also used in other biomechanics applications.
More significant will be the possible social impact of the compliant prosthetic knee. An
active prosthetic knee with good functionality for a fraction of the cost of a standard

prosthesis is what developing countries and war-torn nations desperately need.

1.1.5 Thesis Outline

This thesis proposes a novel approach for APK design that utilizes information from the
healthy leg to drive an electromechanical actuator to enable the subject to follow a

normal gait cycle. The thesis outline can be summarized as follows:

Chapter 1 presents relevant excerpts from the literature, but begins with a brief overview

of gait phases, and knee anatomy.

Chapter 2 details the mechanical design of the APK. Moreover, the design of shank,
passive ankle, and foot is also discussed in this chapter.

Chapter 3 covers the design of the test-bed developed to mimic the entire gait motion
with the purpose of evaluating the performance of the APK.

Chapter 4 presents the equations of motion for human locomotion and the fabricated
prototype.



Chapter 5 investigates and compares different sensing methodology to provide inputs

data for the implemented control system.

Chapter 6 presents the proposed method of communication between the sensing modules

and the controller and actuator of the APK.

Chapter 7 discloses the proposed control framework. Different fuzzy inference systems

are investigated to select a suitable knowledge-based system for the APK.

Chapter 8 provides a summary of the thesis conclusion and suggestions for future works.
1.2 Background

1.2.1 Anatomy Defined

Between the hip and ankle joints, four main bones exist: femur, patella, tibia, and fibula.
The longest and strongest bone of the human skeleton, femur, extends from the pelvis to
the knee. Tibia and fibula are two long bones in the human leg between the knee and
ankle. Tibia is the interior and thicker whereas, the fibula is the exterior and thinner one.
The upper end of tibia joins femur to form the knee joint (Figure 1-1) which is the most
complex joint in the human body. The femur has two lower rounded ends (condyles). The
one toward the center of the body called the medial condyle, and the one to the outside
called the lateral condyle. Above the condyles on both sides are epicondyles which work
as sites for muscle and ligament attachment. The cruciate ligaments attach to the space
between the two condyles called intracondylar fossa. Cruciate ligaments are the most
important ligaments in the knee joint and they serve to stabilize it and guide its motion.
The patella (kneecap) protects the knee joint and increases the quadriceps lever arm thus
allowing the quadriceps to apply force to the tibia more effectively during extension. This
triangular-shaped bone is not connected to femur or tibia directly. The patella is
connected to the femur by being contained within the patellar tendon that connects the
quadriceps muscles to the tibia. Fibula has no contact with the knee and attaches to the

tibia by ligaments below the tibial bearing surfaces of the knee.
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Figure 1-1: The skeletal view of the knee joint (a) anterior view (b) posterior view (c) cut view [4]

1.2.2 Movement

The three axes and planes of rotation of the biological knee joints are depicted in Figure
1-2. The anatomical planes allow for position/orientation representation of the knee in
any of its three original planes. The line connecting medial and lateral femoral condyles
defines flexion-extension motion, ¢ The line along the tibia determines the axis of
rotation for the internal-external angle, . The perpendicular axis to the other two axes

defines as the abduction-adduction angle, 6.
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Figure 1-2: The axes and planes of rotation of the biological knee joint [6]

1.2.2.1 Sagittal (median) Plane

An upright plane passing from front to
back; separate the body into right and left

halves.

1.2.2.2 Coronal (frontal) Plane

A perpendicular plane running from side to
side; splits the body into anterior and

posterior parts.

1.2.2.3 Transverse (horizontal) Plane

A flat plane; divides the body into upper

and lower portion.

Sagittal (Median) Plane

_Coronal (Frontal) Plane
Transverse (Horizontal)
Plane

&

Figure 1-3: Anatomical planes [5]



1.2.3 Gait Cycle

Throughout a normal walking cycle, repetitive events occur. The repetitive pattern can be
divided into two distinct events: 1) foot strike and 2) toe-off. When in a walking cycle,
both legs contribute to four different events: 1) foot strike, 2) opposite toe-off, 3) opposite
foot-strike, and 4) toe-off. Since the events occur in a similar sequence and are
independent of time, the gait cycle can be described in terms of percentage, rather than
time, thus allowing normalization of the data for multiple subjects. The initial foot strike
occurs at 0%, and occurs again at 100% (0-100%). The opposite leg undergoes the same
events, only out of phase by 180 degrees, with the opposite foot strike occurring at the

50% mark, and the second opposite foot strike occurring at 150% [6].

Each stride represents one gait cycle and is divided into two periods (main phases):
stance and swing (Figure 1-4). Stance is the period when the foot is in contact with the
support surface and constitutes 62% of the gate cycle. The remaining 38% of the gait
cycle constitutes the swing period that is initiated as the toe leaves the ground. The stance
phase is divided into four phases: initial double support, mid-stance, terminal stance, and
second double support.

The initial double support (phase #1) extends from foot strike to opposite toe-off (0-
12%). The initial limb support is characterized by a very rapid weight acceptance onto the
forward limb with shock absorption and slowing of the body’s forward momentum. Mid-
stance (phase #2) and terminal stance (phase #3) are involved in the task of single limb
support when the weight of the body is fully supported by the reference limb (from
opposite toe-off to opposite foot strike). The mid-stance phase (10-30%) initiates with
lifting of the opposite foot and continues until body weight is aligned over the supporting
foot. The terminal stance (30-50%) commences when the heel rises and continues until
the opposite foot strikes the ground. Body weight progresses beyond the reference foot
during this phase. The second double support (phase #4), which is also called pre-swing,
prepares the limb to swing; it begins after the opposite limb has reached the floor and

begins to accept weight. Transfer of body weight from the reference limb to the opposite



limb takes place in this stage; the length of this phase is exactly the same as that for phase
#1 (50-62%).

The swing period can be subdivided into three phases: Initial swing, mid-swing, and
terminal swing. Initial swing (phase #5) starts with toe-off and ends with foot clearance
when the swinging foot is opposite the stance foot (62-75%). Mid-swing (phase #6)
continues from the end point of the initial swing and continues until the swinging limb is
in front of the body and the tibia is vertical (75-85%). In the terminal swing (phase #7),
the limb is decelerated and finally strikes the ground for the second time (85-100%).

Limb advancement is performed during the pre-swing phase and throughout the entire

swing period.
f——————— Stance Phase Swing Phase ——|
Sub-phases Initial Loadlng Terminal Pre- Initial | Mid- Terminal
Contact | Response Aidssance Stance Swing Swing | Swing | Swing
% Cycle 0% 12% 30% 50% 62% 75%  85% 100%
Phase # [ 1 2 3 4 5 6 7

Figure 1-4: Gait phases [7]

1.3 Human Compatibility

The APK device is non-invasive, hence biomaterial concerns do not exist. However, the
prosthetic must be able to withstand rigorous physical demands while also being light
enough and durable for prolonged use. However, due to maintaining lower costs along

with providing these necessary traits, the materials required a reasonable compromise.
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1.3.1 Anthropometric Analysis

The APK must be adaptable to a broad demographic range. Hence a modular design and
ability to conform to a broad range of human fitment plays is necessary to achieve such
adaptability. The study of anthropometry is one that focuses on the human body, where
individual human height is fractionally calculated to determine bone length [8]. The APK
design was based upon anthropometric data obtained from the University of Waterloo’s
Department of Kinesiology, focusing solely on North American demographics. Since
detailed anthropometric data is not readily available for demographics based on
developing regions, a typical North American stature was used at this stage in the
research. The issue of how many sizes should be offered and exactly what they will be is

beyond the scope of the present thesis.

The data obtained from the University of Waterloo’s Department of Kinesiology is that of
a healthy male subject, 172 cm in height and with a body mass of 56.7 kg. Based on the
corresponding anthropometric scales [8] and the actual measurements of the test subject,
the leg segment length is found to be 42.5 cm. The leg segment is defined as the length
from the lateral epicondyle of the thigh (the knee joint) down to the lateral malleolus

(ankle joint), as shown in Figure 1-5(a).

In Figure 1-5(b), the variable H is the overall height of the subject. It is found that the
tibial portion is calculated as 0.246H, which corresponds to 42.3 cm. From those
measurements, the total length of the APK (without the tibial extension) is estimated to
be 27.5 cm. Hopefully, this size would provide a good fit for a fairly wide range of

patients.

Furthermore, the weight can be calculated using anthropometric data. Since the device
must have a good fit with the body and be compatible with a broad demographic length
range, the weight component of existing data also applies. As such, the segment weight of
the leg portion (as defined above) is 0.0465 M, where M is the total weight of the entire
body. In this case, a person weighting 56.7 kg has a corresponding leg mass of 2.63 kg. In

this research, the proposed APK weighs 1.63 kg. This provides leeway for approximately
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one kilogram of additional weight to accommodate the tibial extension and additional
foot peripherals.
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Figure 1-5: Anthropometric data for (a) a skeletal system (b) the lower body [6].

1.4 Different Types of Prosthetic Knees

1.4.1 Passive Knees

The knee joint is the most crucial part of lower limb. Muscle action provides power for a
biological knee in two ways; the active force is applied by muscles contraction, also
variable stiffness is provided by muscles. Only the latter action is used in “passive”

prosthetic knee.

“Passive” prosthetic knees can be categorized into two groups: “simple-passive” and
“semi-passive”. There is no automated control over prosthesis stiffness in “simple-
passive” knees. However, the level of stiffness can be adjusted manually. During the
weight bearing, the leg can be kept from buckling and stumbling by means of i) manual

lock, ii) weight activated stance mechanisms, iii) fluid resistance, or iv) polycentric
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mechanisms. One manual locking knee is presented in Figure 1-6(a). A remote release
cable is utilized in this device to provide stability in knee extension. This device leads to
high energy cost during ambulation. In weight-activated knee, a constant-friction is used
to provide high stability during the stance phase. Transferring the body weight to the knee
activates an embedded brake that prevents buckling. This brake will release when the
knee becomes unloaded. However, a constant friction still presents during the swing
phase which results in inefficient gait. An energy storing element such as spring can also
accompany the knee during the swing phase. It is loaded in weight bearing and is released
during swing phase. An example of this type of prosthesis is depicted in Figure 1-6(b).
Fluid resistive knees consist of hydraulic or pneumatic cylinders to provide variable
resistance. Therefore, amputee would be able to have different walking speed. Piston of
the cylinder is attached to a hinge joint in the thigh section behind the knee joint. From
the other end, cylinder is connected to a pivot in shank. Hydraulic knees are more
efficient than pneumatic ones. However, the pneumatic knees are lighter, cheaper, and
cleaner than hydraulic ones. Polycentric knees have multiple axes of rotation. These
prosthetic devices are kinetically locked during mid-stance and provide stability. An
example of polycentric knees is depicted in Figure 1-6(c). To provide variable walking
speed for amputees, pneumatic or hydraulic cylinder can be embedded in polycentric
knees. The aforementioned “simple-passive” knees are low-cost compare to the other
types of prosthetic knees. Therefore, most consumers of these devices are children since

they need to change their prostheses as they grow up.

(a) (b)

Figure 1-6: (a) manual locking knee (3R39, Otto Bock Healthcare GmbH) (b) weight-activated knee
(3R38, Otto Bock Healthcare GmbH) (c) Polycentric knee (3R66, Otto Bock Healthcare GmbH) [9]
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In a microcontroller based passive knee joint, the controller changes the knee impedance
(damping and/or stiffness) based on sensory information. This resistive torque for the
knee joint can be provided by electric brakes, or by hydraulic, pneumatic, Magneto-
Rheological (MR) dampers. These types of knee joints are called ‘“semi-passive”

prostheses since their stiffness can be altered by the controller.

Aeyels et al [34] developed the first micro-controller based knee joint which comprised
of an electromagnetic brake. A gear box accompanies the brake to increase the applied
resistive torque to 50 Nm. The resistive moment is varied continuously based on the

sensory information from the remnant stump and prosthesis state.

The hydraulic damper with variable impedance comprises a double acting cylinder where
two sides of the piston are connected through a valve. The commands determine the
position of a valve that controls the flow of oil from one chamber to the other [11]. The
drawback of hydraulic based knees is the presence of a minimum level of damping during
all phases of the gait cycle, even when it is not needed. Carlson et al [12] and Kim et al
[13] replaced the hydraulic damper with an MR damper to achieve a faster response for
different speeds of the gait cycle. The problems with MR dampers are their susceptibility
to: degradation of the MR fluids, sealant failure, leakage, and performance problems as

well as high cost for commercial applications.

1.4.2 Active Knees

Although lower limb prostheses have traditionally been passive, there have been attempts

at providing active versions.

Most of the developed hydraulic and pneumatic powered knees are tethered to an external
power supply because associated prostheses suffer from high energy consumption.
Flowers and Mann [12] and Stein and Flowers [15] suggested a powered electro-
hydraulic knee joint tethered to a power source. They used a hydraulic cylinder controlled

by a 4/3 servo valve to actuate the knee. Recently, Sup [16] developed a pneumatically

14



actuated powered-tethered lower limb which is controlled by a computer to alter the
impedance of the actuators.

One of the commercialized pneumatic knee joints is Intelligent Prosthesis, IP, (Chas A.
Blatchford and Sons, Ltd.). A pneumatic cylinder is employed to provide the rotary
motion of the knee joint during the swing phase. One stepper motor is used to adjust the
position of a needle valve (orifice) which controls the flow rate between two sides of the
piston. The stepper motor is controlled by a microcontroller based on the sensory
information according to the swing speed of the prosthetic leg. Buckley et al [16]
revealed rationale for the commercialized IP when they compared the energy cost of the
IP and conventional artificial knee joint. Although IP is not tethered like the other
aforementioned hydraulically/pneumatically actuated knee joints, its utilized system
mobilized the knee joint only during the swing phase.

Wang et al [18] proposed a hydraulic system, which compresses the fluid in an
accumulator during stance, and then energizes and controls the knee during swing by
using a needle valve. The hydraulic circuit consisted of an accumulator, two cylinders
(one for the ankle joint and one for the knee joint), and two flow control valves. Also, the
motion of the ankle joint causes the motion of a piston in an ankle cylinder. This piston is
connected to a control rod that switches the shut valve to control fluid flow from the knee
cylinder to the accumulator. A stepper motor actuates a needle valve which controls the
flow rate between accumulator and knee cylinder. The problems of low efficiency and
large size are the main flaws of the aforementioned system.

It is worth noting that Saito [18] developed a tethered lower limb active orthosis equipped
with a bilateral-servo actuator to mimic the function of a bi-articular muscle. Orthosis is
an added support mechanism, usually a brace, to help a disabled person function. Saito
accomplished such task by using master and slave hydraulic cylinders. A ball screw
mechanism accompanied with a stepper motor controlled the master hydraulic cylinder.
The slave side system comprised of a cylinder and two piston rods acts as a bi-articular

muscle. Both master and slave cylinders can be controlled by open-shut solenoid valves.
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Sawicki et al [20] proposed a wearable bilateral lower limb orthosis. They used
pneumatic artificial muscles attached to the orthoses to provide flexion and extension
torque at individual joints. Although these pneumatic artificial muscles are light-weight
and suitable for lower limb exoskeleton and orthosis, they cannot generate enough power

for fully active lower limb prosthesis.

Recently, Kapti and Yucenur [21] proposed a tethered fully active knee powered by an
electro motor and a gear reduction system. They tried to decrease the user’s energy cost
by providing a fully powered trans-femoral joint. Popovic et al [22] presented a

methodology to determine the optimal motor size for a motorized prosthetic knee.

16



Chapter 2
MECHANICAL DESIGN

2.1 Design Features

Although the author has contributed to the APK mechanical design, most of the works
done in section 2.1 are provided by the other member of the research group: J. Lim [3].

However, the author has mainly undertaken the rest of the thesis®.

The Active Prosthetic Leg (APK) was developed through three design phases [3].
Through several iterations, the final design was identified and prototyped. The primary
objective of the APK was to design a transfemoral device that is light and small enough
to be utilized by a broad demographic range. Utilizing anthropometry and human system
analysis, the APK was designed within the bounds of a broad demographic range.
Moreover, to be adequately light and agile, the APK was design using aluminum 6061.

Although it was found that more expensive and rare alloys provided less weight and

! It is worth noting that the author has contributed in this endeavour since the APK project was launched.
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greater structural integrity, due to budgetary constraints and other variables, aluminum
was selected. With the exception of purchased, pre-manufactured components, all
structural parts were made of aluminum. Furthermore, the design does not include the

femoral “stump” socket and the tibial extension.

The tibial component is the primary constituent of the APK, where the greatest loads and
applied pressures are exerted onto. The APK is designed with this in mind, but also with
irregular cyclical high impacts acting on it. Moreover, the APK must be rigid in order to
resist difficult and rough terrains that the subject may walk through

All the joints on the APK are simple 1-DOF components of high-precision bearings in
dual parallel setup, providing additional torsional stability. The ball-screw that allows the
device to move the knee joint is a high-speed, austenitic-chromium-nickel-manganese

202 stainless steel device. The APK design is based on 70 kilograms subject.

Figure 2-1 reveals the proposed APK. Component (1) is distal to the knee joint, the
primary part that provides the load bearing for the entire system above it. The tibial
component (2) provides the most of the load bearing from the human subject’s weight
acting on the leg. The tibial component is found to be semi-circular, allowing
compression resistance in the coronal plane. Additionally, the design allows improved
stress resistance in the transverse plane. The tibial component is connected to the torque
arm (3), the component that provides the necessary active torque to the knee joint system.
The ball-screw (4) is the principal mechanism of the entire device, not only providing
motion, but also withstanding a great proportion of the weight. The ball-screw is

contained within the motor carrier (5), onto which the servomotor is also mounted.
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. Moment Arm
Knee Joint

Upper Tibia

Figure 2-1: Profile view of the APK

Figure 2-2: Three dimensional rendering of the APK on a person

Figure 2-2 shows that the desired implantation of the APK on subject’s body . The
designed APK is small enough to fit a wide demographic range. The three dimensional
figure highlights the overall dimensions of the design, with its lightness and compact size,

promotes and allows manoeuvrability and agility.
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Figure 2-3 shows an exploded view of the APK system. The view shows the 12 bearings,
18 unique screws and 13 individual parts that make up the entire APK system.

Ball Screw Cap

Ball Screw

/

RE40 Brushed Servomotor

Motor Carrier

Tibial Structure

Figure 2-3: Three dimensional exploded view of the APK
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Electro-motor

/

Front View Side View

Figure 2-4: Final assembly of the APK
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Figure 2-5: APK Figure 2-6: APK knee joint

2.2 Mechanical System

The APK shown in Figure 2-5 has a high-speed motor, that also produces sufficient
torque to derive the prosthesis. The operating peak speed required for the system is 7,468
rpm, where it produces the optimal speed and torque output. Utilizing a gear reduction
connected through a ball-screw mechanism, allows for the final gear output to move at a
slower rotational velocity, with higher outputs of torque. The servomotor is attached in
parallel to the ball-screw, and mobilizes its nut by utilizing the belt-drive. The nut is
embedded in two bearings. Therefore, both the electro-motor and the nut are fixed in their
place and do not have any relative motion with respect to each other. They just rotate in
their place. The rotation of the ball-screw, connected adjacent to the belt-drive system

allows for the translational motion that produces the motions of the knee joint.

Figure 2-1 shows a CAD drawing of the APK. In this figure, t; and t, are the number of
teeth of gears for pulley system — that can be adjusted and made specific to the user’s
needs. Furthermore, r represents the length of the arm that is fixed between the knee joint
and the upper end of the ball-screw. The angle between the axis of aforementioned arm

and the central ball-screw axis is called a. The angular velocity and angular acceleration
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can be calculated using the first and second order time differentiation. Firstly, the angular
velocity, w, is represented in rpm, where wy denotes the knee rotational velocity and wn
representing the motor angular velocity. The lead of the screw, I, is the multiplication of
the pitch and the number of starts. In the case of the APK, the lead is 0.001 meters. The
correlation between the linear velocity of the axis of the ball screw, V, and knee angular
velocity is:

\Y

& = — 2.1)
rsina

This linear velocity is the consequence of the rotation of the ball-screw’s nut. In other

words,

I
V= o Wg s, (2.2)

while the angular velocity of the ball screw, @, . , depends on the gear reduction and

velocity of the driver motor:

W, ==0 g (2.3)

Figure 2-7: The mechanics of the APK
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Replacing (2.2) in (2.1) and substituting the outcome in (2.3), the motor velocity can be

found based on the knee velocity:

o T Kzl_ﬂ)( r.sii«x) ]{%H &9

The rotary speed of the APK is assumed as 0.5 rev/sec (30 rpm). For this desired angular

velocity, from (2.4) the maximum motor speed with respect to « is calculated as 5,775.8

rpm.

The correlation between the generated knee torque, 7, , and the applied force from the

ball-screw, F, is
7, =F.rsina (2.5)

The torque required in the nut of the ball-screw to provide the force to push and pull the

arm can be calculated as [23]:

Tgs. =75 — (2.6)

where 7,  is the applied torque from the ball-screw (nut) andz is the efficiency. In

(2.6) it is assumed that the frication is negligible. The correlation between produced

torque in ball-screw and applied torque from the electro-motor, z,,, is
(2.7)

Substituting (2.6) and (2.7) in (2.5), the correlation between the knee torque and applied

torque from the electro-motor can be obtained as
T, =T, H?j[%)rmsin a} (2.8)
2
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The overall efficiency, 7, which is the product of all the moving parts, is found to be
46.4%. Using (2.8), in the APK operating range, the maximum torque output is 23.44
Nm. This value is applied at the point of mid-stance into toe-off. The maximum knee

torque is a critical parameter in selecting the proper electro-motor.

Further details of Figure 2-7 such as free body diagram are given in the subsequence

dynamics chapter.

2.3 Degrees of Freedom

The APK’s overall movements are calculated using Gruebler’s Mobility Equation with
Kutzbach’s modification for planar mechanisms [24]. The overall number of degree of

freedom of the system can be calculated using the following equation:
M =3(n-1)-2f —f, (2.9

where M represents the degrees of freedom for the overall system, n, the total number of
fixed link segments, f;, the joints with one degree of freedom (DOF) and f,, the joints
with two degrees of freedom. The overall system is found to have 5-DOF, where the main
knee joint has 1-DOF. The human knee in comparison has 6-DOF, a much more complex
system. However, to maintain mechanical durability and remain within the bounds of a
low-cost device, the APK knee joint is simplified to a hinge-type 1-DOF mechanism. The
APK contains three anatomically equivalent parts — the upper tibia, knee joint and the

moment arm that represents the active knee joint.

2.4 Servomotor Integration

The APK utilizes servomotor, which provides the necessary power to produce the
required torque of the knee. The motor, Maxon RE4O0, is a graphite brushed, capable of
operating constantly at 8,200 rpm while outputting 0.201 Nm. The RE40 motor measures

40 mm (outer diameter) and the total length is 91.3 mm.
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Figure 2-8(a) represents the RE40’s operating ranges. The dark components illustrate the
peak operating range for the motor. Figure 2-8(b) is representative of key specifications

for the RE40.

n [rpm]
9000

7000

5000

3000

1000
100

Power Rating 150 W
150 Watt Nominal Voltage 48V
No Load Speed 7580 rpm
Stall Torque 2.5Nm
Torque Constant 60.3 nMm/A
Speed Constant 158 rpm/V
: : : ) ‘MmN —
) 2® 4 3°|° @400. 5;0 10 s ;} Max. Permissible Speed | 8,200 rpm
; : Max Continuous Torque | 0.201 Nm
10 20 30 1[A]
(a) (b)

Figure 2-8: Maxon RE40 Program Operating Range and Specification Table (Maxon, 2005)
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2.5 Expanding APK by Designing a Below Knee Section

This section focuses on the extension of the APK and the design of a shank and 1-DOF
passive ankle for the prosthesis. Adding a shank and foot to the prosthesis will make us
capable to test the APK. This section is at prototyping stage and the fabrication has been

finished at the moment of writing this manuscript (Aug. 2008).

The shank and ankle design must meet the following requirements: i) Offering at least
one degree of freedom for the ankle at sagittal plane, ii) Providing the range of rotary
motion same as biological foot for dorsiflexion and plantar flexion in sagittal plane, iii)
Capable of absorbing the impact of the ground reaction force, iv) Withstanding 1.2 times
of the user weight (equals to the maximum Ground Reaction Force (GRF) [8]), and V)
Having the foot length of 15.2% of the height of the user (please refer to anthropometric
data in section 1.3.1). In addition, the cost, weight, and simplicity of the designed below

knee prosthesis are the important criteria in designing.

One off-the shelf Solid Ankle Cushioned Heel (SACH) prosthetic foot was purchased to
complete this part of the APK. This basic prosthetic foot consists of neoprene moulded
over a wood keel. It has a good energy absorption capability for impact loading. As
shown in Figure 2-9(c) one torsion spring is embedded in the ankle pivot to provide the
required stiffness for the leg. Also the spring brings back the foot into the normal
condition when no GRF applies to the foot. In addition, one stopper is designed to restrict

the rotation of the foot around the pivot joint.

The shank consists of two parts (upper and lower parts) and has an adjustable length. The
upper shank (or pylon) is Y shape, and the lower part is an inverted T shape (L). The
upper part will connect to the APK from one head and to the lower part from the other
head. Five holes on the upper and lower parts are extruded to achieve this purpose. To
adjoin the upper and lower parts, two bolts and nuts are required to prevent the leg from
rotatting sideways. This enables four levels of length adjustments using such a

configuration.
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The designed ankle is bolted from its bottom side to the plastic foot. The ankle portion
and lower part of the shank form the ankle joint. The shank lower head is situated in the
middle of the ankle portion, and one pin is used to form the pivot and hold the ankle and
the shank together. The torsion spring will be located between the ankle and the lower
shank in the posterior of the foot. As a result, two slots are designed on the lower shank
and ankle to hold the spring legs. The spring is always compressed, and it applies
continuous torque to the foot. The spring legs are placed in the thin slot as shown in
Figure 2-9. A final assembly of the shank/ankle/foot (the knee extension) is illustrated in
Figure 2-10.

Torsion

Spring ™,

(©) (d)
Figure 2-9: The extension parts of the APK: (a) and (b) ankle and its connector to thee foot weighs
397 and 307.6 grams, respectively, (c) assembled ankle and torsional spring, and (d) shank weighs
598.6 grams.
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Top view 3D view

Front view Side view

Figure 2-10: Standard views of the APK extension
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2.5.1 Calculating the Spring Stiffness

The horizontal position of the centre of gravity of the foot was obtained by balancing the
foot on top of a thin ruler. The foot was shifted back and forth until it became evenly

balanced on top of the foot.

A
h

S,

Stopper —»{ ('} 49 | Torsor
e @Q’K , 4T Spring

=
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Figure 2-11: The spring force versus the weight of the foot

As depicted in Figure 2-11, the center of gravity is located 43mm far from the ankle joint.
Moreover, the distance between the ankle center of rotation and the end of the spring leg

is 42.8 mm. Morever, we can define;

_ Wi, x43mmx FOS (2.10)

Sy 42.8mm

where W,

foot

is the foot weight equal to (0.608 x 9.81)=5.9645 N; FOS is Factor of Safety

equal to 1.25; F is the Y-component of the spring force. From the above equation F; is
y y

calculated as 7.49 N. Therefore, the spring force is

K, 749N
® c0s30 cos30

~8.65N (2.11)
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In Figure 2-11, the spring is bent 90 degrees, and the force is applied 25mm away from

the spring axis, thus r =25mm. The stiffness of torsional spring can be calculated from
7=K.A0 (2.12)

k=17/A0=F.r/A0=(8.65Nx25mm)/90°=2.4Nmm/°

Based on the above calculations, a spring model that fits the required specifications is

selected. The parameters of the spring are shown in Table 2-1.

Table 2-1: The specifications of the selected torsion spring

Manufacturer Vanel Springs
External Diameter 7.5mm
Wire Diameter 1.0 mm
Number of coils 2
Leg Length 30.0 mm
Spring Rate 3.8733 Nmm/ °

31




Chapter 3
TEST-BED

3.1 Introduction

A test bed was designed and fabricated to evaluate the performance of the prosthetic knee
before actual testing on human. The test bed allows lower-limb motion experimentation
to mimic the entire gait motion by mobilizing the femur and the hip joint and to provide
ground reaction force for the leg. This section incorporates the design and development

of the modular test stand.

The test stand required five major components: i) a structural frame to hold the entire
system, ii) a hip unit to hold the hip joint and provide restricted motion for it, iii) a simple
rod to act as the femur, iv) a pneumatic system to mobilize the femur, and v) a treadmill
to simulate ground reaction force. Each of these components is discussed in the
following sections. Before the aforementioned components, especially the hip unit, are
discussed, it is necessary to describe the displacement of the human hip and pelvis in the

normal walking.
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3.1.1 Hip Joint/Pelvis Displacements

Since it has not been possible to test the fabricated prosthesis on a volunteer amputee so
far, we have tried to mimic human locomotion such as sagittal motion of the center of
gravity on the test setup as much as possible. During normal human gait cycling, the
center of gravity follows sinusoidal curves on both the sagittal and transverse planes. The
sinusoidal path on the plane of progression is lowest in double support and highest in
mid-stance phase. Therefore, the period of the vertical oscillation of the center of gravity
is half of a stride time (two times the frequency of the stride). The center of mass also
moves horizontally as mid-stance alternates between the right and the left leg. However,
the frequency of this movement is half of the frequency of the vertical displacement. The
actual displacement is approximately 5cm vertically and 5¢cm horizontally [10]. Figure
3-1(a) below shows the displacement of the center of gravity for a human body during

normal level walking on a level surface.

lateral displacement

vertical
displacement
combined

displacement

(@) (b)
Figure 3-1: The exaggerated displacement of center of mass during one stride (a) lateral and vertical
displacements in transverse and sagittal planes. Combination of these to displacements onto a plane
perpendicular to the plane of progression is shown too [6]. (b) a simplified model showing bipedal
locomotion; the vertical motion of the pelvis is indicated by dash lines [6].
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The hip joint and pelvic displacements are correlated to the displacement of the center of
gravity. Figure 3-1(b) illustrates the pelvic and hip joint motion. Therefore, two springs
are added to the fabricated test rig to mimic the vertical motion of hip joint. Further

details will be discussed in the hip unit design section.

3.2 Stand

The test stand is a rigid, aluminum structure made from a Bosch Rexroth modular profile

system. An : inch Plexiglas layer is placed on the top face of the frame, allowing a space

to place the electronic testing equipment. The hip unit and pneumatic systems are

embedded into the frame with bolts.

3.3 Hip Unit

The hip unit design consists of four main parts: i) the main body ii) upper plate iii) side

palates iv) two springs. Figure 3-2 presents a 3D view of the hip unit.

The main body comprises the hip joint which acts as a pivot joint for the femur. The hip
unit adjoins the test-rig frame through the upper plate. This plate is bolted to the frame.
Two springs are located between the upper plate and main body to provide the sinusoidal
motion for the hip joint. The upper plate holds the main body with the assistance of two
side plates welded to it. Each of these plates has a slot that guides the traveling pin

attached to the main body.

Two screws that attach the upper plate to the frame must be long enough to provide
guidance for the two springs. Clearance holes are drilled on the top face of the main body
to let two long screws move up and down. To attach the springs firmly into place two

shallow holes are cut from the upper face of the main body.

The embedded springs not only must provide the vertical displacement for the hip joint,
but also must act as a shock absorber against the ground reaction impact. In order to

choose a correct spring, stiffness of the spring is calculated using Hooke’s Law:
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F=k.x
k=F/x (3.1)

Since there are two spring, each springs need to resist half of the Ground Reaction Force
(GRF). The hip vertical stroke, h, can be obtain through gathered data using reference [8].
Therefore, (3.1) can be re-expressed as

(GRF/2)
h

k= (3.2)
The displacement of the spring is equal or less than the displacement of the hip joint,
which is 53mm. The ground reaction force is 789N. Therefore, the optimal stiffness of
the spring is 7.45N/mm. Unfortunately, there is no standard compression spring available
with the same stiffness. Instead, two off-the-shelf springs, Lee Spring Part Number: LC
120M 06 M, are used. This spring has solid length of 25.374mm and free length of
63.500mm, and provides a spring force of 346 N at the solid height.

Figure 3-2: 3D CAD model of hip unit
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3.4 Femoral Linkage

The femur is depicted in Figure 3-3 in red. One end of the femur is round in shape and
acts as the hip joint; this end is inserted in the main body of hip unit. The other end is
bolted to the APK. The yellow link acts as the pivot for the pneumatic cylinder. The
pneumatic system is connected to the femur through this link.

e N

Figure 3-3: Hip joint assembly attached to test stand, femur link is marked by red

3.5 The Femoral Pneumatic System

A pneumatic cylinder is used to provide locomotion for the femoral component. The total
range of motion of the femur is set to +30 degrees. The femur, pneumatic cylinder, and
frame constitute a three linkage mechanism with a variable length link. Hence, the
reciprocal motion of the piston leads to rotary motion of the femur around its pivot
(Figure 3-4). As a result, the knee is able to move back and forth with respect to the main
body above the hip.
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Figure 3-4: The femur is actuated by the pivot piston

To provide an automated reciprocal movement with variable speed for the piston, a fully
pneumatic circuit is developed (Figure 3-5). One 5/2 — double remote air pilot — valve
(V2) is used to control the air flow direction to the double acting pneumatic cylinder
(C1). Two flow control valves or throttle valves (FLC1-2) are installed at the outflow of
the cylinder to reduce its speed. The automated back and forth motion of the piston is
provided by two 3/2 — one way air pilot — one way spring return — valves (V3-4). One 3/2
valve (V1) — controlled by a lever — is used as the flow shut-off valve to switch the whole
circuit ON or OFF.

The indicated pneumatic circuit shows the normal or initial condition of the system
before V1 becomes activated. As soon as the user pushes the lever, flow passes through
V3, V4, V2, and FLC2; both pilots of V2, 12 and 14, become pressurized; however, V2
remains un-actuated due to the identical pressure for pilot lines 12 and 14. Since C1 is
fully retracted, after a while, pressure in the supply line builds up and pilot 110 of the 3/2
valve (V4) is activated. As a result, the force generated by the pressurized pilot
overcomes the spring force. Therefore, the flow is blocked in V4 and the pilot 12 of V2 is
will be connected to the atmosphere. Consequently, the pressurized pilot 14 cause V2 to
switch over and extend C1. When the position of V2 is changed, the pilot line of V4
(110) connects to the atmosphere and the spring returns V4 to it neutral position. The
pilot line 12 of V2 becomes pressurized again; however, the position of V2 remains
unchanged because of identical pressure at 12 and 14. As soon as the cylinder hits the

end, the pressure in the extension part of C1 builds up, V3 switches over, pilot line 14
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becomes un-energized, and thus, V2 switches over and retracts C1. This automatic back

and forth motion continues until V1 is deactivated.

The main flaw of the circuit used is the non-adjustable spring force of V3 and V4. Due to
this issue if the opposite force acting on the cylinder increases, the built up pressure cause
the cylinder to retract before reaching its stroke. The circuit must be modified in a way to

adjust the threshold pressure applied to V3 and V4.
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Figure 3-5: The pneumatic circuit used to provide automatic reciprocal motion for the femur link.
The italic letters indicate the component number.

3.6 Treadmill System

Since the designed hip unit does not provide the horizontal movement, one treadmill must
be used underneath the foot of APK to not only provide the relative horizontal motion,

but also to simulate the ground reaction force. A commercial treadmill is modified and
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embedded in the test-rig. The actual photo of the track is shown in Figure 3-6(a). The
thickness of the track is 20mm. A new height adjustable frame (made of steel) is
constructed to support the treadmill track as shown in Figure 3-6(b). To minimize
fabrication effort, standard off-the-shelf hollow hot rolled steel beams were used to build

the treadmill frame.

(a) (b)
Figure 3-6: Treadmill and its frame (a) Top View of Treadmill Track (b) Designed frame for the
treadmill, the small cylindrical rod represent a steel bolt that would be inserted to fix the height.

3.7 Discussion

The most important purpose of the test-bed is to replicate the lower limb motion.
Moreover, the test stand provides a platform for running experiments. The designed test-
bed mobilizes the femur, provides vertical displacement for the hip joint, and produces
relative motion of the entire leg in respect to the ground in sagittal plane. Hence, the
abduction and adduction motions of the hip joint in coronal plane were neglected in

designing the test-bed.

However, this test bed is the first tried prototype and still needs additional design effort.
The main problem exists in the hip unit and the spring intended to mimic the sinusoidal
motion for the pelvic. The spring can provide the highest position of the hip at the mid
stance when the foot has a complete contact with the treadmill. However, during swing
phase, when the leg must be on the air, the hip joint will be at its lowest position due to
the gravity. This contradicts the real case. In the swing phase of human walking cycle, the
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pelvic is not at its minimal vertical position since the other leg, which is in stance phase,
holds the pelvis up. Therefore, in reality, the sinusoidal path on plane of progression is
lowest in double support. This deficiency of the hip unit leads to lack of foot clearance
during mid/terminal swing phase. We can partially overcome this drawback by bending
the knee more than usual during the mid/terminal swing phase, yet the foot will not be

able to mimic the heel contact properly.

The author proposes to use an active system to provide motion for the hip joint such as
crank mechanism (Figure 3-7) used to generate motion in an internal combustion engine.
The fly-wheel shaft can be connected to a rotary electro-motor. By utilizing this electrical
motor, the pelvic remains up during the swing phase. The author proposes to add this

endeavor to the future work of this thesis.

Figure 3-7: Piston-crank mechanism
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Chapter 4
DYNAMICS

4.1 Introduction

The main objective of this chapter is to derive the system of second-order ordinary
differential equations (ODE) governing the motion of the human leg/prosthetic leg. A
human leg or prosthetic leg can be modeled as a serial manipulator with rigid links. In
this case, the equations of motion can be obtained readily. To obtain the equations of
motion for a system with serial kinematic chain, two methods can be used: Newton-Euler

and Lagrangian formulation.

Both Newton-Euler and Lagrangian formulation are equivalent and give similar equations
of motion. The Newton-Euler is based on Newton's Second Law of Motion, and on
analysis of forces and moments of constraints acting between adjacent links. The
resultant equations include the coupling forces and moments, and thus extra mathematical
procedures are demanded to eliminate these extra terms. Conversely, the straightforward
Lagrangian formulation is an energy-based approach to dynamics and automatically all
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workless forces such as internal forces are ignored in this approach. Hence, Lagrangian
dynamics is simpler than Newton-Euler. Therefore, Lagrangian formulation is utilized in
this work to drive the equation of motion and solve the inverse dynamics of the system

which is essential for torque control of actuators.

4.2 Dynamic Model Derivation by Lagrangian Formulation

In an inverse dynamic model of a robotic system, the inputs are the desired trajectories
that refer to a time history of the given position, velocity, and acceleration of each joint.
Using the knowledge of these histories, the torque/force required to be applied at
different actuated joints are determined as the output of such inverse dynamic model.

4.2.1 Simplified Model of Human Lower Limb by Fixed Ankle

Figure 4-1 (a) illustrates the simplified model of human leg. As indicated, a sinusoidal
motion is considered for pelvis. The other assumptions in this model are i) that the joint
center of rotation is a fixed position point, ii) that the center of mass in each segment is
fixed iii) that the segments are rigid bodies, and iv) the mass of the trunk is neglected.

The reason for the last assumption will be discussed in the next section.

In Figure 4-1(a), ry and r, are the distance between the center of mass of each link (thigh
and shank) and its upper joint (hip and knee joint, respectively); L; and L, are the length
of femur and tibia, respectively. Those dimensions can be found by the Anthropometric
data for the lower body in section 1.3.1. d,and 6, are angular position of femur and tibia
with respect to the global y-axis. Therefore, if the trunk is considered to be completely

vertical, the hip angle is equal to 6,, and knee angle is the relative angular position of

thigh and shank; in other words

ehip = 91
eKnee = 01 - 02

The free body diagram of the model is depicted in Figure 4-1(b). Hip and knee torques,
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which are imposed by forces acting through the tendons and ligaments, are presented by

r,andz,. F1 and F; represent the horizontal and vertical components of ground reaction

force applied at the Center Of Pressure (COP). The COP is the plantar position of vertical
GRF. F, andF, represent the forces acting on the femoral head that are applied by the
X y

socket.

(@) (b)

Figure 4-1: Human lower limb model: (a) the simplified model, (b) free body diagram

The hip joint, knee joint, and COP are labeled by a, b, and c, respectively, in Figure
4-1(b); and their positions can be defined as (Xa Ya), (X Yb), and (Xc Y¢) with respect to the
global frame XY. As shown in Figure 4-1(b), the model of human lower limb can be
simplified to a planar serial robotic manipulator. As described before, the inverse
dynamics computation of this robot can be developed using the Lagrangian energy
method. It is worth noting that in our case, the time history of position, velocity, and
acceleration for the hip joint, point a, is predetermined from the gate cycle data.
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Therefore, instead of considering the unknown applied forces F, andF, in deriving
X y

equations of motion, the known kinematic parameters of point a (X,, Y., X,, Ya, X;,and y. )

are used. Hence, in the following calculations, F, andF, are not involved.
X y

To utilize the Lagrangian method, the Cartesian coordinates of center of mass for each
link, (x1 y1) and (X2 y2), are defined as
=X, +1I,sing
X1 a 1 1 (4.1)
Y, =Y, —1,C0S6
X, =X, + L sing +r,sin6,

4.2)
Y, =Y, ~ L 086, ~r, cos0,

All angular and linear positions are time dependent. In other wordsXx; = x;(t),
y;=Y;t),6 =6() where j=12aand i=12. However, to simplify the notations in

the forgoing and following equations, term time, t, is omitted. The time derivative of
displacement of center of mass for each link is calculated according to (4.3) and (4.4).

%xl =X, +1,6/cosé
(4.3)

d , , .
aylzya+r16?lsm91

ix2 =X, =X, +L 6/ cosé +r,8,cosb,

%yzzy; =y, +L @'sing +r,0,sin6,

The time derivative of each time-dependent variable like f % is indicated by prime, f',

for simplicity. The kinetic energy of the whole system, T, is the summation of Kinetic

energy of individual links, and can be written as
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T=3m (X +y)+3 L0 +5m, (67 +y, ") + 31,6, (4.5)

The first two terms in (4.5) are the kinetic energy of first link due to the linear and
angular velocity of the first link’s (femur) center of mass. The last two terms represent

the kinetic energy of the second link (tibia).

The total potential energy of system, U, can be obtained by

U= my,g+m,y,g (46)

As indicated in (4.6), the total potential energy is the sum of the potential energy of each
link.

The Lagrangian, L, is a scalar function that is defined as the difference between kinetic

and potential energy of the mechanical system. In other words,
L=T-U 4.7)

The equations of motion for the manipulator are derived using the Lagrangian in (4.7) an

the following:

dfoL) oL
= —=|-= =6,0 4.8
Qtotal dt (6q,] aq q 11 Y2 ( )

where Q is the non-conservative generalized forces. All forces and moments applying on
the links except gravity, constrains forces, and internal forces are considered as the
generalized forces. In the case under study, hip and knee torques are applied to each joint

(r,andz,) and the ground reaction force is applied to the endpoint (point c). The

generalized forces can be obtained using the theory of virtual work, SW, [25]. Thus:

ow
56, L7 1| R

Qtotal M |: z, :| + F2 ( )
00,
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where Jis called Jacobian matrix which is the differential relationship between the joint
displacements and end-effecter position, (X; Yc). The components of the Jacobian are the
partial derivatives of end-point Cartesian position with respect to joint displacement.
Thus, they depend on the manipulator configuration. The Jacobian matrix for the serial

system in Figure 4-1 is computed in (4.10).

0 0
%XC 00, ¢ cosd L, cosd
3_|% 2 |_|Lcost L,cos6, (4.10)
0 0 Lsing, L,sing,
Yo Y
06,°¢ a6,

Substituting (4.8) and (4.10) in (4.9) the torque vector can be found by (4.11).

g(@LJ_a_L'
|:71_72}: dt\ 06/ ) o6, _[Licos@l Lis?nﬁl}{ﬁ} 4.11)
7, dfoL) oL L,coséd, L,sing, || F,
| dt{ 06, ) 06, |

Substituting (4.3) and (4.4) in (4.5); and (4.1) and (4.2) in (4.6); and rewriting (4.11) we

can obtain the applied torque at each joint. The hip and knee torque expressions can be

written as

7, =M [r6+X] cos6, +y.sing, +gsing, |+
m,L, [L&/+ X} cos6, +y.sin 6, +gsin g, |+
m,r, [—r26’2”+ gsiné, +x; cosé, + Y. sin 6, (4.12)
L, (60+6)cos(6,-0,)+ L, (0;% 6% )sin (6, - 6,) |+
1,00+ 1,0/— L,F, cos 6, — LF, cos 6, — L,F, sin 6, — LF, sin 6,

7, =M,I, [1,6; + X oS 6, + Y. sin 6, + L,6'cos(6, - 6,) — L@, sin (6, +6,)
+gsind, ]+ 1,6, — L,F, cos 6, — L,F,sin 6, (4.13)
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It is worth to note that the center of pressure is not constant during walking cadence, and
it is varying along the foot (from heel to forepart). Therefore, the Jacobian matrix is not

constant in terms of the length of the end-point with respect to the knee joint.

4.2.2 Motion Equations for the Fabricated Prototype
Figure 4-2(a) presents the planar model of the prototype. Fa is the spring force

and Fa, and is the constrain force apply from the hip unit since this part acts as a sliding

mechanism. As described in Chapter 2, the knee joint becomes activated by embedding a
ball-screw inside the leg (link ef), and the femur is actuated by a pneumatic cylinder (link

hd). The new introduced dimensions arel,: the distance between hip joint and the
cylinder connection (ad), L, : the distance from hip to screw connection on the femur link

(ae), L, : the distance between knee joint and ball-screw connection (link bf).

SO

I By

AN

(O)—

(a) (b)

Figure 4-2: Planar model of fabricated prototype: (a) simplified model, (b) its free body of diagram
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The angles in Figure 4-2 are: f,: the inclination angle of pneumatic cylinder in respect to
y-axis, f,: the inclination angle of ball-screw in respect to y-axis, «, : the angle between
ad and hd, «, : the angle between femur and ball screw, and «;: the angle between tibia

and ball screw. Figure 4-2(b) shows the free body diagram of the prototype. P; is the
acting force from the pneumatic cylinder to the femur. The couple force P, is applied to

femur and tibia link by the ball-screw.

As presented in Figure 4-2(b), the planer model of the designed leg can be modeled as a

serial robot manipulator if the following assumptions are made:

i) the location of center of mass is constant for pneumatic cylinder and ball screw.
However, in reality, due to motion of piston and screw the center of mass for these
components are not fixed in place., ii) the mass of the cylinder and ball-screw are

negligible.

With the aforementioned assumption, the prototype model becomes similar to the
simplified model of human leg in Figure 4-1 while instead of applying the hip and knee
torque directly to the joints, P, and P, are acting on the corresponding links. The applied

torque to the hip and knee joints (z,andz, , respectively) can be derived as
7, = LR sing, + L P,sing, (4.14)
7,=L,P,sing, (4.15)
The correlation between S,, «, , and €, can be obtained by
o, =n—(p,+6)

where
b= tan‘l(—Xh a J
1
yh yd
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The correlation between g, , o, , a,, and 6, can be obtained by

-1 Xf _Xe
B, =tan
yf _ye
a,=6-p
a,=p, -0,

Equations (4.14) and (4.15) can be represented in matrix format as shown in (4.16) where

P,and P, are expressed based onz,andz, :

. - -1
R _ Lysing, L, 5|_n a, 7 (4.16)
P, 0 L;sina, | |z,
The torque vector [z, 7,]" can be obtained using (4.12) and (4.13).

4.3 Discussion

In this chapter, the equations of motion for the simplified human model and the APK
prototype were derived by utilizing Lagrangian method. Since, the actual mathematical
dynamic model of human walking is complex and nonlinear, it is not possible to control
the prosthetic just by using traditional controller such as PID. Fuzzy logic can provide us
a knowledge-based system that makes us independent from equations of motion. In the
following chapter (control), fuzzy inference systems are utilized to control the prosthetic
actuator, and thus the equations of motion for the human walking are not used. However,
equations of motions are derived in this chapter to enable the reader to design model-
based controller for APK. In addition, without having real model, we can examine the
performance of different controller on the obtained mathematical model in simulation.

In the case of using classical method to control the APK, much accurate modeling is
required to derive the equations of motion, such as considering the ankle as an active
joint, the trajectory path of the center of pressure during stance phase, and the damping

and stiffness of each joint.
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Chapter 5
SENSING SYSTEM

5.1 Introduction

The objective of this chapter is to develop a sensing system that can capture sensory
signals from the user’s able leg. The sensory signals will serve as input data to a
microcontroller that will compute the necessary command knee torque required to drive

the actuator of the prosthesis to replicate the human locomotion.

Two different types of input signals are investigated in this chapter: electromyography
(EMG) and the inclination angle. The methodologies to measure each type of signal are
described, and finally a comparison between the different sensing methods is provided to

identify the most suitable approach to acquire sensory information from the subject’s able

leg.
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5.2 Electromyography (EMG)

In a normal walk, lower limb muscles contract and relax in an orchestrated fashion.
Figure 5-1 presents phasic action of major muscle groups in a gait cycle. As depicted,
during each sub-phase of the gait cycle, some of the muscles are activated while the
others are at rest. This harmonic pattern of contraction and relaxation of lower limb

muscles can be utilized to provide information for the controller of the prosthesis.

Figure 5-1: Phasic action of major muscle groups [6]. As it shown in these figures, the most activity of
muscles is during the initiation of the swing phase and stance phase (or end of the stance phase). This
implies that the muscles are mostly involved in accelerating and decelerating the leg during the
walking cycle.

EMG analysis is a non-invasive technique that can give information about muscle
physiology. This method can measure the electrical output voltage generated during
muscle contraction. Currently, EMG is a popular technique in rehabilitation such as
recognizing neural injuries. Moreover, there are quite a few researches that utilized EMG
signals from either remnant muscles of the stump or muscles of the healthy leg to control

either a prosthetic or an assistive leg [26], [20].

When a motor unit becomes activated, a depolarization of muscle membrane occurs that
produces a detectable voltage. This voltage is called motor unit action potential (m.u.a.p)
which is a specific attribute of that motor unit. Motor unit is the functional and anatomic

grouping of all the muscle fibers innervated a single motor neuron (Figure 5-2). Details
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of muscle fibers are out of the scope of this research; however, the reader can be referred
to reference [6] for more details.

Branches of

Motoe motor neurons
<7

neuron

Muscle fiber

Figure 5-2: Motor unit [27]

The EMG signal is an algebraic summation of all motor unit action potentials that are
activated at that moment [31]. The amplitude of the EMG signal is correlated to the force
generated by the muscle of interest. If the number of motor units that are activated
increases to reach the demanding force, the magnitude of the extracted EMG signal rises

as well [6].

Typically, there are two types of electrodes for measuring EMG signals: Indwelling and
Surface electrodes. Indwelling electrodes that use invasive needles are suitable for
measuring signals from deep muscles. In this study, surface electrodes, which are
attached to the skin to measure electrical activity, are selected since they are more
convenient and more repeatable for day-to-day use. In addition, surface electrodes can

cover wider area of muscles.

Surface electrodes are used in pairs to detect the voltage from two different locations on
the muscle. A ground electrode (the third electrode) identifies any other signals from the
environment that the subject may have conducted with. The voltage recorded from
sensors usually has a maximum amplitude of 5mV peak to peak;" therefore, these reading
signals must be fed into a differential amplifier in order to amplify the reading of the
voltage difference between two electrodes. Moreover, the differential amplifier improves
the specificity of the EMG signal by reducing the sensitivity to noise.
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Literature reports on different methods to process raw EMG signals to obtain a pattern for
each voluntary movement [28]-[29]. The methodology adopted in this research was
proposed by Inman et al [30]. In this method as illustrated in Figure 5-3, the raw EMG
signal is fully rectified and then passed through a low-pass filter. The cut-off frequency of
the filter has been a controversial issue, and investigators reported different values for
different activities. Many researchers investigate the EMG signal for muscles

contractions during different phases of the gait cycle.

Linear Envelope Rectified EMG

L // \.\ N Low-pass Filter <—| ‘
| —] . |
\J\/ \,ﬂ, fo | JMMT&U::#MHWW

Fully Rectifier

L7

Raw EMG A

Diff. ‘ L
e ‘l\"‘-"'""“',.'il "|'|'I‘MN"..-‘ ing
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Figure 5-3: Linear envelope EMG process

Winter [31] provides the EMG linear envelope for different muscles during the walking
cycle by utilizing a second-order low-pass filter with a 3-Hz cut-off frequency, as well as,
the normalized data obtained for each stride. Figure 5-4 depicts the normalized EMG
linear envelope for different activated muscles during one stride gathered by Winter [31].
The dotted lines show the variability in measured data due to different trials and varying

subjects.
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Figure 5-4: Average EMG profiles of lower limb muscles during one stride: Each subject’s mean
EMG was normalized to 100% prior to averaging. The distance of the pair of electrodes was set to
2cm to obtain these EMG signals [31].

In this research, we considered using these harmonic linear envelope EMG signals as
references in a pattern recognition system to control the prosthetic leg. The input
envelope EMG signal to the controller can be compared with the reference data obtained

by the Winter’s data, and the correlated output can be used to drive the APK actuator.
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It is not convenient to record EMG signals from all the muscles listed in Figure 5-4 due to
the complexity and cost. Therefore, only four muscles are selected as the source of the
EMG signal: rectus femoris, vastus lateralis, semitendinosus (medial hamstring), and

adductor longus. The location of these muscles is depicted in Figure 5-5.
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Biceps femoris
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Figure 5-5: Location of selected muscles as the source of EMG signals to control the prosthesis.

The aforementioned muscles are chosen based on their different envelope EMG patterns.
In other words, the extrema of the linear envelope EMG signal for different muscles must
occur in different points. To gain a better perceptive of the 