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ABSTRACT 

 

While increased walking speeds are often key outcomes of poststroke 

rehabilitation, the success of poststroke locomotor training vary widely, and there is 

currently no consensus on the most effective method of poststroke gait rehabilitation. 

To improve the standard of care for poststroke rehabilitation, we propose the 

combination of novel, user-driven treadmill (UDTM) control and functional electrical 

simulation (FES) of the paretic ankle musculature. To examine the incremental effect 

of these elements, we determined the response of healthy adults to the UDTM control 

as well as the response of stroke survivors to UDTM control and FES. Since paretic 

anterior ground reaction forces (AGRF) and trailing limb angles (TLA) are key 

determinants of increased walking speed after stroke, we examined the walking 

speeds, AGRF, and TLA of individuals with each intervention element. Healthy adults 

increased their self-selected (SS) walking speeds by 0.14 m/s (p < 0.0001) and fastest 

comfortable (FAST) speeds by 0.19 m/s (p < 0.0001) instantly with UDTM control 

compared to fixed speed treadmill (FSTM) control. They achieve these speeds by 

increasing AGRF and TLA, which is promising for translation to poststroke training. 

With UDTM control and paretic limb FES, individuals poststroke instantly increased 

their SS speeds by 0.13 m/s (p = 0.0031) and FAST speeds by 0.12 m/s (p = 0.0001). 

They did so by increasing their AGRF and TLA bilaterally. By walking at FAST 

speeds with UDTM control and paretic limb FES, participants poststroke were able to 

increase their training speeds by 0.25 m/s on average compared to the FSTM control 

condition. Increased training speeds have been tied to improved function after 

rehabilitation, and a review of studies with treadmill-based training after stroke 
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showed average changes in speed of only 0.06 m/s after 4 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 a very promising option 

to improve poststroke rehabilitation. We expect this type of intervention would result 

in comparable if not greater gains in walking speed. Future work will examine the 

individual responses of participants to resolve the within-group variation as well as 

examine the carry over effects of multiple training sessions to optimize the 

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



1 

 

Chapter 1 

INTRODUCTION  

Impact of Stroke and Current State of Rehabilitation 

 

Nearly 800,000 Americans are affected by stroke each year, and on average, 

one stroke occurs every 40 seconds [1]. After a stroke, unilateral weakness often 

changes a personôs muscle activation and movement patterns as well as decreases their 

walking speeds [2]. Since increased walking speed directly corresponds to improved 

quality of life for community-dwelling older adults, it is often a key outcome of 

poststroke rehabilitation [3]ï[5]. After completing treadmill-based gait training 

programs, stroke survivors able to walk before treatment increased their walking 

speeds by 0.06 m/s on average, which is a statistically significant, but not clinically 

meaningful, difference [6]. Due to these marginal gains, many stroke survivors are 

unable to return to community ambulation after rehabilitation [7]ï[9]. Therefore, 

novel treadmill-based gait training paradigms have been designed to increase the post-

treatment gains in walking speed for stroke survivors. 

 

One such treadmill-based gait training paradigm is FastFES, which combines 

fast treadmill walking with functional electrical stimulation (FES) of the paretic ankle 

plantarflexor and dorsiflexor muscles [10]. While FastFES boasts improved outcomes 

over standard treadmill-based gait training for some participants, it primarily benefits 

users who are able to modulate their push-off forces before training [11]. This can be 



2 

 

difficul t for stroke survivors due to the changes in their muscle activation patterns that 

result from the stroke, and training tools that benefit a larger portion of the poststroke 

population are required. 

 

One promising class of tools used for both upper and lower extremity 

rehabilitation after stroke includes active training principles. An active training 

program is one that requires and responds directly to user input [12]. For example, 

user-driven treadmill (UDTM) control, also called self-paced treadmill control, is an 

application of active training principles that can be used in locomotor rehabilitation. 

While traditional fixed speed treadmill (FSTM) walking imposes a pre-defined belt 

speed, UDTM control allows the user to manipulate the treadmillôs belt speed in real-

time by altering their gait mechanics or position within the training space. Active 

training in rehabilitation via UDTM walking has been shown to  improve motor 

performance of healthy adults [13] and repetitive task training increases walking speed 

for stroke survivors [14]. Therefore, we anticipate the addition of UDTM walking to 

poststroke gait training will promote improved motor performance for stroke survivors 

with varied levels of pre-training function. 

 

Treadmill Walking for Poststroke Rehabilitation  

 

During rehabilitation, clinical tasks are recommended to be as realistic and 

complex as possible to maximize the cognitive load as well as carry-over effects and 

patient sensitivity to training [15]ï[18]. Dual task walking (DTW) studies are a unique 

body of work that examine the paired effects of cognitive and locomotor performance. 
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DTW can be used with either overground or treadmill walking, and when used for 

training, it requires individuals to 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 letter [17]. Overground 

DTW results in clinically meaningful improvements in walking speed and overall 

function for individuals with neurological injury [15]. However, when DTW is 

performed on a fixed speed treadmill (FSTM), the functional benefits become 

negligible [19]. This suggests the FSTM treadmill control may be the cause of the 

diminished performance, and preliminary studies that combine DTW with user-driven 

treadmill (UDTM) control show benefits comparable to overground DTW [20]. This 

suggests that simply changing the treadmill control algorithm to require and respond 

to user input can promote substantial improvements in treadmill-based training 

outcomes. 

 

Previous studies with UDTM control have utilized schemes based primarily on 

user position and spatiotemporal parameters without implementing force, or inertial, 

based, control. Implementing force-based control allows a UDTM algorithm to 

directly respond to changes in measures of forward propulsion, such as anterior 

ground reaction forces, which are crucial for increased walking speed after stroke [21]. 

Training with FSTM control can increase cortical reorganization and motor learning 

for stroke survivors [22], and UDTM training can increase cortical activity in healthy 

adults compared to FSTM training [23]. 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 
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allows users to respond 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 change to the clinic or laboratory setup. UDTM walking also allows 

greater stride-to-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 without significant 

changes to their stride length and width, joint kinematics, moments and powers [13], 

[26]. Since stroke survivors often struggle to generate forward propulsion, 

incorporating force-based parameters in the UDTM control may promote increased 

walking speeds after rehabilitation. Increased speeds are indicative of improved 

quality of life for older adults [3], and therefore, these findings suggest UDTM control 

can be a beneficial addition to poststroke gait training. 

 

Implementing UDTM control may be an effective means of enhancing motor 

learning and soliciting improved functional performance from individuals poststroke 

who are candidates for locomotor rehabilitation. High-intensity and repetitive task-

specific practice are the leading strategies for stroke rehabilitation [14], but FSTM 

walking uses passive training principles that operate independent of user input and are 

often automated in some way. This means they require little cognitive engagement of 

the user [23], and examples of passive training in rehabilitation include passive 

therapist-guided range of motion exercises, FSTM walking, and some robot-assisted 

training schemes. In treadmill-based gait training, passive training via FSTM walking 

promotes increased interlimb symmetry in spatio-temporal parameters compared to 
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overground walking for individuals poststroke [27], but it limits stride-to-stride 

variability for healthy adults [28]. Since stride-to-stride variability is critical to motor 

learning after stroke, implementing active training, which requires 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 been implemented in a variety of ways 

from improving balance during standing [29] to increasing walking function [10]. The 

combination of fast FSTM walking and FES of the paretic limb (FastFES) has resulted 

in greater peak anterior ground reaction forces (AGRF) and trailing limb angles (TLA) 

compared to either fast treadmill walking or FES alone [10]. These findings inspired 

the design of interventions to target specific poststroke impairments. During FastFES 

training, FES was applied to the paretic ankle dorsiflexor and plantarflexor muscles 

and resulted in increased forward propulsion, toe clearance, and walking function [30]. 

Applying FES to both muscle groups also promotes improvements in gait mechanics 

such as increased swing phase knee flexion and ankle plantarflexion at toe-off [31]. 

The FastFES training paradigm can also reduce the mechanical energy expenditure of 

stroke survivors during gait [32]. Despite its success with some stroke survivors, the 

FastFES training program does not benefit all users [11]. For example, participants 

who were not able to modulate their AGRF to increase walking speeds at baseline did 

not benefit from FastFES training [11]. Since the proposed UDTM controller in this 

work would respond to changes in user gait mechanics, propulsive forces, and location 
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on the treadmill instantly, we expect combining this novel UDTM controller with the 

FastFES protocol will  allow more users to increase their walking speeds and improve 

gait mechanics. In the future, training for extended periods of time with this 

combination of tools may improve the quality of life after rehabilitation. 

 

Specific Aims 

 

The goal of this work is to supplement the FastFES protocol with UDTM 

control to implement 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 control and then investigate 

the response of stroke survivors to a combination of UDTM control and FES. 

Specifically, we will: 

 

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

during FSTM and UDTM walking 

 

o Hypothesis: Participants will select similar speeds with 

FSTM and UDTM control. If individuals select similar 

speeds in the two TM control conditions, then they will use 

similar gait mechanics. 
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When given active control of their walking speed, we expect healthy adults 

will choose walking speeds on the UDTM that are similar to their FSTM speeds. Since 

healthy adults typically select speeds with FSTM control that are approximately 0.30 

m/s less than their overground speeds [33], we expect them to do the same with 

UDTM control since they are still in a treadmill-based training environment. However, 

if the participants do change their walking speeds between the FSTM and UDTM 

control conditions, we anticipate they will change their push-off forces and step length 

via TLA to change their speeds. In that case, we would expect any change in speed, 

not the treadmill controller itself, to drive the changes in an individualôs gait 

mechanics.  

 

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

survivors during FSTM and UDTM walking 

 

o Hypothesis: Previous work showed young, healthy adults 

selected faster SS and FAST speeds with UDTM control 

compared to FSTM control. Therefore, we hypothesize that 

participants will select faster speeds with UDTM control, 

but their speeds in both the FSTM and UDTM conditions 

would be less than their overground speeds. If individuals 

increase their walking speeds with UDTM control, we 

expect them to do so by increasing their paretic and non-
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paretic AGRF, posterior ground reaction force (PGRF), & 

TLA 

 

Since increased walking speeds are often the ultimate goal of poststroke gait 

training, the UDTM control responds to propulsion via push-off forces. The UDTM 

controller directly rewards changes in propulsion and step length with changes in step 

length, and therefore we anticipate stroke survivors will walk faster with UDTM 

control by using greater paretic push-off forces and trailing limb angles than during 

fixed-speed treadmill walking. As with the healthy adults, we expect any changes in 

mechanics to result from differences in walking speed rather than changes in treadmill 

control. 

 

¶ Aim 3: Evaluate response of stroke survivors to the combination of 

walking with UDTM control and paretic limb FES.  

 

o Hypothesis: Participants will select faster speeds with 

UDTM control and FES compared to FSTM control alone. 

If this occurs, we expect participants will increase their 

walking speeds during exposure by increasing their AGRF, 

PGRF, & TLA  bilaterally. 
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When FES is applied unilaterally to the paretic plantarflexor and dorsiflexor 

muscles of stroke survivors during UDTM walking, we expect individuals to increase 

their walking speeds by increasing their push-off forces and trailing limb angle for the 

paretic limb. The UDTM control will allow individuals to instantly utilize their 

augmented paretic ankle function 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.  
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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 user-driven treadmill 

(UDTM) control and functional electrical stimulation (FES) of the paretic ankle 

musculature. We examined the response of healthy adults to the 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 

the three aims of this study, this section will examine the development of each tool as 

well as detailed information on how outcome measures were assessed. However, for 

the user-driven treadmill control algorithm, we will only explore the primary 

processes here. Detailed information on 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 combines three different 

control paradigms and adjusts the belt speeds in real-time based on measurements 

from the instrumented treadmill alone. With this controller, the motion capture 

software is used to relay real-time force and center of pressure data to MATLAB (The 

MathWorks Inc., Natick, MA) for speed calculations. Unlike many previous user-

driven or self-pacing algorithms, 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 one system to 

another.  

 

All real-time speed calculations are performed in a user-defined protocol 

which sends belt speed commands directly to the Bertec control software (Bertec 

Corp., Columbus, OH). In this work, the input of each belt is weighted equally, and 

the treadmillôs real-time speed is calculated as the average of the predicted left and 

right belt speed. In future work, this weighting can be adjusted easily to emphasize the 

performance of a stroke survivorôs affected limb during training. In addition, three 

smoothing coefficients are used to ensure changes in speed are gradual and feel 

natural.  

 

1. Force-Based Control: The integral of the anterior-posterior ground 

reaction force (APGRF) for each limb during stance is used to 

determine if participants intend to speed up or slow down. The change 

in speed are proportional to the net change in forward propulsion. The 

stance phase of each limb occurs between the instants of heel strike 

(HS) and toe-off (TO, Equation 2.1). 

 

ЎίὴὩὩὨ θ  ᷿ ὃὖὋὙὊ Ὠὸ  Equation 2.1 
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¶ 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.  

¶ The opposite is true as well. The controller will decrease speed if 

the user generates a greater posterior GRF integral.  

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

zero.  

 

2. Gait Parameter Based Control: In this control algorithm, changes in 

step length from one step to the next are used to determine speed. The 

change in speed is proportional to the change in step length between 

two consecutive steps (Equation 2.2), and step length is calculated 

using center of pressure (CoP) measurements at the instant of heel 

strike (HS, Equation 2.3).  

 

ὛὸὩὴὒὩὲὫὸὬ  ὅὕὖȟ ȟ  ὅὕὖȟ ȟ  Equation 2.2 

 

ЎίὴὩὩὨ ᶿЎὛὸὩὴὒὩὲὫὸὬ ὛὸὩὴὒὩὲὫὸὬ  ὛὸὩὴὒὩὲὫὸὬ  

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

UDTM control will compute an increase in speed. 

¶ If the user decreases their step length, the controller will require a 

speed decrease. 

¶ If there is no change in step length between consecutive steps, then 

the gait parameter control will not contribute any change to the real-

time speed calculations.  

 

3. Position Based Control: The position of the user relative to the 

treadmill environment is also used to determine speed in real-time. The 

position of the userôs center of mass (CoM) is estimated as the 

midpoint between the centers of pressure at heel strike (Equation 2.4). 

Anterior-posterior translation of the estimated CoM position relative to 

the treadmill results in a speed change (Equation 2.5). In addition, the 

further the position of the CoM deviates from the center of the 

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

calculation and the greater the change in belt speed.  

 

ὅέὓ ρ
ςὅέὖȟ ὅέὖȟ   Equation 2.4 
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ЎίὴὩὩὨ ᶿὝὓ ὅέὓ  Equation 2.5 

 

¶ If the estimate of CoM position moves anteriorly, toward the front 

of the treadmill, the treadmill belts will speed up.  

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

treadmill, the belts will slow down. 

¶ If the CoM position is estimated to 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 Real-Time Speed Calculations 

 

 When initiated, the UDTM control requires researchers to enter a starting 

speed and the userôs mass in kilograms. The belts speeds then ramp up to the starting 

speed and hold that speed for 10 seconds. After those 10 seconds, the adaptive 

controller takes over and users are able to adjust the belts speeds with their gait 

mechanics and position relative to the treadmill.   

 

 The UDTM algorithm runs two speed calculation loops in tandem (Figures 1 - 

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

capture software at 100 Hz. One loop is used for each belt, and each loop operates 
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during the stance phase of the foot on that belt. Once the foot is no longer in contact 

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

and position are entered into the controller cost function. Smoothing coefficients are 

used to make sure changes in speed feel natural. Then, the controller sends the speed 

change command to the treadmill with maximum belt accelerations limited to 0.20 

m/s2. This provides an updated speed every ½ 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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Figure 1: Diagram of user-driven treadmill (UDTM) control algorithm. Note the bold 

blocks link to or from the Stance and Swing Loops 
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Figure 2: Diagram of the Stance Loop sequence. Note the bold blocks link to the 

UDTM control algorithm diagram. 
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Figure 3: Diagram of the Swing 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 adjusted to the needs of individual participants  [31], [34], [35]. The 

following sections detail the FES procedures used in this work. 

 

Stimulation Application Points 

 

 FES was applied to the affected ankle musculature to increase forward 

propulsion and assist in toe clearance during swing. The combination of ankle 

plantarflexor and dorsiflexor FES has been shown to increase peak push-off forces, 

decrease the magnitude of braking forces, and reduce mechanical energy expenditure 

during gait compared to dorsiflexor stimulation alone [31], [36].  

 

For the ankle plantarflexors, two 4ò x 2ò foam electrodes were placed over the 

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, about 1 to 2ò below the knee joint. The second electrode 

was then placed about İ to 1ò below the first. FES was applied to the ankle 

plantarflexors to augment the individualôs paretic push-off forces and assist with 

forward propulsion.  
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For the ankle dorsiflexors, two 2ò x 2ò foam electrodes were placed over the 

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 tibialis anterior and the second was placed approximately İò to 1ò 

below the first. The paretic ankle dorsiflexors were stimulated during swing to 

augment ankle dorsiflexion and reduce drop. Electrodes were placed to provide pure 

ankle dorsiflexion with minimal ankle inversion 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 millisecond trains 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 fatigue [34].  

 

The amplitude 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 of their weight to the non-paretic limb while keeping the paretic foot flat 

on the floor. Once the electrodes were placed, the stimulation amplitude was increased 

until the participantôs paretic heel lifted of the ground and their knee flexed. For the 

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, FES was cued using bilateral footswitches. A force resistive 

sensor (Adafruit Industries, New York, NY) was placed under the 5th metatarsal head 

and the lateral edge of the heel, approximately 1 to 2ò anterior to the posterior edge of 

the heel. The state of each 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 pressed, 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 pressed, 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 participantôs unique foot strike pattern, the logic sequence that yielded the 

most precise timing 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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1. Version 1: Plantarflexor stimulation pulses were applied when the 

paretic Toe and non-paretic Heel sensors were both pressed. The 

dorsiflexors were stimulated any time the paretic limb was off the 

ground and the non-paretic limb was on the ground. The dorsiflexor 

FES was applied regardless of what part of the non-paretic foot was in 

contact with the ground (Table 1).  

 

 

Table 1: FES logic version 1 

 

 

 

 

2. Version 2: The plantarflexor FES was applied when the paretic foot 

was in either the Toe or Foot position and the non-paretic foot was in 

the Heel position. As before, the dorsiflexors were stimulated when 

only the non-paretic foot was on the ground (Table 2).  
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Table 2: FES logic version 2 

 

 

 

 

3. 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/non-paretic Heel timing window. 

Therefore, the final version of FES logic cues 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 participants 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 non-paretic foot was in 

contact with the ground (Table 3).  
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Table 3: FES logic version 3 

 

 

 

 

Outcome Measures 

 

Since increased walking speeds are often one of the key outcomes of 

poststroke rehabilitation [3], [37], it is a crucial outcome measure for this work. In 

addition, paretic 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, 

peak anterior and posterior ground reaction forces, and trailing limb angles. 

 

Walking Speed 

 

In this work, individuals walked overground, with FSTM control, and with 

UDTM control at their self-selected (SS) and fastest comfortable (FAST) speeds. A 

detailed description of how individuals indicated their preferred speeds in each 

condition are described below. In all treadmill-based conditions, individuals were 
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allowed to use a light touch on the handrails to stabilize themselves but encouraged to 

minimize their reliance on them. 

 

Treadmill Control Conditions  

 

¶ Overground: Participants completed a 10-meter walking test three 

times, and their average preferred speed was recorded. The 10-

meter walking test included a 2-meter acceleration zone, 2-meter 

deceleration zone, and a 6-meter timed zone in the center. 

Participants were instructed to walk at their comfortable self-

selected (SS) speeds as if they were walking down a hallway. 

 

¶ Fixed Speed Treadmill (FSTM) Control: In the FSTM control 

conditions, the treadmill was first set to the individualôs preferred 

overground speed. Then, the researchers increased or decreased the 

treadmill speed by 0.05 m/s until the participantôs preferred speed 

was reached.  

o In the 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 were beyond 
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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 For the FAST speed condition, the belt speed was initially 

set to the preferred overground speed. Then, the speed was 

incremented by ± 0.05 m/s until the participant indicated 

they had reached the fastest speed they could comfortably 

maintain for 1 to 2 minutes. As with the SS speed condition, 

researchers then further increased the treadmill belt 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, and data were collected for 1 minute.  

 

¶ User-Driven Treadmill (UDTM) Control: The user-driven 

controller initially runs at a fixed speed for 10 seconds. Individuals 

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 individuals do not 

typically maintain a perfectly constant speed with the UDTM 
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controller, we required them to stay within ± 0.20 m/s of the 

original target speed. If the participant drifted slightly outside this 

target region, researchers would guide them back using 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 achieved their preferred walking speeds in each 

treadmill and speed condition. The individualôs peak anterior and posterior ground 

reaction forces were examined to determine if individuals modulated their walking 

speeds by modulating how much they pushed off with their trailing limb or how hard 

they braked with the leading limb. In addition, the position of the trailing limb at the 

instant of peak push-off was measured. The trailing limb angle (TLA) was measured 

as the angle between the vertical axis of the lab and a vector connecting virtual hip 

joint center and the 5th metatarsal head. This measure is a surrogate for step length and 

allows the analysis of both propulsive mechanics and limb position. With these 

measures, we evaluated the trade-off between kinetics and kinematics during speed 

selection.  



28 

 

Chapter 3 

RESPONSE OF HEALTHY ADULTS TO USER-DRIVEN TREADMILL 

CONTROL  (PUB: 2018) 

(Ray, Knarr, and Higginson, 2018) 

 

Abstract 

 

Implementing user-driven treadmill control in gait training programs for 

rehabilitation may be an effective means of enhancing motor learning and improving 

functional performance. This study aimed to determine the effect of a user-driven 

treadmill control scheme on walking speeds, anterior ground reaction forces (AGRF), 

and trailing limb angles (TLA) of healthy adults. Twenty-three participants completed 

a 10-meter overground walking task to measure their overground self-selected (SS) 

walking speeds. Then, they walked at their SS and fastest comfortable walking speeds 

on an instrumented split-belt treadmill  in its fixed speed treadmill (FSTM) and user-

driven treadmill (UDTM) control modes. The UDTM controller combined inertial-

force, gait parameter, and position-based control to adjust the treadmill belt speed in 

real-time. Walking speeds, peak AGRF, and TLA were compared among test 

conditions using paired t-tests (a = 0.05). Participants chose significantly faster SS and 

fast walking speeds in the UDTM mode than the FSTM mode (p < 0.0001). There was 

no significant difference between the overground SS walking speed and the SS speed 

from the UDTM trials (p = 0.7816). Changes in AGRF and TLA were caused 

primarily by changes in walking speed, not the treadmill controller. Our findings show 

the UDTM controller allowed participants to select walking speeds faster than their 

chosen speeds on the FSTM and similar to their overground speeds. Since UDTM 
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walking increases cognitive activity and natural mobility, these results suggest UDTM 

control would be a beneficial addition to current gait training programs for 

rehabilitation. 

 

Introduction  

 

Treadmill-based gait training is one clinical intervention used to promote 

walking function for individuals with cerebral palsy, osteoarthritis, or hemiparesis due 

to stroke. It allows users to practice many repetitions of a cyclic motion in a controlled 

environment and is relatively cost effective [37]ï[39]. Since increased walking speed 

directly corresponds to improved quality of life for community-dwelling older adults, 

it is often a key outcome of rehabilitation [3], [5], [40], especially for individuals after 

stroke who may walk as slow as 0.5 m/s, classifying them as limited community 

ambulators [41], [42].  However stroke survivors able to walk before participating in 

rehabilitation may not achieve clinically meaningful increases in walking speed after 

treadmill-based gait training (Davg = 0.06 m/s) [6]ï[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 deficits [43], studies 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 letter [17]. Clinical tasks are recommended to be as realistic 

and complex as possible to maximize the cognitive load as well as carry-over effects 

and patient sensitivity to training [15]ï[18]. Overground DTW results in clinically 

meaningful improvements in walking speed and overall function for individuals with 

neurological injury [15]. Preliminary studies show DTW combined with user-driven 

treadmill control has benefits comparable to overground DTW [19], [20], which 

suggests including user-driven treadmill walking in gait training programs may 

promote improved walking function. Implementing user-driven treadmill control may 

be an effective means of enhancing motor learning and soliciting improved functional 

performance. High-intensity and repetitive task-specific practice are leading strategies 

for stroke rehabilitation [14], 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 symmetry in spatio-

temporal parameters compared to overground walking [27] but limits stride-to-stride 

variability which is critical to motor learning after stroke [28]. Therefore, 

implementing active training, which requires and responds to user input, through user-

driven treadmill control may provide a more beneficial and realistic environment for 

poststroke gait training.  

 

Active training in the form of user-driven treadmill (UDTM) control can 

increase cortical reorganization and motor learning for stroke survivors [44] as well as 

increase cortical activity in healthy adults [23]. In addition, UDTM walking promotes 

interactive participation, enhances natural mobility, and allows users to respond 

instantaneously to small gait disturbances that require volitional control [24], [25]. 
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Walking with UDTM control also allows greater stride-to-stride variability than fixed 

speed treadmill walking which is crucial for motor learning [13]. These findings 

suggest user-driven treadmill control would be a beneficial addition to poststroke gait 

training. During UDTM walking with various control schemes, healthy adults have 

walked at speeds similar to their overground walking speeds without significant 

changes to their stride length and width, joint kinematics, moments and powers [13], 

[26]. However, previous studies utilized UDTM control schemes based 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 treadmill (FSTM) training, UDTM speed 

control adjusts the speed of the treadmill belts in unison to match the userôs 

instantaneous walking speed. The objective of this study was to determine the effect of 

this novel UDTM controller on the usersô ability to actively select their walking 

speeds, generate propulsive forces, and modulate step length. We hypothesized that 

users would select similar walking speeds during overground, FSTM and UDTM 

walking. At consistent speeds, we expected that users would generate similar 

propulsive forces using similar mechanics. By quantifying the effect of the user-driven 

treadmill control on the healthy usersô gait mechanics, we will determined the 

potential for user-driven treadmill control in clinical poststroke gait training programs. 
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Methods 

Data Collection 

 

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. Only the data 

from the twenty-three young, healthy adults were used for this analysis (22.9 ± 4.04 

years, 1.72 ± 0.11 m, 69.6 ± 10.9 kg, 9 male 14 female, Table 4). 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-Q, Appendix B) before beginning the study.  
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Table 4: Demographic information and walking speed data for healthy adults walking 

with fixed speed and user-driven treadmill control (n = 23). Note: SS = self-selected, 

FAST = fastest comfortable, OG = overground 

 

Subject  
No. 

Height  
(m) 

Mass  
(kg) 

Age  
(years) 

Gender 
OG 10-meter 

Walk Test 
(m/s) 

Fixed Speed 
Treadmill Control 

User-Driven 
Treadmill Control 

SS Speed  
(m/s) 

FAST 
Speed 
(m/s) 

SS Speed 
(m/s) 

FAST 
Speed 
(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 1.85 77.51 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 
(S.D.) 

1.72  
(0.11) 

69.65  
(10.92) 

22.91  
(4.0) 

9 M 
14 F 

1.38 
(0.18) 

1.22 
(0.21) 

1.62 
(0.24) 

1.36 
(0.24) 

1.81 
(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 anatomical landmarks and 16 markers on rigid 

plastic shells to track the motion of their lower legs. Participants first completed a 10-

meter overground walking test to measure their preferred overground self-selected 

(SS) walking speeds. Then, the treadmill-based walking trials were performed in a 
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random order on an instrumented, split-belt treadmill (Bertec Corp., Worthington, OH, 

USA) while the participantsô motion was tracked with an 8-camera motion capture 

system (Motion Analysis Corp., Santa Rosa, CA, USA). All participants walked at 

their SS walking speeds on the treadmill in both its fixed speed and user-driven 

control modes. 16 (7 male, 9 female) of these participants also walked on the treadmill 

in both modes at their fastest comfortable (FAST) walking speeds. Data were collected 

from the first group of subjects (n = 8) to determine the studyôs feasibility and begin to 

examine the response of participants to the UDTM controller at SS speeds. Then, the 

additional 16 subjects were enrolled, and the protocol was amended to compare the 

response of users at both SS and FAST walking speeds.  

 

To determine the usersô preferred walking speeds on the fixed speed treadmill, 

researchers set the treadmill speed at the participantsô SS speed from the 10-meter 

overground walking tests. The speed was then increased or decreased in 0.05 m/s 

increments according to the usersô preferences. Once the preferred speed was set, data 

were collected for 1 minute. Kinematic data were sampled at 100 Hz and kinetic data 

were sampled at 2000 Hz. When using the user-driven treadmill control, participants 

were given up to 5 minutes to familiarize themselves with how 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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User-Driven Treadmill (UDTM) Controller 

 

The UDTM controller used for this study combined inertial-force based 

control, gait parameter-based control, and position-based control. The speed of the 

treadmill belts was changed in response to the usersô anterior ground reaction force 

(AGRF) impulse, step length, step duration, and position relative to the center of the 

treadmill. If individuals increased their push-off forces or moved near the front of the 

treadmill, the belt speeds increased. Conversely, if they decreased their push-off forces 

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, ground reaction forces and 

center of pressure (CoP) indicated whether a foot was in contact with 

the ground (Table 5).  
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Table 5: Parameters used for real-time speed calculations in the user-driven treadmill 

(UDTM) control algorithm. 

 
Abbreviation Control Parameter 

tsta Stance time for leg of interest 

NF Number of frames elapsed during step 

RF Camera frame rate 

Lstep Step length for leg of interest 

DCoPy Anterior/posterior distance between left and right CoP 

IAGRF Impulse of the anterior ground reaction force 

FAGR Anterior ground reaction force 

fanalog Analog data sampling frequency 

vnew Intermediate belt velocity that incorporates the AGRF impulse 

wbody Body weight in kilograms 

vavg Average treadmill speed from previous iteration 

VLeg Expected speed for the treadmill belt based on motion of the corresponding limb 

PCoM Anterior/Posterior position of user CoM relative to center of treadmill 

lCoM Anterior/Posterior location of user center of mass (CoM) relative to lab 

cTM Center of treadmill belt 

dt Change in time 

Dtswing Time elapsed during swing phase 

vsmooth Smoothed treadmill belt speed 

a Smoothing constant 1 

ɓ Smoothing constant 2 

Ű Time constant of the speed change 

tsta Stance time for leg of interest 

RF Camera frame rate 

 

 

i. If the foot was in contact with the ground (i.e. stance phase), 

step duration (Equation 3.1) and step length were calculated 

(Equation 3.2). The step duration was calculated as the number 

of frames elapsed during the current 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.  

 

F
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            Equation 3.2 

 

ii.  During the stance phase, the AGRF impulse of the stance limb 

was summed over successive frames of data (Equation 3.3). 

Then, the summed impulse was divided by the userôs body 

weight and added to the previous belt speed (Equation 3.4). 
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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 (Equations 3.5 & 3.6) were 

determined.  

 

swingdt t=D
             Equation 3.5 

 

,
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step R
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             Equation 3.6 

 

2. Regardless of the gait phase, the position of the bodyôs center of mass 

was estimated using center of pressure measurements (Equations 3.7 & 

3.8). The anterior/posterior location of the bodyôs center of mass was 

calculated as the midpoint between the CoP of the two limbs in 

terminal stance and expressed relative to the treadmill origin.  
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1

2
CoM y L y Rl CoP CoP= +

             Equation 3.7 

 

1.5*( )CoM CoM TMp l c= -
             Equation 3.8 
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3. The calculated speeds were averaged between belts, and the values of ɓ 

and Ű were tuned to the preferences of a pool of three healthy 

individuals and one individual post-stroke. The constants ɓ = 0.5, Ű = 

1.5, and Ŭ were then used to average and smooth the belt speeds and 

ensure the belt accelerations felt natural for all participants (Equations 

3.9 & 3.10). 
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e ta
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4. The parameters were tuned to ensure subject safety. Throughout the 

testing, the two belt speeds were tied, and the maximum belt 

acceleration was set to 0.2 m/s2. 

 

Data Analysis 

 

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

Rosa, CA, USA), and kinetic and kinematic calculations were performed using Visual 
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3D software (C-Motion Inc., Germantown, MD, USA). Kinetic and marker data were 

filtered at 30 Hz and 6 Hz, respectively. Preferred walking speeds were calculated as 

follows: 

 

¶ 10-meter overground walking test: The average time to travel 6 

meters over 3 trials was used to calculate the average preferred 

walking speed. 

 

¶ Fixed speed treadmill (FSTM) control: The walking speed was read 

directly from the treadmill interface. 

 

¶ User-driven treadmill (UDTM) control: The steady state walking 

speed was calculated as the average walking speed over the steady 

state portion of the 1-minute trial. 

 

Since individuals may increase their forward propulsion via increased anterior 

ground reaction forces (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 



41 

 

connecting the calculated hip joint center and the 5th metatarsal of the trailing limb 

and the vertical axis of the lab (Figure 4). 

 

 

 

 

Figure 4: Illustrated definition of anterior ground reaction forces (AGRF) and 

trailing limb angle (TLA) 

 

 

A paired t-test blocked by subject (a = 0.05) was used to determine if 

participants selected significantly different SS and FAST walking speeds when using 

FSTM and UDTM control. Two subsequent paired t-tests blocked by subject (a = 

0.05) were used to determine if the participantsô peak AGRF and TLA at the instant of 

peak AGRF varied between the fixed speed and user-driven conditions. One limb was 

chosen at random for analysis. 

 

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

important to determine if differences in the participantsô gait mechanics are due to 
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changes in walking speed between the fixed speed and user-driven conditions or the 

treadmill controller being used. First, linear regressions were used to better illustrate 

the correlation between changes in speed and changes in mechanics. Subsequently, an 

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 speeds with FSTM control 

than they did overground (D = 0.16 m/s, p < 0.0001, Figure 5). Participants then 

selected significantly faster SS and FAST walking speeds on the UDTM compared to 

the FSTM (DSS = 0.14 m/s, p < 0.0001 || DFAST = 0.19 m/s, p < 0.0001). There was no 

significant difference between the participantsô SS walking speeds in the overground 

and UDTM trials (D = 0.02 m/s, p = 0.7816). 
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Figure 5: Group average SS (n = 23) and FAST (n = 16) speed conditions with UDTM 

and FSTM control for healthy adults. Note: Statistical tests were used to compare 

within subject differences, * indicates p < 0.05, and overground SS speeds are from 

the 10-meter walking test. 

 

 

There were also significant differences in the participantsô push-off forces and 

trailing limb position during fixed speed and user-driven treadmill walking. 

Participants had higher peak AGRF and greater TLA at the instant of peak AGRF 

when walking on the UDTM compared to the fixed speed treadmill at SS speeds (p < 

0.05, Figure 6). Individuals also increased their TLA when walking with UDTM 

control at FAST speeds, but there were no changes in their AGRF between the FSTM 

and UDTM conditions.  
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Figure 6: Group average A) peak AGRF and B) TLA at peak AGRF data from healthy 

adults walking at SS and FAST speeds with UDTM and FSTM control. Note: 

Statistical tests were used to compare within subjects and * indicates a significance 

level of p < 0.05. 

 

 

Linear models were fit to each data set and an analysis of covariance 

(ANCOVA, a = 0.05, Figure 7) 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 revealed that the changes in peak AGRF and TLA were primarily due 

to changes in walking speed and not changes in the treadmill control mode (Table 6). 

The results of the ANCOVA indicate that 100% of the changes in peak AGRF 

between the FSTM and UDTM trials was explained by the difference in the 

participantsô walking speeds. Likewise, approximately 97% of the change in TLA at 

the instant of peak AGRF between the two treadmill control conditions was due to the 

differences in walking speeds selected for the SS and FAST walking trials. 
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Figure 7: A) Peak AGRF and B) TLA at peak AGRF versus walking speed for healthy 

adults walking with FSTM and UDTM control. Note: SS and FAST speed trials were 

combined to yield a continuum of walking speeds on the x-axis. 

 

 

Table 6: Determination of the relative contributions of speed and treadmill control to 

changes in AGRF and TLA for healthy adults from analysis of covariance 

(ANCOVA) 

 

Walking Speed Dependent Variable Independent Variable 
Percent Change in  
Variable Explained 

Model Adjusted 
R2 

SS Speed  
(n = 23) 

Peak AGRF (%BW) 
Speed (m/s) 100% 

0.76 
TM Controller 0% 

TLA (Deg) 
Speed (m/s) 97% 

0.65 
TM Controller 3% 

FAST Speed  
(n = 17) 

Peak AGRF (%BW) 
Speed (m/s) 100% 

0.31 
TM Controller 0% 

TLA (Deg) 
Speed (m/s) 98% 

0.46 
TM Controller 2% 

 

 

Discussion 

 

In this study, participants selected faster walking speeds with the user-driven 

treadmill (UDTM) controller for both the SS and FAST speed trials when compared to 
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the fixed speed treadmill (FSTM) control condition (DSS = 0.14 m/s || DFAST = 0.19 

m/s). The higher user-driven SS speed was similar to the average overground walking 

speed. Previous studies show average changes in walking speed of 0.06 m/s after 

prolonged training with FSTM control [6], while our participants instantly selected 

faster speeds with UDTM control. In addition, 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 on the UDTM rather than different 

controller modes. Since faster speeds during rehabilitation are tied to improved 

walking function after training [45], UDTM control appears to be a good option for 

poststroke gait training. 

 

Since participants selected SS speeds similar to their overground SS speed 

while on the UDTM, walking with active treadmill control may facilitate improved 

efficacy of locomotor training. In a study of typically developing children and those 

with cerebral palsy walking on a treadmill in its fixed speed and user-driven modes, 

participants chose walking speeds 7.3% faster in the user-driven mode [46]. In this 

study, participants walked 5.5% and 11.3% faster on the UDTM during the SS and 

FAST walking trials respectively. This agreement suggests individuals with 

neurological injuries will see similar benefits using the proposed user-driven controller 

as found in literature. In addition, our results suggest treadmill users employ similar 

propulsive mechanics on the FSTM and UDTM modes, which agrees with previous 

studies [47], [48] comparing fixed speed treadmill control with UDTM control 
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incorporating inertial control elements and support the feasibility of using the UDTM 

control in a rehabilitation environment.  

 

The strengths of this study lie in our isolation of the effect of the UDTM 

controller. Since both treadmill control schemes were implemented on the same 

treadmill, the methodology controls for differences in mechanical system. The 

participants were all young, healthy, and neurologically intact. Participants were given 

ample time to practice walking on the treadmill with UDTM control and data were 

only collected once the user had reached a steady state walking speed. To eliminate 

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 wear 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 parameters (Ŭ, ɓ, and Ű) that weight the contribution of changes in 

treadmill speed due to push-off 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. However, the 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 speed and AGRF and 
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TLA, we expect these trends to hold for larger samples as well. Although R2 values 

decreased for faster walking speeds, the comparisons maintained strong correlations 

for all walking speeds. We expect this decrease indicates participants beginning to 

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

future work. 

 

In this study, an instrumented split-belt treadmill and motion capture system 

were used for the UDTM control. All calculations are performed internal 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 participant relative to the 

training environment. Other researchers have implemented user-driven control using a 

variety of ultrasonic [49], depth [50], and force sensors [51], [52] to lower costs and 

improve accessibility to user-driven treadmill control, and now, even standard exercise 

equipment offers user-driven treadmill control. However, the unique combination of 

inertial-force, position, and gait parameter control used in this study is suited for 

implementation in a poststroke gait training regimen because it allows users 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 a whole-body level.  

 

Our findings show the UDTM controller allowed participants to select walking 

speeds faster than their chosen speeds on the FSTM and similar to their overground 

walking speeds. Previous studies found participants walked significantly slower on 
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fixed speed treadmills compared to overground walking (D º 0.30 m/s), but the 

overground exercise required less energy expenditure and resulted in lower perceptual 

and greater positive affective responses [33]. Since user-driven treadmill walking 

increases cognitive activity and natural mobility [23]ï[25], it is reasonable to expect 

our participants would walk faster on the UDTM than the FSTM, 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 on the UDTM, not the treadmill 

controller itself. Therefore, when this UDTM 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 benefits as well. This should 

increase the efficacy of the gait training program [45] and thereby, improve the 

patientsô functional ability and subsequently their quality of life after rehabilitation. 
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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 user-driven treadmill (UDTM) control in terms of walking 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 10-meter walk test to determine their self-selected (SS) 

speeds before walking on a treadmill in its fixed-speed (FSTM) and UDTM control 

modes at their SS and fastest comfortable (FAST) speeds. Paired t-tests were used to 

compare the walking speeds, peak AGRF, peak PGRF, and TLA among test 

conditions (Ŭ = 0.05). Participants selected similar SS (p = 0.0646) and faster FAST 

walking speeds (D = 0.06 m/s, p = 0.0186) with the UDTM control compared to the 

FSTM control. There were no changes in their peak AGRF or PGRF for either limb or 

speed between UDTM and FSTM conditions (p > 0.05). Individuals used greater 

paretic TLA at SS speeds with UDTM control (D = 1.21̄ , p = 0.0402). There was no 

difference in the AGRF required at FAST 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, it is likely 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 

push-off forces. Future work should assess how to most effectively prescribe UDTM 

control for gait training programs. 

 

Introduction  

 

Each year, nearly 800,000 Americans suffer a stroke [1], which changes their 

muscle activation and movement patterns and decreases their walking speeds [2]. 

Increased walking speeds correspond to improved quality of life for community-

dwelling older adults and indicate decreased fall risks and increased community 

involvement for stroke survivors [3], [53]. Therefore, increasing walking speed is 

often a key outcome of poststroke rehabilitation [4]. 

 

Although increasing walking speed is often a goal of poststroke rehabilitation 

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]. Treadmill-based training studies have shown mixed results, with only 

50% of individuals poststroke able to ambulate independently after rehabilitation [54]. 

It has been suggested that walking at fast speeds and directly targeting mechanisms of 

propulsion, such as anterior ground reaction forces and trailing limb angles, may 

improve outcomes after treadmill-based training [10], [30], [55].  

 

ñTraditionalò or fixed-speed treadmill (FSTM) control is commonly used for 

treadmill-based training paradigms because it allows a high number of task-specific 
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repetitions at a relatively low cost [14], [45]. However, it can limit stride-to-stride 

variation in gait mechanics which has been linked to improved motor recovery [28]. 

We have developed a user-driven treadmill (UDTM) control algorithm that retains the 

repetitive training nature of FSTM walking while responding to an individualôs 

propulsion mechanics in real-time and allowing increased kinematic variability 

compared to FSTM control [56]. This controller adjusts the speed of the treadmill 

belts in real-time in response to the userôs anterior-posterior ground reaction forces, 

trailing limb angle in the form of step length, and their position relative to the center of 

the treadmill [57]. Young, healthy adults who used this UDTM control selected self-

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

to their overground walking speeds [57]. Training at faster walking speeds during 

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

this form of UDTM control shows promise for improving the state of treadmill-based 

gait training paradigms for individuals poststroke. 

 

This study implements novel real-time, adaptive UDTM treadmill control and 

compares the response of stroke survivors to FSTM and UDTM control. We examined 

the self-selected and fastest comfortable 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 these 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 angles [21], [58], [59]. 
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Methods 

Data Collection 

 

20 individuals poststroke participated in this study (Table 7). The protocol was 

approved by the University of Delaware Institutional Review Board, and each 

participant completed a written consent form. The protocol included two sessions, a 

Baseline Session and an Evaluation Session. 

 

 

Table 7: Participant information for individuals poststroke walking with FSTM and 

UDTM control (n = 20) 

 

Subject Sex 
Age  

(Years) 

Time Since 
Stroke 

(Months) 

Paretic  
Side 

Height  
(m) 

Mass  
(kg) 

Overground 
Speed (m/s) 

Walking Speed  
Classification [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 1.78 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 1.83 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 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 
(Stdev) 

11 M 
9 F 

62 
(12) 

45 
(35) 

13 Left 
7 Right 

1.72 
(0.13) 

84.04 
(15.07) 

1.07  
(0.26) 

N/A 
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All participants were between 21 and 85 years of age and had experienced a 

single, unilateral stroke at least 6 months prior to enrolling (Table 8). During the 

Baseline Session, participants completed the 6-minute walk test (6MWT) without 

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

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

 

 

Table 8: Inclusion and exclusion criteria for individuals poststroke walking with 

UDTM control. Note: NIH Stroke Scale is included in Appendix C. 

 
Inclusion Criteria Exclusion Criteria 

¶ 21 to 85 years of age 

¶ Single, unilateral stroke at least 6 months prior 

¶ Ambulatory without assistance 

¶ No falls within the last 6 months 

¶ Resting heart rate 40τ100 beats per minute 

¶ Resting blood pressure 90/60τ170/90 mmHg 

¶ Able to complete 6-minute walk test (6MWT) 
without assistance 

¶ Passive hip extension of at least 5̄ 

¶ Passive ankle dorsiflexion to neutral with knee 
extended 

¶ BMI > 35 

¶ Evidence of cerebellar 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 

¶ Unexplained 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 NIH Stroke Scale 

¶ Current enrollment in another research study 

¶ Use of a pacemaker 

¶ Currently pregnant 

 

 

The Baseline Session included a participant eligibility screening and time to 

practice walking with UDTM control. A physical therapist measured the individualôs 

resting blood pressure (90/60ð170/90 mmHg), resting heart rate (between 40ï100 

beats per minute) and body mass index (BMI Ò 35). The participants performed the 
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10-meter walk test and 6MWT [61] and then practiced walking with UDTM control 

for no more than 5 minutes. 

 

The Evaluation Session occurred at least 24 hours after the Baseline Session 

and included a second 10-meter walk test and another vitals screening. Then, a 

randomized series of walking trials were performed on the treadmill at the 

participantsô self-selected (SS) and fastest comfortable (FAST) speeds with 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 an 8-camera system sampled marker data at 100 

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

 

Participants walked on an instrumented split-belt treadmill (Bertec Corp., 

Columbus, OH, USA) in FSTM and UDTM control modes with the belt speeds tied 

while kinetic data were sampled at 2000 Hz. Participants were allowed a ñlight touchò 

on the treadmill handrails. The SS and FAST 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. The 10-meter test speeds 

reported are from the Evaluation Session.  
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2. Fixed-Speed Treadmill (FSTM) Control  

i. SS Speed: The treadmill speed was set at the participantôs SS 

speed from the 10-m test. The speed was then increased or 

decreased by 0.05 m/s according to the userôs preference. Once 

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

ii.  FAST Speed: The same procedure as the SS speeds, except the 

verbal instructions directed participants to walk at the ñfastest 

speed you can safely maintain for 1-2 minutes.ò 

 

3. User-Driven Treadmill (UDTM) Control: For both the SS and FAST 

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 the treadmill. 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 maintain for 1-2 minutes 

for the FAST speed trial. Steady 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 at 30 Hz and 6 Hz respectively, 

and calculations were performed using Visual 3D software (C-Motion Inc., 

Germantown, MD, USA). The primary outcome variables for this study included the 

SS and FAST walking speeds, peak anterior ground reaction forces (AGRF), peak 

posterior ground reaction forces (PGRF) and trailing limb angles (TLA) at the instant 

of peak AGRF. TLA was defined as the angle 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.  

 

Shapiro-Wilke tests (Ŭ = 0.05) were used to determine if each outcome 

variable belonged to a normal distribution. If so, a one-way repeated measures 

ANOVA was used to determine if significant differences existed between the FSTM 

and UDTM conditions (Ŭ = 0.05). If not, then Wilcoxon signed rank tests were used to 

compare between conditions and within subjects (Ŭ = 0.05). Bonferroni corrections 

were used to adjust for multiple comparisons in speed (Ŭcritical = 0.0167). 

 

Results 

 

Participants selected SS speeds of 1.07 ± 0.26 m/s, 0.88 ± 0.22 m/s, and 0.94 ± 

0.25 m/s for the 10-meter walk test, FSTM, and UDTM conditions respectively. The 

10-meter walk test speeds were significantly faster than those for either treadmill-

based SS speed condition (D10m-FSTM = 0.19 m/s, p < 0.0001 || D10m-UDTM = 0.13 m/s, p 
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= 0.004 || Figure 8). The participants selected FAST speeds of 1.16 ± 0.26 m/s and 

1.22 ± 0.32 m/s for the FSTM control and UDTM control conditions respectively 

(DUDTMðFSTM = 0.06 m/s, p = 0.008).  

 

 

 

 

Figure 8:  Comparison of SS and FAST speeds for individuals poststroke walking on a 

treadmill with FSTM and UDTM control (n = 20). Note: Statistical tests were used to 

compare within subject differences. * denotes a < acritical and a statistically 

significant difference. 

 

 

There were no differences in peak AGRF for either limb between the FSTM 

and UDTM SS speed conditions (DUDTMðFSTM, Paretic = 0.49% BW, p = 0.408 || DUDTMð

FSTM, Non-Paretic = 0.32% BW, p = 0.545 || Figure 9). In addition, there were no 

significant differences in peak AGRF for either limb in the FAST speed trials, despite 

the faster speeds with the UDTM control (DUDTMðFSTM, Paretic = 0.37% BW, p = 0.533 || 

D UDTMðFSTM, Non-Paretic = 0.52% BW, p = 0.327).  
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Figure 9: Peak A) paretic and B) non-paretic AGRF normalized to BW for individuals 

poststroke walking at SS and FAST speeds with FSTM and UDTM control. Note: 

Statistical tests were used to compare within subject differences. 

 

 

There were no differences in peak PGRF for either limb between the SS speed 

conditions with FSTM and UDTM control (DUDTMðFSTM, Paretic = 0.40% BW, p = 0.630 

|| D UDTMðFSTM, Non-Paretic = 1.00% BW, p = 0.207 || Figure 10). There were no 

significant differences in peak PGRF for either limb in the FAST speed trials, despite 

the faster speeds with the UDTM control (DUDTMðFSTM, Paretic = 0.24% BW, p = 0.772 || 

D UDTMðFSTM, Non-Paretic = 0.95% BW, p = 0.232).  
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Figure 10: Peak A) paretic and B) non-paretic PGRF normalized to BW for 

individuals poststroke walking at SS and FAST speeds with FSTM and UDTM 

control. Note: Statistical tests were used to compare within subject differences. 

 

 

There were greater paretic limb TLA values for individuals walking with 

UDTM control than FSTM control at their SS speeds despite similar speeds in the two 

conditions (DUDTMðFSTM, Paretic = 1.21°, p = 0.038 || D UDTMðFSTM, Non-Paretic = 0.54°, p = 

0.163 || Figure 11). There were no significant differences in TLA for either limb 

between the FSTM and UDTM FAST speed conditions (DUDTMðFSTM, Paretic = 0.29°, p 

= 0.611 || D UDTMðFSTM, Non-Paretic = 0.01°, p = 0.986).  



61 

 

 

 

Figure 11: A) Paretic and B) non-paretic TLA at peak AGRF for individuals 

poststroke walking at SS and FAST speeds with FSTM and UDTM control. Note: 

Statistical tests were used to compare within subject differences. 

 

 

Discussion 

 

This study demonstrates that individuals poststroke can tolerate walking on a 

treadmill with UDTM control. Participants selected slower SS speeds with FSTM and 

UDTM control than they did for the 10-meter walk test (WS10m = 1.07 m/s || WSFSTM 

= 0.88 m/s || WSUDTM = 0.94 m/s), which was expected since stroke survivors typically 

select slower walking speeds on treadmills than they do overground [62]. It was not 

expected that individuals would select similar SS speeds with FSTM and UDTM 

control because healthy adults selected faster speeds with UDTM control [57]. 

However, individuals poststroke did select faster FAST speeds with UDTM control, 

which agreed with the results from work with young, healthy adults (D = 0.06 m/s) 

[57]. In previous studies, treadmill-based treadmill training has resulted in an average 
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speed increase of 0.06 m/s on average, which is statistically significant but not 

clinically meaningful [6]. Since our participants achieved a similar change in speed 

instantly with UDTM control and faster training speeds are tied to improved walking 

function after rehabilitation [45], training with UDTM control appears to be a 

promising option 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 as expected, but the 

increase in paretic TLA in the UDTM condition was surprising. Individuals increased 

their paretic TLA by 1.21̄ with UDTM control, which exceeds the within minimum 

detectable change (MDC) without changing their walking speeds [63]. 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 the bodyôs center of mass, and the same 

amount of AGRF becomes more useful with a change in posture. The wide variety of 

individual responses to UDTM control may obscure trends associated with either 

increasing or decreasing walking speeds. However, closer examination of the peak 

AGRF and PGRF shows individuals increased their non-paretic PGRF by 1.01% BW, 

which exceeds the MDC but did not reach statistical significance [63]. This change in 

PGRF may balance the increased TLA and allow individuals 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 surprising since AGRF and TLA are key mechanisms for 

increasing walking speed poststroke [21]. Healthy adults used the same AGRF and 

TLA to reach matched speeds with FSTM and UDTM control [57], 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 responses, and 

individuals may use different proportions of increased propulsion and decreased 

braking to change walking speeds. In addition, subtle changes in kinetics and 

kinematics can yield profound changes in walking speed with UDTM control. Future 

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 

entire evaluation session, we recruited individuals poststroke with relatively high 

walking function. Therefore, this study presents a conservative evaluation of the effect 

of the UDTM control in stroke survivors. We would expect individuals who are 

limited community ambulators [64] with more severe hemiparesis to have more 

dramatic changes in their walking speeds and gait mechanics when walking with 

UDTM control. This is because the high functioning group in this study may already 

have reached their optimal walking speeds and experience a ceiling effect. Participants 

were also allowed a ñlight touchò on the handrail, which many did not need. If we 

include individuals with more severe hemiparesis in future work, they may rely on the 

handrails more for balance which may affect the results. Future work should 
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implement UDTM control in a clinical training program with a group of stroke 

survivors with more severe hemiparesis and gait impairments.  

 

Since treadmill-based gait training provides a high number of task-specific 

repetitions at a relatively low cost, it is a popular choice for poststroke rehabilitation 

[45], [65]ï[67]. However, many individuals do not improve their walking function 

after training, and a more effective option is required [37]. This study demonstrates 

that individuals poststroke can easily tolerate walking with UDTM control and may 

achieve increased FAST walking speeds, which are beneficial for training  [45]. Due 

to the wide variety of responses, future work will explore how individual participants 

generate forward propulsion with FSTM and UDTM control. This analysis may isolate 

common strategies for increasing walking speed and define baseline predictors for 

individuals who can increase their walking speeds after training with UDTM control. 

This would allow researchers to determine how 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 subject-specific approaches to locomotor rehabilitation are required. 

Since standard fixed speed treadmill (FSTM) training used in previous studies does 

not always result in increased walking speeds after training, we have developed a user-

driven treadmill (UDTM) control algorithm that adjusts to the userôs speed in real-

time. This study examines the response of individuals poststroke to the combination of 

UDTM control and electrical stimulation of their paretic ankle musculature to augment 

forward propulsion during walking. 16 individuals poststroke performed a randomized 

series of walking tasks on an instrumented split-belt treadmill 1) at their self-selected 

(SS) and fastest comfortable (FAST) speeds, 2) with FSTM and UDTM control, and 

3) with and without paretic limb stimulation. With UDTM control and stimulation, 

participants selected SS and FAST speeds that were 0.13 m/s and 0.12 m/s faster than 

their speeds with fixed speed control alone. This instantaneous increase is comparable 

to the gains in self-selected (SS) speed seen after 12 weeks of training with FES and 

fast walking with FSTM control by Kesar and colleagues (D = 0.18 m/s). However, we 

saw no significant differences in the corresponding push-off 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 obscured trends in 

the group average changes in mechanics. Ultimately, the combination of UDTM 
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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 800,000 Americans each year, making it one of the 

leading causes of long-term disability in the U.S. [68]. Many stroke survivors 

experience decreased walking speeds [69] and use a variety of compensatory 

mechanisms to ambulate [70], which present unique challenges for standardized 

locomotor rehabilitation. Current approaches to poststroke gait training often include 

walking on a treadmill at a fixed speed [37], which provides a cost-effective 

intervention with a high number of repetitions and task-specific practice [17], [38]. 

However, the results of these interventions vary widely among sites and studies [6], 

[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 

mechanisms, a variety of adaptive and subject-specific approaches to locomotor 

rehabilitation are required. 

 

Previous studies have demonstrated the benefits of gait training at fast speeds 

for chronic stroke recovery [45], [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 musculature [10]. This training paradigm, called 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 stance to augment 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 training, participants increased their overground self-selected (SS) 

walking speeds by 0.18 m/s on average (95% confidence interval: 0.13 ï 0.22 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 AGRF and walking speed when FES is applied, but since it is applied on the 

FSTM, the instantaneous effects of FES cannot be realized in this paradigm. 

Therefore, new interventions are needed that allow individuals to adjust their training 

in real-time based on their augmented muscle forces from FES.  

 

To allow instantaneous increases in treadmill walking speed, we developed a 

user-driven treadmill (UDTM) control algorithm that responds to mechanisms of 

forward propulsion including changes in push-off forces, step length, and position 

relative to the treadmill [57]. Since the controller can change the belt speed within one 

gait cycle and responds to the net changes in push-off forces, step length, and relative 

position, we expect that users can respond to perturbations by either increasing or 

decreasing their walking speeds. Previous work with healthy adults show they select 

similar SS walking speeds overground and on a treadmill with user-driven, or self-

paced, control and faster than their SS speeds with fixed-speed treadmill (FSTM) 

control [57], [72]. For healthy adults and individuals poststroke, the fastest 
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comfortable (FAST) speeds selected with user-driven treadmill (UDTM) control are 

also faster than those selected with fixed speed treadmill (FSTM) control. Since faster 

training speeds correspond to increased walking function [45], walking with UDTM 

control appears to be a promising option for adaptive and subject-specific locomotor 

rehabilitation after stroke.  

 

In order to allow participants training on a treadmill with FES to adjust their 

training in real-time in response to paretic limb 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 FES. Since 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 hypothesized that 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 non-paretic limbs.  
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Methods 

Data Collection 

 

16 individuals poststroke participated in this study (Table 9). The protocol was 

approved by the University of Delaware Institutional Review Board, and each person 

signed a consent form. The protocol included two sessions: a Baseline Session and an 

Evaluation Session.  

 

 

Table 9: Participant information for individuals poststroke walking on a treadmill with 

UDTM control and paretic limb FES (n = 16) 

 

 

Subject Gender 
Age 

(Years) 

Time Since 
Stroke 

(Months) 

Paretic 
Side 

Height 
(m) 

Mass 
(kg) 

Overground 
Speed (m/s) 

Walking Speed 
Classification [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 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 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 

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 
Stdev 

9 M 
7 F 

63 
(9) 

43 
(34) 

9 Left 
5 Right 

1.73 
(0.13) 

84.66 
(16.59) 

1.07 
(0.28) 

N/A 
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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. Their 

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 criteria are listed in Table 

10. 

 

 

Table 10: Inclusion and exclusion criteria for individuals poststroke walking with 

UDTM control and paretic limb FES. Note: NIH Stroke Scale questionnaire is 

included in Appendix C.  

 
Inclusion Criteria Exclusion Criteria 

¶ 21 to 85 years of age 

¶ Single, unilateral stroke at least 6 months prior 

¶ Ambulatory without assistance 

¶ No falls within the last 6 months 

¶ Resting heart rate 40τ100 beats per minute 

¶ Resting blood pressure 90/60τ170/90 mmHg 

¶ Able to complete 6-minute walk test (6MWT) 
without assistance 

¶ Passive hip extension of at least 5̄ 

¶ Passive ankle dorsiflexion to neutral with knee 
extended 

¶ BMI > 35 

¶ Evidence of cerebellar 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 

¶ Unexplained 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 NIH Stroke Scale 

¶ Current enrollment in another research study 

¶ Use of a pacemaker 

¶ Currently pregnant 
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During the Baseline Session, participants completed the 6-minute walk test 

(6MWT) and 10-meter walk test without assistance [61], and their passive ankle 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 standing [31]. Participants were then allowed up 

to 5 minutes to practice walking on the treadmill with UDTM control. This UDTM 

control is unique from other self-pacing algorithms because it combines inertial-force, 

gait parameter, and position based control terms [57]. This allows the controller to 

adjust the treadmill belt speeds to the userôs walking speed based on their bilateral 

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

 

At least 24 hours after the Baseline Session, participants completed the 

Evaluation Session, which included a second 10-meter walk test and vitals screening. 

They then performed a randomized series of walking tasks on the treadmill 1) at their 

self-selected (SS) speeds and fastest comfortable (FAST), 2) 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 shells. An 8-camera 

system tracked the marker 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 amplitude [10], [31], [34].  
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Participants walked on an instrumented split-belt treadmill (Bertec Corp., 

Columbus, OH, USA) while kinetic data were sampled at 2000 Hz. The belt speeds 

were tied in both control modes, and participants were allowed a ñlight touchò on the 

treadmill handrails. In the trials with paretic limb FES, the treadmill was set to a slow 

speed, the FES was 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 compute the preferred SS speed.  

 

2. Fixed Speed Treadmill Control (FSTM): The treadmill speed was set at 

the participantôs SS speed from the 10-m walk test. The speed was then 

increased or decreased by 0.05 m/s according to the userôs preference. 

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

FAST speed condition used the same procedure as the SS speeds, but 

participants were instructed to walk at the fastest speed they could 

safely maintain for 1-2 minutes. 

 

3. User-Driven 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 at their 

comfortable speed for the SS speed trails and the fastest speed they 

could safely maintain for 1-2 minutes for the FAST speed trial. Once 

participants indicated their preferred speed, researchers ensured they 

did not deviate from the target speed by more than ± 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 dynamics (C-Motion Inc., 

Germantown, MD, USA). The outcome variables are the participantsô preferred 

walking speeds, peak anterior ground reaction forces (AGRF), peak posterior ground 

reaction forces (PGRF) and trailing limb angles (TLA) at the instant of peak AGRF 

for both limbs. TLA was defined as the angle 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.  

 

Shapiro-Wilke tests (Ŭ = 0.05) were used to determine if each variable 

belonged to a normal distribution. If so, a one-way repeated measures ANOVA was 

used to find significant differences among conditions (Ŭ = 0.05). If not, then Wilcoxon 

signed rank tests were used to compare among conditions (Ŭ = 0.05). All comparisons 

were performed within subjects, and Bonferroni corrections were used to adjust for 
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multiple comparisons, which gave an Ŭcritical = 0.0083 for the walking speed 

comparisons and Ŭcritical = 0.0167 for all other comparisons. Within-session minimum 

detectable change (MDC) values for AGRF, PGRF, and TLA refer to work from 

Kesar and colleagues in 2011 [63]. 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 

Self-Selected (SS) Speed Results 

A) Group Results  

 

Participants selected SS speeds 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 trials respectively (Figure 12). Their overground speeds 

were significantly faster than their speeds with FSTM control (DOG-FSTM = 0.19 m/s, p 

= 0.0007) and UDTM control without FES (DOG-FSTM = 0.14 m/s, p = 0.0019). 

However, there was no significant difference in their SS speeds with UDTM control 

and FES and their overground speeds (DOG-UDTMw/FES = 0.06 m/s, p = 0.0362, acritical = 

0.0083).  

 

 



75 

 

 

 

Figure 12: A) Comparison of SS speeds for FSTM control, UDTM control, and 

UDTM control with FES after stroke and B) change in SS speed across conditions. 

Note: Statistical tests were used to compare within subject differences and * indicates 

a < 0.0083. 

 

 

Participants significantly increased their average peak non-paretic AGRF in the 

UDTM with FES condition compared to the FSTM and UDTM without FES 

conditions (Dnon-paretic,FSTM = 2.21% BW, p = 0.0079 || Dnon-paretic,UDTM =  2.08% BW, p = 

0.0063 || Figure 13). These differences both exceed the MDC of 0.80% BW. There 

were no significant differences in the peak paretic AGRF 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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Figure 13: A) Peak AGRF values for individuals poststroke walking at SS speeds with 

FSTM control, UDTM control, and UDTM control with FES and B) average change 

in peak AGRF for each participant across conditions. Note: All comparisons were 

performed within subjects, acritical = 0.0167, and dashed lines indicate the within-

session minimum detectable change (MDC) of 0.80% BW.  

 

 

There were no statistically significant differences in the peak paretic or non-

paretic PGRF, and the differences among conditions are all less than the MDC (Figure 

14). In addition, there were no statistically significant differences in paretic or non-

paretic TLA at the instant of peak AGRF (Figure 15). However, the changes in paretic 

TLA in the UDTM control with FES condition and UDTM without FES condition 

compared to the FSTM control condition are greater than the within-session MDC. 

Also, the change in non-paretic TLA between the FSTM control and UDTM control 

conditions exceeds the MDC.  
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Figure 14: Peak PGRF values for individuals poststroke walking at SS speeds with 

FSTM control, UDTM control, and UDTM control with FES and B) average change 

in peak PGRF for individual participants across conditions. Note: All comparisons 

were performed within subjects, acritical = 0.0167, and dashed lines indicate the 

within-session minimum detectable change (MDC) of 0.80% BW.  

 

 

 
 

Figure 15: TLA at peak AGRF for individuals poststroke walking at SS speeds with 

FSTM control, UDTM control, and UDTM control with FES and B) average change 

in TLA at peak AGRF for individual participants across conditions. Note: All 

comparisons were performed within subjects, acritical = 0.0167, and dashed lines 

indicate the within-session minimum detectable change (MDC) of 1.00 .̄  
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B) Individual Results 

 

11 of the 16 participants in this study selected faster SS speeds in the UDTM 

control with FES condition compared to the FSTM control condition (Table 11). They 

had an average increase in speed of 0.21 ± 0.10 m/s. 2 participants selected the same 

SS speeds in the UDTM with FES and FSTM only conditions, and 3 of the 16 

participants decreased their SS speeds in the UDTM with FES condition. These 3 had 

an average speed decrease of -0.07 ± 0.04 m/s. 

 

 

 Table 11: 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 
(UDTM w/FES ς 

FSTM) 

Subject 
No. 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF  
(% BW) 

D PGRF  
(% BW) 

D TLA  
(Deg) 

D AGRF  
(% BW) 

D PGRF  
(% BW) 

D TLA  
(Deg) 

Increase 
(UDTM w/FES > 

FSTM) 

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 

20 0.20 1.92% -3.41% 4.87 1.97% -3.26% 1.23 

5 0.20 0.66% 13.95% -1.08 6.83% -3.44% 2.14 

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 

Average 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 

No Change 
(UDTM w/FES = 

FSTM) 

3 0.00 -0.31% 13.68% -1.12 2.12% -2.00% 1.28 

13 0.00 -0.81% -0.09% -0.06 -0.56% 1.41% -1.08 

Average 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 

Decrease 
(UDTM w/FES < 

FSTM) 

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

11 -0.05 -0.32% -0.40% 1.42 1.76% 24.20% 1.04 

1 -0.12 -0.77% 14.96% -4.82 -3.36% 3.59% -3.45 

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 condition had an average increase in peak AGRF of 1.95% BW and 3.25% BW 

for their paretic and non-paretic limbs, respectively (Figure 16). While these were not 

statistically significant changes, they were substantially greater than the within-session 

MDC of 0.80% BW. The group average changes in peak PGRF decreased by -2.53% 

BW and -2.88% BW. Since PGRF is in the opposite direction of AGRF, a decrease in 

peak PGRF indicates an increase in the magnitude of the PGRF vector and an increase 

in braking forces. These changes were greater than the within-session MDC value of 

0.80% BW. This group also had an average increase in paretic TLA of 2.26 ̄and non-

paretic TLA of 2.17̄  at the instant of peak AGRF, and these changes are double the 

within-session MDC of 1.00 .̄  

 

 

 

 

Figure 16: Summary of changes in A) SS 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 = 11). Note: The dashed lines indicate the within-session 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 AGRF of -0.67% BW and -0.64% BW (Figure 

17), which are less than the MDC threshold of 0.80% BW. Based on the standard 

deviation about the mean changes in peak AGRF, there was more variation in the non-

paretic limb measurements than the paretic limb measurements. The group average 

changes in peak PGRF were increases of 3.36% BW and 9.41% BW. An increase in 

peak PGRF indicates a decrease in the magnitude of the PGRF vector and a decrease 

in braking force. These changes are greater than the within-session MDC value of 

0.80% BW and vary considerably among participants. This group had an average 

decrease in paretic TLA of -1.49̄  and non-paretic TLA of -0.98̄  at the instant of peak 

AGRF. While the change in non-paretic TLA was near the within-session MDC, only 

the change in paretic TLA exceeds the 1.00  ̄threshold. 

 

 

 

 

Figure 17: Summary of changes in A) SS walking speed, B) peak AGRF, C) peak 

PGRF, and D) TLA at peak AGRF for individuals poststroke who selected slower 

walking speeds with UDTM control and paretic limb FES compared to FSTM control 

alone (n = 11). Note: The dashed lines indicate the within-session MDC threshold. 
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Fastest Comfortable (FAST) 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 respectively (Figure 18). The UDTM and UDTM with FES speeds were 

significantly faster than the FSTM speeds (DUDTMðFSTM = 0.08 m/s, p = 0.0020 || 

DUDTMw/FESðFSTM = 0.12 m/s, p = 0.0001). However, there was no significant 

difference between the FAST speeds for the UDTM with FES and UDTM without 

FES conditions (D = 0.04 m/s, p = 0.2613). 

 

 

 

 

Figure 18: A) Comparison of FAST speeds for FSTM control, UDTM control, and 

UDTM control with FES after stroke and B) Change in FAST speed across conditions. 

Note: Statistical tests were used to compare within subject differences and * indicates 

a < 0.0083. 
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There were no significant differences in peak AGRF (Figure 19), peak PGRF 

(Figure 20), or TLA at peak AGRF (Figure 21) for either the paretic or non-paretic 

limbs across the three FAST speed conditions despite changes in walking speed. 

While a few changes values across conditions exceeded the within-session MDC, all 

measures have a large amount of variation among individuals within the group.  

 

 

 

 

Figure 19: Peak AGRF values for individuals poststroke walking at FAST speeds with 

FSTM control, UDTM control, and UDTM control with FES and B) average change 

in peak AGRF for individual participants across conditions. Note: All comparisons 

were performed within subjects, acritical = 0.0167, and dashed lines indicate the 

within-session minimum detectable change (MDC) of 0.80% BW  
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Figure 20: Peak PGRF values for individuals poststroke walking at FAST speeds with 

FSTM control, UDTM control, and UDTM control with FES and B) average change 

in peak PGRF for individual participants across conditions. Note: All comparisons 

were performed within subjects, acritical = 0.0167, and dashed lines indicate the 

within-session minimum detectable change (MDC) of 0.80% BW  

 

 

 

 

Figure 21: TLA at peak AGRF for individuals poststroke walking at FAST speeds 

with FSTM control, UDTM control, and UDTM control with FES and B) average 

change in TLA at peak AGRF for individual participants across conditions. Note: All 

comparisons were performed within subjects, acritical = 0.0167, and dashed lines 

indicate the within-session minimum detectable change (MDC) of 1.00 .̄  
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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 condition (D = 0.16 

± 0.09 m/s, Table 12). 9 of these 13 participants also increased their SS speeds in the 

UDTM with FES condition. The other 3 participants decreased their FAST speeds in 

the UDTM with FES condition (D = -0.08 ± 0.08 m/s). 

 

 

Table 12: Sorted chart of differences in FAST speed and corresponding mechanics for 

individuals walking with UDTM control and FES compared to FSTM control alone 

 
Speed Change 
(UDTM w/FES ς 

FSTM) 

Subject 
No. 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM w/FES > 

FSTM) 

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 

11 0.13 0.24% -5.36% 1.02 1.83% 22.28% 1.61 

5 0.11 0.77% 17.95% 0.12 0.48% -3.95% 0.71 

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% -5.26% 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 

Decrease 
(UDTM w/FES < 

FSTM) 

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

8 -0.05 -2.65% 1.78% -2.15 -3.63% 3.37% -2.59 

1 -0.17 -2.93% 19.23% -7.16 -4.37% 7.95% -4.98 

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 their FAST speeds in the UDTM control 

with FES condition had average increases in peak AGRF of 1.04% BW and 1.44% 

BW for their paretic and non-paretic limbs, respectively (Figure 22). While there were 

no statistically significant changes in AGRF, these changes are substatintially greater 

than the within-session MDC of 0.80% BW. The group average changes in peak 

PGRF were an increase of 0.98% BW and a decrease of -1.96% BW. The increase in 

paretic PGRF indicates a decrease in magnitude of the braking force and the decrease 

in the non-paretic PGRF indicates an increase in magnitude. Both changes are greater 

than the within-session MDC value of 0.80% BW. This group also had average 

increases in paretic TLA of 1.72̄  and non-paretic TLA of 1.00̄  at the instant of peak 

AGRF. These changes are slightly greater than the within-session MDC of 1.00 .̄  

 

 

 

 

Figure 22: 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 = 13). Note: The dashed lines indicate the within-session MDC threshold.  
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The 3 participants who decreased their FAST speeds in the UDTM control 

with FES condition had average decreases in peak AGRF of -2.14%BW and -2.26% 

BW for their paretic and non-paretic limbs, respectively (Figure 23). While there were 

no statistically significant changes in AGRF, these changes are substatintially greater 

than the within-session MDC of 0.80% BW. The group average changes in peak 

paretic and non-paretic PGRF were increases of 8.16% BW and 4.17% BW. Both 

changes are greater than the within-session MDC value of 0.80% BW and indicate a 

decrease in the peak PGRF magnitude. This group also had average decreases in 

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

These changes are greater than the within-session MDC of 1.00 .̄  

 

 

 

 

Figure 23: 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 

walking speeds with UDTM control and paretic limb FES compared to FSTM control 

alone (n = 3). Note: The dashed lines indicate the within-session MDC threshold. 
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Discussion 

 

The combination of UDTM control and FES of the paretic ankle musculature 

allowed participants to select significantly faster SS and FAST speeds than they did 

with FSTM control without FES.  The average increase in speed from SS speeds with 

FSTM control to FAST speeds with UDTM control and FES is 0. 39 m/s.However, 

the average differences in SS and FAST speeds were 0.13 m/s and 0.12 m/s, 

respectively.  These SS and FAST speed differences are double the change of 0.06 m/s 

seen after treadmill-based training either with or without body weight support [6]. In 

the SS speed conditions, individuals increased their non-paretic AGRF to increase 

their walking speeds but did not have statistically significant increases in their paretic 

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-session minimum detectable change (MDC) thresholds of 0.80% BW and 

1.00 ,̄ respectively [63]. In the FAST speed conditions, there were no significant 

changes in AGRF, PGRF, or TLA for either limb despite changes in walking speed, 

but the changes in PGRF for both limbs in the UDTM with FES condition were 

greater than the within-session MDC thresholds. This may indicate that individuals 

modulated their braking forces rather than their propulsive forces to change walking 

speed. However, in both conditions, the large standard deviations about the group 

average AGRF, PGRF, and TLA indicate a large amount of variation among 

individual responses to UDTM control and FES. This variation among participants 

may obscure trends in how individuals manipulated their gait and propulsive 

mechanics to change speed and closer inspection of response groups may provide 

further insight. 



88 

 

Self-Selected (SS) Speed Comparisons 

 

Participants instantaneously selected SS speeds in the UDTM with FES 

condition that were 0.13 m/s faster than their speeds in the FSTM condition despite a 

large amount of variation among individual responses. When considering only the 

individuals who increased their speeds with UDTM control and FES, the average 

change jumps to 0.21 m/s. While these changes occur instantly during a single 

exposure, they are both substantial and clinically meaningful. Given that a change in 

speed of 0.06 m/s was found to be the average after a review of 56 studies including 

treadmill-based gait training paradigms, these results are promising for improved 

outcomes after training with these tools for 4 ï 12 weeks [6]. In addition, the speed 

changes in this work are instantaneous and do not require any amount of training. This 

instantaneous increase is comparable to the gains in SS speed seen in the FastFES 

study after 12 weeks of training (D = 0.18 m/s) [30]. While the change in this study 

was less than what was seen with an extended training regimen, it was equal to the 

change seen in a previous 12-week 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 after some long-term training 

studies, UDTM walking with FES is a promising option for improved gait training 

after stroke.  

 

AGRF is a key mechanism for forward propulsion after stroke [21], and 

individuals were expected to increase both their paretic and non-paretic as they 

increased their walking speeds in the UDTM control and FES condition. Although the 

group average change in speed was an increase of 0.13 m/s, we only observed 
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significant increases in the non-paretic 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 minimum detectable change of 0.80% 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% BW to -2.27% BW, which is similar to the 

range for the non-paretic limb of +8.25% BW to -3.36% BW. Since some participants 

increased their speeds and others decreased their speeds with UDTM and FES, their 

mechanics would be expected to differ substantially, and this variation may obscure 

trends in AGRF changes. When examining the responses of the 11 participants who 

increased their walking speeds in the UDTM with FES condition, their 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 of 0.80% BW, and 9 

also did so for the non-paretic AGRF. 7 participants fell into both these groups and 

increased their paretic and non-paretic 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 condition, and most did so by increasing both their paretic and non-paretic 

AGRF. 

 

All data were collected during steady state walking, so individuals were 

expected to balance any changes in their peak AGRF, or push-off forces, with 

contralateral changes in peak PGRF, or braking forces. However, the group average 

changes in PGRF were much smaller in magnitude than the changes in AGRF between 

the UDTM control with FES and FSTM control conditions. On average, the paretic 
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PGRF increased by 0.20% BW and the non-paretic 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 2-3% BW greater for the UDTM control condition 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 FES. When we broke down the group into individuals who 

increased or decreased their speeds with UDTM control and FES, the 11 individuals 

who increased their speeds had changes in paretic and non-paretic PGRF of -2.53% 

BW and -2.88% BW, which indicate increases in magnitude of braking forces. 9 of the 

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

changes that did the same. The magnitudes of change in PGRF for these individuals 

also closely match their changes in AGRF (AGRFpð|PGRFnp| = -0.93% BW, 

AGRFnpð|PGRFp| = 0.72% BW). The net differences between the peak AGRF and 

contralateral peak PGRF are below or near MDC threshold, which indicated a near 

zero net anterior-posterior ground reaction force and show allow individuals to 

maintain a constant walking speed. Therefore, we found this subset of individuals 

increased their PGRF to balance their increased AGRF at faster speeds, but the variety 

of responses within the group may have obscured any trend at the group level. Future 

work should investigate individual responses to UDTM 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 conditions [10]. We expected individuals 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 1.03̄ for the paretic and non-paretic limbs, respectively. While these changes 

were not statistically significant, they exceed the within session MDC of 1.0 ̄[63], 

which indicates substantial within group variation in how participants responded to 

walking with UDTM control and FES. As with AGRF and PGRF, we looked more 

closely at the responses of the 11 participants who increased their walking speeds 

between the FSTM and UDTM with FES conditions. These 11 participants had 

average changes of 2.26̄ and 2.17̄ for their paretic and non-paretic TLA. 7 

individuals increased their paretic TLA by more than the MDC and 8 of the 11 did so 

for the non-paretic 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 Comfortable (FAST) Speed Comparisons 

 

Individuals chose FAST speeds in the UDTM with FES condition that were 

0.12 m/s faster than those in the FSTM FAST condition. The 13 individuals who 

increased their speeds in the UDTM control with FES condition had an average 

increase of 0.16 m/s. These differences are both substantial and clinically meaningful 

since researchers 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 

sessions. This instantaneous increase is less than gains in maximal walking speed seen 
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in the FastFES study after 12 weeks of training (D = 0.18 m/s) [30] and changes in 

speed during FAST speed treadmill training alone (D = 0.16 m/s) [45]. However, a 

relatively high functioning group was recruited for this study compared to previous 

studies, and they may have experienced a ceiling effect on their changes in walking 

speed. In a population with more severe hemiparesis, we would expect to see even 

greater increases in speed after training with UDTM control and FES. Individuals with 

more severe hemiparesis may have less volitional 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 changes in their propulsive forces and step 

length. The FES was applied after UDTM control was enacted but before data was 

collected. Therefore, individuals were allowed to select their preferred speeds while 

walking with both UDTM and FES. This sequence of events may allow individuals to 

optimize their mechanics to maximize their walking speeds, which makes training 

with UDTM control and FES a promising option for improved poststroke 

rehabilitation 

 

Since AGRF is a key mechanism of increasing walking speed after stroke [21], 

individuals were expected to increase their AGRF in the UDTM with FES condition 

compared to the FSTM condition. However, there were no significant changes in the 

group average values and the changes were also less than the within-session MDC 

threshold of 0.80% BW (Dparetic = 0.45% BW || Dnon-paretic = 0.75% BW). When we 

looked more closely at the 13 of 16 participants who increased their FAST speeds in 

the UDTM with FES condition compared to the FSTM condition, these individuals 
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increased both their paretic and non-paretic AGRF by more than the MDC values 

(Dparetic = 0.85% BW || Dnon-paretic = 1.50% BW). This indicates that the responses of the 

3 individuals who decreased their walking speeds in the UDTM with FES condition 

likely obscured the increases in AGRF and forward propulsion that correspond to 

increased speeds for the other 13. Individuals who are able to increase their walking 

speeds with UDTM control and FES tend to do so by increasing both their paretic and 

non-paretic AGRF. This agrees with previous studies that indicated increased AGRF, 

especially on the paretic side, are critical to increasing speeds and walking function 

after stroke [21], [73].  

 

Since all data were collected during nearly steady-state walking, changes in 

contralateral PGRF were expected to balance any changes in AGRF. There were no 

significant changes in group average PGRF 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 that exceeded the MDC threshold (Dparetic = 2.61% BW || Dnon-paretic = 

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 and a net increase in walking speed over time during the 

UDTM with FES condition. However, this small discrepancy could be resolved with 

changes in step length or cadence. In addition, the standard deviations for the PGRF 

measures were approximately 8% BW 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 conditions [10]. 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 0.75 ̄and their non-paretic TLA by 0.34̄, 

which are both below the MDC threshold for a single session of 1.0̄ . Even when 

examining the subgroup (n = 13) that increased their walking speeds in the UDTM 

with FES condition, the average changes in TLA were 0.47 ̄and 0.24̄  for the paretic 

and non-paretic limb respectively. As with the PGRF results, the large standard 

deviations (SDparetic = 2.86̄  || SDnon-paretic = 1.14̄ ) signal a large amount of variation 

among individual responses. Since walking speed is a function of step length and 

cadence and individuals in this study did not appear to be increasing their step length 

while increasing their speeds, it is possible that some participants were more likely to 

increase their cadence in the FAST speed conditions rather than their step length to 

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, 

decreased contralateral PGRF, and increased TLA for each limb to generate a net 

increase in speed for the UDTM with FES condition at FAST 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 hemiparesis to 

ensure they could complete the walking tasks, their responses may not be 
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representative of individuals with more severe hemiparesis who are candidates for 

clinical locomotor rehabilitation. The individuals in this study may have experienced 

ceiling effects in speed, and we would expect a group with more severe hemiparesis to 

have even greater changes in walking speed and corresponding push-off forces and 

trailing limb posture. In addition, we wanted to minimize the role of motor learning 

and adaptation as well as isolate the effects of the intervention elements, so individuals 

were given less than 5 minutes of acclimation to the UDTM control and FES during 

the baseline session. This may have resulted in some participants being uncomfortable 

walking on the treadmill with UDTM control and/or FES. Therefore, future work will 

involve training and extended bouts of walking with UDTM control and FES to reduce 

the effects of fear and discomfort as well as highlight carry-over effects of this 

intervention.  

 

Conclusion 

 

Individuals in this study selected substantially faster SS and FAST speeds in 

the UDTM with FES condition compared to the FSTM condition. The average 

increase in SS speed was 0.13 m/s, and the average increase in FAST speed was 0.12 

m/s. This results in a net increase of 0.39 m/s in the training speed from the FSTM, SS 

speed condition to the UDTM, FAST with FES condition which is both substantial 

and clinically meaningful. By creating a training paradigm that allows individuals to 

instantaneously maximize their training speeds, we anticipate both improved training 

effects and quality of life for individuals poststroke after rehabilitation. Since the 

strategies for generating forward propulsion and changing walking speeds varied 
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largely among individuals, future work should further examine individual responses to 

the UDTM with FES 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 currently no consensus on the best method to improve walking 

function after stroke [37], this work introduces a novel form of poststroke gait training 

to improve both walking function after rehabilitation. Previous studies by Kesar and 

colleagues have shown that 12 weeks of training with fast treadmill walking on a fixed 

speed treadmill (FSTM) and functional electrical stimulation (FES) of the affected 

ankle musculature resulted in meaningful increases in walking speed and propulsive 

mechanics [10]. However, training with FSTM control limited the participantsô ability 

to utilize their augmented forward propulsion to train at faster speeds. Since the 

treadmill speed was fixed, participants would have to offset increased forward 

propulsion with increased braking to maintain a constant speed, which may limit the 

effects of training with FES. To address this shortcoming of the FastFES paradigm, 

we proposed the combination of FES with self-paced, or user-driven treadmill 

(UDTM) control, which would allow users to instantaneously increase their walking 

speeds due to changes in propulsive mechanics. This 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 walk at self-selected (SS) and fastest 

comfortable (FAST) speeds on a treadmill with FSTM and UDTM control. These 

participants selected faster SS speeds (+ 0.14 m/s) and FAST speeds (+ 0.19 m/s) with 
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UDTM control compared to FSTM control. While the SS speeds with FSTM control 

were slower than the overground SS speeds, the SS speed with UDTM control were 

similar to their overground speeds, which partially confirms hypothesis 1 In addition, 

training at faster speeds allows individuals to achieve improved outcomes after 

rehabilitation and improve their quality of life [3], [45]. The changes in AGRF and 

TLA with UDTM control were due to the changes in walking speed rather than 

changes in the treadmill control condition. These increases in AGRF and TLA were 

correlated with increased walking speeds for both the FSTM and UDTM control 

conditions, which indicates 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 option for poststroke 

rehabilitation. 

 

In Aim 2, 20 individuals poststroke walked on a treadmill in both its fixed 

speed and user-driven treadmill control conditions. They 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 differences in gait mechanics between the two conditions. 

These results 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 control condition. Also, it 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 speeds. Individuals who increased their FAST speeds from the FSTM to 

UDTM condition (n = 14) held their AGRF and TLA approximately constant while 

increasing the magnitude of their braking forces. Therefore, participants may be able 

to more effectively use their AGRF and TLA with UDTM control and simply do not 

need to increase the amount of forward propulsion they generate.  

 

In Aim 3, 16 individuals poststroke walked on a treadmill in its FSTM and 

UDTM control modes with and without FES of their paretic ankle musculature. They 

selected 0.13 m/s faster SS and 0.12 m/s faster FAST speeds with UDTM control and 

FES than they did with FSTM control without FES, which 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 these faster speeds, but there 

were no changes in AGRF, PGRF, or TLA for either limb between the two conditions. 

This contradicts our hypothesis, but since the standard deviation values were large for 

all three variables, it is possible that the variation among individual responses 

obscured any changes in mechanics that would result in changes in walking speed. We 

examined the responses of the 11 and 13 participants who increased their SS and 

FAST speeds, respectively, in the UDTM with FES condition compared to the FSTM 

without FES condition. 10 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 alone. These individuals increased their AGRF for both limbs and 

their PGRF for the paretic limb in 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, this work shows that individuals 

poststroke can 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 after stroke. 

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 12-week training paradigms. For example, after 12 weeks of FastFES, 

individuals were able to increase their SS speeds by 0.18 m/s [30]. In 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, participants increased 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 to instantly increase their training speeds by 

0.39 m/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 state of 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 quality of life  after poststroke rehabilitation [3], [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 promising that these 

individuals achieved their increased speeds by increasing both their AGRF and TLA, 

which have been tied to improved walking function [21]. IThe UDTM control 

algorithm also creates an active training environment where individuals are 

responsible for driving the pace of their training, and the controller directly responds 

to their performance. Active training environments have been tied to increased motor 

learning after stroke and improved function after rehabilitation [44]. 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. First, the 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 and investigate the responses of individuals to 

isolate trends in the strategies used to change speed. In addition, combining these 

results 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 FES prior to extended bouts of training.  

 

Along with investigating the responses of individuals to UDTM control and 

FES, future work should examine the effect of the UDTM algorithmôs cost function on 

user performance. In this study, the cost function in the controller equally weighted the 

input of the paretic and non-paretic 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 propulsive output of the paretic 

limb is often a key metric for success in rehabilitation [21]. In addition, this UDTM 

controller is unique in how it combines position, force, and step length terms in the 

cost function to determine the appropriate belt speed in real-time. Since AGRF and 

TLA are key metrics for increasing walking speed, individuals may benefit even 

further from weighting the force and step length control terms more heavily than the 

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 future work is the study of the 

training and carry-over 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 poststroke can train with UDTM control and FES for an extended period 

of time and retain some of their increases in speed and propulsive mechanics. In 

addition, a more diverse pool of participants should be included in future work. The 

individuals recruited for this study were nearly all community ambulators to ensure 
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they were able to complete the battery of tests included in the protocol. However, a 

more diverse group of participants could highlight how the severity of an individualôs 

impairment after stroke corresponds to their success with UDTM and FES. It is 

possible that the less impaired group experienced a ceiling effect and were not able to 

increase their speeds or benefit from training with UDTM and FES. Therefore, an 8 to 

12-week training study with UDTM and FES that includes limited community 

ambulators can truly show if UDTM and FES should be implemented for poststroke 

gait training in a clinical setting. 
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PHYSICAL ACTIVITIES READINESS QUESTIONNAIRE (PAR-Q) 
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Physical Activities Readiness Questionnaire (PAR-Q) 
 

University of Delaware 

PI: Jill Higginson, PhD 

 

 

Name: _________________________________________          Age: ___________ 

 

 

Participant signature: _____________________________ Date: __________  

            YES      NO 

 

1. Has your doctor ever said that you have heart problems or a  

heart murmur? 

 

2. Do you ever suffer pains in your chest? 

 

3. Do you ever pass out, have spells of sever dizziness, or  

experience a persistent, rapid or irregular heartbeat? 

 

4. Has your doctor told you that you currently have high blood  

Pressure for which you are not taking medication (systolic pressure  

greater 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? 

 

8. Has your doctor told you that you currently have high  

cholesterol for which you are not taking medication? 

 

9. Is there any physical reason not mentioned here why you should 

not perform physical exertion? 
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NATIONAL INSTITUTES OF HEALTH (NIH) STROKE SCALE  
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Patient Identification.                
Pt. Date of Birth                              
Hospital         
Date of Exam                        

 
Interval:   [ ] Baseline     [ ] 2 hours post treatment   [ ] 24 hours post onset of symptoms ± 20 minutes   
[ ] 7-10 days [ ] 3 months   [ ] Other                                                                
 
Time:             :         [ ]am  [ ]pm 
 
Person Administering Scale:                                                                           
Administer stroke scale items in the order listed. Record performance 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 should record 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                                                Scale Definition                                                         Score 
1a. Level of Consciousness: The investigator must choose 
a response if a full evaluation is prevented by such 
obstacles as an endotracheal tube, language barrier, 
orotracheal trauma/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 unresponsive, 
flaccid, and areflexic. 

 
             

1b. LOC Questions: The patient is asked the month and 
his/her age. The answer must be correct - there is no 
partial credit for being close. Aphasic and stuporous 
patients who do not comprehend the questions will score 
2. Patients unable to speak because of endotracheal 
intubation, orotracheal trauma, severe dysarthria from 
any cause, language barrier, or any other problem not 
secondary to aphasia are given a 1. It is important that 
only the initial answer be graded and that the examiner 
not "help" the patient with verbal or non-verbal cues. 

0 =   Answers both questions correctly. 1 =   
Answers one question correctly. 
2 =   Answers neither question correctly. 

 

1c. LOC Commands: The patient is asked to open and 
close the eyes and then to grip and release the non-
paretic hand. Substitute another one step command if the 
hands cannot be used. Credit is given if an unequivocal 
attempt is made but not completed due to weakness. If 
the patient does not respond to command, the task 
should be demonstrated to him or her (pantomime), and 
the result scored (i.e., follows none, one or two 
commands).  Patients  with trauma, amputation, or other 
physical impediments should be given suitable one-step 
commands. Only the first attempt is scored. 

0 = Performs both tasks correctly. 1 = 
Performs one task correctly. 
2 = Performs neither task correctly. 
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Aim 1: Response of Healthy Adults to User-Driven Treadmill  (UDTM) Control  

Self-Selected (SS) Speeds 

 

 

Table 13: Sorted chart of differences in SS speed and corresponding mechanics for 

healthy adults walking with UDTM control compared to FSTM control. These data 

correspond to the participants and selected walking speeds in Table 4 of Chapter 3. 

 

 

Speed Change Subject No.  
UDTM, SS - FSTM, SS  

D Speed (m/s) D AGRF (% BW) D TLA (Deg) 

Increase 
(UDTM > FSTM) 

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 

23 0.22 2.92% 1.34 

7 0.19 5.47% 2.15 

16 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 

No change 
(UDTM = FSTM) 

14 0.00 -0.62% 0.42 

Average 
N/A N/A N/A 

Stdev 

Decrease 
(UDTM < FSTM)  

10 -0.01 3.58% 2.40 

15 -0.10 0.18% 0.17 

3 -0.12 2.75% 0.92 

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 

 

 

Table 14: Sorted chart of differences in FAST speed and corresponding mechanics for 

healthy adults walking with UDTM control compared to FSTM control. These data 

correspond to the participants and selected walking speeds in Table 4 of Chapter 3. 

 

 

Speed Change Subject No.  
UDTM, FAST - FSTM, FAST 

D Speed (m/s) D AGRF (% BW) D TLA (Deg) 

Increase 
(UDTM > FSTM) 

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% 1.41 

14 0.22 4.54% 0.71 

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 

Decrease 
(UDTM < FSTM) 

11 -0.02 -0.53% -0.36 

19 -0.02 -0.11% 0.53 

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 Individuals Poststroke to User-Driven Treadmill  (UDTM) 

Control  

Self-Selected (SS) Speeds 

 

Table 15: 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 within-session minimum detectable change (MDC) [63]. 

These data correspond to the participants and selected walking speeds in Table 7 of 

Chapter 4. 

 

Speed Change 
Subject 

No.  

UDTM, SS - FSTM, SS  

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF  
(% BW) 

D PGRF  
(% BW) 

D TLA  
(Deg) 

D AGRF  
(% BW) 

D PGRF  
(% BW) 

D TLA  
(Deg) 

Increase 

(UDTM > FSTM) 

14 0.34 3.08% -5.56% 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 3.37% -5.58% 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 -2.17% -2.85% 0.68 -1.06% -5.15% 0.69 

7 0.16 1.14% -0.78% 1.59 1.43% -3.16% 1.72 

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% -0.51% 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 0.59% -1.79% 0.73 

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

Stdev 0.11 2.34% 1.51% 2.16 1.98% 2.25% 1.25 

Decrease 

(UDTM < FSTM) 

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

12 -0.04 -1.31% 0.04% 0.58 -0.83% 1.06% -0.75 

13 -0.10 -1.00% 1.46% -0.82 -0.42% 3.73% -1.02 

3 -0.15 -1.68% 2.34% -3.39 -4.65% 4.44% -2.97 

1 -0.21 -1.54% 3.66% -3.08 -2.71% -0.05% -3.04 

11 -0.29 -1.12% 5.21% -0.72 -1.50% 5.79% -0.51 

Average -0.14 -1.30% 2.52% -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 

 

Table 16: 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 within-session minimum detectable change (MDC) [63]. 

These data correspond to the participants and selected walking speeds in Table 7 of 

Chapter 4. 

 

 

Speed Change 
Subject 

No.  

UDTM, FAST - FSTM, FAST 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM > FSTM) 

5 0.29 1.02% -3.45% 6.45 -5.15% -3.95% 1.88 

10 0.22 0.30% -6.70% 1.12 4.13% -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 -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 

15 0.11 -4.05% 0.09% -0.75 -1.92% -1.41% -0.14 

14 0.10 -1.27% 2.01% 0.28 0.32% 2.52% 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 -0.58% -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 

12 0.03 -0.06% 1.65% -0.56 -2.19% 0.85% -1.72 

Average 0.13 0.06% -1.18% 0.85 -0.30% -1.91% 0.57 

Stdev 0.08 1.72% 2.54% 2.16 2.06% 2.14% 1.06 

No change 
(UDTM = FSTM) 

17 0.00 0.37% -0.97% 4.10 1.61% -3.10% 0.95 

Average 
N/A N/A N/A N/A N/A N/A N/A 

Stdev 

Decrease 
(UDTM < FSTM) 

7 -0.02 -2.52% 5.01% -4.97 -0.83% 9.18% -2.89 

8 -0.03 -0.73% 0.97% -0.02 -2.52% 2.38% -1.02 

6 -0.09 -2.02% 5.56% -2.44 -1.99% 1.03% -1.60 

4 -0.17 0.00% 0.00% 0.00 0.00% 0.00% 0.00 

1 -0.27 -3.24% 10.75% -2.66 -2.56% -1.85% -3.32 

Average -0.12 -1.70% 4.46% -2.02 -1.58% 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 to User-Driven Treadmill Control  

(UDTM) and Paretic Limb FES 

Comparison of FSTM Control and UDTM Control 

Self-Selected (SS) Speeds 

 

Table 17: 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 within-session minimum detectable change (MDC) [63]. 

These data correspond to the participants and selected walking speeds in Table 9 of 

Chapter 5. 

 

Speed Change 
Subject 

No.  

UDTM, SS ς FSTM, SS 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM > FSTM) 

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

9 0.25 2.78% -1.48% 5.75 3.37% -5.58% 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 -2.17% -2.85% 0.68 -1.06% -5.15% 0.69 

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 

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

6 0.01 0.67% -0.79% 0.56 0.59% -1.79% 0.73 

Average 0.14 1.29% -1.47% 2.55 1.24% -2.66% 1.24 

Stdev 0.10 2.52% 1.11% 2.38 2.08% 2.47% 1.30 

Decrease 
(UDTM < FSTM) 

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

13 -0.10 -1.00% 1.46% -0.82 -0.42% 3.73% -1.02 

3 -0.15 -1.68% 2.34% -3.39 -4.65% 4.44% -2.97 

1 -0.21 -1.54% 3.66% -3.08 -2.71% -0.05% -3.04 

11 -0.29 -1.12% 5.21% -0.72 -1.50% 5.79% -0.51 

Average -0.15 -1.30% 3.02% -1.82 -2.30% 2.87% -1.80 

Stdev 0.10 0.29% 1.45% 1.31 1.57% 2.55% 1.15 
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Fastest Comfortable (FAST) Speeds 

 

Table 18: Sorted chart of differences in FAST speed and corresponding mechanics for 

individuals poststroke walking with UDTM control compared to FSTM control. 

Bolded quantities exceed the within-session minimum detectable change (MDC) [63]. 

These data correspond to the participants and selected walking speeds in Table 9 of 

Chapter 5. 

 

Speed Change 
Subject 

No. 

UDTM, FAST ς FSTM, FAST 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM > FSTM) 

5 0.29 1.02% -3.45% 6.45 -5.15% -3.95% 1.88 

10 0.22 0.30% -6.70% 1.12 4.13% -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 -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 

15 0.11 -4.05% 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 4.06% 2.39% -1.40 -0.58% -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% -2.51% 0.75 

Stdev 0.08 1.82% 2.39% 2.29 2.16% 1.60% 0.90 

No Change 
(UDTM = FSTM) 

17 0.00 0.37% -0.97% 4.10 1.61% -3.10% 0.95 

Average 
N/A N/A N/A N/A N/A N/A N/A 

Stdev 

Decrease 
(UDTM < FSTM) 

8 -0.03 -0.73% 0.97% -0.02 -2.52% 2.38% -1.02 

6 -0.09 -2.02% 5.56% -2.44 -1.99% 1.03% -1.60 

1 -0.27 -3.24% 10.75% -2.66 -2.56% -1.85% -3.32 

Average -0.13 -2.00% 5.76% -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 

Self-Selected (SS) Speeds 

 

Table 19: Sorted chart of differences in SS speed and corresponding mechanics for 

individuals poststroke walking with UDTM control with FES compared to UDTM 

control without FES. Bolded quantities exceed the within-session minimum detectable 

change (MDC) [63]. These data correspond to the participants and selected walking 

speeds in Table 9 of Chapter 5. 

 

Speed Change 
Subject 

No.  

UDTM, SS with FES ς UDTM, SS 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM w/FES 

> UDTM) 

2 0.27 2.30% -1.76% 3.17 4.14% -5.14% 2.82 

11 0.24 0.80% -5.61% 2.14 3.26% 18.41% 1.54 

5 0.16 0.26% 15.62% -3.71 6.92% 0.00% 0.75 

3 0.15 1.36% 11.34% 2.27 6.77% -6.44% 4.25 

19 0.13 0.91% -5.76% -0.21 2.22% -3.80% 0.53 

16 0.11 1.50% -4.11% 0.28 1.21% -2.42% 0.94 

13 0.10 0.18% -1.55% 0.76 -0.14% -2.32% -0.06 

15 0.09 5.44% -4.64% -0.07 5.79% 2.68% 6.45 

1 0.09 0.77% 11.30% -1.73 -0.65% 3.65% -0.42 

6 0.07 1.09% -3.05% 1.99 2.72% 2.47% 1.89 

9 0.05 -0.67% -0.24% 0.28 0.47% -2.16% 0.20 

18 0.03 -1.06% -8.32% -0.69 0.64% 1.98% -1.13 

20 0.03 0.32% -1.53% -0.28 0.69% -1.51% 0.22 

Average 0.12 1.02% 0.13% 0.32 2.62% 0.41% 1.38 

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

Decrease 
(UDTM w/FES 

< FES) 

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

8 -0.06 -0.57% -3.02% -0.97 -1.09% 0.11% -0.56 

10 -0.17 -1.47% -2.40% -1.60 -0.54% 1.91% -0.06 

Average -0.08 -0.86% -1.62% -1.31 -0.25% 1.82% -0.50 

Stdev 0.08 0.53% 1.92% 0.32 1.02% 1.66% 0.42 
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Fastest Comfortable (FAST) Speeds 

 

Table 20: Sorted chart of differences in FAST speed and corresponding mechanics for 

individuals poststroke walking with UDTM control with FES compared to UDTM 

control without FES. Bolded quantities exceed the within-session minimum detectable 

change (MDC) [63]. These data correspond to the participants and selected walking 

speeds in Table 9 of Chapter 5. 

 

Speed Change 
Subject 

No. 

UDTM, FAST with FES ς UDTM, FAST 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM w/FES 

> UDTM) 

9 0.24 -0.06% -0.87% 4.62 1.53% -3.79% 1.77 

15 0.20 2.78% -1.43% 0.31 2.71% -2.94% 0.84 

2 0.19 0.74% 6.13% 2.41 1.98% -5.68% 1.16 

17 0.17 3.65% -2.78% 3.43 1.74% -1.61% 0.45 

20 0.13 1.09% -1.79% 3.20 1.26% -1.71% 0.88 

16 0.13 2.88% -4.19% 0.64 2.87% -3.90% 1.32 

1 0.11 0.31% 8.48% -4.50 -1.80% 9.81% -1.66 

6 0.07 1.18% -2.10% 1.51 3.21% 0.15% 1.57 

3 0.03 0.89% 18.23% 1.78 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% 2.67 2.03% 3.97% 1.64 

No Change 
(UDTM w/FES 

= UDTM) 

11 0.00 -0.46% -4.86% 0.26 2.42% 25.26% 0.93 

Average 
N/A N/A N/A N/A N/A N/A N/A 

Stdev 

Decrease 
(UDTM w/FES 

< UDTM) 

8 -0.02 -1.92% 0.81% -2.12 -1.11% 0.99% -1.57 

13 -0.07 0.26% 1.05% 0.39 0.03% -0.95% -0.94 

18 -0.07 -0.40% -2.69% -2.12 0.56% -1.78% -1.91 

10 -0.15 -0.95% 6.11% -1.67 -2.53% 3.12% -0.79 

19 -0.15 0.89% -0.35% -0.79 -0.13% 2.83% -0.35 

5 -0.18 -0.24% 21.39% -6.33 5.63% 0.00% -1.17 

Average -0.11 -0.39% 4.39% -2.11 0.41% 0.70% -1.12 

Stdev 0.06 0.98% 8.82% 2.28 2.78% 1.99% 0.56 
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Comparison of FSTM Control and UDTM Control with Paretic Limb FES 

Self-Selected (SS) Speeds 

 

Table 21: Sorted chart of differences in SS speed and corresponding mechanics for 

individuals poststroke walking with UDTM control with FES compared to FSTM 

control without FES. Bolded quantities exceed the within-session minimum detectable 

change (MDC) [63]. These data correspond to the participants and selected walking 

speeds in Table 9 of Chapter 5. 

 

 

Speed Change 
Subject 

No.  

UDTM, SS with FES ς FSTM, SS 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM w/FES 

> FSTM) 

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 

20 0.20 1.92% -3.41% 4.87 1.97% -3.26% 1.23 

5 0.20 0.66% 13.95% -1.08 6.83% -3.44% 2.14 

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 

Average 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 

No Change 
(UDTM w/FES 

= FSTM) 

3 0.00 -0.31% 13.68% -1.12 2.12% -2.00% 1.28 

14 0.00 -0.81% -0.09% -0.06 -0.56% 1.41% -1.08 

Average 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 

Decrease 
(UDTM w/FES 

< FSTM) 

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

11 -0.05 -0.32% -0.40% 1.42 1.76% 24.20% 1.04 

1 -0.12 -0.77% 14.96% -4.82 -3.36% 3.59% -3.45 

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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Fastest Comfortable (FAST) Speeds 

 

Table 22: Sorted chart of differences in FAST speed and corresponding mechanics for 

individuals poststroke walking with UDTM control with FES compared to FSTM 

control without FES. Bolded quantities exceed the within-session minimum detectable 

change (MDC) [63] . These data correspond to the participants and selected walking 

speeds in Table 9 of Chapter 5. 

 

Speed Change 
Subject 

No. 

UDTM, FAST w/FES ς FSTM, FAST 

D Speed 
(m/s) 

Paretic Limb Non-Paretic Limb 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

D AGRF 
(% BW) 

D PGRF 
(% BW) 

D TLA 
(Deg) 

Increase 
(UDTM w/FES 

> FSTM) 

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 

11 0.13 0.24% -5.36% 1.02 1.83% 22.28% 1.61 

5 0.11 0.77% 17.95% 0.12 0.48% -3.95% 0.71 

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% -5.26% 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 

Decrease 
(UDTM w/FES 

< FSTM) 

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

8 -0.05 -2.65% 1.78% -2.15 -3.63% 3.37% -2.59 

1 -0.17 -2.93% 19.23% -7.16 -4.37% 7.95% -4.98 

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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Appendix E 

IRB APPROVAL LETTERS  
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Appendix F 

IRB APPROVED PROTOCOLS 
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