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ABSTRACT

While increased walking speeds are often key outcompsstétroke
rehabilitationthe success gfoststroke locomotor trainingary widely, andhere is
currently no consensus on the most effective method of poststrokelgahilitation
To improve thestandard of care for poststroke rehabilitation, we propose the
combination of novel, usairiven treadmill (UDTM) control and functional electrical
simulation (FES) of the paretic ankle musculature. To examine the incremental effect
of theseelemens, we determined the response of healthy adults to the UDTM control
as well as the response of stroke survivors to UDTM control and FES. firete
anterior ground reaction forces (AGRF) and trailing limb angles (TLA) are key
determinants of increased walkiageed after strokeve examined the walking
speedsAGRF, and TLA of individuals with each intervention elemétgalthy adults
increased their selelected (SS) walking speeds by4m/s(p < 0.0001)and fastest
comfortable (FAST) speeds by 0.4fs (p< 0.000) instantlywith UDTM control
compared to fixed speed treadmill (FSTM) contiidieyachieve thesspeeds by
increasinfAGRFandTLA, which s promising for translation to poststroke training
With UDTM control and paretic limb FESdividuals patstrokeinstantlyincreased
their SS speeds by 0.13 nffs= 0.0031)and FAST speeds by 0.12s1(p =0.0003)).
They did sdoy increasing their AGRF and TL@ilaterally. By walking at FAST
speedsvith UDTM control and paretic limb FE®articipants postatkewere able to
increase theitrainingspeeds by 0.25 m/s on averagenpared to the FSTM control
condition Increased training speeds have been tied to imgifowetion after

rehabilitation, and a revieof studieswith treadmiltbased trainingfter stroke
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showed average changes in speed of only 0.0Gftets4 to 12 weeks of training

Since the instantaneous speed increases in this study are more than twice the average
of long-term training training with UDTM control and FES is\ery promishng option

to improve poststrokeshabilitation We expect thisype ofinterventionwould result

in comparable if not greater gains in walking sp&edure work will examine the

individual responses of participants to resolve the wiginoup variation asvell as
examinethe carry over effects of multiple training sessions to optimize the

prescription of UDTM control and paretic limb FES for poststroke gait training.
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Chapter 1

INTRODUCTION

Impact of Stroke and Current State of Rehabilitation

Nearly 800,000 Americans are affected by stre&eh yegrand on average,
one stroke occurs every 40 secofids After astroke, unilateral weakness often
changesa p e rmustle dctivation and moventgratterns as well as decresieeir
walking speed§f?]. Since increased walking speed directly corresponds to improved
quality of life for communitydwelling older adults, it isftena key outcome of
poststrokeehabilitation[3]i [5]. After completing treadmibased gait training
programs, gsoke survivors able to walk before treatment incrdaiseir walking
speeds by).06 m/s on average, which isttistically significant, but not clinically
meaningful difference[6]. Due to these marginal gains, many stroke survivors are
unable to return to community ambulation after rehabilitgffdn[9]. Therebre,
novel treadmillbased gait traininggradigmshave been designed increase the post

treatment gains in walking speed for stroke survivors.

One such treadmilbased gait trainingaradigmis FastFES, which combines
fast treadmill walking with functinal electrical stimulation (FES) of the paretic ankle
plantarflexor and dorsiflexor musclgl€]. While FastFES boasts improved outcomes
over standard treadmiliased gait training for some participantg@ritarily benefits

users who are able to modul@teir pushkoff forcesbefore training11]. Thiscan be



difficult for stroke survivors due to the changes in their muscle activation patterns that
result from the strokeand training tools that benefit a larger portion of the poststroke

population are required.

Onepromisingclass of tools used fdwothupper and lowr extremity
rehabilitation after stroke includes active training principhgs active training
program is one that requires and responds direzthger inpufl2]. For example,
userdriven treadmill (UDTM) contrglalso called selpaced treadmill controis an
application of active trainingrinciplesthat can be used in locomotor rehabilitation.
While traditional fixed speed treadmill (FSTM) walkiimgposes a prelefined belt
speedUDTM controlallowst he user to mani pul atreal t he
time by altering their gait mechanics or position within the training spacive
training in rehabilitation via UDTM walkingas been shown tomprove motor
performance of healthy adultk3] and repetitive task training increases walking speed
for stroke survivor$l4]. Therefore, we anticipatbe addition oUDTM walking to
poststroke gait training will promote improvetbtor peformance for stroke survivors

with varied levels of préraining function.

Treadmill Walking for Poststroke Rehabilitation

During rehabilitation, clinical tasks are recommended to be as realistic and
complex as possible to maximize the cognitive loadi@bkas carryover effects and
patient sensitivity to traininfL5]i [18]. Dual task walking (DTW) studies are a unique

body of work that examine thgaired effects of cognitive and locomotor performance



DTW can be used with either overground or treadmill walking,vemeh used for
training, itrequiresindividualsto walk in a controlled environment while completing
cognitive tasks such as counting backward from a given number in increments of 2 or
listing as many words as possible that begin with the same[Etle©Overground
DTW results in clinically meaningful improvements in walking speed and overall
function for individuals with neurological injufit5]. However, when DTW is
performed on a fixed speed tdgaill (FSTM), the functional benefits become
negligible [19]. This suggestthe FSTM treadmiltontrolmay be the cause of the
diminished performanc¢end peliminary studieshatcombineDTW with userdriven
treadmill (UDTM) controlshowbenefits comparable to overground DT20]. This
suggests that simply changing the treadmill control algorithm to requireespadnd

to user input can promote substantial improvements in treadas#d training

outcomes.

Previous studiewith UDTM control have utilizedscheme$®ased primarily on
user position and spatiotemporal parameters without implemdnticey or inertial
basedcontrol Implementingorce-basedcontrol allows a UDTM algorithnto
directly respond tehanges imeasures of forward propulsion, such as anterior
ground reaction forcesvhich are crucial for increased walking speed after sfi2ike
Training withFSTM controlcan increase cortical reorganization and motor learning
for stroke survivor$22], andUDTM training can increase cortical activity in healthy
adults compared to FSTM trainif@3]. However, detailed studies on motor learning
have not been performed for individuals poststroke walking with UDTM control.

UDTM walking promotes interactive participation, enhances natural mobility, and



allows users to respd instantaneously to small gait disturbances that require
volitional control[24], [25]. These findings highlight the improvements in training
outcomes that can be achieved by simply changing the treadmill control algorithm
without any changeotthe clinic or laboratory setupDTM walking also allows
greater stridao-stride variability than FSTM walking which is crucial for motor
learning[13]. During UDTM walking with various control schemes, healthy adults
walked at speeds similar to their overground walking speeds withouicagii
changes to their stride length and width, joint kinematics, moments and ga@iers
[26]. Since stroke survivors often struggle to generate forwanatsion,
incorporatingforce-basedparameterg the UDTM control may promote increased
walking speeds after rehabilitatidmcreased speeds are indicative of improved
quality of life for older adult43], and thereforethese findings suggest UDTM control

can be a beneficial addition to poststroke gait training.

Implementing DTM control may be an effective means of enhancing motor
learning and soliciting improved functional performafroen individuals poststroke
who arecandidates folocomotor rehabilitationHigh-intensity and repetitive task
specific practice artheleadng strategies for stroke rehabilitatifi®], but FSTM
walking uses passive training principteéstoperate independent of user input and are
often automated in some way. This means they require little cognitive engagement of
the usef23], and &amples of passive training in rehabilitation include passive
therapistguided range of motion exercises, FSTM walking, and some-sssidted
training sclemes. In treadmibased gait training, passive training via FSTM walking

promotes increased interlimb symmetry in sp&timporal parameters compared to



overground walkindor individuals poststrokg7], but it limits strideto-stride
variability for healthy adult$28]. Since strideto-stride variability is critical to motor
learning after strokemplementing active training, whichqgaires and responds to
user input, through UDTM control may provide a more beneficial and realistic

environment for poststroke gait training.

Functional Electrical Stimulation (FES) and Poststroke Gait Training

In poststroke rehabilitation, FES has b@aplemented in a variety of ways
from improving balance during standifgf] to increasing walking functiof10]. The
combination of fast FSTM walking and FES of the paretic limb (FastFES) has resulted
in greater pak anterior ground reaction forces (AGRiIAdtrailing limb angles (TLA)
compared to either fast treadmill walking or FES ald8. These findings inspired
the design of interventions to target specifictpweke impairments. During FastFES
training, FES was applied to the paretic ankle dorsiflexor and plantarflexor muscles
and resulted in increased forward propulsime clearanceand walking functiord30].
Applying FES to both muscle groups also promotes improvements in gait mechanics
such as ina@ased swing phase knee flexion andle plantarflgion at toeoff [31].
The FastFES training paradigm can also reduce the mechanical energy expenditure of
stroke survivors during gdi82]. Despite its success with some stroke survivors, the
FastFES training program does not benefit all uddrls For example, participants
who were not able to modulate their AGRF to increase walking spébadselinalid
not benefit from FastFES trainifgl]. Since the proposed UDTM controlierthis

work wouldrespond to changes in user gait mechanics, propulsive forces, and location



on the treadmilinstantly, we expect combingnthis novel UDTM controller with the
FastFES protocakill allow more users to increase their walking speedsrapobve
gait mechanics. In the future, training for extended periods of time with this

combination of tools may improve tig@ality of life after rehabilitation

Specific Aims

The goal of this work is to supplement the FastFES protocol with UDTM
control to implenent active training principles and improve the motor function of
stroke survivors after rehabilitation. Therefore, the purpose of the proposed work is to
first determine the response of healthy adults to UDTM controtteminvestigate
the response otreke survivors to a combination of UDTM control and FES.

Specifically, we will:

1 Aim 1: Quantify differences in the gait mechanics of healthy adults

during FSTM and UDTM walking

0 HypothesisParticipants will select similar speeds with
FSTM and UDTM control. If individuals select similar
speeds in the two TM control conditions, then they wak

similar gait mechanics.



When given active control of their walking speed, we expect healthy adults
will choose walking speeds on the UDTM that are similar to &M speedsSince
healthy adults typicallgelectspeeds with FSTM control that aapproximately 0.30
m/s less than their overground spel@84, we expect them tdo the same with
UDTM control since they are still in a treadrdiliised training environmeriowever,
if the participants do change their walking speeds between the FSTM and UDTM
control conditions, we anticipate they will change their pof§fiorces and step length
via TLA to change their speeds. In that case, we would expect any changedin spee

not the treadmil |l controll er i tself

mechanics.

1 Aim 2: Quantify differences in the gait mechanics of stroke

survivors during FSTM and UDTM walking

0 HypothesisPrevious work showed young, healthy adults
sekcted faster SS and FAST speeds with UDTM control
compared to FSTM control. Therefore, we hypothetiaée
participants willselect faster speeds with UDTM control,
but their speeds in both the FSTM and UDTM conditions
would be less than their overgrounzkeds. If individuals
increase their walking speeds with UDTM control, we

expect them to do so ligcreasingheir paretic and non

t

o

dr



paretic AGRE posterior ground reaction force (PGR&),

TLA

Since increased walking speeareoften the ultimate goal of poststroke gait
training, the UDTM control responds to propulsion via pa#tforces. The UDTM
controller directly rewards changes in propulsion and step length with changes in step
length, and therefonee anticipate stroke suivors will walk faster with UDTM
control by using greater paretic pusti forces and trailing limb angles than during
fixed-speed treadmill walkingAs with the healthy adults, we expect aimangesn
mechanicgo result from differences in walking sgkrather than changes in treadmill

control.

1 Aim 3: Evaluate response of stroke survivor$hie combination of

walking with UDTM control and paretic limb FES.

0 HypothesisParticipants willselect faster speeds with
UDTM control and FES compared to FSTadntrol alone.
If this occurs, we expect participants wilcreaseheir
walking speedduring exposur®y increasingheir AGRF,

PGRF,& TLA bilaterally.



When FES is applied unilaterally to the paretic pldle=or and dorsiflexor
musclesf stroke swivors during UDTM walking, we expect individuals to increase
their walking speeds by increasing their pashforcesand trailing limb angle for the
paretic limb.The UDTM control will allow individuals to instantly utilize their
augmented paretic ankienction from FES to increase their speeds. If this training
paradigm allows individuals to maximize their training speeds, it may improve

walking function after extended bouts of training.



Chapter 2

METHODS AND PROCEDURES

The bulk of the innovation in this work lies in the design, development, and
implementation of two novel rehabilitation tools: a novel form of aseen treadmill
(UDTM) control and functional electrical stimulation (FES) of the paretic ankle
musculatureWe examined the response of healthy adaltse UDTM control and
then the response of individuals poststroke to the UDTM control alone and in
combination with the paretic limb FES. Since many of the same procedures are used in
thethreeaims of this sidy, this section will examine the development of each tool as
well as detailed information on how outcome measures were asddesaxler, for
the usedriven treadmill control algorithm, we will only explore the primary
processes here. Detailed infornoation calculations can be found in the Methods

section of Chapter 3.

User-Driven Treadmill (UDTM) Control

The controller used in this work is unique because it comiimesdifferent
control paradigms and adjusts the belt speedsaktime based on measurements
from the instrumented treadmill alone. With this controller, the motion capture
software is used to relagattime force and center of pressure data to MATLABe
MathWorks Inc., Natick, MA¥or speed calalations. Unlike many praaus user
driven or seHpacingalgorithms this controller does not require any marker data to

adjust the belt speeds. This ensures that marker dropout does not lag calculations or
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give erroneous values and simplifies the flow of information from onersysi

another.

All real-time speed calculations are performed in a-deéned protocol
which sends belt speed commands directly to the Bertec control sofBeatec
Corp., Columbus, OH)n this work, the input of each belt is weighted equalhd
the t r e a dtime dpeed is calcudated as the average of the predicted left and
right belt speedn future work, this weighting can be adjusted easily to emphasize the
performance of a stroke survivothee affect e
smoothing coefficients are used to ensure changes in speed are gradual and feel

natural.

1. ForceBased Control: The integral of the antefmmsterior ground
reaction force (APGRF) for each limb during stance is used to
determine if participants intertd speed up or slow dowfhe change
in speed are proportional to the net change in forward propulsion. The
stance phase of each limb occurs betweeintantsof heel strike

(HS) and toeoff (TO, Equation 2.1

Yi n'Q@Q 60 00 Equation2.1
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1 If a person generates a greater anterior ground reaction force (GRF)
integral compared to their posterior GRF integral, the controller

would anticipate that the user wants to speed up.

1 The opposite is true as well. The controller will deceesizeed if

the user generates a greater posterior GRF integral.

1 Finally, there is no change in speed if the net integral is equal to

Zero.

Gait Parameter Based Contrbi:this control algorithm, changes in
step length from one step to the next are ugetktermine speed. The
change in speed is proportional to the change in step length between
two consecutive ste&quation 2.2)and step length is calculated
using center of pressure (CoP) measurements at the instant of heel

strike (HS Equation 2.3

YORPEMOS O G 60 G f Equation 2.2

Yi 1 QRWYO Qi 0@ EYA0QN 0@E "0H QR U'@E QO

Equation 2.3
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1 If the user increases their step length from one step to the next, the

UDTM control will compute an increase in speed.

1 If the user decreases their step length, the controlleregilire a

speed decrease.

1 If there is no change in step length between consecutive steps, then
the gait parameter control will not contribute any chaogée real

time speed calculations.

Position Based Control:he position of the user relative to the

treadmill environment is also used to determine speed iftineal The
position of the userds center of
midpoint betwer the centers of pressure at heel st(ikguation 2.4)
Anterior-posterior translation of the estimated CoM position relative to
the treadmill results in a speed chafiggquation 2.5)In addition, the
further the position of the CoM deviates from theteenf the

treadmill, the more heavily the position term is weighted in the speed

calculation and the greater the change in belt speed.

660 P _ 8¢ 6 ¢ Of Equation 2.4
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Yi 1 Q0D 6 &0 Equation 2.5

1 If the estimateof CoM position moves anteriorly, toward the front

of the treadmill, the treadmill belts will speed up.

1 Conversely, if the CoM moves posteriorly, toward the rear of the

treadmill, the belts will slow down.

1 If the CoM position is estimatad align with the center of the
treadmill, position based control components will not contribute a

change in speed to the final control cost function.

Controller Structure and Red@ime Speed Calculations

When initiated, the UDTM contrakquires researchers to enter a starting
speed and the userods mass in kilograms. TF&
speed and hold that speed for 10 seconds. After those 10 seconds, the adaptive
controler takes over and users are able to adjustelts speeds with their gait

mechanics and position relative to the treadmill.
The UDTM algorithm runs two speed calculation loops in tan(fégures 1 -

3). Kinetic data from the treadmill is sent to the UDTM controller by the motion

capture sofvare at 100 HzOne loop is used for each belt, and each loop operate

14



during the stance phaséthe foot on that belOncethefoot is no longer in contact

with the belt and the limb is in swinthe cumulative changes in force, step length,

and positio are entered into the controller cost functiSmoothing coefficients are

used to make sure changes in speed feel nailmah the controller sends the speed
change command to the treadmill with maximbeft accelerationsmited to 0.20

m/<. This provides an updated speed every ¥ gait cycle, and time delay from a speed

command to the belts reaching the desired speed is less than one second.
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Initiate UDTM
Algorithm
Enter Starting
Speed & User
Mass
Run at Set
Speed for 10
Seconds
UDTM Speed
Calculations
Begin
!
Checkfor fves | pyiikinetic Determine
New Frame of d Data "|  Gait Phase
MoCap Data
v No ‘/\
Wait 10 ms
Right Foot Left Foot
Stance? Stance?
+ No Yes ¢ l Yes No ¢
No Heel Strike > H i No
- 4 eel Strike > N .
Swing? 0.10 Sec? 0.10 Sec? Swing?
¢ ¢ Yes v Yes ¥
Enter Swing Enter Stance Enter Stance Enter Swing
Loop Loop Loop Loop

Figure 1: Diagram of userdriven treadmill (UDTM) control algorithm. Note tteld
blocks link to or from the Stance and Swing Loops
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Enter Stance
Loop

Y
Calculate

speed of
opposite leg

Store Data

A4

r

> 2 Stance No
Frames?

Check for New
Frame of
MoCap Data

Y

Yes
Y

1. Pullin the CoP location.
2. Calculate:

- Step time

- Step length

- Leg speed

- AGRF Impulse

Y

Store Data

Check for
New Frame of
MoCap Data

Figure 2: Diagram of the Stance Loop sequence. Note the bold blocks link to the
UDTM control algorithm diagram.
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Enter Swing
Loop

Calculate:
- ASpeed due to APGRF Integral
- Stance time > Store Data
- Position of CoM
- Difference in stance time

Pull Data from
opposite leg

Calculate:
- ACoM position
- New treadmill belt speed
- Belt acceleration to reach new speed

A
Is acceleration No | Set TM Speed for
<0.20 m/s? | a=0.20m/s?

Yes

A 4

A

Store Data [¢«— Set TM Speed

A
Check for
New Frame of
MoCap Data

Figure 3: Diagram of theSwirg Loop sequence. Note the bold blocks link to the
UDTM control algorithm diagram.
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Functional Electrical Stimulation (FES)

In this work, functional electrical stimulation (FES) was applied to the paretic
ankle plantarflexor and dorsiflexor muscles. The pulse amplitudes, frequencies,
durations, and timings were designed according to methods established in literature
and then agdsted to the needs of individual participaf®i], [34], [35] The

following sections detail the FE8ocedures used in this work.

Stimulation Application Points

FES was applied to the affected ankle musculature to increase forward
propulsion andhssist in toe clearance during swing. The combination of ankle
plantarflexor and dorsiflexor FES has bebown to increase peak puslf forces,
decrease the magnitude of braking forces, and reduce mechanical energy expenditure

during gait compared to dorsiflexor stimulation al¢d#], [36].

For the ankle plantarflexors,twb6 x 20 f oam el ectrodes
body of the paretic gastrocnemius. Participants were asked to raise themselves up on

their toes while standing and the first electrode was placed lengthwise across the upper

portion of the gastrocnemius,abdut t o 206 bel ow the knee joi

was then placed about | to 10 below the

W

n

pl antarflexors to augmeffiforcesamcassisnvith vi dual 0 s

forward propulsion.
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For the anklelorsiflexas,two2 06 x 20 f oam el ectrodes we
body of the tibialis anterior. Participants were seated in a chair and asked to pull their
toes up toward their knee. The researcher placed the first electrode over the proximal
portion of the tibialisat er i or and the second was pl acec
below the first. The paretic ankle dorsiflexors were stimulated during swing to
augment ankle dorsiflexion and reduce dielectrodes were placed to provide pure

ankle dorsiflexion with minimal an&linversion or eversion.

Stimulation Pulse Composition

The FES pulses are applied in trains that are composed of a variable frequency
train, which includes a 200 Hz triplet in from of a 30 Hz pulse train. The stimulation
pulses run in 200 millisecondains that repeat as long as the FES channel is cued.
Previous work has shown that modulating these frequencies rather than pulse

durations results in improved performance with similar levels of faf@die

The amplitué of these stimulation pulses is tuned to prompt standard motor
responses across all participants. For the ankle plantarflexors, participants were asked
to stand facing a high countertop and hold onto the counter for stability. They shifted
the majority oftheir weight to the noparetic limb while keeping the paretic foot flat
on the floor. Once the electrodes were placed, the stimulation amplitude was increased
unt il t he participantds paretic heel | i ft e

dorsiflexors, participants sat in a chair with their feet off the floor and ankles relaxed.
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The FES amplitude was increased until the paretic foot raised and the ankle was in a

neutral position.

Functional Electrical Stimulation (FES) Cueing

In this study, FE was cued using bilateral footswitches. A force resistive
sensoAdafruit Industries, New York, NYyvas placed under thd'Snetatarsahead
and the | ater al edge of the heel, approxir
the heel. The state ehch sensor was read into a custom LabView (National
Instruments, Austin, TX), and the combined state of the 4 sensors was used to

determine when FES should be applied.

There were 4 possible sensor states for each foot. When only the heel sensor
was presed, the foot is in the heel position. When both the heel and toe sensors were
pressed, the foot was assumed to the in full contact with the ground. When only the
toe sensor was pressed, the foot was in the toe position. Finally, when neither sensor

was pessed, the foot was not touching the ground and the limb was in swing.

Three different logic sequences were available for use during each session.
Based on a participantés unigque foot strik
most precise timig of the plantarflexor stimulation was selected. The goal of each
logic sequence was to stimulate the ankle plantarflexors in terminal double limb

support and the ankle dorsiflexors during swing.
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Version 1: Plantarflexor stimulation pulses were applied when the
paretic Toe and neparetic Heel sensors were both pressed. The
dorsiflexors were stimulated any time the paretic limb was off the
ground and the neparetic limb was on the ground. The dfbexor
FES was applied regardless of what part ofnthkeparetic foot was in

contact with theground Table 1.

Tablel: FES logic version 1

Non-Paretic
Original Code
Heel Foot Toe Off
Heel X X X X
.§ Foot X X X X
S| Toe | PFStim X X X
Off DF Stim | DF Stim | DF Stim X

Version 2: The plantarflexor FES was applied when the paretic foot
was in either the Toe or Foot position and the-paretic foot was in
the Heel position. As before, the dorsiflexors were stimulated when

only the nonrparetic foot was on the grouii@able?2).
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Table2: FES logic version 2

Non-Paretic
NP Foot Code
Heel Foot Toe Off
Heel X X X X
§ Foot | PFStim X X X
S| Toe | PFStim X X X
Off DF Stim | DF Stim | DF Stim X

Version 3: Some individuals walked so quickly that the terminal double
limb support phase was too short for appropriate amounts of stim to be
delivered in the paretic Toe/ngraretic Heel ining window.

Therefore, the final version of FES logiges the stimulation pulses
based only on the position of the paretic limb. Any time the paretic Toe
was in contact with the ground, FES was delivered to the ankle
plantarflexors. Typically, these paipants walked quickly and were

very high functioning, and the stimulation could be delivered reliably
using only the state of the paretic limb. As before, the ankle
dorsiflexors were stimulated when only the fareticfoot was in

contact with the grouh(Table 3.
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Table3: FES logic version 3

Non-Paretic
P Toe Code
Heel Foot Toe Off
Heel X X X
2 | Foot X X X X
&
A Toe X
Off DF Stim | DF Stim | DF Stim X

Outcome Measures

Since increased walking speeds are often one of the key outcomes of
poststroke rehabilitatiof8], [37], it is a crucial outcome measure for this work. In
addition, pareti peak anterior ground reaction forces (AGRF) and trailing limb angles
at the instant of peak paretic AGRF are key determinants of walking speeds after
stroke[21]. Therefore, the outcomes measures in this study include walking speed,

peakanteriorandposterior ground reaction forces, and trailing limb angles.

Walking Speed

In this work, individuals walked overgund, with FSTM control, and with
UDTM controlat their seHselected (SS) and fastest comfortable (FAST) speeds. A
detailed description of how individuals indicated their preferred speeds in each

condition are described beloln. all treadmiltbased conditionsndividuals were
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allowed to use light touch on the handrails to stabilize themselves but encouraged to

minimize their reliance on them.

Treadmill Control Conditions

1 Overground: Participants completed ariBter walking testhree
times, and their average preferred speed was recoftiedLO
meter walking test included2ameteracceleration zon&-meter
deceleration zone, andbametertimed zone in the center.
Participants were instructed to walk at their comtugaelf-

selected (SSYpeedss if they were walking down a hallway

1 Fixed Speed Treadmill (FSTM) Control: In the FSTM control
conditions, the treadmill was firs
overground speedhen, the researchers increased or decreased the
treadmill speed by 0. O5edmgesd unt i |

was reached.

o0 Inthe SS speed case, participants were instructed to indicate
when the belt speeds matched their preferred comfortable
speed.The researchers would then increase or decrease the

belt speed further until the user indicated they vieyond
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their preferred speed. Then, the speed was reset to the
intermediate speed where individuals indicated they were

most comfortable for 1 minute of data collection.

o Forthe FAST speed condition, the belt speed was initially
set to the preferred ovemund speedThen, the speed was
incremented by 0.05 m/s until the participant indicated
they had reached the fastest speed they could comfortably
maintainfor 1 to 2 minutesAs with the SS speed condition,
researchers then further increased the trelateit speeds
by 0.05 m/s and asked participants which speed they
preferred. This process was repeated until the individuals
selected the slower speed as the fastest speed they could
comfortably maintain. Then, the belt speed was set to that

FAST speed, rzd data were collected for 1 minute.

1 UserDriven Treadmill (UDTM) ControlThe usedriven
controller initially runs at &ixed speed for 10 secondsdividuals
were given the same verbal cues to guide their speed selection as
the FSTM conditions. Once individuals indicated their preferred
speeds, data were collected for 1 minute. Since individioait

typically maintain a perfectly constant speed with the UDTM

26



controller, we required timeto stay within £ 0.20 m/s of the
original target speed. If the participant drifted slightly outside this
target region, researchers would guidem backusing verbal cues.
However, if the individual could not maintain a speed within the

target region, researchers would restart the condition.

Gait Mechanics

Due to the importance of walking speed in poststroke rehabilitation, this study
also examined how individuals achieuveeir preferred walking speeds in each
treadmill and speed condition. The indivioc
reaction forces were examined to determine if individuals modulated their walking
speeds by modulating how much they pushed off viighr trailing limb or how hard
they braked with the leading limb. In addition, the position of the trailing limb at the
instant of peak pusbff was measured. The trailing limb angle (TLA) was measured
as the angle betwedine vertical axis of the lab ardvector connecting virtual hip
joint center and theSmetatarsal head. This measure is a surrogastdpriength and
allows the analysis of both propulsive mechanics and limb poswh.these
measures, we evaluattte tradeoff between kineticsrad kinematics duringpeed

selection.
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Chapter 3

RESPONSE OF HEALTHY ADULTS TO USER-DRIVEN TREADMILL
CONTROL (PUB: 2018)

(Ray, Knarr, and Higginson, 2018)

Abstract

Implementing usedriven treadmill control in gait training programs for
rehabilitation may be arffective means of enhancing motor learning and improving
functional performance. This study aimeditermine the effect of a useriven
treadmill control scheme on walking speeds, anterior ground redottes (AGRF),
and trailing limb angles (TLA) dfiealthy adults. Twentthree participants completed
a 10meteroverground walking task to measure their overgroundssddfcted (SS)
walking speeds. Thethey walked at their SS and fastest comfortable walking speeds
on an instrumented splitelt treadnil in its fixed speedreadmill (FSTM)and user
driventreadmill (UDTM) control modes. ThelDTM controller combinedhertiak
force, gait parameter, ampasitionbasedcontrol to adjust the treadmill belt speed in
reattime. Walking speeds, peak AGRF, ahtdA were compared among test
conditions using pairedtests (a #.05). Participants chose significantly faster SS and
fast walking speeds in thédDTM mode tharthe FSTM mode (p< 0.000). There was
no significant difference between theerground SS walkingpeed and the SS speed
from theUDTM trials (p= 0.7816. Changes in AGRF and TLA were caused
primarily by changes in walking speed, not the treadmill controller. Our findings show
theUDTM controller allowed participants to selectliwag speeds faster than their

chosen speeds eheFSTM and similar to their overground speeds. Sid&eM
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walking increases cognitive activity and natural mobility, these results suggasvl
controlwould be a beneficial addition to current gait traghprograms for

rehabilitation.

Introduction

Treadmilkbased gait training is one clinical intervention used to promote
walking function for individuals with cerebral palsy, osteoarthritid)jemiparesis due
to stroke It allows users to practice manypgegitions of a cyclic motion in a controlled
environment and is relatively cost effect{dd]i [39]. Since increased walking speed
directly corresponds to improved quality of life for commuttyelling older adults,
it is often a key outcome of rehabilitati{8], [5], [40], especially for individuals after
stroke who may walk as slow as 0.5 m/s, clagsifyhem as limited community
ambulatorg41], [42]. However stroke survivors able to walk before participating in
rehabilitationmay not achieve clinically meaningful increases in walking speed after
treadmilkbased gait trainin¢gDavg = 0.06 m/s)6]i [9], and there is currently no
consensus on the best combination of therapies to improve walking function for stroke

survivors[37].

Since stroke can cause both motor and cognitive deid@isstudies on dual
task walking (DTW) have examined the paired effects of cognitive and locomotor
performance in rehabilitation environments. In DTW studies, individuals typically
walk in a controlled environment while completing cognitive tasks such as counting

backward from a given number in increments of 2 or listing as many words as possible
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that begin with the same letfdr7]. Clinical tasks are recommended to be as realistic
and complex as possible to maximize the cognitive load as well asosanmgffects

and patient sensitivity to trainiri@5]i [18]. Overground DTW results in clinically
meaningfulimprovements in walking speed and overall function for individuals with
neurological injury{15]. Preliminary studies show DTW combined with udeven
treadmill control has benefits comparable to overground DI [20], which

suggests including useériven treadmill walking in gaitr&ining programs may

promote improved walking function. Implementing udewen treadmill control may

be an effective means of enhancing motor learning and soliciting improved functional
performance. Higlintensity and repetitive taskpecific practice & leading strategies

for stroke rehabilitatiofl4], but traditional gait training environments use fixed speed
treadmill walking and passive training strategies, which operate independent of user
input. Passive treadmill training promotes increased interlimb symnmetpatio
temporal parameters compared to overground wal@rpbut limits strideto-stride
variability which is critical to motor leaing after strok¢28]. Therefore,

implementing active training, which requires and responds to uséy thpough user
driven treadmill control may provide a more beneficial and realistic environment for

poststroke gait training.

Active training in the form of usedriven treadmil(UDTM) control can
increase cortical reorganization and motor learnimgtimke survivor$44] as well as
increase cortical activity in healthy adul®3]. In addition,UDTM walking promotes
interactive participation, enhances natural mobility, and allows users to respond

instantaneously to small gait disturbances that require volitionalot§24], [25].

30



Walking with UDTM controlalso allows greater stride-stride variability than fixed
speed treadmill walking which is crucial for motor learnih8]. These findings

suggest usedriven treadmill control would be a beneficial addition to poststroke gait
training. DuringUDTM walking with various control schemes, healthy adults have
walked at speeds similar to their overground walking speeds withouficagt

changes to their stride length and width, joint kinematics, moments and ga@lers

[26]. However, previous studies utiliz&DTM control schemes sad primarily on

user position and spatiotemporal parameters without using inertial control which
responds directly to measures of forward propulsion, such as anterior ground reaction

forces.

As an alternative to fixed speed treadr(fiETM) training, UDTM speed
control adjusts the speed of the treadmil|
instantaneous walking speed. The objective of this study was to determine the effect of
thisnovel UDTMc ont rol Il er on the userso6 ability t
speeds, generate propulsive forces, and modulate step length. We hypothesized that
users would select similar walking speeds during overgrde®dM andUDTM
walking. At consistent speeds, we expected that users would generate similar
propulsive forces uisg similar mechanics. By quantifying the effect of the «saren
treadmill control on the heal tdthg user sdé ge

potential for usedriven treadmill control in clinical poststroke gait training programs.
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Methods

DataCollection

Twenty-five healthy adults with no history of lower limb musculoskeletal
injury participated in this study, but two participants were excluded from the analysis
since they were more than thirty years older than the other participants. Odatahe
from the twentythree young, healthy adults warsed for this analysis (22.9 £ 4.04
years, 1.72 £ 0.11 m, 69.6 + 10.9 kg, 9 male 14 fenialele4). The experimental
protocol was approved by the University of Delaware Institutional Review Board, and
each participant completed a written consent form and a modified physical activity

readiness questionnaire (PAR AppendixB) before beginning the study.
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Table4: Demographic information and walking speed data for healthy adalksng
with fixed speed and uselriven treadmill contro{n = 23) Note: SS = sel§elected
FAST = fastest comfortable, OG = overground

Fixed Speed UserDriven
. . OG 16meter| Treadmill Control | Treadmill Control
Subject| Height| Mass | Age | on il \wialk Test FAST FAST
No. (m) (kg) |(years) SS Spee SS Speed
(m/s) (mis) Speed (mis) Speed
(m/s) (m/s)
1 1.70 | 68.36 20 F 1.42 1.40 -- 1.59 --
2 1.63 | 70.93 25 F 1.30 1.30 - 1.42 --
3 1.63 | 54.34 21 F 1.44 1.40 -- 1.28 --
4 1.68 | 56.49 23 F 1.35 1.25 -- 1.40 --
5 185 | 7751 23 M 1.60 1.50 -- 1.94 --
6 1.60 | 72.77 19 F 1.18 0.95 -- 1.29 --
7 1.93 | 91.39 21 M 1.47 1.40 1.80 1.71 2.09
8 1.83 | 79.93 27 M 1.40 1.30 -- 1.15 -
9 1.75 | 73.15 19 M 1.44 1.20 1.60 1.36 1.85
10 1.88 | 71.70 19 M 1.50 1.30 1.80 1.51 1.92
11 1.83 | 72.33 19 M 1.11 1.00 1.90 1.09 2.06
12 1.60 | 71.98 28 F 1.61 1.20 1.75 1.48 1.76
13 1.78 | 71.88 20 M 1.34 1.10 1.40 1.12 1.62
14 1.60 | 69.76 22 F 1.25 1.20 1.40 1.14 1.24
15 1.75 | 60.92 32 F 1.58 1.10 1.45 1.39 1.66
16 1.52 | 44.89 20 F 1.15 0.70 1.20 0.86 1.64
17 1.68 | 66.24 22 F 1.77 1.55 2.00 1.97 2.27
18 1.57 | 63.72 22 F 1.56 1.25 1.90 1.52 1.88
19 1.83 | 85.11 24 M 1.16 1.00 1.50 1.47 1.97
20 1.80 | 75.45 34 F 1.22 1.10 1.70 1.32 2.02
21 1.78 | 70.55 21 M 1.47 1.55 1.25 1.42 1.79
22 1.57 | 53.55 20 F 1.17 1.05 1.45 1.27 1.47
23 1.68 | 65.84 20 F 1.20 1.20 1.60 1.37 1.65
Average 1.72 | 69.65 | 2291 | 9M 1.38 1.22 1.62 1.36 1.81
(S.D.) | (0.11)| (10.92)| (4.0) | 14F (0.18) (0.21) | (0.24) | (0.249 | (0.25)

This study was conducted in the Neuromuscular Biomechanics Laboratory at
the University of Delaware. Participants were outfitted with 42 retroreflective
markers: 26 single markers to define anatomaadimarks and 16 markers on rigid
plastic shells to track the motion of their lower legs. Participants first completed a 10
meter overground walkings$tto measure their preferred overground-selected

(SS) walking speeds. Then, the treadibbdbed waling trials were performed in a
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random order on an instrumented, spgit treadmill (Bertec Corp., Worthington, OH,

USA) while the partici pa-camera@motion ¢aptioen was tr
system (Motion Analysis Corp., Santa Rosa, CA, USA). Atltipipants walked at

their SS walking speeds on the treadmill in both its fixed speed andnsan

control modes. @ (7 male, 9 female) of these participants also walked on the treadmill

in both modes at their fastest comfortalfl#&ST) walking speeds. Data were collected

from the first group of subjects (n = 8) t
examine theesponse of participants to the UDTM controller at SS speeds. Then, the
additional b subjects were enrolled, and the protocol was amended to compare the

response of users at both SS &AGT walking speeds.

To deter mi ne t he usedsrostbe figed spéed treadenil, wal ki
researchers set the treadmill|l sneered at t he
overground walkingests The speed was then increased or decreased im@s05
increments according t o rdfehred speedevassdl, dgtar e f e r ¢
were collected for 1 minute. Kinematic data were sampled atiz@hd kinetic data
were sampled at 2008z. When using the useiriven treadmill control, participants
were given up t& minutes to familiarize themselves witbva the controller adjusted
the belt speeds. For each trial, the participants took up to 1 minute to reach their
chosen, steady state walking speed, and then data were collected for 1 minute at that

steady state speed.
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UserDriven Treadmill(UDTM) Controller

TheUDTM controller used for this study combined ineraice based
control, gait parametdyased control, and positidrased control. The speed of the
treadmil | belts was changed in response toc
(AGRF) impulse, step length, step duration, and position relative to the center of the
treadmill. If individuals increased their pusk forces or moved near the front of the
treadmill, the belt speeds increased. Conversely, if they decreased thedfffusbes

of moved near the back of the treadmill, the belt speeds decreased.

Each series of calculations was performed simultaneously for the two limbs.

Sample calculations are shown for the right belt only.

1. Using analog data from the force plates, grotgattion forces and
center of pressure (CoP) indicated whether a foot was in contact with

the ground Table5).
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Table5: Parameters used for reahe speed calculations in the uskiven treadmill

(UDTM) controlalgorithm.

Abbreviation Control Parameter
tsta Stance time for leg of interest
NEe Number of frames elapsed during step
Re Camera frame rate
Lstep Step length for leg of interest
OCoPR, Anterior/posterior distance between left and right CoP
| AGRF Impulse of the anterior ground reaction force
Facr Anterior ground reaction force
fanalog Analog data sampling frequency
Vnew Intermediate belt velocity that incorporates the AGRF impulse
Whody Body weight in kilograms
Vavg Average treadmilépeed from previous iteration
Vieg Expected speed for the treadmill belt based on motion of the corresponding li
Pcom Anterior/Posterior position of user CoM relative to center of treadmill
lcom Anterior/Posterior location of user center of mass (Caobative to lab
Crm Center of treadmill belt
dt Change in time
Dswing Time elapsed during swing phase
Vsmooth Smoothed treadmill belt speed
a Smoothing constant 1
b Smoothing constant 2
U Time constant of the speed change
tsta Stance time foteg of interest
Re Camera frame rate

If the foot was in contact with the ground (i.e. stance phase),
step duration (EquatioB.1) and step length were calculated
(Equation3.2). The step duration was calculated as the number
of frames elapsed duringelturrent step divided by the frame
rate from the motion capture system (100 Hz). Then, the step

length was calculated as the change in the anterior/posterior
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position of the foot CoP minus the distance the treadmill belt

travelled during stance phase.

< E Equation3.1

- [ *
L ID:OPY (Vavg tSt; Equati0n3.2

ii. During the stance phase, the AGRF impulse of the stance limb
was summed over successive frames of data (Equa8pn
Then, the summed i mpul se was

weight and added to the previous belt speed (Equauin

end
A Facr
_ k=1
| crr, t =1 acrei f
analog Equation3.3

I AGRF, f

new f — Vnewi

Wooay Equation3.4
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iii. If the foot was not in contact with the ground (i.e., swing
phase), swing duration and the average stance limb velocity

relative to the treadmill belt (EquatioB8% & 3.6) were

determined.
dt= By, Equation3.5
V. — Lstep R
LegR
bar Equation3.6

Regardless of the gait phase, the poc
was estimated using center of pressure measurements (Eq@atiéns

38). The anterior/ posterior | ocation
calculated as the midpoint between the Cbth@two limbs in

terminal stance and expressed relative to the treadmill origin.

1
lcow ==(COP,, +CoOR
CoM 2( b ) Equation3.7

Poow =1.5%(leom Crw) Equation3.8
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3. The calculated speeds were averaged between belts, and theovalue®
and U were tuned to the preferences
individuals and one individual pestt r ok e. The constants
1.5, and U were then used to aver age

ensure the belt accelerations felt natural fopaiticipants (Equatian

39 & 3.10).
dt
a=1-e’ Equation3.9
AV, LtV 0
Vsmooth =V Belt @ * e new R v Belt O b chol\/

Equation3.10

4. The parameters were tuned to ensure subject safety. Throughout the
testing, the two belt speeds weiexl, and the maximum belt

acceleration was set to 0.2 fa/s

Data Analysis

Kinematic data were processed using Cortex 6 (Motion Analysis Corp., Santa

Ros, CA, USA), and kinetic and kinematic calculations were performed using Visual
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3D software (EMotion Inc., Germantown, MD, USA). Kinetic and marker data were
filtered at 30Hz and 6Hz, respectively. Preferred walking speeds were calculated as

follows:

1 10-meter overground walking$t The average time to travel 6
meters over 3 trials was used to calculate the average preferred

walking speed.

1 Fixed speed treadm{FSTM) control: The walking speed was read

directly from the treadmill interface.

1 Userdriven treadmil(UDTM) control: The steady state walking
speed was calculated as the average walking speed over the steady

state portion of thé-minutetrial.

Since individuals may increase their forward propulsion via increasedior
ground reaction fices AGRF) and increase their step length by increasing their
trailing limb angle (TLA) [11], [39], [40], the primary measures in this analysis were

walking speed, AGRF, and TLA. TLA is defined as the angle between a straight line
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connecting the calculadehip joint center and the 5th metatarsal of the trailing limb

and the vertical axis of the labigure4).

R

Anterior GRF

Figure4: lllustrateddefinition of anterior ground reaction forcéaGRF) and

trailing limb angle TLA)

A paired ttest blocked by subjeca (= 0.05) was used to determine if
participants selected significantly different SS &AST walking speeds when using
FSTMandUDTM control. Two subsequent pairetests blocked by subjed &
0.05) wereusedtodetenrme i f t he participantsod peak
peak AGRF varied between the fixed speed anddisezn conditionsOne limb was

chosen at random for analysis.

Since increased AGRF and TLA can lead to increased walking speeds, it is

importantt o determine i f differences in the

41

AG



changes in walking speed between the fixed speed andrisen conditions or the
treadmill controller being use#irst, linear regressions were used to better illustrate
the corelation between changes in speed and changes in mecl@amissquentlyan
analysis of covariance (ANCOVA) was used to quantify the portion of any change in
AGRF or TLA due to changes in walking speed versus changes in the treadmill

controller.

Results

Participants chose significantly slower SS walking speetisFSTM control
than they didbverground D= 0.16 m/s, p < @001,Figureb). Participantshen
selected significantly faster SS aR4ST walking speeds on tH8DTM compared to
theFSTM (Dss= 0.14 m/s, p < 0.0001 frast = 0.19m/s, p < 0.000L There was no

significant difference between the partici

andUDTM trials ©=0.02 m/s, p = 0.78)6
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[ Fixed Speed Control (FSTM)
O User-Driven Control (UDTM)

Walking Speed (m/s)

Overground, FSTM, SS UDTM, SS FSTM, FAST UDTM, FAST
SS Speed Speed Speed Speed Speed

Figure5: Group averag&sS (n = 23) ad FAST (n = 16) speecconditions with UDTM
and FSTM controfor healthy adultsNote: Statistical tests were used to compare
within subject difference$ indicates p< 0.05, andoverground SS speeds are from
the 10-meter walking test.

There were also signi f i cpaghafffoccéesfarider en c e s
trailing limb positionduring fixed speed and usériven treadmill walking.
Participants had higher peak AGRF and greater TLA at the instant oAk
when walking on th&/DTM compared to the fixed speed treadraillSSspeedgp <
0.05,Figure6). Individualsalso increased their TLA when walking with UDTM
control at FAST speeds, but there were no changes in their AGRF between the FSTM
and UDTM comlitions.
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Figure6: Group averag®@) peak AGRF and B) TLA at peak AGRfatafrom healthy
adults walkingat SS and FAST speedséth UDTM and FSTM controlNote:
Statistical tests were used to compaithin subjectsand * indicates a significance
levelof p < 0.05

Linear models were fit to each data set and an analysis of covariance
(ANCOVA, a = 005, Figure7) was used to determine the relative contribution of
changes in walking speed and treadmill control to changes in AGRF and TLA. Results
of the ANOVA revealedhat the changes in peak AGRF and TLA were primarily due
to changes in walking speed and not changes in the treadmill control Taialeq).
The results of the ANCOVA indicate that 100% of the changes in peak AGRF
between th&STMandUDTM trials was explained by the difference in the
participantsd wal king speeds. Li kewi se, ar
the instant of peak AGRF heten the two treadmill control conditions was due to the

differences in walking speeds selected for the SS-&RI walking trials.
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Figure7: A) Peak AGRF and B) TLA at peak AGRfersus walking speeor healthy
adults walkingwith FSTM and UDTM controlNote: SS an&FASTspeed trials were
combined to yield a continuum of walking speeds on-trasx

Table6: Determination of thealative contributios of speed and treadmill control to
changes in AGRIand TLAfor healthy adultérom analysis of covariance

(ANCOVA)
Walking Speed| Dependent Variable | Independent Variable 5:;;%?; CE:QSI:t ?Ee'S hloEs dejusted
SS Speed Peak AGRF (%BW Tsl\/rl)(e:f)crjlt(r:(lz)r 1832/0 0.76
asTpeed | ek ACRF 068wl o 031

Discussion

In this study, participants selected faster walking speeds with theltixsen

treadmill(UDTM) controller for both the SS aeAST speed trials when compared to
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the fixed speed treadm{FSTM) control conditior{Dss= 0.14 m/s |Prast= 0.19

m/s). The higher userdriven SS speed was similar to the average overground walking
speedPrevious studies show average changes in walking speed of 0.06 m/s after
prolonged training with FSTM contr@], while our participants instantly selected
faster speeds with UDTM control. In atdan, the peak AGRF and TLA at the

moment of peak AGRF also increased with the higher walking speeds on the user
driven treadmill. However, our results showed the increases in AGRF and TLA were
primarily due to the increased walking speeds ortb&M rather than different
controller modesSince faster speeds during rehabilitation are tied to improved
walking function after training45], UDTM controlappears to be a good option for

poststroke gait training.

Since participants selected SS speeds similar to theigmund SS speed
while on the UDTM walkingwith active treadmill contrainay facilitate improved
efficacy of locomotor training. In a sty of typically developing children and those
with cerebral palsy walking on a treadmill in its fixed speed anddrse¥n modes,
participants chose walking speeds 7.3% faster in thedusem modg46]. In this
study, participants walked 5.5% and 11.3% faster oM during the SS and
FAST walking trials respectively. This agreement suggests individuals with
neurological injuries will se similar benefits using the proposed w@ren controller
as found in literature. In addition, our results suggest treadmill users employ similar
propulsive mechanics on ti&STM andUDTM modes, which agrees with previous

studieq47], [48] comparing fixed speed treadmill control withdbTM control
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incorporating inertial control elements and support the feasibility of usind@ié/

control in a rehabilitation environment.

The strengths of this study lie in our isolation of the effect ofXb&@M
controller. Since both treadmill control schemes were implemented on the same
treadmill, the methodology controls for differences in meatasystem. The
participants were all young, healthy, and neurologically intact. Participants were given
ample time to practice walking on the treadmiilh UDTM controland data were
only collected once the user had reached a steady state walkinglspe&chinate
any effects of learning between trials, the order of walking trials was random, and

participants walked overground between any two trials.

This experimental setup includes several precautions to ensure participant
safety. All participants war a fall harness while walking on the treadmill and the
treadmill control algorithm was designed so that crossover and missteps are ignored.
In addition, the maximum acceleration and speed of the treadmill belts are limited.
The tuning padafg¢tehat (WeibGhtathe contri bt
treadmill speed due to puslff forces, step length and position relative to the center of

the treadmill can be adjusted according to user preference.

This study is limited by its small sample size. Howetee differences in
walking speed maintained sufficient statistical power for 90% confidence. Due to the
homogeneity of the participant pool and the high level of significance of speed

differences and the strong positive correlations between walking speeAGRF and
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TLA, we expect these trends to hold for larger samples as well. AlthotrghiRes
decreased for faster walking speeds, the comparisons maintained strong correlations
for all walking speeds. We expect this decreadeatesparticipants beigning to

transition from walking to running and will further explore this transition region in

future work.

In this study, an instrumented sgbiélt treadmill and motion capture system
were used for theIDTM control. All calculations are performed intal to the
treadmill system, but the motion capture software facilitates the flow of information
between the treadmill and data acquisition software. This form of UDTM control does
not rely on marker data to determine the position of the participaniveetatthe
training environmentOther researchers have implemented-dsimen control using a
variety of ultrasoni¢49], depth[50], and force sensofS1], [52] to lower costs and
improve accessibility to useriven treadmill control, and now, evetandard exercise
equipment offers usetriven treadmill control. However, the unique combination of
inertiakforce, position, and gait parameter control used in this study is suited for
implementation in a poststroke gait training regimen because itsallears to
increase their walking speeds smoothly and naturally. Since the controller responds
directly to changes in forward propulsion and step length, it can respond to changes in

walking speed before the changes can be measured at aholdyléevel.
Our findings show th&yDTM controller allowed participants to select walking

speeds faster than their chosen speeds drRSh®&1and similar to their overground

walking speeds. Previous studies found participants walked significantly slower on
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fixed speedreadmills compared to overground walkif@® 0.30 m/s) but the

overground exercise required less energy expenditure and resulted in lower perceptual
and greater positive affective responfs. Since usedriven treadmill waking

increases cognitive activity and natural mobi[Rg]i [25], it is reasonable to expect

our participants would walk faster imUDTM than theFSTM, and these faster

speeds would be similar to those from overground walking. In addition, the
corresponding increases in peak AGRF and TLA at the time of peak AGRF were
primarily due to the increased walking speeds orb&M, not tre treadmill

controller itself. Therefore, when tH#DTM controller is implemented in a poststroke
gait training program, we anticipate stroke survivors will select walking speeds similar
to their overground walking speeds and expect similar benefitslaghis should

increase the efficacy of the gait training prog@)] and thereby, improve the

patientsod6 functi onal ualiyiofllife aftgr renabiktatiyu b s equer
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Chapter 4

RESPONSE OF INDIVIDUALS POSTSTROKE TO USER-DRIVEN
TREADMILL CONTROL (PUB: 2020)

(Ray, Reisman, and Higginson, 2020)

Abstract

The objective of this study was to determine how individuals poststroke
respond to usedriven treadmill (UDTM) controln terms ofwalking speeds, peak
anterior ground reaction forces (AGRF), peak posterior ground reaction forces
(PGRF), and trailing limb angles (TLA). Twenty individuals with chronic stroke
walked overground during a 4feterwalk test to determine their sedélected (SS)
speeds before walking on a treadmill in its fixgmeed (FSTM) and UDTM control
modes at their SS and fastest comfortableS[F speeds. Pairedtésts were used to
compare the walking speeds, peak AGRF, gg@RF, and TLA among test
condi t=005).Partciphnts selected similar S$(p.0646 and faster RST
walking speedsl¥= 0.06 m/s, p = 0.0186vith the UDTM control compared to the
FSTM control. There were no changes in their peak AGRF or PGRdier limb or
speed between UDTM and FSTM conditions>(@.05). Individuals used greater
paretic TLA at SS speeds with UDTM contrBl£ 1.21, p = 0.0402 There was no
difference in the AGRF required aBBT speeds with FSTM and UDTM control even
though participants selected faster speeds with UDTM control. In work with young,
healthy adults, we found that the treadmill control condition did not affect the amount
of forward propulsion needed. Therefore, iikely that when walking with UDTM

control, individuals poststroke adjust their posture to make better use of their forward
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propulsion. This means they can reach faster walking speeds without increasing their
pushoff forces. Future work should assess Hownost effectively prescribe UDTM

control for gait training programs.

Introduction

Each year, nearly 800,000 Americans suffer a stibkavhich changes their
muscle activation and movement patterns and decreases their walking[8peeds
Increased walking speeds correspond to improved quality of life for community
dwelling older adults and indicate decreased fakgiand increased community
involvement for stroke survivof8], [53]. Therefore, increasing walking speed is

often a key outcome of poststroke rehabilitafibhn

Although increasing walking speed is often a goal of padtstrehabilitation
and previous work suggests gait deficits can be targeted to achieve increased speeds,
there is no consensus on the best approach to improve walking function for stroke
survivors[37]. Treadmiltbased training studies have shown mixed results, with only
50% of individuals poststroke able to ambulate independafily rehabilitatio [54].
It has been suggested that walking at fast speeds and directly targeting mechanisms of
propulsion, such as anterior ground reaction forces and ¢réitib angles, may

improve outcomes after treadrdased trainingl0], [30], [55].

ATradi t i o-spadd&readmill (FETMY emtrol is commonly used for

treadmiltbased training paradigms because it allowgyh number of taskpecific
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repetitions at a relatively low cogt4], [45]. However, it can limit stridéo-stride

variationin gait mechanicsvhich has beennked to improved motor recovef38].

We have developed a usdniven treadmill (UDTM) control algorithrthat retains the
repetitive training nature of FSTM wal ki ng
propulsion mechanics in reaime and allowing increased kinematic variability

compared to FSTM contr@6]. This controller adjusts the speed of the treadmill

beltsinreatt i me i n r es p o n s epostemor grobne reacsoe forées, ant er i
trailing limb angle in the form of step length, and their position relative to the center of

the treadmil[57]. Young, healthy adultwho used thi&JDTM contrd selected self

selected (SS) speetlwmat were faster than their speeds with FSTM control and similar

to their overground walking speefd¥]. Training at faster walking speeds during

poststroke rehabilitation can be linked to improved walkimgtion[37]. Therefore,

this form of UDTM control shows promise for improving the stateeddmillbased

gait training paradigms for individuals poststroke.

This study implements novel reiine, adaptive UDTM treadmill control and
compares the response of stroke survivors to FSTM and UDTM control. We examined
the selfselected and fastest camnfable walking speeds individuals selected with each
controller. We hypothesized that stroke survivors would select faster walking speeds
with UDTM control than with FSTM control as did our cohort of young, healthy
adults[57]. To achieve thee faster walking speeds with the UDTM control, we
expected individuals to increase their forward propulsion by increasing their peak
anterior ground reaction forces, peak posterior ground reaction forces, and trailing

limb angleq21], [58], [59]
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Methods

Data Collection

20 individuals poststroke participated in thtady {Table7). The protocol was
approved by the University of Delaware Institutional Review Board, and each
participant completed a writtemonsent form. The protocol included two sessions, a

Baseline Sessicand anEvaluation Session.

Table7: Participant information for individuals poststrokalking with FSTM and
UDTM control(n = 20)

Subject | Sex Age T"gter Oilgce Pa_retic Height | Mass |Overground Walking _Speed
(Years) (Months) Side (m) (kg) |Speed(m/s)| Classificatior{60]
1 M 57 58 Left 1.98 | 107.99 0.75 Limited Community
2 M 63 29 Left 1.80 94.29 1.11 Community
3 M 55 114 Right 178 | 77.98 0.83 Community
4 F 75 94 Left 1.57 78.75 0.91 Community
5 F 70 19 Right 1.78 | 94.22 0.90 Community
6 F 60 30 Right 1.60 | 76.96 0.87 Community
7 M 66 9 Left 1.82 82.47 1.10 Community
8 F 63 117 Left 1.55 52.05 0.74 Limited Community
9 M 59 78 Left 1.70 | 100.70 0.77 Limited Community
10 F 58 14 Right 1.68 | 89.46 1.06 Community
11 F 66 33 Left 1.47 77.77 1.36 Community
12 M 27 87 Left 183 | 91.17 1.00 Community
13 M 75 14 Left 1.73 90.49 0.96 Community
14 F 60 35 Left 1.60 74.01 1.32 Community
15 M 64 62 Right 178 | 77.23 1.29 Community
16 M 74 20 Right 191 | 84.97 1.74 Community
17 F 43 30 Right 1.65 | 58.48 0.98 Community
18 F 77 21 Left 1.65 | 66.02 1.12 Community
19 M 69 21 Left 1.78 95.38 1.43 Community
20 M 57 24 Left 1.83 | 110.52 1.19 Community
Average| 11 M 62 45 13 Left| 1.72 84.04 1.07 N/A
(Stdev) | 9F (12) (35) 7 Right| (0.13) | (15.07) (0.26)
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All participants were between 21 and 85 years of age and had experienced a

single, unilateral stroke at leatmonths prior to enrollingl@ble8). Duringthe

Baseline Sessigmparticipants completed thenginute walk test (6MWT) without

assistance and gmnstrated passive ankle dorsiflexion range of motion to neutral with

their knee extended and passive hip extension of at least 5 degrees.

Table8: Inclusion and exclusion criteria for individuals poststrakdking with
UDTM cortrol. Note: NIH Stroke Scale is included in Apper@dix

Inclusion Criteria

Exclusion Criteria

21 to 85 years of age

Single, unilateral stroke at least 6 months prig
Ambulatory without assistance

No falls within the last 6 months

Resting heart ratdOt 100 beats per minute
Resting blood pressure 90/60L70/90 mmHg
Able to completes-minute walk test (6MWT)
without assistance

Passive hip extension of at least 5

Passive ankle dorsiflexion to neutral with kne
extended
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BMI > 35

Evidence oterebellar stroke

Neurological conditions in addition to stroke
Lower limb Botulinum toxin injects within 4 months
Current participation in physical therapy

Pain that limits walking

Unable to communicate with investigators
Shows signs of neglect

Unexplainel dizziness within past 6 months
Congestive heart failure

Chronic obstructive pulmonary disease
Severe peripheral vascular disease

Rash or open wound on shank of affected limb
Score > 1 on question 1b of NIH Stroke Scale
Score > 0 on question 1c of NIHOR& Scale
Current enrollment in another research study
Use of a pacemaker

Currently pregnant

TheBaseline Sessiancluded a participant eligibility screening and time to

practice wal ki

ng

Wi

th UDTM contr ol

resting blood pressure (908 70/90 mmHg), resting heart rate (betweehl4D

beats per minujeand body mass inde ( B Ml
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10-meter walk test and 6MW][B1] and then practiced walking with UDTM control

for no more than 5 minutes.

The Evaluation Sessioaccurred at least 24 hos after thdBaseline Session
and included a second-h@eter walk test and another vitals screening. Then, a
randomized series of walking trials were performed on the treadmill at the
par t i ci-petectdd §S8) asddalstést comfortabla(T) speedsvith both
FSTM and UDTM control.

Participants were outfitted with 42 retroreflective markers for motion capture.
26 single markers defined anatomical landmarks and 16 markers on rigid plastic shells
tracked the motion of their legs, while ait@mera syem sampled marker data at 100

Hz (Motion Analysis Corp., Santa Rosa, CA, USA).

Participants walked on an instrumented dpditt treadmill (Bertec Corp.,
Columbus, OH, USA) in FSTM and UDTM control modes with the belt speeds tied
while kinetic datawers a mpl ed at 2000 Hz. Participants

on the treadmill handrails. The SS dMIST speeds were determined as follows.

1. 10-meter walk test: The time to walk 10 meters was averaged over 3
trials to compute the preferred SS speed. Thmeter test speeds

reported are from thEvaluation Session
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2. FixedSpeed TreadmiFSTM) Control

. SS Speed: The treadmill speed was
speed from the 1fn test. The speed was then increased or
decreased by 0.05m#asc cor di ng t o the wuser s

the preferred speed was set, data were collected for 1 minute.

ii. FAST Speed: The same procedure as the SS speeds, except the
ver bal instructions directed part

speed you can safely maam for -2 mi nut es . 0

3. UserDriven TreadmillUDTM) Control: For both the SS afAST
speed conditions, participants took up to 1 minute to reach their chosen,
steady state speed by altering their propulsive forces, step length, or
position relative to th&readmill. As with the FSTM trials, individuals
were instructed to walk at their comfortable speed for the SS speed
trails and the fastest speed they could safely maintain2aminutes
for the FAST speed triabteady state occurred when the belt speed
fluctuated less than 0.2 m/s from stride to stride. Then, data were
collected for 1 minute at that steady state speed, which was not

necessarily the same as those from the FSTM trials.
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Data Analysis

Kinetic data and kinematic data were filtered aH0and 6 Hz respectively,
and calculations were performed using Visual 3D softwas®l¢Gon Inc.,
Germantown, MD, USA). The primary outcome variables for this study indlinde
SS and=AST walking speeds, peak anterior ground reaction forces (AGRF), peak
posterior ground reaction forces (PGRF) and trailing limb angles (TL#panhstant
of peak AGRF. TLA was defined #ise angle between a straight line connecting the
calculated hip joint center and the 5th metatarsal of the trailing limb and thelvertica

axis of the lab.

ShapireWi | ke tests (U = 0.05) were used to
variable belonged to a normal distribution. If so, a-oay repeated measures
ANOVA was used to determine if significant differences existed between the FSTM
andUDTM conditions (U = 0.05). 1If not, then
compare between conditions and within subj

were used to adjust for multiple comparisone S prge£=00.016T)

Results

Participants selected SS speeds of 1.07 + 0.26 m/s, 0.88 + 0.22md/6,94 +
0.25 m/s for the 1@neterwalk test, FSTM, and UDTNonditions respectively. The
10-meterwalk test speeds were significantly faster than those for either treadmill

based SS speed cotidn (Diomrstv= 0.19 m/s, p < 0.00010komuotm = 0.13 m/s, p
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= 0.004 |Figure8). The participants select€dhST speeds of 1.16 £ 0.26 m/s and
1.22 £ 0.32 m/s for the FSTM control and UDTM control conditions respectively
(Duptms Fstm = 0.06 m/s, p = 0.008).
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Figure8: Comparison o5S and=AST speeddor individuals poststroke walkinghoa
treadmill with FSTM and UDTM contrdh = 20) Note: Statistical tests were used to
comparewithin subject differences denotesa < Acriicas and a statistically
significant difference

There were no differences in peak AGRF for either Ibaetween the FSTM
and UDTM SS speed conditiorBuptms Fst™, Pareti= 0.49% BW, p = 0.408 DupTms
FsTM, NonParetic= 0.32% BW, p = 0.545 Figure9). In addition, here were no
significant differences in peak AGRF for either limb in B&ST speed trialsdespite
the faster speeds with the UDTM cont®lL{tms Fstm, paretic 0.37% BW, p = 0.533 ||
Dubtms FsT™, Nonparetic= 0.52% BW, p = 0.327).
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Figure9: PeakA) paretic and B) nompareticAGRF normalized to BWor individuals
poststroke walking &S and=AST speed with FSTM and UDTM controNote:
Statistical tests were used to compaithin subject differences.

There were no differences in peak PGRF for either limb between thpes8
conditions with FSTM and UDTM controD(ptms Fstwm, Paretic 0.40% BW, p = 0.630
|| Dubtma FsT™, Nonparetic= 1.00% BW, p = (207 ||Figure10). Therewere no
significant differences in peak PGREF for either limb infAST speed trials, despite
thefaster speeds with the UDTM contr@prtms Fstm, pareti= 0.24% BW, p = 0.772 ||
Dubtms FsT™, Nonparetic= 0.95% BW, p = 0.232).
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Figurel0: PeakA) paretic and B) nopareticPGRFnormalized to BWor
individuals poststroke walking &S and=AST speed with FSTM and UDTM
control Note: Statistical tests were used to compaitin subject differences.

There were greater paretic limb TLA values for individuals walking with
UDTM control than FSTM conti at their SS speedkespite similar speeds in the two
conditions(Duptms FsT™, Pareti= 1.21°, p = 0.038 PubTms FSTM, NonParetic= 0.54°, p =
0.163 |Figurell). There wereno significant differences in TLA for either limb
between the FSTM and UDTMAST speed conditionD{ptms FsT™, Pareti= 0.29°, p
= 0.611 |Pubtma FsTM, Nonparetic= 0.01°, p = 0.986).
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Figurell: A) Paretic and B) nopareticTLA at peak AGRHor individuals
poststroke walking &S and=AST speed with FSTM and UDTM controNote:
Statistical tests were used to compaithin subject differences.

Discussion

This study demonstrates that individuals poststroke can tolerate walking on a
treadmillwith UDTM control. Participants selected slower SS speeds with FSTM and
UDTM control than they did for the ZMeterwalk test(\WSiom= 1.07 m/s || WStm
=0.88 m/s || W& = 0.94 m/s)which was expected since stroke survivors typically
select slower wiking speeds on treadmills than they do overgrdédl It was not
expected thaindividualswould select similar SS speeds with FSTM and UDTM
control because healthy adults seledsstier speeds with UDTM contrf@7].

However, individuals poststroke did select fagtAST speeds with UDTM control,
which agreed with the results from work with young, healthy adDIts0.06 m/s)

[57]. In previous studies, treadmltlased treadmill trainingas resulteth an average
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speed increase of 0.06 m/s on average, which is statistically significant but not
clinically meaningful6]. Since our participants achieved a similar change in speed
instantly with UDTM controbnd faster training speeds are tied to improved walking
function after rehabilitatiofd5], training with UDTM control appears to be a

promising opton for gait training after stroke.

Since participants selected similar SS speeds with FSTM and UDTM control,
they were expected to employ similar gait mechanics for both conditions. There were
no changes in peak AGRF or PGRF values for either limb actegh but the
increase in paretic TLA the UDTM condition was surprising. Individuals increased
their paretic TLA by 1.2Iwith UDTM control, which exceeds thvethin minimum
detectable change (MDC) wahtchanging their walking speef83]. It is possible
that individuals use the same peak AGRF at a greater TLA to allow more pure
translation of AGRF into forward motion of
amount of AGRFecomes more eful with a change in posturéhe wide variety of
individual responses to UDTM control may obscure trends associated with either
increasing or decreasing walking speetiswever, toser examination of the peak
AGRF and PGRF shows individsaihcreased their ngparetic PGRF by 1.01% BW,
which exceeds the MDC but did not reach statistical significE68Je This change in
PGRF may balance the increased TLA and allmividuals to maintain similar SS

speeds when walking with FSTM and UDTM control.

In the FAST speed condition, participants selected faster speeds with UDTM

control, so they were expected to increase their AGRF, PGRF, and TLA for both
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limbs. However, there were no significant differences between the FSTM and UDTM
conditions, which is surprisingreie AGRF and TLA are key mechanisms for
increasing walking speed poststrgRé]. Healthy adults used the same Alcé&nd

TLA to reach matched speeds with FSTM and UDTM cori&®)], so a change in
treadmill control should not cause changes in mechanics without changes in walking
speed. This suggests there is a large amount of variation in user respodses
individuals may use different proportions of increased propulsion and decreased
braking to change walking speetisaddition, subtlehanges in kinetics and

kinematics can yield profound changes in walking speed with UDTM coFRtrtlre

work will model individual strategies to gain insight into how users changed walking

speeds.

The small size and homogeneous nature of the sample in this study may limit
the interpretation of these results. To ensure that participants were able to complete the
entireevaluation session, we recruitedividuals poststrokevith relatively high
walking function. Therefore, his study presents a conservative evaluation of the effect
of the UDTM control in stroke survivors. We would expect individuals who are
limited community ambulatorg64] with more severe hemiparesis to have more
dramaticchanges in their walking speeds and gait mechanics when walking with
UDTM control This is because thegh functioning groupn this studymay already
have reached their optimal walking speadd experience a ceiling effeBarticipants
werealsoallowe d a Al i ght t qwhichmanydm natfeetfwe andr ai |
include individuals with more severe hemiparesis in future work, they may rely on the

handrails more for balance which may affect the redultsire work should
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implement UDTM control in &linical training program with a group of stroke

survivors with more severe hemiparesis and gait impairments.

Since treadmitbased gait training provides a high number of-&s#cific
repetitions at a relatively low cost, it is a popular choice fetgimoke rehabilitation
[45], [65]i [67]. HOowever, many individuals do not improve their walking function
after training, and a more effective option is requ[B]. This study demonstrates
that individuals poststroke can easily tolerate walking with UDTM control and may
achieve increasddAST walking speeds, which are berggdil for training [45]. Due
to the wide variety of responses, future work wKplorehow individualparticipants
generate forward propulsion wittSFM and UDTM contral This analysis may isolate
common strages for increasingvalking speed and define baseline predictors for
individuals who can increase their walking speeds after trainingWidthiM control.
This would allow researchets determinénow to most effectively prescribe UDTM

control for use in gait training programs.
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Chapter 5

RESPONSE OF INDIVIDUALS POSTSTROKE TO USER-DRIVEN
TREADMILL CONTROL AND PARETIC LIMB FES

Abstract

Due to the variety of poststroke impairments and compensatory mechanisms,
adaptive and subjespecific approaches to locomotor rehabilitation are required.
Since standard fixed speed treadmill (FSTM) training used in previous studies does
not always restlin increased walking speeds after training, we have developed-a user
driven treadmil | (UDTM) <control real gori t hm
time. This study examines the response of individuals poststroke to the combination of
UDTM control ard electrical stimulation of theparetic ankle musculature to augment
forward propulsion during walking. 16 individuals poststroke performed a randomized
series of walking tasks on an instrumented 4@t treadmill 1) at their seBelected
(SS)and fastest comfortable (FASBpeeds, 2) with FSTM and UDTM control, and
3) with and without paretic limb stimulation. With UDTM control and stimulation,
participants selecteflS and FASBpeeds that were 0.13 nafisd 0.12 m/$aster than
their speeds with fix@speed contralone This instantaneous increase is comparable
to the gains irselfselected $S speed seen after 12 weeks of training with FES and
fast walking withFSTM control by Kesar and colleagud3=£ 0.18 m/s). Howeverye
sawno significant diferences in the correspondipgshoff forces or trailing limb
position Since individuals can use a variety of strategies to change their walking
speeds, it is likely that the differences among individual responses absemds in

the group average chges in mechanics. Ultimately, the combination of UDTM

65



control and FES allows individuals to increase walking speeds after a short exposure

and may be a beneficial addition to poststroke gait training programs.

Introduction

Stroke affects nearly 800,0@0nericans each year, making it one of the
leading causes of loAgrm disability in the U.968]. Many stroke survivors
experience decreased walking spdé@$ and use a variety of compensatory
mechanismsat ambulatd70], which present unique challenges for standardized
locomotor rehabilitationCurrent approaches to poststroke gait trairgfigninclude
walking on a treadmill at a fixed spef&¥], which provides a cosdffective
intervention with a high number of repetitions and tsg&cific practicg17], [38].
However, the results of these interventions vary widely among sites and §8lidies
[37], [71]. While increased walking speeds are often a key goal of rehabilitation, there
is currently no consensus on the best approach to increase walking speeds after stroke
[4], [37]. Due to the heterogeneity of poststroke impairments and compensatory
mechanismsa variety of adaptive and subjesgiecific approaches to locomotor

rehabilitation are required.

Previous studies have demonstrated the benefits of gait training at fast speeds
for chronic stroke recoveiy5], [65], and prompted Kesar and colleagues to combine
fast walking on a fixed speed treadmill (FSTM) with functional electrical stimulation
(FES) of the paretic ankle musculat{t8]. This training paradigm, ded FastFES,

allowed participants to select their fastest comfortable walking speeds before FES was
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applied to their affected ankle plantarflexor and dorsiflexor muscles. Stimulation
pulses were applied to the paretic plantarflexors in terminal stanogreeat forward
propulsion and the paretic dorsiflexors in swing to improve toe clearance. The FES
amplitude was tuned to prompt a standard motor response across participants, and
after 12 weeks of trainingparticipants increasdteir overground selelected (SS)
walking speeds by 08 m/son average (95% confidence interval: 01322 m/s)

[30]. However, the success of this paradigm may have been limited by the design of
the training sessions. While FES was used to augment forward propulsion during
training, the speed of the treadmill was fixed. We would expect individuals to increase
their AGRFand walking speed when FES is applied, but sinceapdied on the

FSTM, the instantaneous effects of FES cannot be realized in this paradigm.
Therefore new interventionsre needed thatlow individuals to adjust their training

in reattime based otheir augmented muscle forces from FES.

To allow instantaneous increases in treadmill walking speed, we developed a
userdriven treadmill (UDTM)control algorithm that responds to mechanisms of
forward propulsion including changes in ptahforces, stp length, and position
relative to the treadmi[b7]. Since the controller can change the belt speed within one
gait cycle and responds to the net changes in-ptighrces, step length, and relative
position, we expect that users can resptunperturbations by either increasing or
decreasing their walking speeésevious work with healthy adults show they select
similar SS walking speeds overground and on a treadmill withdrsem, or sel
paced, contrahnd faster than their SS speedth fixed-speed treadmill (FSTM)

control[57], [72]. For healthy adultand individuals postroke thefastest
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comfortable (FAST}peeds selected with usgniven treadmill (UDTM) control are
also faster than those selected with fixed speed treadmill (FSTM) c@itroé faster
training speeds correspond to increased walking funptisjpwalking with UDTM
control appears to be a promising option for adaptive and stdgectfic locomotor

rehabilitation after stroke.

In order to allow participantsaining on a treadmill with FES to adjust their
training in realtime in response to paietimb FES,we proposed the combination of
UDTM control with the FES as a poststroke gait training intervention. The objective
of this study was to determine the response of individuals poststroke to the
combination of UDTM control and paretic limb FESn& plantarflexor stimulation
is applied in terminal stance to augment forward propulsion, we hypothesized that
individuals would select faster speeds with UDTM and FES than they did with either
FSTM or UDTM control without FES. In addition, we hypothesizhat they would
achieve these faster walking speeds by increasing their anterior ground reaction forces
(AGRF), posterior ground reaction forces (PGRF), and trailing limb angles (TLA) for

both the paretic and ngaretic limbs.
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Methods

DataCollection

16 individuals poststroke participated in this stutgle9). The protocol was
approved by the University of Delaware Institutional Review Board, and each person
signed a consent form. The protocol included two sessidasaine Sessicard an

Evaluation Session

Table9: Participant information foindividuals poststroke walking on a treadmill with
UDTM control and paretic limb FE® = 16)

. Age Ul Paretic | Height | Mass |Overground  Walking Speed
Subject|Genden o, o Stoke | Tgiie Tl m) | (kg) |Speed (m/s| Classificatior60]
1 (Months) /
1 M 57 58 Left 1.98 107.99 0.75 Limited Community
2 M 63 29 Left 1.80 94.29 1.11 Community
3 M 55 114 Right 1.78 77.98 0.83 Community
5 F 70 19 Right 1.78 94.22 0.9 Community
6 F 60 30 Right 1.60 76.96 0.87 Community
8 F 63 117 Left 1.55 52.05 0.74 LimitedCommunity
9 M 59 78 Left 1.70 100.70 0.77 Limited Community
10 F 58 14 Right 1.68 89.46 1.06 Community
11 F 66 33 Left 1.47 77.77 1.36 Community
13 M 75 14 Left 1.73 90.49 0.96 Community
15 M 64 62 Right 1.78 77.23 1.29 Community
16 M 74 20 Right 1.91 84.97 1.74 Community
17 F 43 30 Right 1.65 58.48 0.98 Community
18 F 77 21 Left 1.65 66.02 1.12 Community
19 M 69 21 Left 1.78 95.38 1.43 Community
20 M 57 24 Left 1.83 110.52 1.19 Community
Average| 9M 63 43 9Left | 1.73 84.66 1.07 N/A
Stdev | 7F | (9) (34) 5Right| (0.13) | (16.59) | (0.28)
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All participants experienced a single, unilateral stroke at least 6 months prior to
the study and were 21 to 85 years of age. They were required to be ambulatory without
assistance from another person and did not report a fall within the last 6 months. The
resting heart rates and blood pressure were between 40 to 100 beats per minute and
90/60 to 170/90 mmHg, respectively. Participants were able to demonstrate passive
hip extension of at least 5 degrees and passive ankle dorsiflexion to neutral with their
knee extended. A complete list of inclusion and exclusion criteriésted inTable

10.

Tablel10Q: Inclusion and exclusion criteria for individuals poststrokdking with
UDTM control and paretic limb FESlote: NIH Stroke Sda questionnaire is
included in Appendig.

Inclusion Criteria Exclusion Criteria

1 21to 85 years of age BMI > 35
1 Single, unilateral stroke at least 6 months prid Evidence of cerebellar stroke
1  Ambulatory without assistance Neurological conditions in addition to stroke
1 No falls within the last 6 months Lower limb Botulinum toxin injects within 4 months
1 Resting heart rate 40100beats per minute Current participation in physical therapy
1 Resting blood pressure 90/60L70/90 mmHg Pain that limits walking
1 Able to completé&s-minute walk test (6EMWT) Unable to communicate with investigators

without assistance Shows signs of neglect
1 Passive hip extension of at least 5 Unexplained dizzinessithin past 6 months
1 Passive ankle dorsiflexion to neutral with kne Congestive heart failure

extended Chronic obstructive pulmonary disease
Severe peripheral vascular disease

Rash or open wound on shank of affected limb
Score > 1 on question 1b of NIH Stroke Scale
Score > 0 on question 1c of NIH Stroke Scale
Curent enrollment in another research study
Use of a pacemaker

Currently pregnant

=4 -4 48 _8_9_0_-92_-9_-9a._-9_-292_-9_-24.-9_-24_-9._-2°_-2
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During theBaseline Sessigmarticipants completed themdinute walk test
(6MWT) and 10meter walk test without assistar[éd], and theipassiveankle and
hip ranges of motion were measured. The dorsiflexor FES amplitude was tuned to
raise the relaxed foot to neutral while seated, and the plantarflexor FES was adjusted
to raise the heel off the ground when stand@1g. Participants were then allowed up
to 5 minutes to practice walking on the treadmill with UDTM control. This UDTM
control is unique from other sghiacing algorithms because it combines inefbate,
gait parameter, and position based control t¢&vk This allows the controller to
adjust the treadmil| belt speeds to the

AGREF, step length, and position relative to the treadmill.

At least 24 hours after thigaseline Sessioparticipants completed the
Evaluation Sessigwhich included a second Ifieter walk test and vitals screening.
They then performed a randomized series of walking tasks on the treadmill 1) at their
seltselected (SS) speednd fastest comfortable (FASD) with FSTM and UDTM

control, and 3) with and without paretic limb FES.

Participants wore 42 retroreflective markers for motion capture: 26 single
markers on anatomical landmarks and 16 markers on rigid plastic shellscaneBa
system tracked the miar motion at 100 Hz (Motion Analysis Corp., Santa Rosa, CA,
USA). The paretic limb FES was cued using bilateral footswitches and was
programmed to apply plantarflexor FES in terminal stance and dorsiflexor FES during

swing at the tuned and calibrated aituole[10], [31], [34].
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Participants walked on an instrumented dpditt treadmill (Bertec Corp.,
Columbus, OHUSA) while kinetic data were sampled at 2000 Hz. The belt speeds
were tied in both control modes, and part.
treadmill handrails. In the trials with paretic limb FES, the treadmill was set to a slow
speed, the FE®as turned on, and then the participant selected their preferred speed.

The walking speeds for each condition were determined as follows.

1. 10-meter walk test: The time to walk 10 meters was averaged over 3

trials during the evaluation session to compuéepiteferred SS speed.

2. Fixed Speed Treadmill Control (FSTM): The treadmill speed was set at
the participant émwak st Ihpespeed whstherm t h e
increased or decreased by 0.05 m/s ¢
Once the preferred spd was set, data were collected for 1 minCibe.
FAST speed condition used teame procedure as the SS speleds,
participantsvere instructed to walk at thiastest speethey could

safely maintain for 2 minutes.

3.  UserDriven Treadmill Control (UDTM[57]): Participants took up to
1 minute to reach their chosen, steady state speed by altering their

propulsive forces, step length, and/or position relative to the treadmill.
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As with the FSTM trials, individuals were instructed to walk afrth
comfortable speed for the SS speed trails and the fastest speed they
could safely maintain for-2 minutes for the FAST speed tri@lnce
participants indicated their preferred speed, researchers ensured they
did not deviate from the target speed byreninan + 0.20 m/s while

data were collected for 1 minute.

Data Analysis

Kinetic and kinematic data were filtered at 30 Hz and 6 Hz respectively, and
Visual 3D software was used to perform inverse dynamiggld@on Inc.,
Germantown, MD, USA). Theut come variables are the par
walking speeds, peak anterior ground reaction forces (AGRF), peak posterior ground
reaction forces (PGRF) and trailing limb angles (TLA) at the instap¢ak AGRF
for both limbs. TLA wa defined as the gle between a straight line connecting the
calculated hip joint center and the 5th metatarsal of the trailing limb and the vertical

axis of the lab.

ShapireWi | ke tests (U = 0.05) were used to
belonged to a normal distributiolfi.so, a oneway repeated measures ANOVA was
used to find significant differences among
signed rank tests were used to compare amc

were performed within subjects, andrBerroni corrections were used to adjust for
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mul tiple comparidd®@HnGE0083 fotthe evalkingspaee an U
compar i s«ac#-s0.0867 for allother comparisorWithin-session minimum
detectable change (MDC) values for AGRF, PGRHE, HbA refer to work from

Kesar and colleagues in 20[B8]. Since AGRF and PGRF are in the same plane but
opposite directions, we used the AGRF MDC threshold of 0.80% BW as the

detectable change threshold for PGRF.

Results
SeltSelected $S Speed Results

A) Group Results

Participants selectedSspeeds of 1.07 £ 0.28 m/s, 0.88 £ 0.24 m/s, 0.93 +
0.25 m/s, and 1.01 + 0.26 m/s during their overground, FSTM control, UDTM control,
and UDTM control with FES trialeespectively Figure12). Theiroverground speeds
were significantly faster than theiregds with FSTM controDpsrstm= 0.19 m/s, p
=0.0007) and UDTM control without FE®derstm= 0.14 m/s, p = 0.0019)
However there was no significant differencetheir SS speeds with UDTM control
and FESandtheir overground spee@®ocuptmwres= 0.06 m/s, p = 0.0362 critical =
0.0083.
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Figurel2: A) Comparison ofsS speedsor FSTM control, UDTM control, and
UDTM control with FESafter strokeand B) diange in SS speed across conditions.
Note: Statigtal tests were used to compavéhin subject differenceand * indicates
a<0.0083.

Participants significantly increased their average peakpareticAGRF in the
UDTM with FES condition compared to the FSTM and UDTM without FES
conditions Dhonparetic,Fstv= 2.21% BW, p = 0.0079 Dhonparetic,uptm= 2.08% BW, p =
0.0063 |Figure B). These differences both exceed the MDC of 0.8 There
were naosignificant differences in the peglareticAGRF between any two conditions
and only the average differences between the FSTM control and UDTM control with

FES condition exceeded the MDC.
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There were natatisticallysignificant differences in the pegkretic or non
pareticPGRF, and the differences among conditions are all less thavilir (Figure
14). In addition, there were no statistically significant differences in paretic er non
paretic TLA at the instant of peak AGRIFgurel5). However the changes in paretic
TLA in the UDTM control with FES condition and UDTM without FES corutiti
compared to the FSTM control condition are greater than the vagssion MDC.
Also, the change in neparetic TLA between the FSTM control and UDTM control

conditions exceeds the MDC.
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B) Individual Results

11 of the 16 participants in this study selected fe&&8s3peeds in the UDTM
control with FES condition compared to the FSTM contamsidition(Tablel11). They
had an average increase in speed.®1 £ 0.10 m/s. 2 participants selected the same
SSspeeds in the UDTM with FES and FSTM only conditions, and 3 of the 16
participants decreased th&8&speeds in the UDTM with FES conditiofhese 3 had

an average speed decreaseddd7 +£0.04 m/s.

Table11: Sorted chart of differences in SS speed and corresponding mechanics for
individuals walking with UDTM control and FES compared to FSTM control alone

Speed Change Subject| D Spee Paretic Limb Non-Paretic Limb

(UDTM w/FE& NoO (mis) DAGRF DPGRF DTLA DAGRF DPGRF DTLA
FSTM) ) (% BW) (% BW) (Deg) (% BW) (% BW) (Deg)

19 0.42 8.08% -8.09% 3.76 8.25% -8.04% 3.83

9 0.30 2.12% -1.72% 6.03 3.84% -7.74% 3.46

15 0.26 3.28% -7.49% 0.60 4.73% -2.47% 7.14

2 0.24 1.11% 0.68% 2.08 1.94% -4.68% 1.36

17 0.23 2.12% -2.39% 3.98 2.91% 0.48% 0.78

Increase 20 0.20 1.92% -3.41% 4.87 1.97% -3.26% 1.23
(UDTM W/FES] 5 0.20 0.66% 13.95% -1.08 6.83% -3.44% 2.14
FSTM) 16 0.16 1.65% -5.01% 0.28 2.16% -3.02% 0.97

18 0.12 -2.27% -7.31% -0.67 -0.86% 3.65% -1.85

6 0.09 1.77% -3.85% 2.55 3.31% 0.68% 2.62

10 0.07 1.02% -3.20% 2.49 0.73% -3.87% 2.15

Averagel 0.21 1.95% -2.53% 2.26 3.25% -2.88% 2.17

Stdev | 0.10 2.46% 6.08% 2.30 2.61% 3.49% 2.24

o Else 3 0.00 -0.31% 13.68% -1.12 2.12% -2.00% 1.28
(UDTM WIFES 13 0.00 -0.81% -0.09% -0.06 -0.56% 1.41% -1.08
FSTM) Averagel 0.00 -0.56% 6.80% -0.59 0.78% -0.29% 0.10
Stdev | 0.00 0.35% 9.74% 0.75 1.90% 2.41% 1.67

8 -0.04 -0.90% -4.48% -1.09 -0.32% 0.45% -0.52

Decrease 11 -0.05 -0.32% -0.40% 1.42 1.76% 24.20% 1.04
(UDTM w/FES 1 -0.12 -0.77% 14.96% -4.82 -3.36% 3.59% -3.45
FSTM) Average -0.07 -0.67% 3.36% -1.49 -0.64% 9.41% -0.98
Stdev | 0.04 0.31% 10.25% 3.14 2.57% 12.90% 2.28
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The 11 participants who increased their SS speeds in the UDTM control with
FES conditiorhadan average increase in peak AGRF of %W and 3.286 BW
for thar paretic and noiparetic limbsrespectivelyFigure B). While these were no
statistically significant changethey weresubstantially greater than the witksession
MDC of 0.8 BW. The group average changes in peak PG&ifeased by2.53%
BW and-2.88% BW. Since PGREF is in the opposite direction of AGRF, a decrease in
peak P®RF indicates an increase in the magnitude of the PGRF \&udaan increase
in braking forcesThesechangesvere greater than the withisession MDC value of
0.80% BW. This group also had an average increase in paretic TLA of a2bnon
paretic TLA of2.17 at the instant of peak AGRENd hese changes are double the
within-session MDC of 1@.
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Figurel6: Summary of changes in ASwalking speed, B) peak AGRF, C) peak

PGRF, and D) TLA at peak AGRBr individuals postisoke who selected faster
walking speeds wittUDTM control and paretic limb FES compared to FSTM control

alone(n =11). Note: The dashed lines indicate the witeassion MDC threshold.
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The 3 participants who decreased their SS speeds with UDTM control and
FES, had an average decrease in peak AGRE.&®R6 BW and-0.64%6 BW (Figure
17), whichareless tharthe MDC threshold of 0.8@ BW. Based on thetandard
deviation about the mean chasgn peak AGRF, there was maagiation in the non
paretic limb measurements than the paretic limb measureri@etgroup average
changes in peak PGRF wenereases 08.36% BW and9.41% BW. An increase in
peak PGRF indicatesdecrease in the magnitadf the PGRF vector anddacrease
in braking forceThese changes are greater than the wikssion MDC value of
0.8 BW and vary considerably among participaiisis group had an average
decrease in paretic TLA 6fL.49 and norparetic TLA of-0.98 at the instant of peak
AGRF.While the change in neparetic TLA was near the withisession MDC, oly

the change in paretic TLA exceeds thé0 threshold
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Figurel7: Summary of changes in ASwalking speed, B) peak AGRF, C) peak
PGRF, and D) TLA at peak AGRF for individuals poststroke who selstbedy

walking speeds with UDTM control and paretic limb FES compared to FSTM control
alone (n = 11)Note: The dashed lines indicate the witsgsgon MDC threshold.
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Fastest Comfortabld=AST) Speed Results

A) Group Results

Participants selected FAST speeds of 1.15 + 0.27 m/s, 1.23 £ 0.33 m/s, and
1.27 + 0.34 m/s for the FSTM control, UDTM control, and UDTM control with FES
trials respectivelyKigure18). TheUDTM and UDTM with FES speeds were
significantly faster than the FSTM spee®sftms Fstm = 0.08 m/s, p = 0.0020 ||
Dubtmwiress Fstm = 0.12 m/s, p = 0.0001). However, there was no significant
difference between thEAST speeds for thedDTM with FES and UDTM without
FESconditions(D=0.04 m/s, p = 0.2613
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Figure18 A) Comparison of FASBpeeds for FSTMontrol, UDTM control, and
UDTM control with FES after stroke and B) Chang&&ST speed across conditions.
Note: Statistical tests were used to compart@in subject differences and * indicates

a < 0.0083.
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There were no significant differences in pédkRF (Figure19), peak PGRF
(Figure20), or TLA at peak AGRF Figure21) for eitherthe paretic or noiparetic
limbs across the three FAST speed conditaespite changes in walking speed
While a few changes values across conditions exceeded the-sagsion MDC, all

measures have a large amount of variation among individuals within the group.
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in peakAGREF for individual participantscross conditiondNote: All comparisons
were performedvithin subjects Acritica = 0.0167, and dashelthes indicate the
within-session minimum detectable change (MDC) of%.8W
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B) Individual Results

13 of the 16 participants in this study selected faster FAST speeds in the
UDTM control with FES condition compared to the FSTM control conditixn Q.16
+ 0.09 m/s Table 12. 9 of these 13 participants also increased their SS speeds in the
UDTM with FES conditionThe other3 participants decreased their FAST speeds in
the UDTM with FES condition=-0.08 + 0.08 m/s).

Table12: Sorted chart of differences FAST speed and corresponding mechanics for
individuals walking with UDTM control and FES compared to FSTM control alone

Speed Changg Subject | D Speed Paretic Limb Non-Paretic Limb

(UDTMW/FESg No (mis) DAGRF DPGRF DTLA DAGRF DPGRF DTLA
FSTM) ' (%BW) (% BW) (Deg) (% BW) (% BW) (Deg)

15 0.31 -1.27% -1.34% -0.44 0.79% -4.35% 0.70

16 0.29 2.24% -7.29% 0.53 3.21% -6.67% 1.31

9 0.29 0.02% -0.48% 8.71 1.15% -5.37% 1.50

2 0.24 1.67% 4.34% 2.10 3.58% -6.76% 1.53

20 0.19 1.88% -3.37% 2.42 2.12%  -2.40% 1.00

17 0.17 4.01% -3.75% 7.53 3.35% -4.71% 1.39

Increase 11 0.13 0.24% -5.36% 1.02 1.83% 22.28% 1.61
(UDTM wW/FES 5 0.11 0.77% 17.95% 0.12 0.48% -3.95% 0.71
FSTM) 18 0.11 -0.82% -3.51% 0.34 0.35%  -2.47%  -0.48

3 0.09 4.95% 20.62% 0.38 0.82% -526% 2.21

13 0.09 -0.31% 0.03% 0.20 -0.38% -2.28%  -0.48

10 0.07 -0.65% -0.59% -0.54 1.61% -1.05% 1.88

19 0.04 0.83% -4.45% 0.00 -0.15%  -2.50% 0.10

Average| 0.16 1.04% 0.98% 1.72 1.44% -1.96% 1.00

Stdev | 0.09 1.87% 8.64% 2.98 1.32%  7.50% 0.85

6 -0.02 -0.84% 3.46% -0.93 1.22%  1.17%  -0.03

Decrease 8 -0.05 -2.65% 1.78% -2.15 -3.63%  3.37%  -2.59
(UDTM wW/FES 1 -0.17 -2.93% 19.23% -7.16 -4.37% 7.95% -4.98
FSTM) Average| -0.08 -2.14% 8.16% -3.41 -2.26% 4.17% -2.53
Stdev 0.08 1.13% 9.63% 3.30 3.04% 3.46% 2.48
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The 13 participants who increased th&AST speeds in the UDTM control
with FES condition had average incresisepeak AGRF of 114% BW and1.44%
BW for their paretic and neparetic limbsyespectively (Figur@2). While there were
no statistically significant changes in AGRFeslechanges arsubstatintially greater
than the withirsession MDC of 0.8 BW. The group average changes in peak
PGRF wee an ircrease 00.98% BW anda decrease 61..96% BW. The increase in
paretic PGRF indicates a decrease in magnitude of the braking force and the decrease
in the nonparetic PGRF indicates an increase in magnitude. &whges are greater
than the withirsession MDC value of 0.80 BW. This group also had average
increassin paretic TLA of1.72 and norparetic TLA of1.00 at the instant of peak

AGRF. These changese slightly greater than ththin-session MDC of 10 .

b~
—
*2)
—
N
=
(@)
—
iy
£
=)
—

0.30

w

w
®
=
(=]
S
-y

0.25

0.20

3
2% Z 5%

o

2 +MDC
1% +MDC o ~ OO 1--

0.15

N
SINNNN

0.10

A Peak AGRF (%BW)

A FAST Speed (m/s)

RN

DM

SNNANNNNNY

A TLA at Peak AGRF (Deg)
o [
1
1
[ L

B Y
0.05

2% -15% -2 )
Paretic  Non-Paretic Paretic Non-Paretic Paretic  Non-Paretic

0.00 Limb Limb Limb Limb Limb Limb

Figure22: Summary of changes in A) FAST walking speed, B) peak AGRF, C) peak
PGRF, and D) TLA at peak AGRF for individuals poststroke who selected faster
walking speeds with UDTM control and paretic limb FES compared to FSTM control

alone (n = B). Note: The dashed lines indicate the wittdassion MDC threshold.
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The 3 participants whalecreased theiFAST speeds in the UDTM control

with FES condition had averagecreassin peak AGRF 0f2.146BW and-2.26%

BW for their paretic and noeparetic limbsyespectively (Figur@3). While there were

no statistically significant changes in AGRFeslechangs aresubstatintially greater

than the withirsession MDC of 0.8 BW. The group average changes in peak

pareticand nonpareticPGRF werencreass of 8.18% BW and4.1®6 BW. Both

changes are greater than the witk@ssion MDC value of 0.80 BW and indicate a

decrease in the peak PGRF magnituldes group also had averadecreases

paretic TLA of-3.41 and norparetic TLA of-2.53 at the instant of peak AGRF.

These changesre greater than theithin-session MDC of 1 0.
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Figure23: Summary of changes in A) FAST walking speed, B) peak AGRF, C) peak
PGRF, and D) TLA at peak AGRF for individuals poststroke who selected slower
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Discussion

The combination of UDTM control and FES of the paretic ankle musculature
allowed participants to selesignificantlyfaster SSand FASTspeeds than they did
with FSTM control without FESThe average increase in speed from SS speeds with
FSTM control to FAST speeds with UDTM control and FES 390n/sHowever,
the average differences in SS and FAST speeds were 0.13 m/s and 0.12 m/s,
respectively. TheseSS and FAST speadtifferences are ddile the change of 0.06 m/s
seen after treadmibbased training either with or without body weight suppgjrtin
the SS speed conditigrindividuals increased their ngraretic AGRRo increase
their walking speedbut did not have statistically significant increases inrtharetic
AGRF or TLA for either limb Even though these changes were not statistically
significant the group average changes in AGRF and TLA for both limbs exceeded the
within-sessiorminimum detectable change (MDC) threshadél®.80% BW and
1.00 , respectivel\j63]. In the FAST speed conditions, there weresigmificant
changes in AGRF, PGRF, or TLA for either limb piés changes in walking speed
butthe changes in P@Ror both limbs in the UDTM with FES conditiomere
greater than the withisession MDC threshold$his may indicate that individuals
modulated their braking forces rather than their propulsive forces to change walking
speedHowever in both conditionsthe large standard deviations about the group
averageAGRF, PGRF, and TLA indicat@ large amount of variation among
individual responses to UDTM control and FES. This variation among participants
may obscure trends in how individuals manipulated tpeirand propulsive
mechanics to change spest closer inspection of response gromay provide

further insight
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SelfSelected (SS) Speed Comparisons

ParticipantsnstantaneouslgelectedSSspeeds in the UDTM with FES
condition that were 0.13 m/s fastban their speeds in the FSTM conditaespitea
large amount of variation among individual respongésen considering only the
individuals who increased their speeds with UDTM control and FES, the average
change jumps to 0.21 mMa/hile these changegcur instantly during a single
exposure, thegre both substantial and clinically meaningfsilven that a change in
speed of 0.06 m/s was found to be the average after a review of 56 studies including
treadmilkbased gait training paradignthese resultare promising for improved
outcomes after training with these tools fdar 42 weekd6]. In addition, the speed
changes in this work are instantaneous and do not require any amount of tfigirsng.
instantaneous increase is comparable to the gains in SS speed seenstHES Fa
study after 12 weeks of trainin® € 0.18 m/s)30]. While the change in this study
was less than what was seen with an extended training regimen, it was dfyeal to
change seen in a previousw2ek locomotor training study with FSTM walking
alone D= 0.13 m/s)65]. Since the increase in SS speed seen after a single exposure
to UDTM with FES exceeds the improvements seen aftarelong-termtraining
studies, UDTM walking with FE® a promising option for improved gait training

after stroke

AGRFis akey mechanism for forward propulsion after str¢ik#|, and
individuals were expected to increase bbikir paretic and nepareticas they
increased their walking speeds in the UDTM control and FES condition. Although the

group average @mge in speed was an increase of 0.13 m/s, we only observed
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significant increases in thenparetic AGRF (2.21% BW). The group average
increase in paretic AGRF was 1.15% BW, which was not statistically significant but
exceeded the within session minimustettable change of80% BW/[63]. This

result was unexpected since FES was applied to the paretic PF muscles. The range of
changes in paretic AGRF was +8.08% BW2®7% BW, wheh is similar to the

range for thanon-pareticlimb of +8.25% BW to-3.36% BW.Since some participants
increased their speeds and otftgcreased their speeds with UDBEVd FES, their
mechanics would be expected to differ substantialhygl this variatiomay obscure
trends in AGRF change®/hen examininghe responses diie 11 participants who
increased their walking speeds in the UDTM with FES conditlwir paretic and
non-paretic AGRF increased by 1.95% BW and 3.25% BW, respectively. 9 of the 11
participants increased their paretic AGRF by more than the MDC @¥0BN, and 9
also did so for the neparetic AGRF. 7 participants fell into both theseugps and
increased their paretic and nparetic AGRF by more than the MDC to reach their
preferred speeds in the UDTM control with FES condition. This shows that the
majority of individuals were able to increase their walking speeds in the UDTM with
FES ondition, and most did so by increasing both their paretic angamatic

AGRF.

All data were collected during steady state walking, so individuals were
expected to balance any changes in their peak AGRpBushoff forces,with
contralateral changes peak PGRFor braking forcesHowever, the group average
changes in PGRF were much smaller in magnitude than the changes inb&GREN

the UDTM control with FES and FSTM control conditio@n average, the paretic
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PGREF increased by 0.20% BW and the-panetic PGRF increased by 0.25% BW.
These changes were not statistically significant and did not exceed the within session
MDC. In addition, the standard deviation about the group averages of PGRF for both
limbs were 23% BW greater for the UDTM control ndition than the FSTM

condition. The small average changes and increased standard deviation values between
conditions suggest that individuals had a wide variety of responses to the UDTM
control and paretic limb FESVhen we broke down the group into indivals who
increased or decreased their speeds with UDTM control and R&E$]1 tindividuals

who increased their speeds had changes in paretic afohnetic PGRF 0§2.53%

BW and-2.88% BW, which indicate increases in magnitatlbraking forces9 of tre

11 had changes in paretic PGRF that exceeded the MDC and 8 hpdrata

changes that did the same. The magnitudes of change in PGiREderndividuals
alsocloselymatch their changes in AGRF (AGRF|PGRp| =-0.93% BW,

AGRFRpd |PGRER| = 0.72% BW)The net differences between theakAGRF and
contralaterapeakPGRF are below or near MDC threshobhich indicated a near

zero net anterieposterior ground reaction force and show allow individuals to
maintain a constant walking speddhereforewe found this subset ohdividuals

increasd their PGRF to balanddeirincreased AGRRt fasterspeeds, but the variety

of responsewithin the group may have obscured any trend at the group Feveke

work shouldinvestigatandividual responses to UDM and FES to determine which

candidates may benefit most from training with these intervention elements.

Similar to Kesar and colleagues, we found no change in paretic TLA between

the FSTM and UDTM with FES conditiofis0]. We expectethdividuals to increase
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their TLA for both limbs in the UDTM with FES condition since participants
increased their walking speeds. On average, individuals increased their TLA by 1.20
and 1.03 for the paretic and nepareticlimbs, respectively. While these changes
were not statistically significant, they exceed the within session MDC of&i3))

which indicatesubstantial within groupariation in how participants responded to
walking with UDTM control and FES. As with AGRF and PGRF, we looked more
closely at the responses of thepEtticipants who increased their walking speeds
between the FSTM and UDTM with FES conditions. These 11 participants had
average changes of 2.28nd 2.17 for their paretic and neparetic TLA. 7

individuals increased their paretic TLA by more than theQvdhd 8 of the 11 did so
for the nonrparetic limb. This suggests that individuals who select faster SS speeds
with the UDTM control and paretic limb FES are likely to do so by increasing their

TLA and thereby step lengths for both limbs.

Fastest Comfoable (FAST) Speed Comparisons

Individualschose FAST speeds in the UDTM with FES condition that were
0.12 m/s faster than those in the FSFNST condition.The 13 individuals who
increased their speeds in the UDTM control with FES condition had an average
increase of 0.16 m/Fhese differences are both substantial and clinically meaningful
since researche saw speed increases of 0.18 m/s after 12 weeks of FastFES and 0.16
m/s of FAST speed treadmill training with FES. However, the speed increases in this
study occurred instantly with no extra verbal cues, acclimation time, or training

sessionsThis instantaneous increasddss thargains in maximal walking speed seen
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in the FastFES study after 12 weeks of trainiDg 0.18 m/s)30] andchanges in
speed during FAST speed treadmill training aldde 0.16 m/s)45]. However a
relatively high functionng group was recruited for this study comparegr@vious
studies, and they mdaveexperiencd a ceiling effect on their changes in walking
speed. In @opulationwith more severbemiparesiswe would expect to seven
greaterincreases in speed after training with UDTM control and FiBviduals with
more sevexr hemiparesis may have less violital control of their paretic ankle
musculature and thereby benefit more than less affected participants training with
FES. In addition, the UDTM controller is designed to allow individuals to instantly
change their training speeds based on changesiirptbpulsive forces and step
length.The FES was applied after UDTM contwés enacted but before datas
collected. Therefore, individuals were allowed to select their preferred speeds while
walking with both UDTM and FES. Theequence of events maljoav individuals to
optimize their mechanics to maximize their walking speeds, whadtes training

with UDTM control and FES a promising option for improved poststroke

rehabilitation

SinceAGRF is a key mechanism of increasing walking speed stiteke[21],
individuals were expected to increase their AGRF in the UDTM with FES condition
compared to the FSTNondition. However, there were no significant changes in the
group average values and the changes were also less than thesestion MDC
thresholdof 0.8®%6 BW (Dparetic= 0.4%% BW || Dhonparetic= 0.7%% BW). Whenwe
looked more closely at tHES of 16participantsvhoincreased theiFAST speeds in

the UDTM with FES condition compared to the FSTM conditibese individuals
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increased both their paretic and fuaretic AGRFoy more than the MDC values

(Dparetic= 0.83% BW || Dhonparetic= 1.5 BW). This indicates that the responsdshe

3 individuals whadecreasetheir walking speeds in the UDTM with FES condition

likely obscured the increases in AGRF and forward propulsion that correspond to
increased speedsr the other 13Individuals who & able to increase their walking
speeds with UDTM control and FES tend to do so by increasing both their paretic and
nonparetic AGRFThis agrees with previous studies that indicated increased AGRF,
especially on the paretic side, are critical to indrepspeeds and walking function

after strokd21], [73].

Since d data were collected duringearlysteadystate walking, changes in
contralateraPGRF were expected to balance any changes in AGRF. There were no
significant changes igroup averag GRF from the FSTM to the UDTM with FES
condition, which was expected since there were no significant changes in AGRF
either. However, when examining the mechanics of the 13 participants who increased
their walking speeds in the UDTM with FES condition, there were increases for the
paretic limb hat exceeddthe MDC thresholdparetic= 2.61% BW || Dhonparetic=
0.60% BW). This was unexpected because an increase in PGRF indicates a smaller
magnitude of PGRF in the UDTM with FES condition, which would correspond with
a smaller braking force andnat increase in walking speed over tidwingthe
UDTM with FES conditionHowever, this small discrepancy could be resolved with
changes in step length or cadence. In addition, the standard deviations for the PGRF
measures were approximateBo8BW which indicates a large amount of variation in

how individuals responded to the UDTM with FES condition.
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Similar to Kesar and colleagues, we found no change in paretic TLA between
the FSTM and UDTM with FES conditiofi$0]. Individuals were expected to
increase their TLA for both limbs in the UDTM with FES condition since they
increased their walking speeds compared to the FSTM only condition. On average,
participants increased their paretic TLA by 0.@8d their norparetic TLA by 0.34,
which are both below the MDC threshold for a single sessidn0 . Even when
examining the subgroup (n = 13) that increased their walking speeds in the UDTM
with FES condition, the average changes in TLA were (afid 024 for the paretic
and nonrparetic limb respectively. As with the PGRF results, the large standard
deviations (Shhretic= 2.86 || SDhonparetic= 1.14) signal a large amount of variation
among individual responseSince walking speed is a functionstép length and
cadence and individuals in this study did not appear to be increasing their step length
while increasing their speedsjs possible thasomeparticipants were more likely to
increase their cadence in the FAST speed conditions ratimeththiastep lengtro
increase their speeds. While the group may not show specific trends in how to achieve
increased speed, individual participants may use a combination of increased AGRF,
decreasedontralateraPGRF, and increased TLA for each limbgenerate a net

increase in speed for the UDTM with FES conditaAST speeds

Limitations

This work is limited by its small sample size and the high level of function of

the participants. While we recruited individuals with mild to moderate hemipdoes

ensurehey couldcomplete the walking tasks, their respons@y not be

94



representative of individuals with more sevkemiparesis who are candidates for
clinical locomotor rehabilitation. The individuals in this study may have experienced
ceiling dfectsin speedand wewould expect a group with more seedremiparesis to
have even greater changes in walking speed and correspondirgfissbes and

trailing limb posture. In addition, we wanted to minimize rtble of motor learning
andadaptatio as well as isolate the effects of the intervention elements, so individuals
were gven less than 5 minutes of acclimation to the UDTM control and FES during
the baseline session. This may have resulted in pantieipantdeing uncomfortable
walking onthe treadmill with UDTMcontroland/or FES. Therefore, future work will
involve training and extended bouts of walking with UDTM control and FES to reduce
the effects of fear andiscomfortas well asighlight carry-over effects of this

intervention.

Conclusion

Individuals in this study selected substantially faster SS and FA&3ds in
the UDTM with FES condition compared to the FSTM conditidme average
increase in SS speed wasl/s, and the average increase in FAST spesesD.12
m/s. This results in a net increase &Nn/s in the training speed from the FSTM, SS
spee condition to the UDTM, FAST with FES condition whichbisth substantial
and clinically meaningful. By creating a training paradigm that allows individuals to
instantaneously maximize their training speeds, we anticipate both indgraireng
effects ad quality of life for individuals poststroke after rehabilitation. Sitiee

strategies for generating forward propulsion ehdnging walking speds varied
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largely anongindividuals future workshouldfurther examinendividual responses to
the UDTM withFES intervention to characterize the most common strategies for
increasing walking speeds. This work may also help select candidates who can benefit

most from training with UDTM control and paretic limb FES.
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Chapter 6

CONCLUSIONS

Summary

Since there is currentlyo consensus on the best method to improve walking
function after strokg37], this work introdices a novel form of poststroke gait training
to improve both walking functioafter rehabilitationPrevious studies by Kesar and
colleagues have shown that 12 weeks of training with fast treadmill walking on a fixed
speed treadmill (FSTM) and functiorelectrical stimulation (FES) of the affected
ankle musculature resulted in meaningful increases in walking speed and propulsive
mechanic$10]. However, training with FSTM control limitedtpear t i ci pant s6 a
to utilize their augmented forward propulsimntrain at faster speedSince the
treadmill speed was fixed, participants would have to offset increased forward
propulsion with increased braking to maintain a constant speed, whyclnnitathe
effects of training with FES.d address this shortcoming of the FastFES paradigm
we proposd the combination of FES with sgblaced, or usedriven treadmill
(UDTM) control, whichwould allowusergto instantaneously increase their walking
speeds due to changes in propulsive mechafitis work examines the response of
healthy adults to the UDTM control as well as the response of stroke survivors to

UDTM control and paretic limb FES.

In Aim 1, 23 healthy adults were asked to walksatFsdected 65 andfastest

comfortable FAST) speed®n a treadmill wittFSTM and UDTMcontrol. These

participants selectefdster SS speeds (+ 0.14 m/s) and FAST speeds (+ 0.19 m/s) with

97



UDTM control compared to FSTontrol. While the SS speeds with FSTMrtool

were slower than the overground SS speeds, the SS speed with UDTM control were
similar to thér overground speedw/hich partially confirms hypothesisld addition,
training at faster speeds allows individuals to achieve improved outcomes after
rehailitation and improve their quality of lifi8], [45]. The changes in AGRF and

TLA with UDTM controlwere due tahe changes in walking speed rather than
changes in the treadmill control conditidrheseincreases in AGRF anTLA were
correlated with increased walking speeds for both the FSTM and UDTM control
conditions whichindicates that walking on a treadmill with UDTM control may
prompt individuals to walk at speeds that they would use during their daily activities
Since faster walking speeds correspond to improved therapeutic outcomes and quality
of life [45], the UDTM control appears to be a promising optiorpfuststroke

rehabilitation.

In Aim 2, 20individuals poststrokevalked on a treadmill in both its fixed
speed and usalriven treadmill control condition3hey selected similar SS speeds
with FSTM and UDTM control and faster FAST speeds with UDTM control
Therefore, participants were expected to increase their AGRF, decrease their PGRF,
and increase their TLA to achieve faster speeds in the UDTM condition. However,
there were no significant differencesgait mechanics between the two conditions.
These esults partially support our second hypothesis because individuals were
expected to select faster speeds with UDTM control. Any changes in their gait
mechanics were expected to correspond to the changes in speed rather than changes in

the treadmill controtondition. Also, i is likely that the variation among individual
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responses to the UDTM controller obscured trends in how the group adjusted their
walking speeddndividuals who increased thétAST speeds from the FSTM to
UDTM condition (n = 14neld treir AGRF and TLA approximately constant while
increasing the magnitude of their braking forCHserefore, participantsiay beable

to more effectively use their AGRF and Tlwith UDTM controland simply do not

need to increase the amount of forward prsioul they generate.

In Aim 3, 16individuals poststroke walked on a treadmill in its FSTM and
UDTM control modes with andiithout FES of their paretic ankle musculature. They
selected.13 m/sfaster SS anf@.12 m/s fasteFAST speeds with UDTM control and
FES than they did with FSTM control without FB&hich supports our hypothesis
Individuals were expected to increase their AGRF, decrease their PGRF, and increase
their TLA in the UDTM with FES condition to achieve fedasier speedsbut there
were no changes in AGRF, PGRF, or TLA for either limb between the two conditions.
This contradicts our hypothesis, but sinece standard deviation values were large for
all threevariablesit is possible that the variation among widual responses
obscured any changes in mechanics that would result in changes in walking/¢peed.
examined the responses of ftieandl3 participantsvho increased theBS and
FAST speedsrespectivelyin the UDTM with FES condition compared to the FSTM
without FES condition10 of the 11 participants who increased their SS speeds with
UDTM control and FES also increased their FAST speeds in that condition compared
to FSTM control aloneThese individuks increased their AGRF for both limbs and
their PGRHor the paretic limbn the UDTM with FES condition which may be

responsible for the increased walking speeds. While the majority of individuals
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increased their walking speeds with UDTM and FES, thikkwbows that individuals

poststrokecan employ a variety of strategies to increase their walking speeds.

Based on this work, the combination of UDTM control and paretic limb FES
appears to be a promising option for improving walking function afterestrok
Participants in both the healthy and poststroke groups selected faster walking speeds
with UDTM control without any change in instructions. The instantaneous increases in
walking speed seen with UDTM control and FES are comparable to changes achieved
with 4 to 12week training paradigms. For example, after 12 weeks of FastFES,
individuals were able to increase their SS speeds by 0.180j/¢n two other
treadmill training studies, individuals trained for 4 weeks and achieved speed
increases of 0.13 m/s without body weight support and 0.16 m/s with body weight
support. In this study, participantsreased their SS speeds by 0.13 m/s and FAST
speeds by 0.12 m/s instantly with the addition of UDTM control and paretic limb FES.
By addition UDTM control, FAST walking, and paretic limb FES to the FSTM, SS
speed condition, we enabled individuals tdangly increase their training speeds by
0.39m/s on average. Since faster training speeds are tied to improved function after
rehabilitation[45], the UDTM control with FES paradigm shows promise of
improving the staof poststroke rehabilitation and quality of life of individuals

poststroke.
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Recommendations

Not only are faster training speeds crucial for improved walking function and
improved quélty of life after poststroke rehabilitatidB], [45], but it is crucial for
poststroke gait training paradigms to promote increased forward propulsion and step
lengths as a means of increasing speed. Therefore, it is prgriatthese
individualsachieved their increased speégsncreasing both their AGRF and TLA,
which have been tied to improvedalking function[21]. IThe UDTM control
algorithm also creates an active training environment where individuals are
responsible for driving the pace of their trainiagd the controller directly responds
to their performance. Active tr@ing environments have been tied to increased motor
learning after stroke and improved function after rehabilitdddf Therefore,
training with UDTM and FES should be considered a promising option for improved

gait training after stroke.

Future Work

Based on the findings of this work, there are several important areas of future
of work that should be addressed. Fitise participants in this study exhibited a wide
range of responses to UDTM control both with and without FES. It is important for
future work to address this variation andestigate theesponses of individuals to
isolate trends in the strategesedto changespeedIn addition, combining these

resuls with information about the individuals and the severity of their impairments
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may help researchers and clinicians determine which individuals are most likely to

benefit from training with UDTM and FE®ior to extended bouts of training.

Along with investigatinghe responses of individuals to UDTM control and
FES, future work should examine the effect of the UDTM algoi@tren cost funct i
user performanceén this study, the cost function in the ¢afller equally weighted the
input of the paretic and negparetic limbs. It is possible that some individuals may
benefit more from training with a controller that responds more directly to the
performance of their paretic limb since improving the propalsiutput of the paretic
limb is often a key metric for success in rehabilitaf@h]. In addition, his UDTM
cortroller is unique in how it combines position, force, and step length terms in the
cost function to determine the appropriate belt speeehattime. Since AGRF and
TLA are key metrics for increasing walking speed, individuals may benefit even
further fran weighting the force and step length control terms more heaaithe
position term. Therefore, future work should examine the effects of manipulating the

cost function of the UDTM controller itself.

Finally, one of the most important areas of futeak is the study of the
training and carrnover effects of UDTM control and paretic limb FES. While this
work shows increases in speed after a short exposure time, it is important to determine
if individuals poststrokeantrain withUDTM control and FESor an extended period
of time and retain some of their increases in speed and propulsive meclmanics.
addition a more diverse pool of participants should be included in future work. The

individuals recruited for this study were nearly all community aliaiiors to ensure
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theywere able t@womplete the battery of tests included in the protocol. However, a

more diverse groupf participants could highlightow the severity oni ndi vi dual 0s
impairment after stroke corresponds to their success with UDTNFEBd It is

possible thatheless impaired group experienced a ceiling effect and were not able to
increase their speeds or benefit from training with UDTM and FES. Therefidepa
12-weektraining study with UDTM and FES that includes limited communit

ambulators can truly show if UDTM and FES shouldroplemented for poststroke

gait training in a clinical setting.
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Appendix B

PHYSICAL ACTIVITIES READINESS QUESTIONNAIRE (PAR-Q)
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Physical Activities Readiness Questionnaire (PARD)

University of Delaware
P1: Jill Higginson, PhD

YES NO
1. Has your doctor ever said that you have heart problems or a
heart murmur? O O
2. Do you ever suffer pains in your chest?

(W] (W]
3. Do you ever pass out, have spells of sever dizziness, or
experience a persistent, rapid or irregular heartbeat? (m] (m]
4. Has your doctor told you that you currently have high blood
Pressure for which you are not taking medication (systolic pressime (m)
greate than or equal to 160 mmHg or diastolic pressure greater
than or equal to 90 mmHg)?
5. Do you smoke cigarettes?
6. Do you have diabetes?
7. Do you have a family history of heart disease in parents or
siblings prior to the age of 55? m] m]
8. Has your doctotold you that you currently have high
cholesterol for which you are not taking medication? m] m]
9. Is there any physical reason not mentioned here why you should
not perform physical exertion? (m] (m]
Name: Age:
Participant signature: Date:
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Appendix C

NATIONAL INSTITUTES OF HEALTH (NIH) STROKE SCALE
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N | H Patient Identification.

_— Pt. Date of Birth
STROKE Hospital
SCALE

Date of Exam
Interval: []Baseline []2 hours post treatment [] 24 hours post onset of symptoms * 20 minutes
[]7-10 days [] 3 months [] Other
Time: [JTam []pm
Person Administering Scale:
Administer stroke scale items in the order listed. Requedformance in each category after each
subscale exam. Do not go back and change scores. Follow directions provided for each exam

technique. Scores should reflect what the patient does, not what the clinician thinks the patient can
do. The clinician shouletcord answers while administering the exam and work quickly. Except where

indicated, the patient should not be coached (i.e., repeated requests to patient to make a special

effort).
Instructions

Scaldi@refini

la. Level of Consciousneskhe investigator must chood
a response if a full evaluation is prevented by such
obstacles as an endotracheal tube, language barrier,
orotrachealtrauma/bandages. A 3 is scored only if the
patient makes no movement (other than reflexive
posturing) in response to noxious stimulation.

0 = Alert; keenly responsive.

1 = Not alert; but arousable by minor
stimulation to obey, answer, or respond.
2 = Not alert; requires repeated
stimulation to attend, or is obtunded and
requires strong or painful stimulation to
make movements (not stereotyped).

3 = Responds only with reflex motor or
autonomic effects or totally unresponsivg
flaccid, and areflexic.

1b. LOC Question3he patient is asked the month and
his/her age. The answer must be corretiere is no
partial credit for being close. Aphasic and stuporous
patients who do not comprehend the questions will sc
2. Patients unable tepeak because of endotracheal
intubation, orotracheal trauma, severe dysarthria from
any cause, language barrier, or any other problem nofj
secondary to aphasia are given a 1. It is important thaj
only the initial answer be graded and that the examing
not "help"” the patient with verbal or nowerbal cues.

0 = Answersboth questions correctly. 1 7
Answersone question correctly.
2 = Answersneither question correctly.

1c. LOC Commandshe patient is asked to open and
close the eyes and then to grgmd release the non
paretic hand. Substitute another one step command if
hands cannot be used. Credit is given if an unequivoc
attempt is made but not completed due to weakness.
the patient does not respond to command, the task
should be demonstitzd to him or her (pantomime), and
the result scored (i.e., follows none, one or two
commands). Patients with trauma, amputation, or ott]
physical impediments should be given suitable-atep

0 =Performsboth tasks correctly. 1 =
Performsone task correctly.
2 =Performsneither task correctly.

commands. Only the first attempt is scored.
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Appendix D

SUPPLEMENTAL DATA TABLES
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Aim 1: Response of Healthy Adults to Wer-Driven Treadmill (UDTM) Control

SeltSelected (SS) Speeds

Tablel13: Sorted chart of differences in SS speed and corresponding mechanics for

healthy adults walking with UDTM control compared to FSTM conifrbkse data
correspond to the participants and selected walking speeds in Table 4 adrGhapt

. UDTM, SSFSTM, SS
Speed Change| SubjectNo.| oo i (m/s) DAGRF (% BW) DTLA (Deg)
20 0.46 8.72% 3.25
5 0.44 7.35% 4.10
18 0.30 0.20% 0.32
13 0.28 3.31% 0.45
6 0.25 5.70% 3.06
19 0.25 5.57% 4.21
1 0.24 3.16% 3.32
21 0.22 2.70% 0.69
. . 0 .
(UDTM>FSTM 14 0.18 6.43% 3.17
9 0.16 1.91% 2.04
17 0.16 3.26% 0.91
4 0.15 3.27% 1.87
2 0.12 1.08% 1.95
24 0.10 3.42% 0.87
12 0.09 2.56% 0.44
Average 0.22 3.94% 1.91
Stdev 0.10 2.26% 1.46
14 0.00 -0.62% 0.42
No change Average
(UDTM = FSTM N/A N/A N/A
Stdev
10 0.01 3.58% 2.40
15 0.10 0.18% 0.17
Decroase 3 0.12 2.75% 0.92
Mepe 22 0.12 2.89% 1.23
8 0.15 -2.89% -1.59
Average -0.10 1.30% 0.63
Stdev 0.05 2.67% 1.48
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Fastest Comfortable (FAST) Speeds

Table14: Sorted chart of differences in FAST speed and corresponding mechanics for
healthy adults walking with UDTM control compared to FSTM conifbkese data
correspond to the participants and selected walking speeds in Table 4 of Chapter 3.

. UDTM, FASTFSTM, FAST
Speed Change | Subject No.
D Speed (m/s) DAGRF (% BW) DTLA (Deg)

22 0.54 4.40% 1.67
20 0.47 3.88% 2.05
17 0.44 6.63% 4.04
21 0.32 6.18% 2.77
7 0.29 -0.36% 1.25
18 0.27 -0.42% -0.70
9 0.25 2.77% 141
Increase 14 0.22 4.54% 0.71
(UDTM > FSTM] 16 0.21 4.23% 1.98
12 0.16 -0.93% 1.26
10 0.12 -5.19% -0.58
24 0.05 -1.89% 0.56
23 0.02 0.61% -0.47
13 0.01 0.44% -0.02
Average 0.24 1.78% 1.14
Stdev 0.16 3.41% 1.35
11 -0.02 -0.53% -0.36
Decrease 19 -0.02 -0.11% 0.53
(UDTM<FSTM) 15 -0.12 -3.97% -2.43
Average -0.05 -1.54% -0.75
Stdev 0.06 2.11% 1.52
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Aim 2: Response of IndividualsPoststroke to ser-Driven Treadmill (UDTM)
Control

Self-Selected (SS) Speeds

Tablel15: Sorted chart of differences in SS speed and corresponding mechanics for
individuals poststroke walking with UDTM control compared to FSTM cdntro
Bolded quantities exceed the withBession minimum detectable change (MP&3).
These data correspond to the participants and selected walking speeds in Table 7 of

Chapter 4.
UDTM, SSFSTM, SS
Speed Change SlJNch;‘_eCt Dspeed Paretic Limb Non-Paretic Limb

i) DAGRF DPGRF DTLA| DAGRF DPGRF DTLA

(% BW) (%BW) (Deg) | (%BW) (% BW) (Deg)

14 0.34 3.08% 556% 2.44 3.71%  -2.68%  2.94

19 0.29 7.16% -2.33%  3.98 6.03%  -4.24%  3.30

9 0.25 2.78%  -1.48% 5.75 337%  -558%  3.25

17 0.24 2.66% -2.96% 5.34 2.03%  2.95%  1.67

10 0.24 2.49%  -0.80%  4.09 1.27%  -5.78%  2.21

20 0.17 1.59% -1.88% 5.15 1.27%  -1.75%  1.01

15 0.17 217% -2.85% 0.68 | -1.06% -5.15%  0.69

Increase 7 0.16 1.14%  -0.78%  1.59 1.43%  -3.16%  1.72
(UDTM > FSTM 18 0.09 -1.22%  1.00%  0.02 -1.50%  1.67%  -0.72
16 0.05 0.15% -0.90% -0.01 | 0.94%  -0.59%  0.03

5 0.04 0.40% -1.67% 2.64 | -0.10% -3.44%  1.39

4 0.03 -0.84% -0.87%  0.65 0.01%  -051%  2.30

8 0.02 0.33% -1.46% -0.12 | 0.78%  0.34%  0.04

6 0.01 0.67% -0.79%  0.56 059%  -1.79%  0.73

Average 0.15 1.26% -1.67% 2.34 1.34%  -2.54%  1.47

Stdev 0.11 2.34%  151% 2.16 1.98%  2.25%  1.25

2 -0.03 -1.19%  2.44% -1.09 | -2.20%  0.46%  -1.46

12 -0.04 -1.31% 0.04% 058 | -0.83%  1.06% -0.75

13 -0.10 -1.00%  1.46% -0.82 | -042%  3.73%  -1.02

Decrease -0.15 -1.68%  2.34% -3.39 | -4.65%  4.44%  -2.97
(UDTM<FSTM) -0.21 -1.54%  3.66% -3.08 | -2.71% -0.05% -3.04
11 -0.29 -1.12%  521% -0.72 | -150%  579%  -0.51

Average -0.14 -1.30%  252% -1.42 | -2.05%  2.57%  -1.63

Stdev 0.10 0.26% 1.78%  1.52 1.53%  2.40%  1.12
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Fastest Comfortable (FAST) Speeds

Table16: Sorted chart of differences in SS speed and corresponding mechanics for
individuals poststroke walking with UDTM control compared to FSTM control.
Bolded quantities excethe withinsession minimum detectable change (MP&3).
These data correspond to the participants and selected walking speeds in Table 7 of

Chapter 4.
UDTM, AST- FSTMFAST
Speed Change Slll\lbc])eCt DSpeed Paretic Limb Non-Paretic Limb
: (m/s) DAGRF DPGRF DTLA | DAGRF DPGRF DTLA
(%BW) (%BW) (Deg) | (% BW) (% BW) (Deg)
5 0.29 1.02%  -3.45% 6.45 5.15% -3.95% 1.88
10 0.22 0.30%  -6.70% 1.12 413% -417%  2.67
19 0.19 -0.06% -4.10% 0.79 -0.02% -5.33% 0.45
18 0.18 0.42%  -0.82% 2.46 0.21% -0.69%  1.43
16 0.16 -0.64% -3.10% -0.11 0.33% -2.77% -0.01
13 0.16 0.57% -1.02% 0.18 | -0.41% -1.33% 0.46
11 0.13 0.70%  -0.50% 0.77 -0.58% -2.98% 0.68
Increase 15 0.11 -4.05%  0.09% 075 | -1.92% -1.41% -0.14
(UDTM >FSTM)| 14 0.10 127%  2.01% 028 | 0.32% 252%  0.80
20 0.06 0.79%  -1.58% -0.78 0.87% -0.69% 0.12
3 0.06 4.06%  2.39% -1.40 | -058% -4.19% 1.30
0.05 0.08%  0.39% 4.09 -0.38% -1.57% -0.27
0.05 0.93%  -1.79% -0.31 1.59% -1.08%  0.37
12 0.03 -0.06% 1.65% -0.56 -219% 0.85% -1.72
Average 0.13 0.06%  -1.18% 0.85 -0.30% -1.91% 057
Stdev 0.08 1.72%  2.54% 2.16 2.06% 2.14% 1.06
17 0.00 0.37% -0.97% 4.10 1.61% -3.10% 0.95
No change
(UDTM = FSTM)| Average N/A N/A N/A N/A N/A NA  NA
Stdev
7 -0.02 -2.52%  5.01% 497 | -0.83% 9.18% -2.89
8 -0.03 0.73%  0.97% 0.02 | -252% 2.38% -1.02
6 -0.09 2.02%  5.56% 244 | -1.99% 1.03% -1.60
becrease 4 0.17 0.00%  0.00% 0.00 0.00% 0.00%  0.00
(UDTM < FSTM)
1 -0.27 -3.24% 10.75%  -2.66 | -2.56% -1.85% -3.32
Average -0.12 -1.70%  4.46% 2.02 | -158% 2.15% -1.77
Stdev 0.10 1.32%  4.28% 2.08 1.13% 4.23% 1.36
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Aim 3: Response of Individuals Poststroke tdser-Driven Treadmill Control
(UDTM) and Paretic Limb FES

Comparison of FSTM Control and UDTM Control

SeltSelected (SS) Speeds

Tablel7: Sorted chart of differences in SS speed and corresponding mechanics for
individuals poststroke walking with UDTM control compared to FSTM control.
Bolded quantities exceed the withgession minimum detectable change (MD&3).
These data correspond to the participants and selected walking speeds in Table 9 of

Chapter 5.
UDTM, S§ FSTM, SS
Speed Change SL"\IbgeCt D Speed Paretic Limb Non-Paretic Limb
: (i) | DAGRF DPGRF DTLA | DAGRF DPGRF DTLA
(% BW) (%BW) (Deg) | (% BW) (%BW) (Deg)
19 0.29 7.16% -2.33%  3.98 | 6.03% -424% 3.30
9 0.25 278% -148% 575 | 3.37% -558% 3.25
17 0.24 266% -2.96% 534 | 2.03% -2.95% 1.67
10 0.24 249% -0.80% 409 | 127% -578% 2.1
20 0.17 159% -1.88% 515 | 127% -1.75% 1.01
15 0.17 217% -2.85%  0.68 | -1.06% -5.15%  0.69
Increase 18 0.09 1.22%  1.00% 002 | -1.50% 1.67% -0.72
(UDTM > FSTM
16 0.05 0.15% -0.90% 001 | 0.94% -0.59% 0.03
5 0.04 040% -1.67%  2.64 | -0.10% -3.44%  1.39
8 0.02 0.33% -1.46% 012 | 0.78% 0.34% 0.04
6 0.01 067% -0.79% 056 | 0.59% -1.79% 0.73
Average 0.14 1.29% -147% 255 | 124% 2.66% 1.24
Stdev 0.10 252% 111% 238 | 2.08% 2.47%  1.30
2 003 | -1.19% 2.44%  -1.09 | -2.20% 0.46% -1.46
13 010 | -1.00% 146% 082 | -0.42% 3.73%  -1.02
3 015 | -1.68% 2.34% 339 | -4.65% 4.44% -2.97
(Ugf&riasgm -0.21 154%  3.66%  -3.08 | -2.71% -0.05% -3.04
11 029 | -112% 521% 072 | -150% 5.79% -0.51
Average | 015 | -1.30%  3.02%  -182 | -2.30% 2.87%  -1.80
Stdev 0.10 0.29% 1.45% 131 | 157% 255% 1.15
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Fastest Comfortable (FAST) Speeds

Table18: Sorted chart of differences FAST speed and corresponding mechanics for
individuals poststroke walking with UDTM control compared to FSTM control.
Bolded quantities exceed the withBession minimum detectable change (MP&3).
These data correspond to the participants and selected walking speeds in Table 9 of

Chapter 5.
UDTM, FASE FSTM, FAST
Speed Change SUNb(J;eCt DSpeed Paretic Limb Non-Paretic Limb
: (mis) DAGRF DPGRF DTLA | DAGRF DPGRF DTLA
(% BW) (% BW) (Deg) | (% BW) (% BW) (Deg)
5 0.29 1.02%  -3.45%  6.45 5.15% -3.95%  1.88
10 0.22 0.30% -6.70%  1.12 413% -4.17% 2.67
19 0.19 -0.06% -4.10%  0.79 -0.02% -5.33%  0.45
18 0.18 0.42% -0.82%  2.46 0.21% -0.69%  1.43
16 0.16 -0.64% -3.10%  -0.11 0.33% -2.77% -0.01
13 0.16 -057% -1.02% -0.18 | -041% -1.33% 0.46
Increase 11 0.13 0.70% -0.50%  0.77 -0.58% -2.98% 0.68
(UDTM > FSTM| 15 0.11 -405% 0.09% -0.75 | -1.92% -1.41% -0.14
20 0.06 0.79% -1.58% -0.78 0.87% -0.69% 0.12
3 0.06 406%  2.39% -1.40 | -058% -4.19%  1.30
9 0.05 0.08%  0.39%  4.09 -0.38% -1.57% -0.27
2 0.05 0.93% -1.79% -0.31 1.59% -1.08%  0.37
Average 0.14 0.18% -1.68%  1.01 -0.19% -251% 0.75
Stdev 0.08 1.82%  2.39%  2.29 2.16%  1.60%  0.90
17 0.00 0.37% -0.97%  4.10 1.61% -3.10% 0.95
No Ch_ange [ Average
(UDTM = FSTM| N/A N/A N/A N/A N/A N/A N/A
Stdev
8 -0.03 -0.73% 0.97%  -0.02 | -252% 2.38% -1.02
6 -0.09 -2.02% 556% -2.44 | -1.99% 1.03% -1.60
(Ugf&riaﬁgm 1 -0.27 3.24% 10.75% -2.66 | -2.56% -1.85% -3.32
Average -0.13 -2.00% 576% -1.71 | -2.36% 0.52% -1.98
Stdev 0.12 1.25%  4.89%  1.46 0.32%  2.16%  1.19
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Comparison of UDTM Control and UDTM Control with Paretic Limb FES

SeltSdected (SS) Speeds

Table19: Sorted chart of differences in SS speed and corresponding mechanics for
individuals poststroke walking with UDTM control with FES compared to UDTM
control without FESBolded quantities exceed the withsession minimum detectable
change (MDC]J63]. These data correspond to the participants and selected walking
speeds in Table 9 of Chapter 5.

UDTM, SS with FESUDTM, SS
Speed Changel Sl:\IbgGCt DSpeed PareticLimb Non-Paretic Limb

: @) DAGRF DPGRF DTLA| DAGRF DPGRF DTLA

(% BW) (% BW) (Deg) | (%BW) (% BW) (Deg)

2 0.27 2.30%  -1.76% 317 | 4.14% -514% 2.82

11 0.24 0.80%  -5.61% 214 | 3.26% 18.41% 1.54

0.16 0.26%  15.62% -3.71 | 6.92%  0.00% 0.75

0.15 1.36%  11.34% 227 | 6.77% -6.44% 4.25

19 0.13 0.91%  -576% -021 | 2.22% -3.80% 0.53

16 0.11 1.50%  -4.11% 028 | 1.21% -2.42% 0.94

Increase 13 0.10 0.18%  -1.55% 076 | -0.14% -2.32% -0.06
(UDTM wW/FES 15 0.09 5.44%  -464% -0.07 | 579% 2.68%  6.45
> UIDTIAY 1 0.09 0.77%  11.30% -173 | -0.65% 3.65% -0.42
0.07 1.09%  -3.05% 1.99 | 2.72%  2.47%  1.89

0.05 0.67%  -0.24% 028 | 047% -2.16% 0.20

18 0.03 -1.06%  -8.32% -0.69 | 0.64%  198% -1.13

20 0.03 0.32%  -1.53% -0.28 | 0.69% -151% 0.22

Average 0.12 1.02%  0.13% 0.32 | 2.62% 041% 1.38

Stdev 0.07 1.60%  7.58%  1.84 | 2.60%  6.24%  2.08

17 -0.01 -0.55%  0.57% -1.36 | 0.88%  3.43% -0.89

. 8 -0.06 057%  -3.02% -0.97 | -1.09% 0.11% -0.56
(UDTMW/FES| 10 -0.17 1.47%  -2.40% -1.60 | -054% 191% -0.06
SA=) Average -0.08 -0.86%  -1.62% -1.31 | -0.25% 1.82% -0.50
Stdev 0.08 053%  1.92% 032 | 1.02% 166% 0.42
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Fastest Comfortable (FAST) Speeds

Table20: Sorted chart of differences in FAST speed and corresponding mechanics for
individuals poststroke walking with UDTM control with FES compared to UDTM
control withoutFES.Bolded quantities exceed the withsession minimum detectable
change (MDC]J63]. These data correspond to the participants and selected walking
speeds in Table 9 of Chapter

UDTM, FAST with FE®JDTM, FAST
Speed Change SL:\IngCt D Speed Paretic Limb Non-Paretic Limb
: (mis) DAGRF DPGRF DTLA| DAGRF DPGRF DTLA
(%BW) (%BW) (Deg) | (%BW) (%BW) (Deg)
9 0.24 -0.06% -0.87% 462 | 153% -3.79% 1.77
15 0.20 278%  -1.43% 031 | 2.71% -2.94% 0.84
2 0.19 0.74%  6.13% 241 | 1.98% -568% 1.16
17 0.17 3.65%  -2.78% 343 | 1.74% -1.61% 0.45
Increase 20 0.13 1.09%  -1.79% 320 | 1.26% -1.71% 0.88
(UDTM W/FES 16 0.13 2.88%  -419% 064 | 2.87% -3.90% 1.32
= UDTIM) 1 0.11 031%  848% -450 | -1.80% 9.81%  -1.66
6 0.07 1.18%  -2.10% 151 | 3.21% 0.15% 157
3 0.03 0.89%  18.23% 178 | 1.40% -1.07% 0.91
Average 0.08 0.79%  3.42% 0.88 | 0.86% -0.83% 0.26
Stdev 0.15 1.95%  6.81% 267 | 203% 3.97% 1.64
e ST 11 0.00 -0.46%  -4.86% 0.26 | 2.42% 2526% 0.93
(UDTM w/FES| Average
- UDTM) Stdey N/A N/A N/A N/A N/A N/A N/A
8 -0.02 -1.92%  0.81%  -2.12 | -1.11%  0.99% -1.57
13 -0.07 0.26%  1.05% 039 | 0.03% -0.95% -0.94
18 -0.07 -0.40%  -269% -2.12 | 056% -1.78% -1.91
Decrease 10 -0.15 -0.95%  6.11%  -1.67 | -253% 3.12% -0.79
(UDTM W/FES
< UDTM) 19 -0.15 0.89%  -0.35% -0.79 | -0.13% 2.83% -0.35
5 -0.18 -0.24% 21.39% -6.33 | 563%  0.00% -1.17
Average -0.11 -0.39%  439% 211 | 041% 0.70% -1.12
Stdev 0.06 0.98%  8.82% 228 | 278% 1.99% 0.56
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Comparison of FSTM Control and UDTM Control with Paretic Limb FES

SeltSelected (SS) Speeds

Table21: Sorted chart of differences in SS speed and corresponding mechanics for
individuals poststroke walking with UDTM control with FES compared to FSTM
control without FESBolded quantities exceed the withsession minimum detectable
change (MDC]J63]. These data correspond to the participants and selected walking
speeds in Table 9 of Chapter 5.

UDTM, SS with FEFSTM, SS
Speed Change SLlj\Ib(iECt Dspeed Paretic Limb Non-Paretic Limb
: (mls) DAGRF DPGRF DTLA| DAGRF DPGRF DTLA
(% BW) (%BW) (Deg) | (%BW) (%BW) (Deg)
19 0.42 8.08%  -8.09% 3.76 | 8.25%  -8.04%  3.83
9 0.30 2.12%  -1.72%  6.03 | 3.84%  -7.74%  3.46
15 0.26 3.28%  -7.49% 0.60 | 473% -247%  7.14
> 0.24 1.11%  0.68% 208 | 1.94%  -468%  1.36
17 0.23 2.12%  -2.39% 398 | 291%  048%  0.78
. 20 0.20 1.92%  -3.41% 487 | 197%  -3.26%  1.23
(UDTMW/FES| 5 0.20 0.66%  13.95% -1.08 | 6.83% -3.44%  2.14
>FST™) 16 0.16 165%  -5.01% 028 | 2.16%  -3.02%  0.97
18 0.12 227%  -7.31% -0.67 | -0.86%  3.65%  -1.85
6 0.09 1.77%  -3.85% 255 | 3.31%  0.68%  2.62
10 0.07 1.02%  -3.20% 249 | 073% -3.87%  2.15
Average 0.21 1.95%  -253% 226 | 3.25%  -2.88%  2.17
Stdev 0.10 246%  6.08% 230 | 261%  3.49% 224
3 0.00 0.31% 13.68% -1.12 | 2.12%  -2.00%  1.28
No Change 14 0.00 -0.81%  -0.09% -0.06 | -056%  1.41%  -1.08
(UDTM W/FES
ZFSTM) | Average 0.00 -0.56%  6.80% -0.59 | 0.78%  -0.29%  0.10
Stdev 0.00 0.35%  9.74% 075 | 1.90%  2.41% 167
8 -0.04 -0.90%  -4.48% -1.09 | -0.32%  0.45%  -0.52
T 1 -0.05 0.32%  -0.40% 142 | 1.76%  24.20%  1.04
(UDTM W/FES 1 -0.12 0.77%  14.96% -4.82 | -3.36%  3.59%  -3.45
<FSTM) | average -0.07 0.67%  3.36% -1.49 | -0.64%  9.41%  -0.98
Stdev 0.04 0.31%  10.25% 3.14 | 257% 12.90% 2.28
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Fastest Comfortable (FAST) Speeds

Table22: Sorted chart of differences in FAST speed and corresponding mechanics for
individuals poststroke walking with UDTM control with FES compared to FSTM
control without FESBoldedquantitiesexceed the withi#session minimum detectable
change (MDC]J63]. These data correspond to the participants and selected walking
speeds in Table 9 of Chapter 5.

UDTM, FAST WFESSTM, FAST
Speed Changel SLlj\Ib]eCt DSpeed Paretic Limb Non-Paretic Limb

0. (m/s) DAGRF DPGRF DTLA| DAGRF DPGRF DTLA

(% BW) (% BW) (Deg) | (% BW) (%BW) (Deg)

15 0.31 127%  -1.34% -0.44 | 0.79%  -435%  0.70

16 0.29 224%  -7.29% 053 | 3.21%  -6.67%  1.31

0.29 0.2%  -048% 871 | 1.15% -537%  1.50

0.24 1.67%  4.34% 210 | 358%  -6.76% 153

20 0.19 1.88%  -337% 242 | 212%  -2.40%  1.00

17 0.17 401%  3.75% 7.53 | 3.35%  -471%  1.39

. 11 0.13 024%  -536% 1.02 | 1.83% 22.28%  1.61
(UDTM W/FES 5 0.11 0.77%  17.95% 012 | 048%  -3.95%  0.71
>FST™M) 18 0.11 0.82% -351% 034 | 035% -2.47%  -0.48

3 0.09 4.95%  20.62% 038 | 0.82%  -526% 221

13 0.09 0.31%  0.03% 020 | -0.38% -2.28%  -0.48

10 0.07 0.65% -059% -0.54 | 1.61%  -1.05%  1.88

19 0.04 0.83%  -445% 000 | -0.15% -2.50%  0.10

Average 0.16 1.04%  098% 1.72 | 1.44%  -1.96%  1.00

Stdev 0.09 1.87%  864% 298 | 132%  7.50%  0.85

6 -0.02 0.84%  3.46% -0.93 | 1.22%  117%  -0.03

RS 8 -0.05 265%  1.78% -2.15 | -3.63%  3.37%  -2.59
(UDTM WIFES 1 -0.17 293% 19.23% -7.16 | -437%  7.95%  -4.98
<FSTM) | Average -0.08 2.14%  8.16% -3.41 | -2.26%  4.17%  -2.53
Stdev 0.08 1.13%  9.63% 3.30 | 3.04%  3.46%  2.48
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: January 29, 2016

TO: Brian Knarr

FROM: University of Delaware IRB

STUDY TITLE: [855339-1] Response to feedback during treadmill walking with a real-time

adaptive speed controller

SUBMISSION TYPE: New Project
ACTION: APPROVED
APPROVAL DATE: January 29, 2016
EXPIRATION DATE: January 28, 2017
REVIEW TYPE: Expedited Review

REVIEW CATEGORY:  Expedited review category # (4,6,7)

Thank you for your submission of New Project materials for this research study. The University of
Delaware IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit
ratio and a study design wherein the risks have been minimized. All research must be conducted in
accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: June 27, 2016

TO: Brian Knarr

FROM: University of Delaware IRB

STUDY TITLE: [855339-2] Response to feedback during treadmill walking with a real-time

adaptive speed controller

SUBMISSION TYPE: Amendment/Modification

ACTION: APPROVED
APPROVAL DATE: June 27, 2016
EXPIRATION DATE: January 28, 2017
REVIEW TYPE: Full Committee Review

REVIEW CATEGORY: **This amendment has changed the review type from Expedited to Full board
review.

Thank you for your submission of Amendment/Modification materials for this research study. The
University of Delaware IRB has APPROVED your submission. This approval is based on an appropriate
risk/benefit ratio and a study design wherein the risks have been minimized. All research must be
conducted in accordance with this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: January 24, 2017

TO: Jill Higginson

FROM: University of Delaware IRB

STUDY TITLE: [855339-3] Response to feedback during treadmill walking with a real-time

adaptive speed controller

SUBMISSION TYPE: Continuing Review/Progress Report

ACTION: APPROVED
APPROVAL DATE: January 24, 2017
EXPIRATION DATE: January 28, 2018
REVIEW TYPE: Full Committee Review

Thank you for your submission of Continuing Review/Progress Report materials for this research study.
The University of Delaware IRB has APPROVED your submission. This approval is based on an
appropriate risk/benefit ratio and a study design wherein the risks have been minimized. All research
must be conducted in accordance with this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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DATE:

TO:

FROM:

STUDY TITLE:

|
SUBMISSION TYPE:

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

REVIEW CATEGORY:

SITYor
EIAWARE

REsEarRcH OFFICE 210 Hullihen Hall
Uni ty of Delaware

N Delaware 19716-1551
- 831-2136

Fax: 302/831-2828

January 11, 2018
Jill Higginson
University of Delaware IRB

[855339-4] Response to feedback during treadmill walking with a real-time
adaptive speed controller

Continuing Review/Progress Report
Approved for Data Analysis Only
January 11, 2018

January 28, 2019

Expedited Review

Expedited review category # (8)

Thank you for your submission of Continuing Review/Progress Report materials for this research study.
The University of Delaware IRB has APPROVED your submission. This approval is based on an
appropriate risk/benefit ratio and a study design wherein the risks have been minimized. All research
must be conducted in accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: January 11, 2019

TO: Jill Higginson

FROM: University of Delaware IRB

STUDY TITLE: [855339-5] Response to feedback during treadmill walking with a real-time

adaptive speed controller

SUBMISSION TYPE: Continuing Review/Progress Report

ACTION: Approved for Data Analysis Only
APPROVAL DATE: January 11, 2019
EXPIRATION DATE: January 28, 2020
REVIEW TYPE: Expedited Review

REVIEW CATEGORY:  Expedited review category # (8)

Thank you for your submission of Continuing Review/Progress Report materials for this research
study. The University of Delaware IRB has APPROVED your submission. This approval is based on an
appropriate risk/benefit ratio and a study design wherein the risks have been minimized. All research
must be conducted in accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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Institutional Review Board

IVERSITY 4 210H Hullihen Hall
()l Newark, DE 19716

Phone; 302-831-2137
EIA\/VARE Fax: 302-831-2823

DATE: December 13, 2019

TO: Jill Higginson

FROM: University of Delaware IRB

STUDY TITLE: [855339-6] Response to feedback during treadmill walking with a real-time

adaptive speed controller
SUBMISSION TYPE: Closure/Final Report

ACTION: CLOSED
EFFECTIVE DATE: December 13, 2019

The University of Delaware Institutional Review Board (UD IRB) has CLOSED this project. All research
activities, including enroliment of participants, interaction with subjects, and data collection must stop. The
continuation of research without IRB approval is a violation of federal regulations as well as UD policy.

In compliance with applicable federal regulations and UD policy and procedures, all records associated
with this project, must be retained for three (3) years from the closure date. Records must be retained in a
manner consistent with your approved protocol. If the study Pl leaves the University of Delaware prior to
the end of the retention requirement, study records must remain at the University.

If you have any questions, please contact the UD IRB Office at (302) 831-2137 or via email at hsrb-
research@udel.edu. Please include the study title and reference number in all correspondence with this
office.

INSTITUTIONAL REVIEW BOARD

www.udel.edu
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: October 24, 2017

TO: Jill Higginson, PhD

FROM: University of Delaware IRB

STUDY TITLE: [1120761-2] Fixed Speed and User-Driven Treadmill Walking with Induced
Gait Asymmetries

SUBMISSION TYPE: Revision

ACTION: APPROVED

APPROVAL DATE: October 24, 2017

EXPIRATION DATE: October 17, 2018

REVIEW TYPE: Full Committee Review

REVIEW CATEGORY: Full Board

Thank you for your submission of Revision materials for this research study. The University of Delaware
IRB has APPROVED your submission. This approval is based on an appropriate risk/benefit ratio and a
study design wherein the risks have been minimized. All research must be conducted in accordance with
this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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EIAWARE RESEARCH OFFICE 210 Hullihen Hall

Uni ty of Delaware

N Delaware 19716-1551
I 831-2136

Fax: 302/831-2828

DATE: May 3, 2018

TO: Jill Higginson, PhD

FROM: University of Delaware IRB

STUDY TITLE: [1120761-4] Fixed Speed and User-Driven Treadmill Walking with Induced
Gait Asymmetries

SUBMISSION TYPE: Amendment/Modification

ACTION: APPROVED
APPROVAL DATE: May 3, 2018
EXPIRATION DATE: October 17, 2018
REVIEW TYPE: Full Committee Review

Thank you for your submission of Amendment/Modification materials for this research study. The
University of Delaware IRB has APPROVED your submission. This approval is based on an appropriate
risk/benefit ratio and a study design wherein the risks have been minimized. All research must be
conducted in accordance with this approved submission.

This submission has received Full Committee Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.
Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: June 26, 2018

TO: Jill Higginson, PhD

FROM: University of Delaware IRB

STUDY TITLE: [1120761-5] Fixed Speed and User-Driven Treadmill Walking with Induced
Gait Asymmetries

SUBMISSION TYPE: Amendment/Modification

ACTION: APPROVED
APPROVAL DATE: June 26, 2018
EXPIRATION DATE: October 17, 2018
REVIEW TYPE: Expedited Review

REVIEW CATEGORY:  Expedited review per 45 CFR 46.110 (b) (2)

Thank you for your submission of Amendment/Modification materials for this research study. The
University of Delaware IRB has APPROVED your submission. This approval is based on an appropriate
risk/benefit ratio and a study design wherein the risks have been minimized. All research must be
conducted in accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.
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- SITY or
EIAWARE RESEARCH OFFICE 210 Hullihen Hall

University of Delaware
Delaware 19716-1551
831-2136

Fax: 302/831-2828

DATE: October 9, 2018

TO: Jill Higginson, PhD

FROM: University of Delaware IRB

STUDY TITLE: [1120761-6] Fixed Speed and User-Driven Treadmill Walking with Induced
Gait Asymmetries

SUBMISSION TYPE: Continuing Review/Progress Report

ACTION: APPROVED
APPROVAL DATE: October 9, 2018
EXPIRATION DATE: October 17, 2019
REVIEW TYPE: Expedited Review

REVIEW CATEGORY:  Expedited review category # (9)

Thank you for your submission of Continuing Review/Progress Report materials for this research
study. The University of Delaware IRB has APPROVED your submission. This approval is based on an
appropriate risk/benefit ratio and a study design wherein the risks have been minimized. All research
must be conducted in accordance with this approved submission.

This submission has received Expedited Review based on the applicable federal regulation.

Please remember that informed consent is a process beginning with a description of the study and
insurance of participant understanding followed by a signed consent form. Informed consent must
continue throughout the study via a dialogue between the researcher and research participant. Federal
regulations require each participant receive a copy of the signed consent document.

Please note that any revision to previously approved materials must be approved by this office prior to
initiation. Please use the appropriate revision forms for this procedure.

All SERIOUS and UNEXPECTED adverse events must be reported to this office. Please use the
appropriate adverse event forms for this procedure. All sponsor reporting requirements should also be
followed.

Please report all NON-COMPLIANCE issues or COMPLAINTS regarding this study to this office.

Please note that all research records must be retained for a minimum of three years.

Based on the risks, this project requires Continuing Review by this office on an annual basis. Please use
the appropriate renewal forms for this procedure.
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Institutional Review Board

IVERSI’TY G 210H Hullihen Hall
OF Newark, DE 19716

Phone: 302-831-2137
EIA\/VARE Fax: 302-831-2328

DATE: September 17, 2019

TO: Jill Higginson, PhD

FROM: University of Delaware IRB

STUDY TITLE: [1120761-7] Fixed Speed and User-Driven Treadmill Walking with Induced
Gait Asymmetries

SUBMISSION TYPE: Continuing Review/Progress Report

ACTION: APPROVED
APPROVAL DATE: September 17, 2019
EXPIRATION DATE: October 17, 2020
REVIEW TYPE: Expedited Review

REVIEW CATEGORY: Expedited review category # (9)

Thank you for your Continuing Review/Progress Report submission to the University of Delaware
Institutional Review Board (UD IRB). The UD IRB has reviewed and APPROVED the proposed research
and submitted documents via Expedited Review in compliance with the pertinent federal regulations.

As the Principal Investigator for this study, you are responsible for and agree that:

« All research must be conducted in accordance with the protocol and all other study forms as
approved in this submission. Any revisions to the approved study procedures or documents must
be reviewed and approved by the IRB prior to their implementation. Please use the UD amendment
form to request the review of any changes to approved study procedures or documents.

Informed consent is a process that must allow prospective participants sufficient opportunity to
discuss and consider whether to participate. IRB-approved and stamped consent documents must
be used when enrolling participants and a written copy shall be given to the person signing the
informed consent form.

Unanticipated problems, serious adverse events involving risk to participants, and all non-
compliance issues must be reported to this office in a timely fashion according with the UD
requirements for reportable events. All sponsor reporting requirements must also be followed.

Oversight of this study by the UD IRB REQUIRES the submission of a CONTINUING REVIEW seeking
the renewal of this IRB approval, which will expire on October 17, 2020. A continuing review/progress
report form and up-to-date copies of the protocol form and all other approved study materials must be
submitted to the UD IRB at least 45 days prior to the expiration date to allow for the required IRB review
ofthat report.

If you have any questions, please contact the UD IRB Office at (302) 831-2137 or via email at hsrb-

research@udel.edu. Please include the study title and reference number in all correspondence with this
office.
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IRB APPROVED PROTOCOLS
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HUMAN SUBJECTS PROTOCOL
University of Delaware

Protocol Title: Response to feedback during treadmill walking with a real-time adaptive speed
controller.

Principal Investigators

Name: Jill S. Higginson, PhD

Department/Center: Delaware Rehabilitation Institute
Contact Phone Number: (302) 831-6622

Email Address: higginso@udel.edu

Investigator Assurance:

By submitting this protocol, | acknowledge that this project will be conducted in strict accordance
with the procedures described. | will not make any modifications to this protocol without prior
approval by the IRB. Should any unanticipated problems involving risk to subjects occur during this
project, including breaches of guaranteed confidentiality or departures from any procedures
specified in approved study documents, | will report such events to the Chair, Institutional Review
Board immediately.

1. Is this project externally funded? O YES X No

If so, please list the funding source:

2. Research Site(s)

X University of Delaware

O Other (please list external study sites)

Is UD the study lead? X YES O NO (If no, list the institution that is serving as the study
lead)

3. Project Staff
Please list all personnel, including students, who will be working with human subjects on this
protocol (insert additional rows as needed):

NAME ROLE HS TRAINING COMPLETE?
Jill S. Higginson Investigator Yes
Nicole Ray Graduate Student Yes
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4. Special Populations
Does this project involve any of the following:

Research on Children? No
Research with Prisoners? No
If yes, complete the Prisoners in Research Form and upload to IRBNet as supporting documentation

Research with Pregnant Women? No

Research with any other vulnerable population (e.g. cognitively impaired, economically
disadvantaged, etc.)? No

5. RESEARCH ABSTRACT Please provide a brief description in LAY language (understandable to
an 8" grade student) of the aims of this project.

Stroke is the third leading cause of death and the primary cause of long term disability in the U.S .,
affecting approximately 795,000 people each year'. Hemiparesis, or unilateral weakness, is common
after stroke and responsible for changes in muscle activation and movement patterns as well as
declines in walking speed?2. It has been shown that increased walking speed directly corresponds to
a higher quality of life in older adults and therefore, is often the ultimate goal of motor rehabilitation
after stroke*®. Treadmill based therapies that incorporate partial body weight support and functional
electrical stimulation have proven to be effective means of increasing walking speed after stroke 81°.
It has been shown, however, that gait mechanics, including braking forces and joint-centered
moments, are significantly different for overground and normal treadmill walking®. These findings
warranted an innovative solution that solicits motion more similar to overground walking and in
response, an adaptive, user-driven control scheme was developed. This software control strategy
uses the user's push-off force and foot position on the treadmill to adjust walking speed. The
purpose of this study is to determine if the new adaptively controlled treadmill allows users to employ
gait mechanics more similar to overground walking during treadmill-based post-stroke therapies.
Both healthy adults and stroke survivors will be recruited to participate in this study. Participants will
be asked to walk on a treadmill at a variety of speeds ranging from each subjects’ slowest to fastest
walking speed. Subjects will be asked to alter (in a safe and controlled manner) their walking pattern
and forces during walking in response to feedback. The feedback and required changes to subjects
walking pattern will be focused on a joint angle (such as the amount of knee bending while walking)
or force (such as the amount of force applied on the handrail or ground while walking). During some
trials, an adaptive controller software will smoothly adjust the speed of the treadmill to match the
subject’s actual walking speed based on the user’s location on the treadmill belts and push-off force
during gait. This controller will be constrained to only safe walking speeds for the subject. Motion
analysis (i.e., high-speed video and force plate data) of the subjects will be used to measure motion
of the body segments, to calculate joint reaction forces and joint angles. Based on preliminary data
collected with healthy adults, we hypothesize that the users will use gait mechanics that are no more
different from overground walking than normal treadmill walking.
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