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ABSTRACT

DESIGN OFA POWERED ANKLEORTHOSISFORREHABILITATION

Theodore Herbert Waltz, M.S.T.

Western Carolina UniversityseptembeR016

ThesisDirector: Dr. MartinL. Tanaka

This research describes ttesign developnent and teshg of a poweredankle orthosis
(PAO), designedo provide exoskeletal assistance with plantar flexion for a user unable to
properly complete thiportion of normal gaitA PAO is apoweredassistive device with a large
variety of potential applations such as rehabilitation amthhancement dfumanperformance
The PAO is a exoskeletabrthosisthatis easily removable argeimple to operatéor any user
The PAO is worrusinga simple fitted orthosis molahdno surgery is required’he PAQis
strapped onto the uge®ot and shank anid generally usedb provide additional force to the

ball of the wus-efff 6s foot during push

Roughly 90% of the gait cycle is spent with negligiaikleenergy output. A device
designed to store energyer alarger portion of the gait cyclsould be able to take advantage
of the ankl eds ipusltolf. THe marepoweosoupce féns RAOas ari 0 r
electric motomwhich wasselected because of its large power derssity clean operatioin
order b reduce the size of the motoeeded to drivéhe system, a spring is compressed during
gait to store the energyeededor pushoff. This enableshe PAO to use a small electric motor
to meetthe peak powedemandduringgait. The device is powered byatisferring energy from

an electric motor to compress a spring via a transmisaiqoushoff, the energy release

Vi



mechanisnguicklyr el eas es t h eThesRAOQullsthedheeumwvarg cagsing the toe

to be pushed down; Bl creaihg artificial plantar flexion.

After creating a conceptual design, the next phase was to falaichessembline
components using theollege of Engineering anl e ¢ h n o dulatrgctivé grototyping lab
(machine shop) for testing. Once the components were built, thesi?gt@n wasssembled and
tested on a bentdp testing frame using highpeed video footag®Resultdrom thesetests
include displacement, velocity, acceleration, torgumelforce created durinthe operation ofhe
powered ankle orthosis. Throutftis researchit wasdeterminé that a PAO powered by a small
DC motor is able to produce enough force to be a viable option for gait rehabilifdten.
analysis also provided a basic understanding of the dynamics of a PAO releasing energy from a

spring. Additonally, the effect of the component properties was examined to understand how the

PAO system can be configured to eadfividualu s er , as wel | daotsizeh e ef f e

hason the performance of the PAO.

vii



CHAPTER 1:INTRODUCTION

1.1 Physically HandicappedAmong the Population

According to the United States Census Buren 2010therewereapproximatelyd1.5
million peopleover the age of 1&howerephysically disabledh theU.S (Brault, 2012) This
equates to about 1 out 6people(17.2%).Roughly 30.6 million of the physical disabilities
wereassociated with ambulatory difficulties, such as walkiDifficulty walking is commonly
associated with a gait abnormality, such as foot drop, a limp, or plantar flexion (Bitecs,
2012) These gait abnormalities ofteesult inlimited mobility, such as inability to walk over
prolonged distances oninclined planesHowever, through proper rehabilitation methods,
many types of gait abnormalitiearcbeimproved using assistive devicgSordon & Ferris,

2007)

For centuries passive devices, such as canes and orthotic braces, have been used to assist
peoplewith walking abnormalities. In more severe cases, whenaaabrace is insufficient,
one of the only remaining options is a wheel chaithis point, the user begins to develop a
complete dependence on the wheel chiaiorder to bridge the gap between thedassistance
canesand the totahssistance of theheel chair, new assistive deviaae needetb expand the
spectrum of rehabilitatable patient conditions. Powered adsighosesarewonderful

candidates for bridginthis gap.

1.2 Existing Powered Assistive Devices
Orthoses, as defined Ilye American N&onal Standards Institut&NSI), areexternally

applied deviceused to modify the structural and functional characteristics of the neuromuscular



and skeletal syam (1, 2007) Theseinclude passive devices such as wheelshaanes and
orthoticbracesSome of these device, such as canes or crutches, can be tiring to use, making
them difficult to use for long duratisnFurthermore, these devices are not well suited for
assisting users in normal gait with varying levelsssistance Some people may only require
minor assistance while othremayneed moreln addition, another problem with canes is that, a
person walking with a cane may learn an adapted gait that relies on the passiveltevioay

lead to dependency dhe device or orthopaedic problems resulting from gait asymmetry.

Passiveorthoticdeviceshelp to guide movement amely ontheuserto provide the
energy.Passive orthas can assist with gait, but sometimes the energy that the person is able to
provideis not enough Poweredrthosedave the advantage of using energy from an external
power source in addition $koApowesdhesscadbe ener gy
used for a variety of functions: movement restriction, movement assistahogaement
guidance are just a few of the common uses for orth{dses Cempini, Oddo, & Vitiello,

2014) When one of these devices are given an alternate source of power, such as a motor,
pneumatics or hydraulics, the devlmecomes a powered assistive device. Powered orthoses, also
referred to as powered exoskeletons, exoframes or exosuits, are an advancing field in technology
for human assistance and enhancer(iergbs, Dipietro, & LevyTzedek, 208). Measuring

heart and metabolic rates, powered orthoses have shown positive results for use in rehabilitation
and assistancdhese systems have even allowed nonambulatory patients to walK/Assefin,

et al., 2015)

The first practical powered exoskeleton desigas developed n 1965 wi th GEOS
Hardiman I(General Electric, 1969However, the design never achieved a final prodaodtit
was decades before functional prototypes begin to agpeaered orthosis prototypes have

2



been quickly gaining attention since the early 2000s, but have been limited by their power

sources. Early models were restricted to designated facilities using a tethered power supply to
operate the orthos{§horter, Xia, HsiadWecksler, Durfee, & Kogler, 2013 2009, Dr.

Homayoon Kazeroorof University of Calibrnia at Berkley and his teaamnounced the Human
Universal Load Carrier, or HULC. The HULC exoskeletal system is designedsbsaddiers

with carrying up t®0.7 kg 200Ibn) in environments with lowered oxygen levels, such as the
mountains of Afghanistaikazerooni, 2009)With further research and development of these

systems, the exoskeletons danfitted for a multudeof tasks, both in military and industrial
applications. The HULC is a hydraulic system powered by a battery with up to eight hours of

wal king ti me. However, the HULCOsSs primary obj

alreadyhealthy user.

In 2011, a full body powered exoskeleton, called H&lwas releaseith Japarto
hospitals for use bgeople withdisablities and elderlypatients The HAL-5 device is one of the
first commercially available exosuitd marks a milestonenipowered orthotic devicesd has
shown the value of such devic@$e device is targeted towards patients who have limited
mobility. Thiswasseen as an imminent necessity dua tmique phenomenon in Japan where
the combinati on oefexpectamcy andthellodeststertilityralégimissryt of |
Internal Affairs and Communication, 2014avecreated darge Japanese elderly population
with asmallyounger working generatiahat struggtsto provide sufficientare Alternatively,
the system can be modified for use as a-@mm rehabilitative devicéKeizai, 2013) Currently,
a newer lower body variation of the HALexoskeleton is being tested, which may be less

cumbersome and bettsuited for patient rehabilitatig€yberdyne, 2015)



There areseverabther exoskeletal systems being developed for usergpesthanent
nerve damage or disabilitielany of these devices assist with a specific assiiiivetion of the
usero6s |l imbs; e.g. assistance with(fasst anding u
Cempini, Oddo, & Vitiello, 2014)While there are several powered assistive devaes
variety of functions, when aowvered device is needed for assistance with a specific ability such
as plantar flexion, there are very feemmercialdevices for the task. Further, geassistive
devices have limitations, making each suitable undér certaincircumstancessuch as in

clinic only use(Kogler, Loth, Durfeee, HsiaVecksler, & Shorter, 2011)

With the advancement of the exoskeletal technology comes the development and
refinement of different driving mechanisms. Improvements over previctsnsyg can be made
to increaseefficiency andor response timdn addition the development of new powered
orthoses will allow for smaller and better suited assistive devices for those with more specific
rehabilitative need<Currently,manypowered ankl@rthose are primarily driven by a fluid,
such as hydraulic or pneumagkerris, Czerniecki, & Hannaford, 200@his is becauseluring
normal gait, the ankle producagpeakpowerof about two watts per kilograimeter (Figure
1.1). This wouldbe 175 watts for an 85 k{87 Ibyn) person(Winter, 2009) An electric servo
motor capable of producing enough powepitoduce this powewould be bulky and
impractical.However,roughly 90% of the gait cycle is spent with negligible energy output. A
device desigedto store potential energy, rather than work on an impulse, would be able to take

advantage of the ankpuskdifs i dl e ti me to prepare
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Figurel.1l: Ankle power output over gait cyc(#Vinter, 2009)

1.3 Electric Motor Powered Ankle Orthosis

With any assistive device, there is a level of intrusiveness that the géatges on the
user For the purposes of this research, the intrusivenéisese devices was brokdawn into
three levelsFigurel.2 displays a chart depictirascale of intrusiveness. Level | devices include
the previously mentioned devices such asgesawheel chairs and strap on braces. These devices
generally provide a low level of assistance, only providing support to the user. The Level Il
devices include powered orthoses and exoskeletons. This level of device provides high level of
assistance bgontributing energy to the usdihese devices do not require surgery and can be
easily attached and removed. This level is relatively new and not only expands the group which
can be rehabilitate, but may potentially expedite the rehabilitation proceskevEeh Il devices
are the most intrusive, often requiring surgical implementation, such as a paceteagdiain

stimulatoror prosthees to replace an entire limb



4 N 4 N 4
Level i Level Ii Level Il
wPassive devices wStrap on powered wLimb replacement/
wStrap on braces devices prosthetic
wTemporary and wlLongterm wSurgically
long-term implanted device
wPermanent
. J . J . J

Figurel.2: Scale of device intrusivess

At this time, the availability of small portable (ntethered) powered orthoses is very
limited. Externally powered, or tetherexy;stems can be problematic becatings confine the
use area of the orthogs labs and specially designed cliniés untethered system such as the
one studied inthis research would allow its user to wear the PAO in mestyday
environmentsSimilar untetheedsystems are being tested at seve¥searchacilities across the
country. These systems are primafilyd-powered (pneumatic or hydrauli@ogler, Loth,
Durfeee, HsiadNecksler, & Shorter, 2011These systems show promising results of assisting
plantar flexion in impaired walkers with an untethered RKOgler, Loth, Durfeee, Hsiao
Wecksler, & Shorter, 2011The PAO desigaused forsome ofthe recent researclvas powered
pneumatically, which may not be suitable for many ug@rsumatic systems require either an
attached air compressor or a compeesair reservoir, which are both bulky by nature. While the
air tank can be easily carried about the wuser
unstable patients and difficult to fill. Pneumatic systems also require frequent maintenance to

ensure &al integrity.

The goal of this research was to develo@akle orthosigalling under level Il orthe

scale of intrusiveness. The ankle orthasdudesa smallelectricmotor whichbuilds energy



throughout the gaitycle and releases the energy tostssith plantar flexionThis would
increase thenotor operatin time fromonetenth of a second t@bout onesecondyeducing the
peak powerequiremenby an order of magnitud®y taking advantage adle time in thegait

cycle the size othe motor cald be decreased

An electric system also provides additional benefits that are not necessarily performance
based. Apurely electric powered system would be cleaner, quieter and without the potential for
fluid leaking. In the future, the battery poweritig system could be charged via a charging
dock, located next to a bed or under a work dAsRAO design like this makes for a device that

can be easily integrated into a patientods eve

By using springs to store potential energy, the PAO becomoes adaptable. The main
spring can be swapped with sof tweightanadheleveli f f er
of assistance needég the user. A patient needing a high level of assistance would use a stiffer
spring at the beginning ofrehébi t at i on. As the patientds rehahb

less assistance, a softer spriogildbe used, providing less forceptshoff.



CHAPTER 2:LITERATURE REVIEW

2.1 Normal Gait (Anatomy and MuscleFunction)

Whenpeoplewalk, they completea process knan asthegait cycle, shown ifrigure2.1
(Rose & Gamble, 1994The gait cycle begins with the heel strike, the moment the heel of the
foot touches the grountinpact energy is absorbed by the safsties around the heel as the foot
continues to make contact with the ground. Impact energyssrbedy the muscles and
tendons used to slow the fahringimpact, while also helping to maintain stability. This is an
important step since the absorbeéngy is stored in theendondoadedin tension After heel
striket he bodyds weight is shifted-linbstamcar d t o pr c
loading the tendons furtheit the end of the singlemb stance phase, the leg reachespiingh
off stage, which ighe mainpoint of interestor this researchAt this point, the foot needs to
produce enough force pushthe bodyupward and forward The stored tendon energy is
releasedand muscles are recruitedgosh the ball of the foot downwarthe torque generated
for plantarflexion duringthe puskoff stage of gate and the highest joint energy output during
gait. Ths pushoff force provides the necessary propulsion to carry the walker for(&tndrter,
Xia, HsiacWecksler, Durfee, & Kogler, 2013puring this time, the opposite leg is transitioning

through the gait cycle as well.
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Initial ; ; Second s : ;
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Cycle | I |
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Figure2.1: The steps undergone during the gait cyfldapted with permission from gerland
DH, Kaufman KR, Moitoza JR: Kinematics of normal human walking, in Rose J, Gamble JG
[eds]: Human Walking, ed 2. Baltimore, MD: Willres and Wilkins, 1994, pp 284

During normal gait, the ankle undergoes two crutyipésof joint movementThe first
typeis called dorsiflexion, which is the movement of picking up the front of the foot. This action
is controlled by the tibialis anterior muscles in the leg and prevents tripping during normal gait
(Kreighbaum & Barthels1990) When damage occurs to these muscles, the ability to dorsiflex is
impaired resulting in a condition calleldoot Drop. The secorngpe of muscle movement is
plantar flexion, the action of pushing the ball of the foot deands This motion is cotmolled
mainly by the Gastrcnemius and soleus muscles and, with the help of stored energy in the
Achilles tendon(Sawicki, Lewis, & Ferris, 2009¢reates propulsion during tipeshoff portion
of the gait cycle. The propulsianust carry enough momentum to complete a full stride;

otherwise, a limp occurs during gditlantar flexion in the ankle accounts for roughly 70% of the

9



hip, knee and ankl@int work output duringhormalgait, making it a crucial abilt (Kuo,
Donelan, & Ruina, 2005)he inability to push off could beaused bgeveral factors, e.g.
injury, disease, stroke or movement disorders. The difference between the two motions is

illustrated inFigure2.2.

Dorsiflexion

Plantar flexion

Figure2.2: lllustrating the difference between planter and dorsiflegnConnexions
(http://cnx.org) [CEBY-3.0], via Wikimedia Commons

10



2.2 Diseases Disabilitiesand Injuries Leadingto Abnormal Gait

Onepatient populatiorthis device would be targeted fare peopleuffering from
multiple sclerosis (MS)MS is an inflammatory disease that affects the protective layers that
insulate nerve cells in the brain and spinal cord leaving them to be easily dg@aggaston &
Coles, 2008)Once the damage has occurred, the brain may not be able to communictte with
associated muscles in the body. If, for example, the gastrocnemius and/or soleus muscles that
attach tahe Achilles tedon were affected, the individual may have difficultyaatomplete
inability to planter flexKreighbaum & Barthels, 1990This would in turn, cause difficulty in
walking. Other diseases that can affect planter flexionandgai ncl ude Hunti ngton

polio, and Parkinsonds disease.

Individuals withmuscular dystrophy (MDare anothepatient populatiohat this
researchmay be abléo assist Muscular dystrophyefers to a group diseasdsaracterized by
progressive égeneration of the skeletal muscl€his includesnuscle weakness, defects in
muscle proteinsaused by genetic mutatigrasd the dath of muscle cells and tiss(iEhe
Muscular Dystrophy Association, 201@ince all musclemm the body are affected D,
common symptoms include frequent falls, a waddling gait and an inability to walk altogether.
There is no cure for these diseases, but treatment such as physical therapy, medication, surgery

and orthopedic devices can helfeaiate symptomg$U.S. National Library of Medicine, 2016)

Beyond disease and disability, plantar flexion difficulty can be cHogehysical trauma
(Dietz, 2013) One group in particular that recew large numbers of limb injuries a@diers
Between October 1, 2001 and June 1, 280854 soldiers received injuriés lower extremities

requiringbattlefieldevacuationStansbury, Lalliss, Branstetter, Bagg, & HolcomB0&).

11



Improvised explosive devices, or IEDs, amaaorcauseof many of these injuries-or many of

these soldiers, months or even years of physical therapy and specialized equipment are required.

Among the population as a whotlamage to the spinabrd can cause numbness and
degraded control of the nervous system in parts of the body. Likgsigsicalinjury of the
Achilles tendormayimpair the muscles used duriptantar flexion.These injuries can occur
from a variety of incidents includirgutanobileaccidents, falls or impacteom heavy objects.
Even after some of these injuries are addressedtallyg physical therapis often needetbr

monthsfollowing this injury in order to improve recovery

Stroke victims are alsassociatedavith plantr flexiondifficulty. A stroke can be
described as a Abrain attacko and can affect
flow is cut off to an area of the brain, causing brain cells to become oxygen deprived and die.
Common areas affectdry grokescontrol memory and muscle control. More than 2/3 of stroke
survivors suffer some type of disability asttiokes are¢he leading cause of disability in the U.S.
(National Stroke Association, 2018) common consequence stfokes is hemiparesis, a
weakness, numbness, or paralysis of either the left or right side of the body. The weakness or
numbness often causes difficulty in controlling the required muscle groups to complete gait.
Treatment for stroke usually includes ploal and/or speech theragipng withutilization of

low-intrusionassistive devices.

2.3 Electric Motors
In order to buildhe powered ankle orthosis, specifications for crucial components, such
as the motgmeeded to be definedhe process of the electiC motorselectionrequired an
understanding and comparison of available motors. First, the pros and sensafotors and

steppeDC motors were examined. stepper motor consists of many poles surrounding the
12



motor shaft in precise intervals. As apdtical drive pulse is sent to the moamdthe motor

shaft moves to the next pole. With the large number of poles and precise increments betwee
them, a stepper motor is ideal for uses that require prectiepper motoralso have the added
benefit d not requiring positional feedback for the motor. Further, stepper motonsl@nmore
torque than similarly sized servo motors at low speeds. However, stepper motors have a

significant loss of torque at higher speéBarris, 216).

Servomotors were the next electric DC motor type consid8edomotors consist of
usuallytwo or four poles which are energized accordingly to push/pull the motor shaft into
rotation. Servomotors are not as precise as stepper motors by thenisgives bequipped
with position encodershenknowledge of angular position ieeded. A major advantage to
servomotors is their ability to operate at high RPM while maintaining most of their torque. For

this reason, a servomotor was chosen to be tosedve the PAQBurris, 2016)

2.4 Springs
In order to use smaller electricservanotor operating over time to drive the PAO, a
method to store potential energy was necesSqummngs are an excelledeviceto store energy
dueto their highreliability and consistamperformance over tim&prings are commonly
available in a large variety of configurations to suit almost any task. Commonssgung as

coil springs, are a relatively inexpensive component that can be eagiyexva

When determining the proper spring for a projde, first characteristic to consider is the
spring size (diameter and lengtBjze is an important first consideration because it is important
to find a spring that fits properly. Too large of a sgrwould not fit in the device; too small

would be loose and would not take complete advantage of the operating space inside the PAO.
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The next specification to considerthe load capacity of the spring. The load capacity of
aspring is simply the maximutoad the spring is rated to hold without deform{@dperg,
Jones, Horton, & Ryffel, 2008Jt is important to use a spring which does not exceed the load

capacity under operatioifthis will allow the spring to operate for ifigll lifespan.

Finally, the spring ratenust be considered@hespringratedefines the amount of force a
spring imposes when being compresgdtke spring rate is based on several spring properties,
such as spring material, spring thickness and sprinfg {ftberg, Jones, Horton, & Ryffel,
2008) A spring made with thick higlearbon steel wound tightly will make a stiffer spring with
a higrer spring ratehana thin brass spring wound loosely. The availability of sgimigh
varying combinations of these propertmsables customization tfe PA® s per f or manc e

characteristics

2.5 Threads and Threaded Transmission

Screws are a common mechanical method of converting rotational motion into linear
motion. The conversion is dongsingthreadinghelical ridgesvrappedaround an axisThreads
mustcorrespond with another threaded objeabperate smooth)ye.g.abolt and nutThe two
most common types of threads are coarse and fine thidaglsnost easily distinguishable
difference letween these two thread types is the pitbich isthe distance betwedhethreads.
A coarse thread has a larger pitch than a fine thread, meaning less threads per inEmErPI).
threads havéhe advantage dtronger shear, tensile, and pollt streigth due to greater surface
area However, coarse threads have the advantage of larger threads, which have better resistance

to wear(Oberg, Jones, Horton, & Ryffel, 2008)

For situations requiring abnormally high load, there also Acme threads. Acme threads

are a common form of trapezoidhteadused for applications such as vises and leadscrews
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(Bhandari, 2007)The main disadvantages of Acme screws are a larger pitch when cdrnapare
coarse ad fine threaded rods of the same diameter. Also, Acme rods are not as commonly
availableand lack the variety of coarse and fine threaded @t acme threads have strong

potential for a transmission in a PAO system.

When using a threaded shaftfomper t ransmi ssi on, the thread
role in the selection process. t hreadds | ead is the | inear di st
of thescrew Lead and pitch are commonly the same value, except when the thread has more
than one strt. This means that the lead is directly related to the mechanical advantage associated

with the threaded shiafa smaller lead will mean a larger mechanical advantage.

Lead also effects the efficiency of a threaded shaft transmission. When the lead of a
thread is increased, the lead angle of the thread is increased dmagihe the threads being
Asteepero to cover the distance of a greater
will the efficiency(Vahid-Araghi & Golnaraghi, 2011)The friction coefficient between the two
mating threads remains constant at varying leads. This means that a threaded shaft transmission
with a lower lead will have greater mechanical advantage, but a lower efficiency. A balastce

be found to optimize performance from the transmission.
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CHAPTER 3: DESIGNS & CONSTRUCTON

A crucial componenbf this research wabkedesign and fabricatioof a proofof-concept
powered ankle orthosis prototypEirst, an initial prototype was designghluilt and evaluated
Using information gained from testing the initial desigfinal proof-of-conceptdesignwas
developedThis chapter covers tlaevelopmenbf each design, the flaws of the initial design,

and the steps taken to address them whiliiimatelylead to the final proebf-concept design.

3.1 SystemDesign
Thecentral idea driving thisesearch was to design a PAO systkaican replace a
large heavy, andbulky motor with a small electric motor. A system which runs continuously,
storing enegy and releasing energyaspecific time requires a specialized system of
componentsA PAO that could store energyd releasd00 N (90 Ibf) of forceduring puskoff

was the longerm goal

The PAO design consists of five main functional componefis.fifst component is the
electric motor used to provide power to the system. The next compsiieathreaded rod,
which acts as a transmission for the sysbgnconverting rotationahotionoutput from the
electric motor into linear movemeot the cluch block The energytoragemechanism(ESM) is
a significanttomponengroupfor the systemThe ESM consists of the clutch blgo¢kreaded
insertsanda steel coil spring foenergy storagerhefourth component for the systemtige shell
which storeghe internal mechanisms. The final main component istit@siswhich allows the
system to be mounted &guserTheorthosiswas substituted for a benchtop fixture for this

research to assist with early observation and preliminary testingf. thesecomponents were
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integratel into one system tdesign a PAO that could be used to test the feasibility of a small

motor orthosis.

3.2DesignApproach

Thepowered ankle orthosisasdesignedot e st t he de v acldlstve easi b
device,with the goal for the device to assésperson toeplicatenormal gait as closely as
possible During normal gait, the average persaguiresroughlyone and a thirdecond to
complete ayait cycle from pushoff to the nexipsilateralpushoff (von Schroeder, Coutts,
Lyden, Billings Jr., & Nickel, 1995Within the same time frame, the PAO system must be able
to store energy, release the energy and be ready to begin storingaaergiBecause of this
small window, itwas crucal to maximize the amount of time availabdestore the necessary
energy for the system. In order to maximize the storage time, a-tjyelsystem wadesigned
and fabricated fothe energy release mechanism. A clutch is appebbeguse iallows the
motor to disengage from the transmission, allowing the remainder of the system to reset more
quickly and reengagguickly. Withouttheclutch, the system would have to reverse every action

taken in order t@repardor the nextycle

3.2.1Motor Specifications

At the preliminaryCAD stage of the PAO, a Dewalt DCD950 cordless drill was chosen
to drive the device. This was opposed to a standard/stock eksatranotor, for several
reasons. To start, the cordless drill uses a readily available motor and gived example of
the capabilities of a smaller DC motor. Another huge advantage of using a drill is that it is a
relatively finished product. In other words, the drill does not require modifications to be used for
the bench model, only a simple adapterthe chuck and threaded rddhstly, the adjustable
chuck is an additional benefit for performing easy adjustments during testing.
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In the highest speed settings on the Dewalt DCD950 drill, the motor operates at
approximately 2000 RPM and capable of 46@ watts ait (UWO). Unit watts outis an
indication of the drills power at varying speeds, as opposed to the more common max torque and
max speed value3o understand if 450 UWO was enough power to comghespring and

power the PAQO, the necessaoyqueto compress the springeeded to be calculated

The first step in determining thiequiredtorquefor spring compressiowas to calculate
the maximum force placed on the system by the spring. Due to the nature of foot geometry, the
distance from the farum to the ball of the foot is greater than the distance to theFwedny
amount ofdesired force at the ball of the foot, a larger foraedgired when the PAO is

attached to the he@lhe mechanical advantagan be calculatedsing theratio ofthe lengths

Y — (1)

Where Leeiis the distance between the foot fulcrum apg is the length between the fulcrum
and the ball of the foot. Fdine dummy foot, thenechanical advantage is less thamith

R=0654 As a resultthe spring force needs to be about 153% of the desiredgbiufgce.

By calculating the maximum necessary force, the minimum torque needed from the
motor to compress the spriegn now be foundThis is calculated using the equat{@berg,

Jones, Horton, & Ryffel, 2008)
2)
O zO0 0 “z'z0
q “z0 'z

With equation 2the peak torque will occwratthe maximum load. Sincthegoal force i400 N

(901by) for pushoff force, using the previously mentioned ratiaximum force (Fay of 612N
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(138lbr) on the PAGs calculatedThis is the force valueud¢o find the max torquelhe next
step isto use theitch diameter (B f o r 46 ti¥rdadad rod. This vallmas a range based on
threadtolerancedetermined y t h e t hoffie Bodtliesecalculagossga value 018.46
mm (.3331 inwas usedecause it is the median value of the tolerance rartgethread lead is
found by simply dividing the number of threads over one inclthiethreaded rod. Tharead
lead (L)for the3 / -86dthread i4.59 mm(.0625 in) The next value in equation 2tk friction
coefficient(n) of .18 for dry steel on ste@berg, Jones, Horton, & Ryffel, 2008ycluding the
friction coefficient into the equatias neededto predict a more accurate value taking into
accounthe threads efficiencyVhen these values are placed into equatighexquation

appears as

ep@gzyd @a P G ‘2P Pysd @ a
T — — a a @ a (3
c T8 66 ® BB @ a oqip G (3)

Using the calculated data, the PAO motor née@3 N-m (5.6in-lbr) of torqueto compress the
spring.

Another aspect of the motor thaastaken nto consideratiowasthe motor
displacementThe amount of angular displacement is relédetthe springateof the main spring
used in the systernio easily find the necessary angular displacement, the linear spring

displacemen(x) is calculatedy rearangingthe equatiorior spring force, shown below

o O
0 o o S 4
0 QP » D (4)

If the maximum force value from the max torque calculation for farge usedthe required

linear displacement to compress a spring with a spring rate (k) of 10.49 N/mm (60db/ing

determinedThis calculation is shown below
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This linear spring displacement shows that the spring needs to be compressed 58.3 mm
(2.3 in) to generate the desired 612 N force. The next step in finding angular displacement is
calculating the necessary revolutioessqui red to travel 5-86 3 mm (2. 3

threaded rod. The number of revolutions is calculated using the equation
T ¢ R
YQUSC(OOSQSEI (6)

When this equatiois usedwith the previously calculated linear displacement\{&ueand the

leadvalue from the max torque calculatidhe equation appears as

VQOéaooigiﬁg o & W)
PR W &
What this equatioshowsi s t hat u s i-b6ghreadederodsrad @49 Bl/h{ED db/in)

spring, the main spring will requi6.7revdutions to compresthe spring t612N (138 Ik) of

force.

3.2.2Solenoid Requirements

Originally, the PAO system was held in place and released by a small tpibilHiampe
solenoid. However, the force from the compressed spring was creating too muchtiietionw
the solenoid to operate properho find a solution, the frictional forces must be calculated.
Using the formula below, the frictional forces can be found for various materials using their

friction coefficients.
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(8)

Where Fris the total frictional forcé€, is the friction coefficient for the used material and
N is the normal forces acting on the moving object. The friction coefficient for steel against
aluminum is .6XOberg,Jones, Horton, & Ryffel, 2008This measthat if the PAOwvas under
the max spring load &12N (138 Iby), the frictional force against the pin would be rougBi3
N (841bs). This is a difficult issue to get around, since the only way to redudadtien would
be to use different materiats the load angléA further complication is thahe shaft of thepin

is also required to be ferrous (magnetic).

After performing calculations for the friction of various mategitie necessary solenoid
strength for the PAQvas determinedas well as a method to reduce the frictibhe solenoid
used is dow-profile tubular pull solenoid. Tik solenoid has a pull force of approximately 378.1
N (85 Iy) at a 3.81 mm (.15 in) strokMagnetic Sensor Sytems, 200B)graph of the solenoids

pull strength over distance is seerrigure3.1.

Solenoid force Vs. Distance

600 y = 0.0138%+ 0.6338%-43.28x + 534.88
R2=1

500

400

300

Force (N)

200
100

0
0 2 4 6 8§ 10 12 14 16 18 20

Distance (mm)

Figure3.1: Graph of solenoid strength at varying stroke lengths
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While the solenoid ialargersizethan desired, it allows fgrurposeflexibility as well as
design redundanayuring the testing of the proaff-concept desigrFurthermore, to reduce
friction, a brass tip was fashioned for the solenoid pin. The brassdtiges the friction
coefficient from .61 to roughly B(Nuruzzaman & Chawdhury, 2012 turn, this decreases
thefriction forceagainst the pin to roughfy83.6N (411bf). An option to reduce the required
solenoid sizdurtherwould be to use a Teflon coating; with a friction coefficient of .041, a
system using the same spring would only have approxim2ielyN (5.6 1br) of friction. A
concern with a Teflon coating would be the coatings resistance teaweaeformatiomnder

load

3.2.3Spring Requirements

The main spring for the PAO is a very crucial part that is easy to overlook. Springs are a
valuable mechanical method for storing potential energy. Springs do not require electricity or
wiring, they are lighter than motoasd very reliable. Furthermore, by using a spring to store
energy, many of the userds gait parameters ca

spring. This is done by considering both the

The spring needs to lokesignated to handle the necessary maximum output force during
the propul sion stage of gait. For userdéds who
which mayrequire more assistance, a spring with a higher load capacity and spring ratebgou
used. As the user progresses during rehabilitation, smaller load capacity springs can be used to

help reduce dependency on the device.

Thespring rate effestthe PAO performance much litee pitch of the threaded rod. The
spring rateeffects the mount of energgtored over a length of compression. This translates to a

spring with a higher spring rate storing sufficient energy to operate the PAO more quickly, but
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requires moravork from the motor. For the proadf-concept model of the PAO, tllesgn uses

a spring with about half the needed load capacity and spring rate. This was to allow adequate
system testing with a reduced risk of part failure of a crucial component. This is because a
system using only enough force to prove the concept wilegkss stress and strain on the

componentsvhile still providing valuable results

3.3 Development Tools
Several development tools were used to create detailed designs for each component of the
system. The development tools include 3D CAD (Computer AidedyBesoftware for
individual component modeling and virtual part assembly, and computer aided manufacturing

(CAM) software used to develop cutting tool paths based on the 3D CAD models.

3.3.1CAD Software

Pro Engineer (Pro/E) Wildfire 5.0/Creo Elements is a caapided design (CAD)
software by PTC used to create virtual models of parts in a 3D representation. Pro/E uses a
parametric modeling style that creates parts that are driven by dimensions and allows design
constraints to help maintain design intent. Tikian important feature in 3D part modeling
because wheareating and editinghodels, existing model dimensions can be modifiedthed
changes automaticalfyropagatehrough the associated features. Part models can be made using
2D sketches and extrudedrotated to bring the part intartual 3D space. Once the part models
are completed, an assembly model can be created by merging several parts and setting locational
relationships between each part. Furthermore, the assembly can be animated wittosgrafla
servo motors, cams, springs, etc. to observe how parts will interact in deviceorpeXati
animated assembly, allows usersto s pect a model 6s operation and

potential failures. This includes parts that will not firihlg assembly or parts which interact or
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jam with another parh a waythat defeats design interitinding a failure at this stage saves the

cost and time consumed creating a tangible part.

3.3.2CAM Software and Manufacturing Equipment

Machiningis the proces of creating a part by removing material with equipment such as
mills or lathes. These machines can make precision cuts in material with either manual operation
or Computer Numeric Control (CNC) programming. To assist with complicated cuts, a
ComputerAided Manufacturing (CAM) software such as OneCNC is used to generate the CNC
programming code. With CAM software, geometry can be created within the software; for more
complex shapes, geometry can be imported from a CAD software, such asiRtode The
geometry can then be used to create tool paths for the machine to follow. Because of this, it is
essential that all part models are created correctlylasignedvith the machining process in

mind.

The prototype CAD models for the powered ankle orthesjgired several custom
pieces to be manufactured or modified. Much of this fabrication work took placeGoliege
of Engineering and Technologyachine shop at Western Carolina University. The machine
shop has four vertical CNC milling centers, thréd¢Clathes and a CNC CQutting laser. Also
in the machine shop, there are several band saws, power tools and hand tools; all of this

equipment was necessary for the fabrication of the custom components used in the PAO.

3.4 Initial Design
The first PAO desigeoncept shown inFigure3.2, usedan electric motor to store energy
over time until needed for pusdif. A cross sectional view of the conceptual design is shown in
Figure3.3. The system usedadamshd housing with grooves cut into the housing at a

continuous pitch. Inside the housing was a mechanism which used retractable threads to engage
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with the housing. A solenoid mounted at the end efrtiechanism with a pin moving through

the center controlledlhen the pins were engaged or retracted. When the pin was extended, the
threads were engaged with the threads in the housing. When the solenoid was activated and the
pin was pulled back, the threads were able to retract, disengaging the system frousitige ho
threads. For this system, the electric motorsia housing while the mechanism inside would
remain stationary (relative to rotatiorausing the housing to thread the center mechanism
downward. As the center mechanismvesdownward, it compregsa spring to store energy

for pushoff. When the user is ready for push off, the solenoid is activated, retracting the pin and
allowing the threads to disengage from the housing. Next, the spring would release the stored
energy upward, pulling the attasghheel with it. When the mechanism reached the top of the
housing, the solenoid would release the pin, reengaging the threads with the housing and

preparing the systefor the next cycle.
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Figure3.2: A CAD representation of the initiglesignbeing worn.
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Figure3.3: Crosssectionof initial design
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Thisinitial design occupied much of the beginninglo§tPAO researctseveral
componentsvere manufacturednd tested, including a proof of concept test piece shown in
Figure3.4. However, he concept was dismissatterobsering that there were too many
uncontrollable variables and design flaws. Due to the complex nature of the, desig/ of the
flaws werenot realized until proebf-concept models had betssted. Some of these issues were
due tothe lack of direct control of the retractable threads. Since the threads could reengage with
the housing at any time, the system hadsderablepotentialfor jamming. Furthermore, the
release mechanism did not have any rotational constragitsyasable tospin freelywith the
housing if that was the motion with least resistance. Another concern was for user safety, the
largerhousig6s r ot ating mass @ eompoaetshauld lorealsdurmgusd e

or any body part were to come into contact with the rotating hausing

Figure3.4: Machined test pieces of the initial design.
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This first conceptual design provided valuable feedback on the PAO design process.
Shortcomings of thanitial design were addressed wémew concepiThe new design was to
have dynamic parts contained within the housing as much as possible. Tineatsigad to
prevent the energy release mecharfiemr ot ati ng wi th the motords
the clutch for the transmissioreededo havebettercontrol to prevent the system from jamming.

This new design evolved into tffi@al designdescribed in sectioB.5.

3.5PAO Final Designand Operation
Thefinal design for the powered ankle orthosisasa benchop device used to evaluate
the performance of the systefiqure3.5). The system includes the motor, driveeser energy
storing spring, solenoid, housings, a simulated foot, and a weight. Although the system was not
attached to the body asvearable orthosjsserification of the function of the mechanical system
isa necessary step in the overall device deskigure 3.6 showsthe conceptual PAO design in
an isometric and normal cresectional view. Tese views provide a more comprehensive

understanding f t he PAOOGSs operation.
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Figure3.5: CAD rendering of finaproof of conceptlesign
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Figure3.6: Isometric (top) and normal (bottom) cross sectional viewarobf of Conceptlesign
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As mentioned previously, the PAO is driven using antgteservanotor; a cordless drill
was used for thBnaldesign The dr il |l 6s power bathreenafspeeg, pr ovi d
torque,and controlwith the convenience of swappable batteries and lmEingnercially

available.

Operation of the device mde divided into three stages. The first stage is the storage of
energy in the sprindzigure3.7 begins with the PAO shell secured in place by the solenoid pin
and the spring fully extended. This represents the PAO in a stsiditeg ready to begin storing
energy.The electric motor is connected to the threaded rod, working as a transmission to transfer
t he mot o iThe pinch toreadsrof thenergystorage mechanisare engaged with

threaded rod

Figure3.7: Closeup on PAO internal mechanism, ready to store energy.

When the electric motor is powered, the rotation is transferred ditboblyghthe

threaded rodThe treaded rods engaged witlihe remainder of the PA@a thethreadectlutch
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block in theenergystorage mechanism, or ESM/ith theESM mounted on the threaded rod,
the ESM pinchthreadinsertstranslatethe rotationamotioninto linearmotion The blockiravels
along thethreadedod while contained insglthe PAO shell, which also holds the main spring in
place.As the block movealongthe threaded rod, the spring is compressed between the block

and the opposite end of the sh&lis is depicted ifrigure3.8

Figure3.8: Closeup on PAO internal mechanism, ESM compressing the main spring

However the shell must be held in place during the spring compression; otherwise, the
shellwould slide along the rod with the spring andddoThe shell is held in place by a solenoid
pin further along the shell. The psecures the shell in place while the block compresses the
spring.Now, the spring has been compressed and the foot is feagyshoff. At this point, the

firststageofte PAOG6s cycle is completed.

Once the user is ready fpushoff, the solenoid ignergizedpulling the solenoid piras

shown inFigure3.9. At this point,while the pinch threads secure the ESM linedhg,stored
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erergy in the springs releasd andpropekthe PAO shelaround the ESMilong the threaded

rod, as shown ifrigure3.10. Along with the shell, an elastic band attached to the heel mount is

also pulled upward. As the heel is pullgg pushoff is createdasthe ball of the foot is forced

downward, simultaneouslit the toeend of the dummy foot, & kg (11 lbn) masss attached

and ran along the bottom of the test rig. This weight is to simdéataflexion, which is

necessaryareset the PAQor the nextstepinga©Once t he springds energy
and the shell reaches the full forward position, the grooves in the shell cause the pinch threads in
the ESM to disengage from the threaded rod. At this point the E8bkiso move relative to the

shell.

Figure3.9: Closeup on PAO internal mechanism, solenoid pin releases the shell
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Figure3.10: Closeup on PAO internainechanism, shell is thrusted upward

With the block, transmission, and motor disconnected from the rest of the system, the
weight at the front of the foot pulls the shell bamWards itsoriginal position As the shell
moves bacKFigure3.11), the solenoid pinlescends down the ramp leading into the hole to

secure the shellThe retaining nut at the end of the rod forces the ESM to reengage with the

35



transmissionWith all of this complete, the PAO is then readystart the cycle again to assist

with the next step in gait.

Figure3.11: Closeup on PAO internal mechanism, shell is nearing reset point

3.5.1Componentl: PAO Shell

The shell of the>’AO houses the ESkhechaismand protects the user from dynamic
parts.Without this protection, exposed parts could potentially pinch, cut or strike the PAO user
or anyone nearbylhe shellis made fron50.8 mm R in) aluminum square stodkr the wider
section an®5.4mm (1 in) square stock for the narrower sectidhe squaed profilekeeps the
ESM block from rotatingfreely around the threaded rodaxis allowing the system to store
energy more eékctively than cylindricalstock The main section of the sl shown inFigure
3.12, has a window cut across the top to allow forygasnitoring of spring compression. The

PAO also containswo parallelnotchescut nearthe endof this sectionThe notcheare a critical
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feature taallow for theclutch sysem in the blocko disengage from thieansmissiorand reset

the system.

Figure3.12: Larger PAO section overview (top) and clasemage of thegrooves (bottom)

In the narrower section of the shaft,rénés a3 / 1h6l@ This isfor the solenoigin to
catch and hold thieousing containing the sprimg placeuntil the user is ready fgushoff. A
ramped cut leading to the hole was adttedllow more time for the pin to catch the shell and

hold it in place without bouncing over the holBoth the notchet disengage the clutand
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