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ABSTRACT

Loss of mobility and independence directly affetis quality of life of many vulnerable
individuals. To address this, researchers haveloped wearable walking assist exoskeletons
to aid users with their daily activities. While ghiechnology has advanced tremendously in
the past decade, current exoskeletons cause disdoanfd injuries to the user, leading to
device rejection.

This research intends to develop a kinematicallyjngatible knee joint suitable for
exoskeletons. The proposed knee design can beeadaptaccommodate an offset and
optimize force delivery. This is achieved by ensgrihat the mechanical and biological joint
rotation axes are aligned and that the moment aames throughout flexion. Model
simulations and mechanical testing of fabricatestqiypes were achieved to analyze and
validate the design. The results confirm the kinger@mpatibility of the design and that the
moment arm could be varied throughout flexion thieee optimal and effective moment

transfer.
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Chapter llntroduction

1.1 Introduction
Walking Assist Exoskeletons (WAEs) are devices thiegctly interact with the human

body to assist with locomotion, typically when timglividual has limited strength. As the
demographic of elderly individuals is expected tovg in the coming years, the need for
assistance is anticipated to increase accordile to muscle weakness associated with
ageing, the elderly typically need assistanceakttee joint. As a complex joint, the knee of
the WAE must be equipped to handle intricate moveméJnfortunately, there are high user
rejection rates due to oversimplification in joidesign and the resulting discomfort
experienced while wearing WAEs. Thus, it is essgntib dedicate research efforts to
improving the ergonomics of these devices and Hyeraprove user retention. A promising
solution is to ensure that the kinematics and kasetf the WAE knee joint are congruent with
those of the biological knee. The following thedetails the development and testing of a

novel polycentric knee joint compatible with poweM/AES.

1.2 Rationale
Among several considerations, the ageing populai®na motivating factor for

improvements in WAE knee ergonomics. Often usedsupport the elderly with daily
activities, the demand for WAEs is growing. In 202(pproximately 6.8 million senior
individuals (i.e. 65 years of age or older) madel8go of the Canadian population [1]. This
number is expected to increase to 24% by 203@\R]ife expectancy increases and the senior
population grows, mobility challenges associatethwageing become a significant concern.
A reduction in mobility leads to loss of independerand has been directly linked to
diminished quality of life [3]. Individuals with nimlity challenges must rely on others for
help living their daily lives, inevitably burdenirspciety and the healthcare system.

In comparison to younger individuals, the eldertg anore prone to develop mobility
problems. In the lower limb, the knee is resporesibf flexion and extension of the lower leg
relative to the thigh. Muscle weakness around theekjoint can render mobility difficult,
making staying mobile and active challenging orreirapossible. As individuals age, they
often develop knee pain, instability and bucklidgirought about by weak muscles and poor
balance. Knee-buckling can lead to falls, potelytieghusing severe injuries and hesitance to

walk independently in the future.



Mobility aids such as canes, walkers and wheelsha@ve been used for centuries, but
human mobility challenges require novel technolabsolutions. As research and technology
developed, orthoses became more prominent. Recertgarchers have been developing
WAESs. Exoskeletons are wearable devices found @r asgmentation and rehabilitation
markets with two primary focuses: augmentation ssistance. Augmentation exoskeletons
aim to enhance a healthy individual's strengthemdlrance [5]. This is especially useful for
soldiers, factory workers, and firefighters, asytheay need to carry heavy loads. Assistive
exoskeletons can be classified into two categotiesse used to aid rehabilitation processes
and those that support individuals' mobility in ithelaily activities. Rehabilitation
exoskeletons aim to assist a patient's neuromusiaelietal function after an injury or surgery
[5]. These devices are typically stationary and @esigned to operate strictly in clinical
environments. Powered assistive exoskeletons aigrael to be self-sufficient and to deliver
substantial and beneficial force to the individual.

Traditional exoskeletons frequently encounter peoid relating to their biological joint
constraints and uncomfortable contact points [6]]. [Whilst powered exoskeleton
technologies have recently progressed significantheir mechanical designs do not
adequately consider the complexity of human jortitalations; most importantly, the knee,
which plays a significant role in human mobilityrgat ergonomic advancements have been
made in orthotics and passive systems, but powexeskeletons are delayed in this respect.
The human knee joint, a three-dimensional jointpften over-simplified during powered
exoskeleton design processes. In powered devivekniee is typically modelled as a single
degree of freedom (DOF) hinge joint [8], [9], [1Qfsulting in kinematic and kinetic
challenges at the user-device interface. The detisi use a single-axis joint such as a hinge
joint can likely be attributed to the complexity énsferring force through a joint that can
maintain kinematic compatibility with the biologidanee. This oversimplification restricts
the natural motion of the user, causes discontexdtjces the efficiency of the device, and can
lead to user rejection.

Moreover, the anatomy of the biological knee plagessential role in delivering distinct
force magnitudes via muscle contraction and colimigpthe moment as a function of knee
flexion. These characteristics are overlooked irmesut powered WAE designs, yielding
compatibility, comfort, and actuation deficiencies.



In order to preserve the independence of eldedyviduals, exoskeletons must be well
adopted and accepted into their daily lives. Thilé nequire further improvement in device
ergonomics, among other factors, such as easeeoBusdies have demonstrated the harmful
results of having kinematic mismatch between exiesties and their users [11], [12], as well
as the actuation deficiencies associated with ntidesigns [12].

One promising solution is the development of a pehgric knee joint. In mechanics, the
term “polycentric” refers to having more than om@ier of rotation. A polycentric joint can
have multiple static centers or a single instardasecenter of rotation. These joints reduce
the inherent kinematic mismatch between exosketetnmd their users, creating a more
comfortable interaction between the two. Reseaschave begun to implement polycentric
exoskeleton knee joint designs as they considectneplexity of the biological joint and

provide the opportunity for force delivery optimiia on a kinematic level.

1.3 Objectives and Thesis Contributions
This thesis intends to design a knee joint suitdblepowered WAEs that improves

ergonomics by optimizing kinematic compatibilitytiveen the user and the device. A second
objective is to improve performance by optimiziing tactuation system force and moment
delivery to the knee joint.
Among others, the following three contributions evachieved through this research:
1. A quantitative analysis of existing knee joint kima&tic compatibility was conducted.
2. A novel and adaptable knee joint design was deeelognd tested for kinematic
compatibility with the biological knee.

3. Ajoint was created to be used in line with thede@t an offset and maintain
kinematic compatibility in both cases.

1.4 Thesis Outline
This thesis is coordinated into seven chapters.ptéhal introduces the thesis topic,

explains the motivation behind the research, anunsarizes the thesis objectives and
contributions. Chapter 2 provides a comprehensteeature review on the physiology and
kinematics of the biological knee and current drajles associated with WAEs. EXxisting
WAESs are presented, and their designs are discuSseghter 3 outlines design objectives and
the design concept. In Chapter 4, existing desagasnodelled and evaluated. This includes
a simulation of the design concept and a presentafithe final SolidWorks models. Chapter

5 shows and describes the manufacturing of thepgoés and experimental setup. Chapter 6
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analyzes and discusses the experimental resulitneld{ and Chapter 7 concludes the thesis

and provides recommendations for future work.



Chapter 2Literature Review

Chapter 2 demonstrates the outcome of a thoroteghatiure review. The chapter is divided
into five sections: the physiology of the knee, &meodelling, moment arm, current WAE
challenges, existing powered WAE knee joints, axidtimg polycentric orthosis knee joints.
Section 2.1 describes the physiology of the hunteaekand section 2.2 provides different
models for its instantaneous center of rotatiorttiBe 2.3 discusses the moment arm of the
biological knee joint. Section 2.4 provides a highel overview of the main drawbacks of
current WAE designs and explains the significanéeoffsets between biological and
exoskeleton joints. Section 2.5 presents a revieeuent WAES that incorporate powered
polycentric knee joints. Subsequently, a theorkticamparison is provided between
conventional single-axis joints, polycentric joitkst follow pre-defined rotation paths, and
polycentric joints that allow passive translatiéfinally, Section 2.6 brings to light three
existing knee joints designed for orthoses thaiehére potential of being integrated into a
powered WAE.

2.1 Physiology of the Knee
The knee joint is one of the most complex, robaisti crucial joints in the human body. It

transfers significant loads delicately in three-eimaional space. Responsible for allowing
relative movement between the shank and the thighknee joint is vital to several daily
activities such as walking, running, climbing staand sitting.

The biological knee is a spatial joint with six DO Rhree rotational and three translational
motions [13], [14]. It experiences flexion/extensia the sagittal plane, varus/valgus rotation
in the frontal plane and axial rotation in the sagrse plane. Axial rotation is also often
referred to as internal/external rotation. The kmneelergoes three types of translations
throughout movement: anterior/posterior, supemdéefior, and medial/lateral translation.

These motions are depicted in Figure 2.1.
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Figure 2.1. Six degrees of freedom of the knee jdihree rotational motions (flexion/extension,axbtation,
varus/valgus rotation) and three translational orati(superior/inferior translation, anterior/poster
translation, medial/lateral translation) are idéedi [14]. © 2002, Baylor University Medical Center

Since most of the DOFs of the knee joint are camstd by bony and ligamentous
structures, translations of the joint in the froatad transverse planes are often neglected [15].
On the other hand, there are significant anterastgrior translations in the sagittal plane since
the human knee experiences a rolling-sliding motion

Due to this translation in the sagittal plane, ikhee joint has an instantaneous center of
rotation (ICR) and undergoes polycentric motion|[I3uring flexion, the location of the ICR
varies up to 20 mm [16]. The anterior-posterionstations are directly influenced by the
physical structure of the femur and tibia and thape of the articulating surfaces. For this
reason, the trajectory of the ICR is unique forhaadividual [17]. Researchers have therefore
developed models to represent the average kneR'srislation [13][18] [19] [20]. These
will be further discussed in section 2.2.

The knee joint has a range of 140° in flexion/egten during active movement, whereas,
during passive movement, the knee can reach appately 160° flexion [5]. Elderly
individuals typically require up to 120° flexion perform daily activities such as walking,
stair climbing, and sitting in a chair [21]. Durimgalking, elderly test subjects were found to

have a knee extension torque of 1.0 £ 0.4 Nm/kg/ bodss [22]. Assuming a range of body
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mass from 50 to 100kg, the peak knee extensiothi®range of users is approximately 30 to
140 Nm.

In order to assist an individual's knee motion withany constraints, the assistive device
must be capable of accommodating the kinematidkaretic characteristics of the biological
knee joint. Presently, the development of WAEsihasfficiently considered the mechanical
characteristics of the biological joint, which cdisturb and even damage human joints [13],
[23]. For this reason, the mechanical charactessdif the human knee joint must be well

identified, analyzed, and subsequently accounteduddng the design process.

2.2 Instantaneous Center of Rotation Models
To effectively design a compatible polycentric kne@t, one must first characterize the

movement of the biological knee. There exist sduarthods to model the ICR of the knee
throughout flexion. Three methods will be discuss®drface Contact, Cruciate Ligaments,

and Tracking Center of Femoral Condyles.

2.2.1 Surface Contact
Some researchers choose to model the ICR of thegial knee as the point of contact

between the two surfaces that articulate duringdle and extension: the femur and tibia. In
these cases, it is assumed that any cartilage byicating joint fluid is negligible, and
simulations are created based on bone structuee siapes of the resulting ICR curves are
dependent on which component is held stationana $tudy conducted by Wang et al., the
femur was fixed, and the tibia was allowed to ®{af3]. In Figure 2.2, the ICR of the knee
model is indicated by small black circles at thiretances of flexion (0°, 60°, and 120°). The

ICR travels along the edge of the femoral compofaidwing the red arrow.
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Figure 2.2. Surface contact ICR model developeMayg et al. with fixed femur. A red arrow identgithe
direction of ICR motion from 0° to 120° flexion, éupoints of contact are identified with black og®! Figure
adapted from [13]. © 2011 IEEE.

Using the same approach, Lee and Guo developadiarsmodel [18]. The tibia in this
model is fixed, and the femur is free to rotatefigure 2.3, the ICR is represented with small

red circles, and the red arrow indicates the diaatf its motion.
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Figure 2.3. Surface contact ICR model developetdsyand Guo with fixed tibia from -5° to 120° flexi.
IPTC (ipsilateral posterior tibial cortices) is dsa&s a point of reference. Blue stars represenhitia contact
point between the femur and tibia. Direction of IB® is identified with a red arrow, and pointscohtact are

identified with red circles [18]. © 2010 Elsevietd.



Though these models both have a similar approbeldéfinition of a fixed reference frame
heavily influences the resulting shape of the IQCRve. It is also important to note that both
studies represented the tibia as a convex bearnface. In the biological knee, only the lateral
tibial condyle is convex. The medial tibial condyt concave, and if one considers the
meniscus, the lateral tibial condyle is also coecav

The assumption that the tibia can be representeddmnvex shape greatly influences the
shape of the curve, and the lack of considerati@my cartilage or lubricating joint fluid adds
a degree of error.

2.2.2 Cruciate Ligaments
A second modelling approach involves the physitaksure of the cruciate ligaments that

connect the femur to the tibia. The knee jointametimes considered a four-bar joint since
the anterior cruciate ligament (ACL) and posteciarciate ligament (PCL) cross in the sagittal

plane. Figure 2.4 superimposes a four-bar link AB@bDan image of a cadaveric knee to
illustrate this fact.

Femoral Link |

Figure 2.4. A human knee with the lateral femomldyle removed, exposing the cruciate ligamentfuk-
bar linkage ABCD is superimposed [19]. © 1989 SARblications.

Since the biological knee behaves as a four-bat,jthe ICR is often modelled as the
intersection of the ACL and PCL. Both Kim et aldeRussell et al. used this method and got



varying results, obtaining a relatively parabohapge for their ICR curves. Figure 2.5 provides
the results obtained by Russell et al.

30 *  Physical model ICR - extension
Physical model ICR - flexion

— — — Computer model ICR

20 Femur profile

y coordinate (mm)

-10

-50 -40 -30 -20 -10 0 10 20
X coordinate (mm)

Figure 2.5. ICR measured by Russell et al. [ZBfe computer model (dashed line) is based onratfau
linkage. ICRs from physical models are shown iretdnd red for extension and flexion, respectively2018
IEEE.

It is typically assumed that the ACL and PCL behaseigid links throughout flexion for
this type of model, but Heller et al. showed thgaments lengthen and have strains that
vary as a function of flexion/extension angle [24$. shown in Figure 2.5, the ICR curves
obtained using the physical models both vary fromdomputer model. The shape of the
curve also varies depending on whether the kneebeiag flexed or extended.

2.2.3 Tracking Center of Femoral Condyles

The third method to be discussed involves trackivg center of the femoral condyles
throughout flexion. To describe the motion of tied, a transverse axis intersecting the center
of each femoral condyle is tracked throughout tiexirom O to 120 [25]. In a study by
Walker et al., it was assumed that the posteriatiqpo of the femoral condyles could be
represented as spherical surfaces, which wasJatielated. Flexion was measured from the
long axis of the femur using video radiography, @ndf flexion was defined by the long axes
of the tibia and femur being collinear. This ddifiom will hold for this thesis as well. The axis
system used by Walker et al. can be seen in Figjére
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| long
| axis of
| tibia

Figure 2.6. ICR model developed by Walker et ak TBR at 0° flexion is indicated by a red pointdanblue
curve depicts the ICR translation from 0° to 1Zgure adapted from [25]. Public domain.

Based on their collected experimental radiographta,dWalker et al. derived best-fit
guadratic equations for the anterior-posteriorgtaton Zpis and distal-proximal translation
Ypis of the transverse axis as a function of flexioglaf, where the translation is measured

in mm and flexion in degrees.
#g N& O+, (M + (2.1)

Og %& (1-*1 +, '("2/ + (2.2)
Equations (2.1) and (2.2) describe the motion efaerage center of the femoral condyles
relative to the tibial axis in the sagittal (Y-Zppe and are plotted from @ 120 flexion in

Figure 2.7. The origin (0,0) is defined at the eeriietween both femoral condyles at 0°
flexion.
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Figure 2.7. Translation of the instantaneous cesftestation from 0° to 120° according to the model
developed by Walker et al.

This modelling method has been used in severalestas a dependable basis for tracking
the ICR of the knee [26], [27].

2.3 Moment Arm
Due to the complex physical structure of the biaabknee joint, its force delivery is not

constant throughout flexion. From a sagittal pectipe, the muscles primarily responsible for
knee extension are the quadriceps: the vastusrniathbus, vastus lateralis, vastus medialis and
rectus femoris [28]. In order to extend the knbe,duadriceps contract and a tensile force is
applied across the patella and patellar ligameoutyh to the tibia. This structure can be seen
in Figure 2.8.

femur

quadriceps

patella

patellar

ligament tibia

Figure 2.8. Sagittal section through a sketch efkinee where c is the ICR relative to the femuragtdd from
[29]. © 1991 Elsevier Ltd.
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Due to the physical structure of the biological &ne moment arms of the knee change
throughout flexion. Through various studies, itsiaon has been documented [29], [30].
Figure 2.9 provides biological knee moment arm &tata a collection of studies on the rectus

femoris, one of the quadriceps muscles responiblenee joint extension.

Rectus femoris
50

30

20

Moment arm (mm)

10

0 . v
-20 0 20 40 60 80 100 120 140 160
Knee flexion angle (°)

Figure 2.9. Rectus femoris moment arms at the jaieg[29]. ( ) from 10 tendon positions, [29];  from 17
tendon positions [30]; (+) quadriceps, averaged 6v&ecimens, from moment and force [31]; unmarked
lines: quadriceps, upper and lower bounds for Bigpens, from moment and force [32]. © 1991 Elselel

Though most of the studies demonstrated in Figu®ed@ not measure the moment arm
past 100° flexion, the moment arm plateaus pasta®@d°becomes relatively constant [30].
When modelling the knee in this research, it wél dassumed that the moment arms of the
biological knee are constant between 90° and 12&foh.

Figure 2.10 provides quantitative data for the nitagle of the patellar tendon moment arm
from 0° to 90° flexion in mm.
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Figure 2.10. Patellar tendon moment arm vs. kreédh angle from male and female cadavers frono @0F.

Data retrieved from [33].

As previously discussed, it can be assumed thabitblegical knee's moment arm is
constant between 90° and 120° flexion [30]. Figdr&l was generated based on this

assumption, allowing for knee modelling from 0°1&0° flexion.

Figure 2.11. Knee moment arm (from patellar tend@nknee flexion angle from male and female cadave
from 0° to 120°. Data for 0° to 90° was retrieveahfi [33], and constant values from 90° to 120°msed on
the assumption from [29], [30].

This moment arm model will be further discussedantions 4.1.1.2 and 4.1.2.3.
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2.4 Current Challenges
Though extensive research has been conducted orm#ahanics and robotics of

exoskeletons and the human body separately, anthataequires more attention is the
interface between the two. Kinematic compatibilisy crucial in designing a mobility
assistance device, especially if worn for long qasi of operation. Forces that cause
discomfort are generated when the kinematic corbitiitibetween the exoskeleton and the
wearer is insufficient. Kinematic incompatibilitiagse from misalignment between the center
of rotation of the biological knee and the exostaigoint, altered range of motion (ROM),
DOF limitations, mechanical restrictions due to $iee of the device, initial offsets during
donning of the device, interface migration (sliphraughout movement, and the
oversimplification of human knee joint kinematics.

Theoretically, if the connection between an exaosticgl and its wearer were perfectly rigid,
no motion would be permitted given kinematic incatipilities. If the rotational axes of the
external and biological joints are not perfectligaéd, any movement is strictly possible due
to the deformation of soft tissues [34]. FigureZptovides a graphical demonstration of an

offset between an exoskeleton joint and a humant. joi

Figure 2.12. Offset between an exoskeleton joidtahuman joint. Offset x, y, applied torque T,dera

displacement L, brace rotationRecreated fromlaf et al. [12].

With reference to Figure 2.12, the exoskeletontj@rhorizontally offset by a distance
and vertically offset by a distange With an applied torqu&, the brace is displaced by a
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distancel up the limb and is rotated by Since this movement is typically not permitted o
desired with exoskeleton use, misalignment canecaeseral adverse effects.

As previously discussed, the motion of the knertj@ three-dimensional. Many current
knee joints follow kinematic pathways substantialiypler than those of the anatomical knee
[23], [35]. Typically, the human knee is simplifi@$ a one DOF hinge joint. However, its
ICR migrates during movement due to a rolling motetween the femur and the tibia. Since
these small translations are neglected during ithplgication of the joint, the exoskeleton
cannot account for this migration. Though this difigation is acceptable for small angles,
there is a significant discrepancy during largevaments [36]. The mismatch between the
DOFs of the two joints causes offsets between ttation axes, which in turn creates
undesirable residual forces [23], [35].

Offsets and misalignments can influence the volyntROM, natural patterns of
movement, and muscle activation patterns of the aise increase metabolic cost [12], [37].
It also tends to interfere with the transfer ofistege torques onto the body and can cause
discomfort or pain and may even lead to long-temjury. Hence, offset is undesirable and
must be avoided.

In order to avoid problems associated with kineaaiismatch, polycentric knee joints can
be integrated into lower-limb exoskeletons. Thesi@&t$ can minimize the interference
between the device and the body by achieving adegués alignment [38]. Not only do they
more closely follow the natural motion of the knbeat they are known to promote a more
natural gait during the stance phase due to tidityato expand the region of knee stability
[34].

2.5 Existing Powered Polycentric Knee Joints
To address the current challenges of WAESs, funbek must be carried out. Reviewing

existing devices and the steps researchers have toadhprove upon other works can give
insight into the possible future direction of ergarics concerning WAESs.

Several commercially available WAEs use single-grisits that are ergonomically
insufficient for daily wear and are susceptibleiser rejection. The Keeogo+, HAL for Well-
Being Lower Limb Type Pro, and Indego Personaladrexamples of devices with single-
axis joints [8], [10], [9]. As discussed in sectidd, the use of a single-axis joint in a WAE is

not ideal.
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As the knee is a 3-dimensional joint, it naturaligves in all three planes: sagittal, frontal
and transverse. From an ergonomic point of viewspaly allowing motion in the frontal and
transverse planes meanwhile actuating in the shgitine is ideal. Unfortunately, allowing
these motions requires a more complex design, ltgarereasing the bulk and cost of the
device.

Polycentric devices that restrict knee motion ® $hgittal plane tend to be considerably
less complex than those that allow other rotatidinese devices can be further divided into
two sections according to the method by which thkyw polycentric motion: using a pre-
defined path of ICR or allowing passive translatiDevices that follow a pre-defined path of
rotation are typically designed based on averag®dical joint geometries, whereas those
that allow for passive adjustment to the user mtythe decoupling of translations and
rotations [11].

Since the natural knee has its most significanstegions and rotations in the sagittal plane,
devices that restrict motion to this plane camsélrelatively ergonomic if designed correctly.
In this case, it is up to the designers to deteemihether the benefits of having a simpler joint
will outweigh any restrictions on the knee. Thddwling section will present several existing
knee joints with a pre-defined ICR path and a feat undergo passive ICR translation.

This review was limited to powered knees primadle to two factors, the first of which
is their high level of efficiency in mobility assice. Secondly, powered knee joints can
produce and transfer large torque magnitudes tbaklg, making them more likely to cause
injury.

2.5.1 iT-Knee

The iT-Knee is a powered knee exoskeleton thatigesvassistive torques up to 140 Nm
in the sagittal plane, meanwhile allowing passiarug/valgus and internal/external rotational
DOFs. The under-actuated device has 6 DOFs, whererte active DOF (flexion/extension)
is powered by an electrical rotary series elagtigator [5]. The maximum ROM of the device
is not specified, but tests were carried out frértoQL20° flexion, which is less than the natural
ROM of the knee, though it is sufficient for dadgtivities.

In order to compensate for the translation of theekjoint, the iT-Knee incorporates a
mechanism that allows passive self-alignment whik tCR of the natural knee. The
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mechanism involves two parallelogram structureseimes that transmit pure torque generated
by the actuator through a universal joint [5]. Tisiseferred to as an S2AP mechanism.

A feature that sets this knee exoskeleton apan fiiwe others is the placement of the
actuation and transmission mechanisms on the upgr. To allow wheelchair users access
to the exoskeleton, the designers have favoureshéal implementation instead of the classic
lateral one [5]. Saccares et al. claim that thiaaehas a low mass, a small form factor and
low inertia effects, though Ranaweera et al. halked it "complex and heavy for everyday
use" compared to their device, Anthro-X. The iT-Kmm@an be seen in Figure 2.13.

| Motor-board
i location

*| Mounting System |
| Adjustable : ~ | Attachmentarea |
| features , 3

~~~~~~~~~~~~ Adjustable |
________ b, features

Re-v.olute Force-Torque
Joint
Sensor

Shank frame

Figure 2.13. iT-Knee with identified components. [6]2016 IEEE.

2.5.2 Self-adjusting, Isostatic Exoskeleton
The Self-adjusting, Isostatic Exoskeleton createhi et al. is designed to achieve pure

torque transmission to the knee joint ergonomicHll]. This mechanism is made up of a
seven-link chain with six DOFs. These include ociiva rotational DOF to provide up to 40
Nm of torque to promote flexion/extension and fipassive DOFs (four of which are
rotational) to ensure comfort for the user [16]isTimagnitude of torque is appropriate for
WAE designs, assuming that the ideal assistanet flevthe user is 40% of the natural torque
required for walking [39].

This device actuates flexion and extension, allgwpassive motion in frontal and

transverse planes and passive ICR translation. ghthe ROM of the device is unspecified,
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by examining provided test results, it appears fleation never exceeds 100°, which is
sufficient for walking but not for stair climbing sitting in a chair [21].

Celebi et al. believe that though this design ealdrom an ergonomics perspective, it is
unnecessarily complex and heavy [17]. Saccardsle\ee also agreed that it is too "complex,
bulky and heavy" [5]. The position of the joint tvitespect to the human knee can be changed
by using a vertical slider. N&f et al. have intetpd this to mean that the device would still
rely on manual alignment [12].

The Self-adjusting, Isostatic Exoskeleton, as seeRigure 2.14, was designed as a
prototype for both rehabilitative and assistivegmses but was only found to be successful in
a rehabilitation scenario. Throughout testing, @swdiscovered that the device does not
provide sufficient assistance to the user durintkivg [16]. Cai et al. explain that since the
rotational velocity is saturated and plateaus,rédseilting rotation angles are unnatural, and

the support is inadequate. This has been deemexbkem to address in the future.

Figure 2.14. Computer-Aided Design model of thd-&djusting, Isostatic Exoskeleton [16]. ©2011 IEEE

2.5.3 Human Universal Mobility Assistance Device
The Human Universal Mobility Assistance (HUMA) desiemploys a polycentric knee

joint to allow motion in the sagittal plane, incing anterior/posterior translation and flexion/
extension. A double four-bar linkage transfers atihig torque from the thigh to the shank
segment [34]. One four-bar is used as a powerbaiween the actuator and the second four-
bar, allowing for the joint's polycentric motior43 The knee joint implemented in the HUMA

device is displayed in Figure 2.15.
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Figure 2.15. Knee joint of the HUMA device [34].Z2017 Elsevier B.V.

The design of the four-bar mechanism is based emavierage ICR of the biological knee,
and the lengths of the four-bar links were seletteldroaden the range of angles where the
user experiences voluntary knee stability. Wherktiee flexion angle is below 15°, the ICR
of the device is above the ICR of the anatomicalekmproviding stability [34]. The complete
ROM of the device ranges between -2° and 110°dlef34]. This allows for a natural amount
of hyperextension of the joint but limits naturixion, which can reach 140°.

Since polycentric mechanisms have weaker mechadhicability for weight-bearing than
single-axis mechanisms, roller bearings are impigete between the thigh and shank
segments to provide support and improve durabilitiie second four-bar is rendered
unnecessary by supporting the trajectory of thedefened ICR with a solid curve lined with
roller bearings. The track of roller bearings cesa cam-like surface, meaning that the device

no longer needs to rely on the four-bar mechangsordate the desired ICR path.

2.5.4 Anthro-X
The Anthro-X is a powered mobility assistance exteston with a polycentric knee joint

to enhance kinematic compatibility. The joint oalfows for movement in the sagittal plane
with powered rotationThe polycentric motion of the knee joint is factiéd by a four-bar
mechanism connected to an electrically actuatedepday gear motor that provides torques
up to 13.5 Nm. This four-bar mechanism provideseadefined path designed to follow the
predicted ICR of the biological knee. The kneetoithe Anthro-X has a ROM of -5° to 90°
of flexion [38], which is adequate for normal walgibut is otherwise quite limiting. In order

to minimize inertia and maximize comfort and marexability, the structure surrounding the

20



knee joint was designed to follow body contoursselg [38]. Both overground and treadmill
walking tests were carried out at 1.3 m/s, and mdue restrictions or abnormal movements
were reported. This walking speed is more tharigefft for testing, considering the average
walking speed of elderly individuals ranges betw@&i8 and 0.86 m/s [40]. The Anthro-X is

shown in Figure 2.16.
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Figure 2.16. (a) Anthro-X assembly, (b) explodeswwivith identified components [38]. © 2018 IEEE.

2.5.5 AssistOn-Knee
The AssistOn-Knee, as seen in Figure 2.17, is asketeton designed for robot-assisted

rehabilitation. It actively assists with flexiontersion of the knee and passively allows for
translational movements of the ICR. The decisioregirict motion to the sagittal plane was
motivated by a design criterion to keep the weggid the complexity of the mechanism low
[17].

21



Optical
Encoders

Thigh

Singularity
Limiting Rods

Y singularity
" Limiting Discs

Transmission
Rod

Bowden Cable
Driven Disc

Compression
Spring

Cable

Fixture (b)
Figure 2.17. (a) AssistOn-Knee joint, (b) explodéslv with identified components [17]. © 2013 IEEE.

The exoskeleton uses a Schmidt coupling, a plassaillpl kinematic chain with two DOF
of in-plane translations and one DOF of rotatioautlthe axis perpendicular to the plane [17].
The Schmidt coupling comprises seven rigid bodigsinput ring |, intermediate ring T and
output ring E, two links A and B that connect MMtpand two links C and D that connect T to
E [17]. The active rotational DOF is controlled ByBowden cable-driven series elastic
actuator [17]. A Bowden cable was selected to entiid motor and gear reduction unit to be
placed away from the knee, reducing the weighhefknee exoskeleton [17].

Since the actuation unit is not placed directlytiba body, this device is unsuitable for
mobility assistance in day-to-day life. Ranawedra.ehave deemed this device "complex and
heavy for everyday use" [38]. Kuan et al. have discussed that the system is overly heavy
and bulky due to the relatively sophisticated coupbtructures in AssistOn-Knee [41].

AssistOn-Knee has a greater ROM than typicallyagle (-10° to 170°) and can provide
torques up to 35.5 Nm [17]. Tests have not yet lwaenied out to verify that the device does
not interfere with the natural walking gait of users.

2.5.6 Samsung-Assist Device Lower-Limb Type
Choi et al. have developed the "Samsung-Assistcdeower-Limb type" or "S-Assist"

[6]. It is a lower-limb assistive exoskeleton wdhself-aligning knee joint, meaning that the

ICR undergoes passive translation. The actuafgaced in a backpack and actuates the knee
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joint remotely by steel cables [42]. A cable tensad 735.5 N is applied to achieve a maximum
joint torque of 20 Nm during operation [6]. Thefsaigning mechanism has two passive

DOFs and one active, rotational DOF. It comprises links and four pulleys (two of which

are fixed together) [6]. Only one pulley is conmectto the actuator; the others align

themselves passively [6]. The S-Assist can be seBigure 2.18.
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Figure 2.18. (a) S-Assist device on human leglgbinetric view of knee joint with labelled compotef6].
© 2016 IEEE.

The device relies on angle sensors attached foulleys to ensure appropriate knee motion
[6]. This may be more complex than necessary,rae@anical component (such as a timing
belt, cam mechanism, or other) could ensure theecbangles. Sensors may be a source of
error, tend to be more challenging to maintain iacdease the overall cost of the device.

The S-Assist's knee joint restricts motion to thgitsal plane. It has a ROM of 0° to 160°
flexion and allows maximum translations of 30 mntha anterior-posterior direction and 35
mm in the inferior-superior direction. During tew}j it was found that the user is free to
perform several movements in different posture$ouit resistance [6]. The strength in the
design of this device lies in its size. With a rmaxim thickness of 34.5 mm, it can be discreetly
worn underneath clothing [6]. According to Choiaét the lack of an actuator on the side of
the leg makes it possible to create an exosketéairis approximately two times thinner than

conventional exoskeletons [6].

2.5.7 Adaptive Coupling Joint
The Adaptive Coupling Joint (ACJ), developed by Kwt al., is a cable-driven joint

mechanism designed to passively match the ICReobiblogical knee [41]. The ACJ allows
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alignment with the natural rotation axis using @ ®OF five-bar linkage system, where the
input and output links form a double-rocker meckanj41]. These components are identified
in Figure 2.19.
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Figure 2.19. Adaptive Coupling Joint with identfieomponents [41]. © 2014 |IEEE.

The ACJ is powered by a remotely located actuatonected to the joint by cables that
function in a "pull-pull" configuration [41]. It pvides a maximum torque of 110 Nm [41],
which provides significantly more assistance thgsically required in a WAE for elderly
patients. At 53 mm thick and with a ROM of 0° to01341], the ACJ is bulkier and more
restrictive than the S-Assist but still allows Bufficient freedom to walk normally. Like the
S-Assist, the ACJ also restricts motion to thetsalgplane.

To promote safety, the ACJ was designed with limitshe ICR position of the joint. A
guide track keeps both proximal-distal and antgpmsterior translations of the output link
within the range of 0 - 20 mm [41]. Testing prowed ACJ to successfully transfer torques
without hindering natural movement patterns [41p Bignificant problems have been
reported with this device. Hence, the ACJ is beeaglied for further bench and human testing.
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2.5.8 Overview of Powered Polycentric Knee Joints
In order to evaluate a knee joint design, severetiofs must be taken into consideration.

These include mechanical restrictions imposed eruser, the level of assistance provided,
and kinematic compatibility with the body. It isalessential to consider the type of actuation
that the design can accommodate the device'swgeght, and complexity. For a particular
application, some designs may be more suitabledtizrs. For this reason, the evaluation of
knee joint designs must be carried out with a digeagpplication in mind. In WAEs for the
elderly population, knee joints must be lightweiginice these individuals generally have less
muscle strength. As the elderly are prone to iegjrithe joint must be designed to remain
within a natural ROM and minimize any undesirabtecés associated with kinematic
incompatibilities.

Table | provides an overview of all previously meted devices. The planes of motion that
the devices permit are outlined, noting that alWpred devices only provide active assistance

in the sagittal plane.
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Table I. Overview of existing powered polycentritele joints.
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2.5.8.1 Actuation System
Four of the previously discussed joints have seddhe actuator on the thigh: the iT-Knee,

Self-adjusting Isostatic Exoskeleton, HUMA and AwiX. Due to inertia, the addition of

mass distally on the leg increases metabolic aodtpiomotes unnatural gait patterns [43].

For this reason, it is more desirable to locateabiator on the thigh than on the shank.

Regarding simplicity, it often makes sense to ffi@ aictuator to the thigh. Unfortunately, this

added weight will still impact the user's gait, addally, the actuator should be placed even

closer to the user's center of mass.
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Three of the previously discussed devices are padvemotely by cables: the AssistOn-
Knee, S-Assist and ACJ. By choosing to use calihesactuator can be placed closer to the
wearer's center of mass. This thereby reduceséngd caused by the added weight, reducing
negative impacts on gait. It also enables diregjue transmission by flexible and complex
paths, facilitating thin designs that conform te thearer's body [42]. A drawback of relying
on cables to transfer torques is the loss assodcmaith friction, especially with small
components. As cables are bent with smaller réukire is an increase in resulting friction.
Also, cables can introduce restraints across teesukip joints depending on the placement

of the actuator.

2.5.8.2 Frame Design
Regarding respecting the natural ROM of the biaabknee joint, some devices are more

successful than others. The AssistOn-Knee has a RI@Yl exceeds the natural ROM,
meaning that there is a possibility for user injufe S-Assist device matches the passive
ROM of the natural knee exactly; hence it can alfowall natural motions in the sagittal
plane. The iT-Knee, ACJ and HUMA devices have RGNt are more limited than the
biological joint yet allow their users to perfornost daily activities. Thus, these are sufficient
without needing to over-complicate their desigrise Anthro-X, which only allows up to 90°
flexion, may be too restrictive. While this is soiént to permit normal walking, the flexion

restriction may prevent more complicated motiorghsas sitting and crouching.

2.5.8.3 Knee Joint Mechanical Design
Overall, there are three main approaches to demjgkmee joints in a WAE. The first

traditional method uses a joint with a single axfigotation that restricts all motion to the
sagittal plane. Though it is a simple design thiates for a more compact and lightweight
device, it does not account for the complexity lo¢ thuman knee and is therefore not
comfortable for the user.

The second and third approaches use polycentntsjtd increase the ergonomics of the
human-device interface. The second method uses-dgbermined path along which the joint
rotates, typically based on the average human KelReeUsing a pre-defined path of ICR in a
mechanism can be very beneficial to achieve a gntightweight and sleek joint. Since this
method does not rely on adding joints to achieveiatic redundancy, the mechanism can
be kept uncomplicated with only one DOF. This hesddded benefit of increasing the ease

of fabrication and decreasing the device cost, ngaki more accessible to users. The main
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drawback of using a pre-defined ICR path is thaldgical joint anatomy differs slightly
between individuals, making it nearly impossible fioe path to be perfect for the wearer.
Unfortunately, the degree to which a joint mustekiratically match the biological knee to
ensure user comfort has not yet been determined.ig likely because several factors impact
this, such as the structure of the strapping, pegddind shape of the user-device interface.

The third method is to use passive ICR translafidms relies on decoupling the rotation
and translation of components, making it a bulksetution. Due to this decoupling,
simulations are much more challenging to achiewe.tkis reason, designers are unable to
predict the wear or efficiency of the device eadityplementing a mechanism that allows for
the passive translation of the ICR is more compiex those that follow a pre-defined path.
This method is associated with the added benedit ithwill naturally adjust to fit with any
individual's biological joint geometry and countaranisalignment caused by initial offset to
a certain degree, thereby shortening donning titdatortunately, more complex joints such
as these are inherently bulkier and can sufferdrigiser rejection rates.

Figure 2.20 displays all three design types. Dugdb variability between configurations,
a four-bar joint was chosen to represent the sedesin type, and a joint with three hinges

was selected as an example of a joint with pad€iRetranslation.

@ | | o (©)

Figure 2.20. (a) Single-axis joint, (b) joint withpre-defined path of ICR, (c) joint with passi@RI
translation.
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The true trajectory of the ICR depends entirelyhow a joint is designed and cannot be
generalized. In order to simulate the behaviouthef device, a design must first be fully
conceptualized.

2.6 Existing Orthosis Knee Joints
As the field of research on orthoses is more mahae that of WAES, there has been more

success in improving the kinematic compatibilitytioése devices with the biological knee.
As these joints are not designed to transfer posadutions to kinematic challenges have been
more accessible. In WAE design, the emphasis hasaply been placed on the powered
mechanical and robotic elements instead of thenengcs. This is the opposite in orthosis
joint design. Thus, it is a worthy endeavour toreiee the relevant literature. Selected orthosis
knee joints will be reviewed as they have beenyfolbtimized and could be adapted to

powered applications.

2.6.1 Single-Axis Joint
Firstly, the OTC 2554 knee brace is one of manyas#s that use a single-axis joint. Figure

2.21 shows the device attached to a user’s leg.

—— et

Figure 2.21. Single-axis Joint (OTC 2554 Knee Byg44]. © 2020 Surgical Appliance Industries, 1&c.
Airway Surgical Appliances Ltd.

Several devices use this type of joint with a siaghinge to allow flexion; the OTC 2554

will be used as an example. Single-axis jointsty@pecally constructed from two bars with a
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connecting pin in the center. The bars are fixedhto thigh and shank of the user using
strapping, and the connecting pin allows the barstate. This permits flexion and extension
of the joint. The OTC 2254 does not have any stappiechanisms to prevent hyperextension
of the biological joint, leaving the potential fimjury. Since this type of joint rotates about a
single point, any offset between the ICR of theiceand the biological knee is compensated
by compression of soft tissues or strapping slig. thAe single-axis joint is not always

ergonomically appropriate, polycentric knee ortlsosere developed.

2.6.2 Double-Hinge Gear Joint
Figure 2.22 provides an example of a knee orthibsishas been designed to mimic the

biological knee better than a single-axis joint][45
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Figure 2.22. Double-hinge gear joint orthosis [48). Complete orthosis, (b) cap removed to showsgea
Labels removed for clarity.

This orthosis comprises thigh and shank comportbatsare connected by an intermediary
piece. This intermediary piece has two single-daigye joints, resulting in a polycentric
double-hinge joint. The thigh and shank bars hagshimg gear teeth to ensure that they rotate
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at the same rate. Unfortunately, due to the nattiflexion and extension cycling in the knee,

the gear teeth are likely to experience wear mapelly than joints that do not require gear

teeth. Though gears can be reliable in an apprapyidesigned housing, this is not the case
in this orthosis.

2.6.3 External Knee Joint Design Based on Normal Motion
Walker et al. designed a polycentric knee jointddnee brace based on their modelling

of the ICR of the biological knee [25]. The joimtchprototype developed during this study
can be seen in Figure 2.23.
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Figure 2.23. External Knee Joint Based on Normalidfo (a) Exploded view of the joint with identitle
components, (b) completed knee brace prototype R#lic domain.

Using a pin on the femoral component that fits e&dot on the tibial component combined
with a cam, this joint effectively follows a prefaeed path of ICR [25]. The shape of the cam
was optimized by a computer program and providesctirrect amount of translation at a
given angle of knee flexion. An axial pin allows fioternal-external rotation of the tibial
component, allowing this device to align itselftire transverse plane passively [25]. This
knee joint design provides a reliable translatiathpbut cannot be implemented in a WAE
without alteration, as it is not designed to trengfower. When power is required, other
considerations must be made. These consideratitinsawcovered in Chapter 3.
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Chapter 3Design Process

3.1 Kinematic Analysis of Existing Designs
The literature review discussed four distinct kp@at designs: a single-axis joint, the

Double-Hinge Gear Joint, the External Knee Joinsie Based on Normal Motion, and a

joint with passive ICR translation. A side-by-siclemparison is provided in Figure 3.1.

(b) (d)

Figure 3.2. Four distinct knee joint designs. (mg&-axis joint [44]. © 2020 Surgical Appliancedinstries,
Inc. & Airway Surgical Appliances Ltd., (b) Doublénge gear joint orthosis [45], (c) External Kneéd
Based on Normal Motion [25]. Public domain. (d)njoivith passive ICR translation.

It was deemed critical to analyze these designlytcally and understand their shortfalls
to optimize the knee design development processgUATLAB, each design is simulated
through a complete range of flexion, and their kiaéc paths are compared to that of the
biological knee. Consequently, the offset in thgitsa plane between the knee designs and
the biological joint is determined. Simulations ofigle-axis joints and joints with a pre-
defined path of ICR can be generated reliably. esihterest of this research is focused on
joints with pre-determined ICR paths, the firstetlarlisted joint types are modelled in
MATLAB, and the latter is briefly discussed.

3.1.1 ICR Model
Since Walker et al. considered motions outsidestgittal plane (e.g. internal/external

rotation), some assumptions were necessary to doiwe@r model to a 2-dimensional system.
Though the center of each femoral condyle has thhigtiffering pathways throughout

flexion/extension, equations (2.1) and (2.2) preval reasonable basis for modelling the
average ICR of the knee. The model developed bk¥&vait al. represents the intersection of

32



the transverse axis with the sagittal plane, meptimat the translation defined by these
equations represents the midpoint between the inaaddblateral femoral condyles. For this
research, equations (2.1) and (2.2) will be comeetd a new axis system where the x-axis is
horizontal in the anterior-posterior direction, ahé y-axis is vertical in the proximal-distal
direction. The origin (0,0) is identified as thamgoof the ICR at Oflexion.

The following equations (3.1) and (3.2) will be dge represent the average translation of
the ICR, where is the translation in the anterior-posterior di@t in mm," is the

translation in the proximal-distal direction in mamd# is the knee flexion in degrees.

%& ()* (- 3.1
& (141 , (2 (3.2)

3.1.2 Single-Axis Joint
Figure 3.3 shows the kinematic incompatibility beém the anatomical knee and single-

axis joints. Based on the data from [25], the ager&R of the human knee joint is simulated
and shown in blue from 0° to 120° flexion. The esndf rotation for a single-axis joint is

fixed and thus is represented by a single red point

6 -
BiologicalKnee ICR
[ ] Single-Axis Joint Center of Rotation
4+
2 r 0°

120°

Proximal-distal axis [mm]
o

-10 -8 -6 -4 -2 0 2
Anterior-posterior axis [mm]

Figure 3.3. Translation of the ICR of an averaga&t@amical knee joint vs. a single-axis joint.
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Due to the lack of ICR translation in single-ax@njs, offsets occur between the
mechanical joint and the biological knee joint. Wweulation in Figure 3.4 illustrates this
fact. A point at the location of typical shank @ufas selected at x = 10 mm and y =-70 mm.
This point was subjected to a rotation of 1@Bout the biological ICR, and a curve was drawn.
The same point was then rotated about the singsehaxge joint at (0,0), and a second curve

was generated.

Figure 3.4. Simulation of single-axis joint offsBbint at x = 10 mm and y = -70 mm tracked througho
flexion for biological joint and single-axis joint.

The single-axis joint provides a purely circulattpavhereas the biological knee translates
throughout flexion. The offset increases as a foncof flexion angle which would lead to
harmful discomfort to the user. Typical cuff pasiting in WAEs can create an offset of
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approximately 7 mm at 120° flexion. Therefore,ahde stated that single-axis joints provide
poor alignment with the biological knee center ahduld not be used in powered WAES,

especially when the device transmits considerairteef

3.1.3 Double-Hinge Gear Joint
The Double-Hinge Gear Joint design has a pre-defpeh of ICR, as it comprises two

circular gears meshing. The femoral componenkedfthroughout the simulation to facilitate
comparison between the ICR of this device and théaethdescribed by Walker et al. Knowing
that the ICR of meshing gears is at their pointaftact, the ICR path depends on the radius
of the gears. Given that the dimensions of theatesare not provided by Bhuiyan et al., the
models are analyzed at a range of radii. A simutadif this joint between Gand 120 flexion

was carried out in MATLAB and is shown in Figur&.3.
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Figure 3.5. Simulation of Double-Hinge Gear Joirite radius of the gears is 2 mm.
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In Figure 3.5, models are drawn at 80, 80, and 120. The radius of the gears is set to 2
mm, but the figure would look identical with largadii, simply having a larger scale. Since
the femoral component is fixed throughout this datian, the top gear does not move during
flexion. The ICR of the joint is indicated with shhaircles, neglecting the influence of gear
teeth. As seen in Figure 3.5, the ICR is restrittedhe location of the top gear and traces a
circular shape. The following equations give trend y coordinates of the ICR of the Double-
Hinge Gear Joint.

%&3456€8 9567 o0 & o (29

*

5634 & <
% &34?@E& 956" 9 = 3 (3.9

*

For comparison, the ICRs of the Double-Hinge Geant,)the average biological knee

from Walker et al. and a single-axis joint haverbpmtted in Figure 3.6.
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Figure 3.6. ICR comparison of Double-Hinge Geant®owith varying radii, single-axis Joints, andlbgical
knee.

When simulating different gear radii, it becomeglent that one can prioritize matching
the displacement of the biological ICR in the xsally setting the radius = 7 mm or prioritize
the y-axis displacement by setting the radius =r2. i@ears with a radius of 2 mm may be
complicated to manufacture and do not achieve dmgtaxis translation. Similarly, the 7 mm
gears significantly overshoot the y-axis displaceni{by approximately 5 mm). If one sets
the radius to a value in the middle of the two, @B, a compromise is achieved between x-
and y-axis displacements. This is an improvemeset tive 2 mm and 7 mm gears, but there
is still a significant difference between the ICRbos joint and the biological knee. A perfectly
designed joint with a pre-defined path of ICR wobklve a trajectory identical to the blue

line. Thus, this design is not ideal.
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To visually compare the offset between the Doublegll Gear Joint, a single-axis Joint
and the average biological knee, a simulation simd Figure 3.4 was generated.
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Double-Hinge Gear Jointr = 4.5mm
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-100 -80 -60 -40 -20 0 20 40

Anterior-posterior axis [mm]

Figure 3.7. Simulation of Double-Hinge Gear Joiffiset. Point at x = 10 mm and y = -70 mm tracked
throughout flexion for biological joint, single-axjoint, and Double-Hinge Gear Joint.

Visibly, the Double-Hinge Gear Joint (at 4.5 mmmyealius) has smaller offset magnitudes
than the single-axis Joint. Though it is an improeat, this design remains insufficient as it

does not suit the kinematics of the biological knee

3.1.4 External Knee Joint Design Based on Normal Motion
Since the External Knee Joint Design Based on Nbko#on is designed on the principle

that it has the same ICR as the biological kna#,je@valuating its kinematics theoretically is
fruitless. For simulation and later comparison jpses, a point will be chosen on the tibial
component and tracked through space througholR@M of the joint. The point selected is

at the same coordinates as in section 3.1.1, xmrhi@Gnd y = -70 mm, since this is a common

placement of shank cuffs.
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Figure 3.8. Simulation of External Knee Joint BasadNormal Motion.

Since the ICRs of the device and the biologicakkmedel are identical in this simulation,
they are both represented by the blue curve. Theallg, this design is an ideal kinematic

match for the biological knee.

3.1.5 Joint with Passive Translation of the Instantaneou£enter of Rotation
Compared to joints with pre-defined ICR paths, p&s$CR translation may allow for

improved alignment between the biological and ertetkn joint axes. This being said, a well-
designed joint that uses a pre-determined ICR padly be just as effective as passive
translation. Due to the variability and unpredidigb of joints that allow passive ICR

translation, they cannot be reliably simulated asitinot be considered in this analysis.

3.2 Force Transfer Analysis of Existing Designs
In powered WAE knee joints, effective force tramsgecrucial. For this reason, a brief

gualitative kinetic analysis of the four joint tygdiscussed in section 3.1 follows. Although

they have been shown to be kinematically incompatioth the biological knee, single-axis
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joints are very efficient for force transfer. Thaye reliable and can endure a significant
number of repeated cycles. Single-axis joints ealirect applied forces easily and via several
methods. A pulley can be located at the hinge, arwdble can transfer the load, simply
changing its direction. A rotational actuator césode placed in line with the joint and apply
torque directly, but this configuration tends tolgkier and more inconvenient.

Double-hinge gear joints are also reliable joints &re more complex in their method of
transferring force. A cable and pulley system canrbplemented, but the pulley(s) must be
standalone from the gears themselves as they natateve to each other. In this type of joint,
rotational actuators cannot be placed directlyna Wwith the biological joint due to the relative
gear center displacement. Double-hinge gear jdiate a shorter lifespan than single-axis
joints but are nonetheless relatively reliable.yitwear more quickly due to the meshing gear
teeth.

The External Knee Joint Design Based on Normal Molly Walker et al. is a polycentric
joint with a pre-defined path of rotation. Becaudalls within this type of joint design, wear
is predictable via simulations. For this study, amalysis will remain qualitative. Though not
designed to transfer force, this joint is similathe Double-Hinge Gear Joint from a kinetic
force transfer perspective. It could also be irdegg with a cable and pulley system, and
pulleys would have to be additional to the existdesign. Additionally, it is incompatible
with the placement of a rotational actuator in hvigh the joint.

As previously stated, joints with passive ICR ttatisn cannot be reliably simulated. Thus,
it is difficult to predict their efficiency in foee transmission and wear resistance. Powered
joints with passive ICR translation such as theKiiee [5], Self-Adjusting Isostatic
Exoskeleton [16], AssistOn-Knee [17], S-Assist gd the Adaptive Coupling Joint [41] are
highly complex and tend to be bulkier. This is hesgarotations and translations are decoupled
to transfer force in a passive joint, and the foruest be able to cross the joint in more than

one way to avoid offset.

3.3 Design Objective
Though significant progress has been made in WAEIdpment, the literature review and

the previously presented design analyses have darated the inadequacy of current WAE
knee joint designs. Studies have suggested thatpatibilities between the mechanical and

the biological joints can be mitigated by usingadypentric knee joint that would eliminate

40



kinematic offset [25]-[27],[34],[46]. Orthoses, vehi have been researched for a more
extended period, have made more advancementsiretiard. Due to the inherent intricacies
of kinematically biocompatible joints and the iresed complexity of injecting an external
force into a system, polycentric joints have be@émmally included in powered exoskeletons.

In order to achieve the required performance ingred WAES, a novel knee joint must
be developed. This thesis proposes a novel knaedesign inspired by knee orthoses that
can be adapted to the needs of powered exoskeletons

From a kinematic perspective, the joint must be/gantric to emulate the motion of the
natural knee; however, it must also transfer foet@bly and assist the actuation system with
optimal force delivery. The aim is to have a raaglknee joint design compatible with various
actuators, with varying moment arm throughout fhexiThe variation of moment arm not
only changes the magnitude of the moment but dlaoges the rate of flexion. Biologically,
this change in moment arm causes the amount @frlicentraction by the muscle to decrease
at high flexion angles.

Finally, the design should be modular and adaptsdléat it can be positioned at different
locations that include offset configurations. Basedthese requirements, design criteria are

proposed in section 3.4.

3.4 Design Criteria
The design of a novel polycentric powered kneet jlmnWAESs must satisfy the following

criteria:
1. Develop a polycentric knee joint with the abilityttansfer force from an actuator.
The joint must be able to vary the moment arm tghawt flexion.
The joint must accommodate offsets of the kned jaithe sagittal plane.
The ROM of the joint must be @ 120 flexion.

Physical restrictions must be implemented to atgierextension knee injuries.

o a0k~ WD

The design must allow the actuator to be placeriprally to the knee to reduce inertia
and felt weight.
7. The design must be compact and light.

3.5 Design Concept
Based on the design criteria set in section 3vkra¢design concepts were considered and

analyzed. Given the characteristics of the requitexce, a joint design with a pre-defined
path of ICR was deemed the most favourable. Thisetype of joint identified as type (b) in
41



Figure 2.20. The device possesses a pre-definddgbabtation to match the average ICR
translation of the biological knee. The ICR modedwn in section 2.2.3 is used as a reference
for biological knee kinematics.

Based on the design analysis in section 3.1.4E#ternal Knee Joint Design Based on
Normal Motion designed by Walker et al. is deem@elmate to serve as inspiration. The pin-
in-slot design restricts the ROM and prevents hgpension without the need for an
additional stopping mechanism. While this desigmeces ideal kinematics, it does not meet
the moment arm and modular design requirements pimwvered WAE integration.
Consequently, a preliminary design concept is dgwad to achieve the design objectives
outlined in section 3.4. SolidWorks was used tdtdhee model, which is shown in Figure 3.9.

42



(@) (b)
Figure 3.9. SolidWorks assemblies of the joint gesioncept. A tibial component with pins is shovetvieen
two femoral components that have slots. (a) Iraasembly, (b) exploded view.

Depending on the actuator, a cable or belt is feaato transfer energy from various types
of actuators through the joint. In order to faatié this, a cable must be guided along a surface.
Thus, a pulley is integrated into the joint. Sittte moment arm is a key parameter for a joint
that mimics the behaviour of the biological kndes buter shape of the pulley that controls
force transmission is noncircular. This allows dp@m the moment arm throughout flexion,
similar to the biological knee’s functionality.

In order to prevent injury, the ROM of the jointiMde restricted using a pin-in-slot design
where pins move along slots to dictate the kinersaif the joint and prevent hyperflexion
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and hyperextension. Initially, the design was gatesr with only two pins, but due to the
physical construction of the design, a third wadeafor increased stability and reliability.
The third path was identified by choosing a pogtative to the first two pins at full extension
and tracking its movement throughout flexion. Feg@rl shows the initial and revised path

designs.

(@) (b)

Figure 3.10. Detailed view of the pin-and-slot magkm of the joint. (a) Initial two-pin design. (Revised
three-pin design for increased stability and religh

The placement of bushings on the pins would mingnfiction between the pins and their
paths, though, for simplicity, bushings will not éeepicted in renderings.

As shown in Figure 3.9, slots are located on tineof@l component, and pins are fixed to
the tibial component. Three pins are implementethédesign, as previously described. One
of the pins is aligned with and represents the l1&Rwing for kinematic compatibility with
the biological knee. A second pin has the purpdsnsuring that the first pin moves along
its path at the appropriate rate, and the thirdopavides extra stability and ensures that there
is only one DOF. Ensuring a single DOF means tht one kinematic solution is available
throughout movement and improves the reliabilitysohulations. If multiple DOFs were
present, simulations would be difficult to generated device behaviour would be challenging
to predict.

This design effectively ensures kinematic reliapilas it restricts the device’s flexion
ROM. Due to the inherent ROM restrictions that comith pin-in-slot designs, additional
stoppers are not required. At the end of the ROIM npotion is restricted by the end of the
slots. Thus, the joint prevents hyperflexion angédrgxtension. The process of determining
the shapes of the slots is discussed in detaddtians 4.1.1.1 and 4.1.2.2.
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The device is actuated using a cable and pulleesyto allow for flexibility in the future
placement of the actuator. This would allow theiatdr to be placed close to the user’s center
of mass, thereby reducing felt weight and energpeasiture. The cable, which is not depicted
in SolidWorks renderings, is routed from the pasteside of the femoral component around
a pulley on the tibial component and back up thersor side of the femoral component. Two
small pulleys were designed to be fixed anteriarig posteriorly on the proximal end of the
femoral component. These pulleys would act as psaieers for the cable and help guide the
cable along the component. This cable is fixedhéopulley of the tibial component with a pin.
The pretensioner pulleys and pin locations arecateéd in Figure 3.11 by black ‘X’ markers

and a yellow point, respectively.
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Figure 3.11. SolidWorks assembly of joint withoffset. Cable and bushings not depicted. Location of
pretensioner pulleys indicated by black ‘X’ markansl location of pin indicated by a yellow point.

The fixation of the cable to the pulley is to alléoy force transmission. To flex and extend
the joint, tension is applied to the posterior anterior ends of the cable, respectively. When
tension is applied to the cable, force is transfitfrom the actuator to the tibial component
via a pin. The moment arm, which is measured froenduter edge of the pulley to the ICR
of the device, varies throughout flexion. The agglforce causes the joint to flex or extend,
and the pins in slots dictate the kinematics thhaug motion. This means that the shape of
the slots controls the rate of rotation and trareteof the joint and is designed to mimic the
kinematics of the biological knee.
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Unlike the single-axis joint, the Double-Hinge Geaint, and the External Knee Joint
Design Based on Normal Motion, this new design ephevas created to accommodate an
offset in the sagittal offset. If the device canbetaligned with the biological knee due to
mechanical restrictions, an alternative shape tlirakow the rolling and sliding motion of
the knee.

In this case, the first pin (aligned with the ICRlwe knee in the original design) becomes
a virtual point in space, and three pins are degdaaway from the ICR. A joint model that
takes prescribed offset into account was crealasl i§& shown in more detail in section 4.1.2).
Figure 3.1 provides the SolidWorks model for thetavith offset. The actuating cable and

cable-routing components have been excluded frensthidWorks model for simplicity.

(a) (b)

Figure 3.12. SolidWorks assemblies of joint witfsef. (a) Intact assembly, (b) exploded view. Lazabf
pretensioner pulleys indicated by black ‘X’ markigrga), and location of pin indicated by a yellpwint in

(b).
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Chapter 4 Modelling and Simulation

4.1 Modelling of Design Concept
The selected design concept shown in Chapter 3shioeoretically match the ICR model

of the biological knee developed by Walker et a@.pFove this, the modelling process of the
joint design will be presented. This section isidid into two parts: the first describes the

design with no offset, and the second providesxamele of the modular design with offset.

4.1.1 Joint with no Offset
This model assumes no initial offset between thecgeand the biological joint, meaning

that it is aligned with the biological ICR, locatatl(0,0) at Oflexion.

4.1.1.1 Kinematics/Paths
The locations of pins 1, 2, and 3 are modelled fi@nto 120 flexion to validate the

kinematic requirement that the design should metethranslation of the ICR of the biological
knee model outlined by Walker et al.

The path associated with pin 1 precisely follows #I€R model. Thus, the ICR is
represented by and" from equations (3.1) and (3.2), respectively. Pisitherefore located
at the center of the femoral condyle (0,0) afl@€ion. Having placed pin 2 at prescribed x
and y values away from pin 1, a corresponding Ratras calculated and is represented by
the parametric equations for and" . The location of pin 2 with respect to pin 1 can b
described by the variables =10 mm and =-10 mm, meaning that pin 2 is located
at (10,-10). The locations of the pins were deteadiby trial-and-error and their paths were

validated via modelling.

The distance from pin 1 to pin 2 can be found us$inegPythagorean theorem as follows:

% AB C, B C (4.1)

To find the coordinates for path 2 that correspweiit knee flexion angles of 0° to 120°, first,

the angle between the vector and the y-axis must be found and is denloyed .

% EF° 9—=D (4.2)

Finally, parametric equations for path 2 were depet as follows:

% 567 & < (4.3)
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"%t & 2@ & < (4.4)
Using the same process for pin 3 with values of % &-' and" % 1, path 3 is

described by equations (4.5) and (4.6).

% ;567 & < (4.5)

Y%t & 7@ & < (4.6)
Figure 4.1 is a simulation from MATLAB that showeetpaths of the three pins from 0° to
120° flexion. Path 1 is blue and coincides withBR, path 2 is red, and path 3 is black. The

locations of the pins at 0° flexion are indicateithvpoints in their corresponding colours.
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Figure 4.1. Design concept with no offset.

Subsequently, to model the movement of the pinsslconnecting the pins were drawn at
15° intervals throughout the ROM. An infinite numloélines could be drawn, but eight were
selected for clarity and consistency between erpental tests. Figure 4.2 demonstrates the
location of the pins at different degrees of flexiavhich is later validated experimentally.
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Figure 4.2. Design concept with no offset. Multa@d lines connecting pin 1 to pin 2 and pin 3drevn at
15° intervals between 0° and 120°.

In order to compare this joint to the External Kdeet Design Based on Normal Motion,
the same point at the location of a shank cuffaglelled. This point is located at x = 10 mm

and y = -70 mm when the joint is at @nd is tracked from Go 120 flexion.
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Figure 4.3. Simulation of joint with no offset.

The curve tracking the location of the specifiednpds identical to that of the External
Knee Joint Design Based on Normal Motion in simales, shown in Figure 3.8. This is
because both simulations and joint designs revatoaend the same ICR path. Theoretically,
both joints should produce identical behaviour, hhts cannot be verified without
experimental validation as variations will be calibg manufacturing methods and the design
of the rest of the device structure.

In order to confirm that this joint design permésactly 120 flexion, the SolidWorks
assembly was evaluated. Figure 4.4 provides aalad@te view of the joint at the ends of its

ROM. Pins are identified in the same colours asvshio Figure 4.1.
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() (b)
Figure 4.4. SolidWorks model of the joint with nffiset at ends of the ROM. (a) 0° flexion, (b) 12@%ion.

As desired, at maximum and extension and flexio&® component centerlines form angles
of 0° and 120°, respectively. This model suppdreshypothesis that the joint will maintain
the same ICR as the biological knee and showsthieapins will act as stoppers to prevent

excessive extension or flexion of the joint.

4.1.1.2 Moment Arm
Since this design is intended to be integratedargowered WAE, it is essential to consider

the changing moment arm in the knee throughoutidiexduring the design process.
Considering the design uses a cable for force itmggsson, using a noncircular pulley
minimizes the contraction distance required. Thetraetion distance is reduced at high
degrees of flexion, thereby reducing the total amioequired.

The rate of change in moment arm is the most drasjgect to consider when designing
the shape of the noncircular pulley, as it perraffgcient joint flexion. Before the required
profile of the noncircular pulley can be determintte moment arm of the biological knee
had to be investigated. Figure 4.5 expresses tteefdand in Figure 2.11 as percentages of

the maximum moment arm value.
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Figure 4.5. Percent maximum knee moment arm v Kegion angle from male and female adults froma)°
120°.

Both male and female curves did not change shapeeba Figure 2.11 and Figure 4.5.
The maximum values are set to 100%, and all othkreg are proportionally converted to
percentages. Note that the curve-fit goes past I@@does not represent the actual value.

The literature review in section 2.3 demonstrates the moment arm increases from 0° to
approximately 45° and returns to its original vaiie90° flexion. For the purposes of this
research, data for male patients will be used,daittulations and design variables could
certainly be recomputed using female moment armegal

To determine the required profile of the noncircytalley, a reference frame must be
identified.# is measured at the location of the ICR and reptegbe degree of flexion. Here,
the femoral component is kept verticklmeasures the angle between the centerline of the
tibial component and the vertical, and Figure 4révygles a visual representation of this
reference frame. The yellow dotted lines are vartnd represent the femoral centerline, and

the red lines represent the tibial centerline &tittervals.
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Figure 4.6. Biological instantaneous center oftiotareference. The yellow dotted lines represkatfemoral
centerline, and the red lines represent the tdsaterline at 15intervals.

The pulley coordinates were determined under tearaption that the location of applied
force is the last point of contact between the €alnld pulley. Though several pulley shapes
of different moment arm magnitudes were generaaohple calculations will be shown for
the design at 100% of the magnitudes shown in Eigub.

In order to develop the first iteration of the pwyllshape, coordinates were located as

follows.
% & GHI; < (4.7
%" & DK < (4.8)
where M is the magnitude of the moment arm in mm,.{ ) are the coordinates of pin 1

in mm, and# is the flexion in degrees. The coordinates offits¢ pulley shape iteration can

be seen in Figure 4.7.
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Figure 4.7. Coordinates of first pulley shape tiera

The physical design must be considered to valitfasepulley shape. As the cable is routed
down the femoral component and is wrapped arouagbtitiey on the tibial component, it is
vital that the cable contacts the entire surfacehef pulley. Otherwise, the moment arm
calculated using the coordinates of the pulley moll coincide with the moment arm generated

by the cable’s position. A sketch of the first pylishape iteration is shown in Figure 4.8.

Figure 4.8. Sketch of the first iteration of thdley shape. Areas of concern are circled in red.
The pulley and tibial component to which it is fixés drawn in blue. An orange line
represents the cable, the femoral component isatelil by a dotted green line, and the black
rectangles symbolize pretensioner pulleys fixetheofemoral component to guide the cable.

It is visible and indicated in red that the cabbesl not contact the pulley at @0, 105 and
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120 . Unfortunately, the cable cannot be guided albiggulley shape with a track or several
smaller pulleys. This is because as the joint Bexed the tibial component rotates, the cable

cannot contact degrees of flexion below its curdagree. This is demonstrated in Figure 4.9.

1

(@) (b)

Figure 4.9. Sketches of the first pulley shapetien at 30° flexion. (a) Cable is guided along shape of the
pulley with added smaller pulleys. (b) Cable iefte move away from the pulley.

Figure 4.90 presents two cases of the joint affl@@fon. In (a), smaller pulleys have been
added on either side of the 0° point to ensureecabhtact at that point. When the joint is
flexed, the last point of contact is still apprositely at 0°, meaning that the moment arm is
not being measured from the desired 30° point)ntfie design is demonstrated with a single
pretensioner pulley fixed to the femoral componkletre, as designed, the last point of contact
between the cable and the pulley is at the 30°tpoin

Since the cable cannot be guided along the emigth of the pulley, the pulley's shape
must be altered. The first two coordinates of thkey shape (Oand 15 had to be moved
further out to be in line vertically with the poititat protrudes the furthest posteriorly (30

thereby increasing the moment arm aafd 15. This change is reflected in (4.9).
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The moment arm of the biological knee decreases aft flexion, which is unfortunately
unachievable with this type of design. With an agptensile force, the cable will always take
the shortest path and not contact these pulleygpart For this reason, coordinates between
75° and 120° were interpolated to create a strdiight This can be seen in (4.10).

The coordinates for the final pulley shape werailed as follows.

JN O2P QRS TP (4.9)
ot N ,
Jy U2P
iz 1P "
" B & CB" &" C 4.10
% IN.IPO O-*p QRSP QRS TP orspp C ., QRSP ( )
v ors TP & QRsyP

\A
v b %P "L

Using these coordinates, a final pulley shape weated. Figure 4.10 provides a graphical
view of the coordinates and a sketch of the findlgy shape.

#$ %

)

@

&# #$ %

(a) (b)
Figure 4.10. (a) Coordinates of the final pullegsb. (b) Sketch of the joint with the final pullglyape.

Since this final pulley shape is generated usingerd arm data at 100% of the maximum
magnitude, alternate pulleys were simulated at 7% and 25%.
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Figure 4.11. Alternate pulley shapes for the jeiith no offset. Moment arm magnitudes shown are2a.00
(orange), 75% (green), 50% (yellow), and 25% (grey)

To select a pulley shape to be implemented, therétieal moment arms were simulated
and are shown in Figure 4.12.

Due to the physical design of the joint, specifierations were made to ensure contact
between the cable and pulley at all degrees oidiexBecause of these changes, the theoretical

moment arms are not identical to the biologicalieal A comparison is shown in Figure 4.12.

o) +

(a) (b)
Figure 4.12. Moment arm comparison between makreate data for the biological knee and final gulle
shapes with varying magnitudes. (a) Moment armnm. ifip) Moment arm as a percentage of maximum
moment arm.

Observing Figure 4.12 (@), it is clear that therlate pulley shapes successfully change
the magnitude of the moment arm by a constant fabtoughout the entire ROM without
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changing the shape of the curve. When evaluatiggr€i4.12 (b), it is easier to compare the
joint moment arms to the male biological referedat. The theoretical moment arm provided
by the pulley shape is increased significantly ‘atalid minor increases in the moment arm
occur at 15°, 90°, and 105°. The rest of the paanésidentical to the reference data, as they
were not altered to ensure contact between the eatal the pulley.

In order to validate the theoretical results, themmant arms must be tested experimentally.
Based on the simulations, the pulley shape at 1®@¥aent arm was selected for experimental
evaluation. This design was chosen because the nicem@ at 0 had the most negligible
discrepancy with the biological joint out of alletlother designs. This can be seen in Figure
4.12 (b). Though this joint was the least accufiam 90° to 120°, the behaviour at 0° was
deemed more important since the data points afteo8 the biological curve are based on an

assumption. Testing is later conducted, and reauttpresented in section 6.2.

4.1.2 Joint with Offset
There are instances where one may not be ablgytothle mechanical knee joint with the

biological joint (e.g. size restrictions, actuapacement, mechanical constraints). For this
reason, a modular design was developed. Given sciived offset distance, a joint that

remains compatible with the ICR of the biologicakk can be created.

4.1.2.1 Limit Simulations
Knowing that the goal of this joint is to re-credbe same kinematics as the joint with

offset regardless of the joint placement, it is amant to consider the offset limitations. For
example, a joint cannot feasibly be located 1 mateay from the biological knee due to
physical constraints and inconveniences that wéedd to user rejection. For this design,
limits have been put in place that restrict thegtaent of paths and pins to a 150 mm radius
from the origin. This limit was determined expetially. It is also important to clarify that
the joints cannot overlap the path of the bioloQIER. If the device crosses the ICR of the
biological knee, the device is no longer considémdtset,” and the initial design for a joint
with no offset should be implemented. Thereforeavoid overlap with the ICR, the paths
have been restricted and cannot have x coordirdtesx < O at any degree of flexion. By
trial-and-error process, four limiting pin coordiea were located and are shown in Table II.
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Table Il. Limiting pin coordinates for the offsetint.

Restriction x-coordinate y-coordinate
Maximum x-coordinate 124 80
Maximum y-coordinate 30 150
Minimum x-coordinate -127 -75
Minimum y-coordinate -8 -144

These pins represent the starting point for eachecdrawn in Figure 4.13.
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Figure 4.13. Evaluation of offset joint limits. Lat@on of pins at Oflexion indicated by small circles.

As highlighted by the simulation, if the joint mum& located anteriorly or posteriorly to the
biological knee, the maximum or minimum coordinatesst be considered, respectively. One

cannot use a design where pins are both on the@rdaad posterior sides of the origin because
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this would mean that the width of the device wospén the ICR and reduce the design to a
joint without offset.

When modularizing the joint to suit the needs ofagplication, it is crucial to keep the
starting pin locations within the identified limitesnsure the paths do not cross the ICR and
select three paths that do not intersect. If tHbgmtersect, the pin-in-slot mechanism will

not function as desired.

4.1.2.2 Kinematics/Paths
Modelling will be carried out for a test case wheéhne device is offset such that the

centerline of the device is located at an arbittacation of 40 mm anterior to the ICR at 0
flexion.

As with the model with no offset, three pins aneéithcorresponding paths must be
identified to allow appropriate motion from 120 flexion. By trial-and-error process, three
paths that do not intersect or cross the ICR wewed and are modelled using the following

eguations.

n

=[ &

%, "A " _4GHO9raK 9 (4.13)

n

%", "A , _41K9laK 9 =[ & (4.12

Where ( L" ) are parametric equations describing paths fos gif6 -L *L 2and
( L" ) are the locations of pink% -L *L &t O flexion.

The following equations provide the locations forgl, 2, and 3 in Figure 4.14.

: " <%:1 ) < (4.13)
; " <9 ;111 < (4.14)
: " <%:) L' < (4.15)

Points indicate these pins in the figure. The IE€Rhown but does not represent a path.
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Figure 4.14. First iteration of the design conaejh offset.

This design iteration showed that pins 1 and 3 ia@&eedom to rotate about pin 2, adding

approximately 40of rotational freedom. As this was undesired, @sd iteration of paths

was generated. Refer to Appendix A.1 for additiondrmation on this design.

The following two equations replace (4.14) and %4.The location of pin 1 was left the

same.

: " <0 * 1< (4.16)
; " <02 Ul < (4.17)

The following path simulation was created in MATLABIng the revised pin locations.
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Figure 4.15. Final design concept with offset.

The new path locations do not allow for the unaesiDOF identified in the first design
iteration; thus, these are implemented in the fadesdign. Once again, to model the locations
of the pins throughout flexion, eight lines conmagtthe pins were drawn at 15° intervals.
Figure 4.16 shows the location of the pins at dgffie degrees of flexion, which are to be

validated experimentally.
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Figure 4.16. Final design concept with offset. Nbwlbored lines connecting pin 1 to pin 2 and piar8 drawn
at 15° intervals between 0° and 120°.

As done previously, a 3-dimensional model of thatjovith offset was created in
SolidWorks. Figure 4.17 provides a lateral sidewd the joint at the ends of its ROM, 0
and 120 flexion. Pins are identified in the same colowshown in Figure 4.15. The ICR of
the device is a theoretical point in space modddkeskd on the reference frame of the device

components. The ICR curve is drawn in corresponeléadhe femoral component as it is

fixed in space, and the point in blue is drawn wébpect to the tibial component.
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(a) (b)
Figure 4.17. SolidWorks model of the joint with gdf at ends of the ROM. (a) 0° flexion, (b) 12@kxibn.

This modelling confirms that the offset joint maims an ICR that coincides with the

biological knee and that the joint cannot surptsdesigned ROM due to the pin locations.

4.1.2.3 Moment Arm
As it was done for the joint with no offset, the ment arm was modelled for the offset

modular design test case. Due to the nature o$hlape of the design, the pulley had to be
located further distally from the joint center ttow proper force transmission and flexion of

the joint. Essentially, this means that the surfafcee pulley on the tibial component had to
be located distally to the ends of the paths of¢ngoral component.

The pulley shape designed for the joint withouseffin section 4.1.1.2 is also used in this
case; the coordinates simply had to be transldtied.coordinates for the final offset pulley
shape were translated from their original posiaiateriorly so that the x coordinate atvias
flush with the posterior side of the tibial compoheSince the tibial component has a
centerline at 40 mm and a width of 54 mm, the pastedge is located at x = 13 mm. The
pulley was also translated distally by 50 mm toue@sts lowest point was distal to the end of
pin path 1 (cyan in Figure 4.15). The following atjans provide the coordinates for the offset
pulley shape.

% & QTE: -2 (4.18)
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%t &Y (4.19)
Figure 4.18 shows the resulting shape of the pditleyhe joint with offset.
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Figure 4.18. Coordinates of the offset joint puligape.

The moment arm of this joint, , is measured from the ICR to the last point oftaon

between the pulley and cable. is represented by (4.20). The moment arm of tfeebjoint
is compared to reference data in Figure 4.19.

%AE & C,E &"C (4.20)
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Figure 4.19. Moment arm comparison between makreate data for the biological knee and the ofiséiey
shape.
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Due to the offset and translation of the pulley thoment arm is consistently larger than
the reference data. The magnitude is not of conesrthis can be adjusted through the
actuator. Moment arm data were normalized as aeptage of their maximum value to
compare the shape of the curves without consiaerédr the magnitude. The following figure

presents these results.

#
e

Figure 4.20. Moment arm comparison between makreate data for the biological knee and the offstiey
shape. Normalized as a percentage of the maximumembarm.

Unlike the reference curve, the offset pulley agsat maximum moment arm at 7Bue
to physical constraints discussed in section £1the moment arm cannot decrease in the

same fashion as the biological knee and returppooximately its original value at 90
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Chapter 5Prototype Fabrication and Experimental Testing

Once a joint design was conceptualized and modetlags essential to verify that it
satisfies the design criteria established in sa@id. The purpose of experimental testing
was to validate that the joint can transfer fot@s a moment arm that varies throughout
movement, accommodates an offset while maintaikingmatic compatibility, has the

appropriate ROM of Oto 120 flexion, and prevents hyperextension.

5.1 Prototypes and Fabrication Process
Experimental prototypes were created using themldlker 3 Extended 3D Printer.

SolidWorks models were printed in black PLA at 2 dim profile and with 10% infill. The

femoral components were printed in two parts faeasbly, and the tibial components were
printed in a single piece. To allow an analysishaf last point of contact between the cable
and the pulley on the tibial component, the latsidé was omitted during 3D printing. Figure

5.1 shows how this provides a clear view of thégyulrom the lateral view.
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(a) (b)

Figure 5.1. SolidWorks assemblies with lateral sidmitted for clarity. (a) Joint without offset.) (boint with
offset. Portions of the pulleys exposed by removh®lateral sides are circled in red.

Steel pins were inserted into both prototypes'atilmomponents and affixed with
cyanoacrylate (CA). Bushings were not deemed nacgdsr the preliminary mechanical
prototypes and were therefore excluded from thadation process.

Twisted polypropylene mason twine with a diamete anm was selected as the cable
material due to its minimal strain and low costbi#ght orange coloured cable was a clear
choice for high visibility against the black PLA taaal. The cable is fixed to the tibial
component with aluminum wire and CA adhesive.

In order to simplify the fabrication process, thetpnsioner pulleys were replaced with
screw-in eyelets so that the cable can neverthdlesguided along the appropriate path.
Eyelets were fixed to the femoral component withtGAuide the cable. The following figures

show the experimental prototypes.
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Figure 5.2. Experimental prototype of the jointtwito offset. The femoral and tibial components are

constructed out of PLA with steel pins. The cabléght orange) is made of polypropylene mason tveine is
fed through eyelets on the anterior and posterids®f the femoral component.
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Figure 5.3. Experimental prototype of the jointiwitffset. An extension with a slot is added totthel
component to allow for use with the testing rig.

As visible in Figure 5.3, an extension with a soadded to the tibial component of the
offset joint. This addition was fixed with CA ansldesigned to accommodate the significant
proximal-distal translation of the joint during tieg).

5.2 Experimental Setup and Methodology
To validate that the designed joints satisfy thsigte criteria, two testing rigs were

developed. The first experimental setup can be seEmgure 5.4.
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Figure 5.4. Testing rig 1. Prototypes are fixed tooard with two curved tracks by adjustable U-sldap
supports. A tripod is fixed to the board to takefols of the prototypes at prescribed intervalssof

The first testing rig is designed to take photosaxh joint prototype at 1intervals from
0 to 120 flexion. This permits the evaluation of their kinatics and moment arm
performance.

A 1.9 cm-thick plywood platform is supported bydarbeams that span the length of the
platform and with square cross-sections of 5.11xcen. This platform has two curved tracks
that are designed to allow joint flexion from 0°1®0°. Four L-brackets were bolted together
in pairs to create two U-shaped supports at thgima and distal ends of the joints. These
supports are fixed to the platform by tighteningsrand bolts through the curved tracks. The
proximal and distal ends of the joint prototype laoéted to the U-shaped supports.

To ensure that photos are taken from the sameereferpoint, a tripod is fixed to the
platform. A small support piece was 3D-printed gsiLA filament to fix the center of the
tripod to the platform with screws. This preventgngicant discrepancies between
photograph reference frames. To further ensurema@ahmovement between trials, a wireless
remote is used to initiate photo capture at a dcgaPhotos are taken with iPhone XR.

The following figure shows both joints fixed to ttesting rig at 45flexion.
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(@) (b)
Figure 5.5. Photos of joints at 45° flexion - takesing testing rig 1. (a) Joint with no offset. (ffset joint.

To ensure comparable images, the femoral comparéehe joint is fixed at the end of its
track and does not move throughout testing. A @ak2-inch goniometer is applied to
measure the flexion angle before each trial anteiisoved before photos are taken. The
support beams beneath the platform allow for mamgglistment of the tightening nuts,
permitting joint movement between trials. The cablmanually pulled taut and fastened with
a binder clip at every 15interval. The resulting images are consequentiglyaed in
MATLAB. This is discussed in further detail in Chapé.

A second experimental setup was developed to fuvidledate that the joints each possess
a single kinematic solution. It can be seen in Fedu6.
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Figure 5.6. Testing rig 2. The femoral componefitsach prototype are fixed to a board. Markersadiiged
to the distal ends of the tibial components. Wiesrsion is applied to the cables, curves are drawn.

The femoral components of both joints are fixeatplywood board. U-shaped brackets
were custom 3D-printed to fit the components anowafor easier adhesion to the board.
Small blocks designed to hold a permanent markee aiso 3D-printed and fixed to the tibial
components of the joints with CA. White sheets appgr are taped to the board to provide a
clean surface for drawing rotation paths. A maikgslaced inside the holder and provides a
fixed point on the tibial component for trackingerision is applied to the posterior and anterior
cables to flex and extend the joint, respectivAlythe joint moves, the marker draws a curve

on the white sheets of paper placed beneath itcyeles of flexion and extension from @

120 are conducted for each joint. The resulting cuaresanalyzed in Chapter 6.
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Chapter 6 Analysis, Results and Discussion

Chapter 6 analyzes and discusses the experimestdts from testing described in Chapter
5. This section is divided into three componenisematic analysis, moment arm analysis,

and DOF analysis.
Kinematic Analysis
In order to begin the kinematic analysis, .jpg ie&gere imported into MATLAB using

the “imread” function. Nine images were taken afhegint at 15 intervals from 0to 120
flexion. Though movement was minimized between p&dty the design of the testing rig,
the reference frames of all images were not idehtitherefore, reference frames were
normalized to that of the joints at flexion. Images were displayed in MATLAB using the
“imshow” function. Using the data cursor in the MIAAB interface, the coordinates of the
top left and top right corners of the femoral comgat were manually identified and recorded
in an Excel spreadsheet. It is important to nost MMATLAB identifies the top left corner of
its images as the origin. Y-values are positive mlvards, and x-values are positive to the

right.

Figure 6.1. Data cursor function in MATLAB interfa@entifying coordinates of the top left corneittod joint
with no offset at 0° flexion.
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Figure 6.1 shows the MATLAB interface with the ttgdt corner selected by the data
cursor. The coordinates of the points are providgmixels, which are consequently converted
to mm.

To ensure that the same reference frame is useeéetphotos, three critical factors must
be identical: rotation, origin, and scale. To alitpe rotation of reference frames between
images, the MATLAB function “imrotate” is used totate images so that the top of the
femoral component is horizontal. The required rotats calculated as follows.

" |
% EF At ———
(0 & .

Where (, L", <and ( L" <are the coordinates of the top left and top rigirhers,

(6.1)

respectively. The image is then rotated by the @mpate degree and displayed in MATLAB
again. The data cursor is used to ensure thatetetop left and right corners have the same

y-value.

Figure 6.2. Rotated image of joint with no offse@aflexion. New top left corner is identified ngi data
cursor.
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Next, an origin is determined. Based on the sinuiat the location of the origin is the
point at the beginning (right-hand side) of pathFigure 6.3 provides an example of the

manual identification of this point.

Figure 6.3. Manual identification of the origin mgidata cursor in MATLAB.
In order to finalize reference frame alignment, $kale must be verified. Since the width

of the femoral component and the coordinates ofnthe top left and top right corners are
known, a ratio of pixels to millimeterS, can be created.

Ddel hi & <, 5" & < i[Jdel] (6.2)
¢ % :

b e iff |

Where (| L" <and ( L" <are the coordinates of the top left and top
right corners after rotation, respectively, andis the width of the femoral component in mm.
The scale of the images is adjusted after furtla¢a @oints are extracted from the images.
Though it would have been possible to determinestiade based on the length of the femoral
component, the width was deemed to be more reliabhe distal end of the femoral
component is rounded; therefore, manually idemdythe center of this curve could have

introduced additional error.
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The purpose of the kinematic analysis is to traekdcations of pins 1, 2, and 3 throughout
flexion and verify how closely they follow the sihation. Thus, the data cursor was used to

manually select what appeared to be the most ¢gaked for each of the three pins.

Figure 6.4. Manual identification of the centeragbin using data cursor in MATLAB.

The locations of the pins are denoted by (L" < where i =1, 2, 3 (the pin number).

These coordinates can finally be translated tactneect reference frame using the following

eqguations.

% E & 1, Tomé& o1 (6.3)
%i;&-<" &"1, "tom<é&” oTib (6.4)
Equations (6.3) and (6.4) translate all framestdnence so that {L t<is located at (0,0),
and the scale factor S both normalizes the sizleenimages and converts units from pixels to
mm. Multiplying the y-coordinates by a factor ofallows the y-axis to be positive upwards
(proximally), thus aligning with the simulations.

Pin locations were plotted against the paths, haddllowing results were obtained.
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Figure 6.5. Kinematic experimental results. Locadiof pins are represented by points overlaid owlsition
paths. (a) Joint with no offset. (b) Joint withset.

In Figure 6.5, theoretical paths are shown by @ diole, and the location of the pin centers
are shown in corresponding colours. Evidently,fims on both joints appear to follow their
simulated paths with a degree of error. To quantifg agreement between kinematic
simulations and experimental results, percent emndrabsolute error were evaluated. Percent

error and absolute error were calculated as folows

n & n
k Imma@% 4-" (6.5)
Fo5@pc Imm¢ % n & n (6.6)
where and are the distances between the theoretical and

experimental pin centers and the origin in mm, eetipely.
Error values were evaluated for each data pointrimg that both percent error and
absolute error values were determined at everyat®ach pin. Figures 6.6,Figuss, Figure

6.7, and Figure.9 present these results.
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Figure 6.6. Kinematic experimental percent errortii@ joint with no offset. Average errors througho
flexion: pin 1=10.72%, pin 2=2.22%, pin 3=2.42%.

An average percent error value was obtained fdn pat In the joint with no offset, Pin 1

had the most significant error with 10.72%. Pira2 2.22% error, and pin 3 had 2.42% error.
The overall kinematic percent error for the jointhano offset was 5.12%.
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Figure 6.7. Kinematic experimental percent errortifi@ joint with offset. Average errors throughdakion:
pin 1=2.27%, pin 2=2.61%, pin 3=1.89%.

Average error values for pin location throughowaxibn in the joint with offset are as
follows: pin 1 = 2.27%, pin 2 = 2.61%, and pin 3.89%. The overall kinematic error for the
joint with offset was 2.26%. Unfortunately, it wast possible to physically obtain error
values for the ICR of this joint as it is a thearak point in space.

Pin 1 in the joint with no offset demonstrated gigant error at 30and 45 flexion, which
can likely be attributed to the construction of ghetotypes. Since the pins could not be 3D-

printed in one piece with the tibial component, ahptns had to be inserted and fixed by hand.
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This introduced error because when the pins arper@ctly perpendicular to the component's
surface, the pins experience friction against timei walls of the paths. Pin 1 likely was the
most affected by this, as evidenced by the errowshin Figure 6.6. The pins were also not
centered on their simulated paths. Any level obidaece between the pins and their paths
causes error because the pins press up againsidenaf the paths during movement, meaning
that the pins are no longer on the centerline. touke fabrication of the prototypes using 3D-
printed components without bushings, a slight eleee between the pins and paths was
necessary. Without this clearance, the friction Mobe too high to allow for smooth
movement during testing.

Though the difference in percent error demonstrhgebloth prototypes is significant, their
manufacturing errors are of the same order. Theedsed percent error in the joint with offset
can likely be attributed to the larger distancedtied by the joint pins.

Percent error analysis showed that the joint withofiset agreed with simulations more
than the joint with no offset, which motivated arroe analysis in terms of absolute
measurements. Since a WAE user would experience aiscomfort with a considerable
misalignment between their natural joint ICR and t&€R of the device, it was deemed
important to investigate the total misalignmenbaposed to simply evaluating the percent
error. The percent error evaluation can provide mmgdul information but does not
adequately represent the significance of misaligriinvath respect to comfort and user
retention. Figures Figures and Figures.9 provide the absolute error results for both joint

prototypes.

Figure 6.8. Kinematic experimental absolute eroottiie joint with no offset. Average errors throogh
flexion: pin 1 =0.38 mm, pin 2 = 0.36 mm, pin 22 mm.
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On average, throughout flexion, pin 1 had 0.37 mmrepin 2 had 0.36 mm error, and pin
3 had 0.22 mm error. The overall kinematic absaduter for the joint with no offset was 0.32

mm.

Figure 6.9. Kinematic experimental absolute eroottiie joint with offset. Average errors throughéiakion:
pin1=1.71 mm, pin 2 =1.68 mm, pin 3 = 1.64 mm.

Since the joint with offset is larger, it experiedchigher absolute errors when compared
to the aligned joint. Average absolute error valieesin location throughout flexion in the
joint with offset are pin 1 = 1.71 mm, pin 2 = 1.88n, and pin 3 = 1.64 mm. Overall, this
joint had an average absolute error value of 1.68 m

When one compares the average absolute error betvatle joints, it is clear that the joint
with offset would be less comfortable than the radig joint. This being said, 1.68 mm of
deviation could be considered acceptable, but hiheshold for comfort has not yet been
defined.

Moment Arm Analysis
An analysis was performed to examine the momens atmtained experimentally. As with

the kinematic analysis, reference frames were nliwethbetween images. Differently, the
reference frame for the moment arm analysis ishagea static tibial component compared
to the static femoral component used in the kineaatalysis. A similar method is used to
achieve this. The bottom corners of the tibial comgnt are manually identified in MATLAB,
and the image is rotated so that the bottom iszbotal. Since the tibial component is fixed
in this reference frame, the pins are fixed as .wglithe joint with no offset, the origin is
selected to be the coordinates of pin 1. There jgimaligned with the ICR for the offset joint,
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S0 an additional translation is required. Pin losated a distance of L" <

away from the origin, thus pin 1 can still be ussdc point of reference to locate the origin.
Image scaling is carried out in the same way ashi@ikinematic analysis. To obtain data

for cable contact, the last visible point of comtdetween the pulley and the cable

, GHk'ad: ‘ghicacS 1S Manually identified in MATLAB, as shown in Fig6.10.

Figure 6.10. Manual identification of the last gairfi contact between the cable and pulley using datsor in
MATLAB.

These values are normalized and plotted againdthpe of the pulley, as can be seen in

Figure 6.11. These normalized coordinates in mndam®ted by gk ac' kd- ‘shicac: ki
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Figure 6.11. Cable contact experimental resultst paints of contact between the cable and thepshown
by orange points. Pulley shape shown by blue cufegsloint with no offset. (b) Joint with offset.

Visibly, the cable contact locations were not ascdeed by simulations. Due to the
physical structure of the joints and the locatidreyelets, the cable stayed wrapped around
the anterior portion of the pulley for the entir®R.

Intuitively, when plotted, the points of contacttween the cable and pulley follow the
shape of the pulley. It is also clear that thera idegree of error with the translation of
reference frames for this experiment. This is evideecause the orange curves are anterior
and proximal to the blue curves. It is physicaltypossible that the cable’s last points of
contact are inside the pulley. This can likely betauted to the manual selection of points in
MATLAB using the data cursor, which introduces humerror. It is also possible that
photographs were taken at an angle and that theegsoused to normalize images was
insufficient to handle this factor.

Throughout simulations, the moment arm generatethéycable was measured from the
ICR. Thus, the following equation was used to gateemoment arm plots visible in Figure
6.12.

% A, Ghcackd & rskd <0 Elg & "rekg © (6.7)
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Figure 6.12. Knee moment arm experimental res{ajsJoint with no offset. (b) Joint with offset.
To quantify the degree of error between experimemd theoretical moment arms,

percent and absolute errors were calculated fdr joitts. Figures 6.13 and 6.14 present

these results.
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Figure 6.13. Moment arm experimental percent dooboth joint prototypes.
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Figure 6.14. Moment arm experimental absolute dmoboth joint prototypes.

Though both joints achieve the full ROM of flexiand extension desired, the moment
arms generated by the joints were not expected iShieflected in the percent error values
obtained; the joint with no offset had an averagerevalue of 34.33%, and the joint with
offset had an average error value of 10.65%.

Pulley shapes were designed based on a geometnigkd measurement from 0° to 120°,
but experimental results showed that other fagtdhgence the cable’s ability to adhere to the
desired points of contact. In the joint with noseff, the experimental data follows an inverted
parabolic shape consistent with the first 75° éémence data. This is logical since the contact
points between the cable and the pulley only reéthe point on the pulley designed for 75°.

A second iteration of design could be generateéderfuture, knowing that the cable cannot
create moment arms at locations past this poirsednd iteration of the pulley shape would
need to consider the location of eyelets to ensuae all designed portions of the pulley
become the last point of contact with the cabledghout the ROM. This could be achieved
by retracing the experimental results in Figur@&md adjusting the coordinates of the points
that make up the pulley shape to achieve the ak8iretuation in moment arm magnitude.

The primary purpose of the offset joint was to dale the kinematics of the device, which
proved to be successful. The same pulley shapeémg@semented on both joints to see if their
behaviour would differ. As visible in the simulatedrve, the offset pulley shape was not

similar to the reference data. Thus, it is ratidhat the experimental data also does not follow
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the desired moment arm curve. Itis indeed possibddter the shape of this pulley in the same
way that it would be for the joint with no offs@the main difference is that in this design, the
points of contact of the cable only reached théegid designed points between 45° and 60°,
compared to 75° as with the joint with no offset.

Though the moment arms achieved do not closelyovolthe reference data, this
experimental testing proves that the design carcesstully change the moment arm

throughout flexion and can be adjusted and adaptasbrk with many types of actuators.

Degree of Freedom Analysis
In order to verify that both joints only have ommdusion to flex and extend between 0° and

120°, a second testing rig was used. Results atalNy inspected to check that only a single
curve is drawn over the ten cycles of flexion/esten. The curves obtained through this

experiment can be seen in Figures Figureand Figures.16.

Figure 6.15. Experimental DOF results for jointiwito offset. Permanent marker removed for clarity.
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Figure 6.16. Experimental DOF results for jointtwitffset. Permanent marker removed for clarity.
Imperfection circled in green.

Though it was not the purpose of this experimédg, ability of both joints to effectively
transfer force was validated. As expected, pulbngthe two posterior and anterior ends of
each cable caused the joints to flex and extespedively.

It is clear from Figure 6.15 and Figure 6.16 thaya single kinematic solution is available
throughout the movement of both joints. The onlgnigfiable point where the curve is not
continuously smooth was present in the results fiteenjoint with offset. At a point between
105 and 120 flexion, the metal pins were experiencing too miration against the paths.
This is likely due to the imperfect shape of thesmand the fact that the 3D-printed components
are not perfectly smooth. An introduction of bugfsiron the pins could prove beneficial to
resolve this problem. It would also reduce thetiedaclearance between the pins and their
slots, as this is a limitation of the test andadtrices additional DOFs. In different loading
situations, the pins may be gliding along one sidhe slots or the other.

Otherwise, both joints visibly have a single smamthve drawn throughout the entire ROM
after ten test cycles, proving that the joints hawve DOF. This was desired and is
characteristic of the type of joints designed: pehtric joints that follow pre-defined rotation

paths.
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Discussion
The two main objectives of this research, as ptesein section 1.3, were to improve the

kinematic compatibility between a WAE user and thtevice knee joint and improve
performance by optimizing the actuation systemdaord moment delivery to the knee joint.

Overall, the problem of improving ergonomics wadradsed by using a pin-in-slot design.
This type of design improved the kinematic comphtybof the joint while maintaining an
appropriate ROM of 0to 120 flexion. It also prevents hyperextension and hfjeeion
without needing an additional mechanism or stogpel can accommodate an offset in the
sagittal plane and maintain kinematic compatihility

Throughout the design process, several alterafodssimplifications were made. These
ranged from adding a third pin and slot to imprstability and reliability to carefully selecting
the combination of pin paths to ensure a singleriatic solution.

When it comes to the issue of performance, theafise noncircular pulley showed a
successful proof of concept. The moment arm caeadde varied throughout flexion by this

design, and future iterations could optimize thigyushape.
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Chapter 7 Conclusions and Recommendations

Conclusion
A design for a polycentric knee joint that can anomdate an offset, optimize force

delivery and contraction distance, and be integrati® a powered WAE was proposed. Based
on a literature review and simulations of existjpgt designs, the joint type with a pre-
defined path of ICR was selected. Two preliminargt@ypes, one without and one with
offset, were fabricated primarily out of PLA witkesl pins. To experimentally validate the
joints, photos were taken at lftervals from 0to 120 flexion. The cable was manually
pulled taut and clipped in place between movemditts.resulting images were analyzed in
MATLAB, and the locations of pins and last pointaointact between the cables and pulleys
were manually identified. Results showed that tims pn both joints appear to follow their
simulated paths. The joint with no offset had aerage kinematic absolute error of 0.32 mm,
and the joint with offset had an average of 1.68 atsolute error. The pins were not centered
along their paths were not distributed at equahdises at 15° intervals as expected. This error
can be attributed to the fabrication of the prgpety. Though both joints achieve the full ROM
of flexion and extension desired, experimental monaems were not as seen in simulations.
The joint with no offset had a substantial percembr of 34.33%, and the joint with offset
had an error of 10.65%. Regardless, this experiahgasting proves that the design can
successfully provide a change in moment arm througfiexion and can be adjusted and
adapted to work with many types of actuators.

A second experimental setup was used to validatietiie joints only have one DOF. The
femoral components of both joints were fixed tdyayood board, and tension was applied to
the posterior and anterior cables to flex and ektha joint, respectively. Ten cycles of flexion
and extension were carried out, and a single cwagedrawn for each joint. Based on visual
inspection, the joints were confirmed to have glgikinematic solution, which is desired in
polycentric joints that follow pre-defined rotatipaths.

The proposed design makes significant contributionesearch on powered WAE knee
joints that pay attention to ergonomics. This isrsaluable research endeavour as the elderly
are becoming increasingly dependent on mobilityistmsce. In order to preserve the
independence of elderly individuals, it is essérntacontinue research efforts to optimize

these devices.

90



Scope and Limitations
The scope of this thesis includes a review of egditerature followed by design and

modelling. Preliminary prototypes were created @stied in experimental conditions, but
the strength and durability of the prototypes weseconsidered. This research has

limitations relating to the lack of robust proto#gp actuator integration, and human testing.

Future Work
This research has shown that there is room fororgiment in both prototype design and

experimental testing methods.

7.3.1 Design Model
The physical construction of the prototypes causesiignificant amount of error in the

results. Future iterations of the joints shouldichined entirely out of steel, as this would
ensure that any rough edges experienced in theriBile@ prototypes are not present. In
addition, the prototype bodies and pins could bemmed together. In contrast to manually
adhering steel pins to PLA bodies with CA, thiseygs fabrication would eliminate pins not
being perfectly perpendicular to the componentas@$. To further reduce any friction and
allow minimal clearance between the paths and pinshings could be added to the pins. This
would allow smoother flexion and extension.

The shapes of the pulleys should also be altereefliect the experimental testing results.
Ideally, these pulleys would closely match thenmafiee moment arm data. Extensor and flexor
moment arms should both be represented throughtenson and flexion, respectively. The
location of eyelets also impacted how closely tkgeeimental data reflected the moment arm
simulations. If the length of the femoral compomsestextended, the eyelets could be placed
more proximally up the leg, providing the cable enineedom to reach anterior portions of
the pulley. The screw-in eyelets should be replabgdpretensioner pulleys in future

prototypes, as described in section 3.5.

7.3.2 Testing Improvements
Further testing would also be beneficial to thisemach effort. Instead of manually pulling

on the cable to flex and extend the joint by 46a time, it would be beneficial to introduce a
crank mechanism. A crank and cable drum could bdedddoroximally to the femoral
component and connected to both ends of the daAlilen rotated by a given degree, the cable
would be under tension on one side, and slack wbelgrovided on the other, resulting in

flexion or extension of the joint.
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Video could be captured throughout the entire R@Mead of relying on images taken at
15° intervals. Then, video processing in MATLAB vidbe used to analyze the data and
would not require the manual identification of pgsin

Once the prototype is fabricated using a matedehss steel, strength testing should also
be carried out. Designing and building an actuatigstem would also be beneficial in the
testing process of the proposed joints, as it walltav for kinetic tests. Using an actuator to
flex and extend the joints would reduce human vmetion in the experiments, thereby
reducing human error and resulting in repeatabpements.

The strapping and human-device interface will alsed to be designed and evaluated
thoroughly. Further research on appropriate mettuddsttaching the joint to a user would

eventually lead to human trials.
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Appendix A — Supplementary Design Information

First Iteration of the Joint with Offset
The first experimental prototype created for thatjavith offset identified an opportunity

for improvement.

(@) (b) (c)

Figure A.1. First iteration of the joint with offsaith pins at 0°. (a) Joint at 0° flexion, (b) 20&xion, (c) 20°
extension.

One of the design criteria was that the joint mligve a single DOF, meaning that
throughout cycles of flexion and extension, ideadtkinematics are recreated. Conversely, it
is evident that the two external pins (1 and 3) rrdate around pin 2. This motion causes pin
2 to become the new ICR, which is undesirable. @dided DOF allowed approximately 20
of flexion and extension for a total of 4@vhich was deemed not negligible. Thus, a second

design iteration was required.
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Appendix B — MATLAB Code
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