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ABSTRACT 

 

Stroke is a leading cause of disability in United States and each year over 

795,000 Americans experience new or recurrent strokes. Stroke severely degrades 

lower extremity muscle function and results in slower walking speeds and deteriorated 

quality of life. Following stroke, a variety of gait rehabilitation modalities are 

available to improve community mobility but produce mixed results. Several studies 

have identified pre-swing as a critical region of the gait cycle and have associated 

deficits in plantar flexor contribution to walking subtasks with slower walking speeds.  

Body Weight Supported Treadmill Training (BWSTT) is a training program that 

consists of walking on a treadmill while a portion of body weight is supported by a 

harness. The Active Leg Exoskeleton (ALEX) is a 6 DOF orthosis using a force-field 

controller with an assist as needed paradigm designed for gait retraining of stroke 

victims. To compare the effects of BWSTT and ALEX training, a previous 

intervention study with 12 stroke survivors revealed that only the ALEX group 

exhibited significant changes in over ground walking speed and peak knee flexion 

angle. The objective of this study was to use musculoskeletal modeling to investigate 

the changes in muscle coordination of patients that underwent BWSTT and ALEX 

training. Three dimensional musculoskeletal simulations for one full gait cycle were 

built for each patient before and after training. Analyses were performed on lower 

extremity muscles during paretic pre-swing to calculate average muscle force, time 

integral of individual muscles to support and accelerate the center of mass forward as 



 xiv

well as individual muscle contributions to knee angle acceleration. Moreover muscle 

potential analyses were performed to quantify the role of posture, independent of 

muscle force, to accelerate the center of mass. ALEX trained subjects exhibited an 

increase in plantar flexor force, soleus and iliopsoas propulsion and less vastus braking 

of the center of mass. Results also indicated that plantar flexors and vastus contributed 

less to knee extension. BWSTT subjects exhibited a decrease in vastus breaking but 

plantar flexor propulsion showed close to zero change. Vastus also contributed less to 

knee extension similar to ALEX, but the net soleus contribution to extension increased 

post training. 

Increases in speed and peak knee flexion angles were only found to be 

significant for the ALEX group. Our results indicate decreased vastus braking and 

increased paretic propulsion was the main reason for this change following ALEX 

training. The BWSTT group also exhibited decreased braking but paretic plantar 

flexors did not contribute more to propulsion.  To explain the increase in peak knee 

flexion after ALEX training, the plantar flexors and vastus showed net decreased 

contribution to knee extension, but the net contribution to knee extension increased for 

soleus after BWSTT training. 

Despite the heterogeneity among stroke survivors, ALEX appears to induce 

important changes in pre-swing muscle function related to observed increases in speed 

and knee flexion.  
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Chapter 1 

INTRODUCTION 

1.1 Introduction  

 Walking is one of the most important parts of our daily life, however, this 

seemingly simple task requires a very complex interaction between muscles, the 

skeletal system and neural system which are collectively called the 

neuromusculoskeletal system. Any impairment in one or all parts of this system, may 

lead to limited mobility. Due to the complex nature of this system, identifying the 

exact cause and the best treatment solution for an impairment can be very challenging. 

 Stroke is the most common cause of disability in the developed world and in 

the US alone 795,000 incidences per year are reported (Go et al., 2013). Stroke can 

severely degrade lower extremity muscle function, which impairs functional activities 

such as ambulation. This impairment in walking of stroke victims limits independence 

and predisposes them to injuries from falls (Nyberg et al. 1995). Moreover stroke 

consumes a big portion of the health care budget and it is estimated that the collective 

cost of stroke treatment in the US alone is 312.6 billion dollars (Go et al., 2013). 

Stroke victims typically receive intensive therapy sessions to regain healthy 

gait. A variety of rehabilitation strategies such as Functional Neuromuscular 

Stimulation, Robot Driven Gait Therapy and Body Weight Supported Treadmill 

Training exist (Belda-Lois et al., 2011). However, systematic evaluation of the 

effectiveness of these interventions is limited and outcomes are usually unsatisfactory 

and inconsistent. 
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The complexity of the musculoskeletal system enables fine motor control but 

complicates treatment of gait pathologies. This complexity makes pinpointing the 

cause of gait disorders challenging and respectively administering the subject specific 

treatment most suitable for that person difficult. Many rehabilitation strategies are 

based on targeting the deficiencies in kinematic data such as reduced knee flexion or 

ankle dorsiflexion by administering therapy by inferring muscle function based on 

anatomy alone (Zajac & Gordon, 1989), but as Zajac and Gordon point out extreme 

caution must be applied since in multijoint movements a muscle acts to accelerate all 

joints whether spanned or not. It has been demonstrated that gastrocnemius, 

anatomically a knee flexor and ankle plantar flexor, can in certain circumstances act to 

extend the knee (Zajac & Gordon, 1989). This posture-related variability in muscle 

function is very important. Thus clinicians should not base their judgments only on a 

muscles location but must understand how individual muscles contribute to motion 

during gait in order to design optimal treatment solutions. Simulations can help to 

identify the individual muscle contributions to gait, and the changes in muscle 

coordination that have occurred due to each treatment. 

 

1.2 Focus of the Dissertation 

The aim of this study is to use musculoskeletal modeling and simulations to 

elucidate the changes in muscle coordination of stroke gait after two forms of 

treatment: Robotic Assisted Gait Training and Body Weight Supported Treadmill 

Training. Three dimensional musculoskeletal simulations of stroke patients before and 

after 15 sessions of training were created. These simulations provided information 

about muscle activity and muscle force. Further induced accelerations analysis 
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revealed how each muscle contributes to acceleration of the body center of mass 

during gait, plus knee angle acceleration analysis identified which muscles contributed 

to the flexion and extension of the knee. Muscle potential analysis revealed how 

changes in posture during gait could put muscles anatomically in a more advantageous 

position to push and support the body during gait.  

We investigated the propulsive or pre-swing phase of gait, from contralateral 

heel strike to ipsilateral toe off, as this phase has been shown to be important during 

gait (Chen et al., 2005; Neptune et al., 2004; Neptune et al., 2008). We defined an 

increase in a muscles contribution to forward acceleration or support positive as we 

seek to move forward and also maintain upright posture during this phase of the gait. 

We further decomposed these contributions to muscle force and potential. We believe 

these analyses and distinctions may help clinicians to make a decision on whether to 

target muscle force, activation or posture during treatment. 

1.3 Specific Aims 

The objective of this study was to use musculoskeletal modeling to test, 

understand and predict the changes in lower extremity muscle coordination in post-

stroke gait before and after two forms of therapeutic intervention: 

1) Active limb exoskeleton (ALEX) training. 

2) Body weight supported treadmill training (BWSTT). 

 

We addressed the following aims: 

 

1. Predict, identify and compare changes in lower extremity muscle force, 

activation, potential and induced acceleration pre and post training in 
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groups of individuals with hemiparesis that have undergone ALEX 

training. 

 

2. Predict, identify and compare changes in lower extremity muscle force, 

potential and induced acceleration pre and post training in groups of 

individuals with hemiparesis that have undergone BWSTT training. 
 

We hope this study will provide us with a better understanding of changes in 

muscle coordination post treatment in stroke subjects which may lead to the design of 

better rehabilitation interventions. 

 

 

 

1.4 Active Limb Exoskeleton Training 

Proper application of robotics has a potential advantage over conventional 

therapy in terms of precision and repeatability of therapeutic movements. Robots are 

especially well suited in application areas where well controlled physical motion and 

force is required. Robotics is, therefore, potentially suitable for rehabilitation in 

physical therapy, where training to regain lost functional abilities plays a major role. 

Some of the advantages that robotic rehabilitation has over conventional manual 

rehabilitation are:  

1) It may reduce the physical burden on clinical staff. 

 2) Interaction forces and torques, measured with various sensors, can 

quantitatively assess the level of motor recovery. 
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 3) Robotics can help in delivering repetitive training at a reasonable cost 

(Banala et al., 2007). 

       Recent studies have shown the viability of robotics as a treatment tool after 

brain injuries (Reinkensmeyer et al., 1996; 1999). Initial results of studies using 

robotics for training function in stroke patients are encouraging (Aisen et al., 1997; 

Daly et al., 2005; Finley et al., 2005; Krebs et al., 1998).  

 Recently, passive robotic devices have been used for the training of post 

stroke patients (Hesse and Uhlembrock, 2000; Hesse et al., 2000). The Active Limb 

Exoskeleton (ALEX) at the University of Delaware is a motorized orthosis with 

several degrees of freedom that allows a more natural walking pattern on a treadmill 

(Banala et al., 2007). It was designed using a force-field controller with an assist-as-

needed paradigm for gait rehabilitation of stroke survivors (Banala et al. 2006, 

Agrawal et al., 2007a, Krishnamoorthy, 2007) which also has the ability to provide 

constraints on the patients’ limb movements through error augmentation and thus 

requiring patients to exert more force to complete the gait cycle (Banala et al., 2007, 

Agrawal et al., 2007b, Kim et al., 2007). Improvements such as increase in the size of 

patients gait pattern and increase in overall foot trajectory, increased knee and ankle 

joint excursions and increased walking speed were seen in stroke survivors that went 

through the ALEX training (Banala et al., 2009).In a recent study 6 stroke subjects 

were recruited and underwent 6 weeks of ALEX training resulting in a significant 

increase in self-selected speed, dynamic gait index and peak knee flexion angle 

(Srivastava, 2014). What remains unknown is how these treatments affect muscle 

coordination and individual muscle activation that result in kinematic changes 

reported. This study aims to address this issue. 
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1.5 Body Weight Supported Treadmill Training 

Body Weight Supported Treadmill training (BWSTT) is a paradigm currently 

used for gait training of stroke survivors. BWSTT helps patients bear more weight on 

the affected leg by gradually decreasing the level of body support while subjects 

practice walking on a treadmill (Hesse, et al., 1995; Visintin et al., 1998; Hesse et al., 

1999). BWSTT requires substantial labor and repetitive motion by therapists as they 

need to manually provide support for patients to extend or flex their hip, knee and 

ankle during gait. 

 There have been numerous studies that support BWSTT as a rehabilitation 

method post stroke (Barbeau and Visntin, 2003; Visintin et al., 1998; Hesse et al., 

1999; Hesse and Werner, 2003) where improvements in functional balance, motor 

recovery and walking speed were seen; however, most of the studies are inconclusive 

when comparing BWSTT to other rehabilitation methods. Some studies have 

challenged the initial suggestions that BWSTT is more effective than over ground gait 

training (Nilsson et al., 2001) and in a recent review (Moseley et al., 2005) concluded 

that there was not enough evidence to determine the effect of treadmill training, with 

and without body support, after stroke and that more study was needed. Some studies 

have concluded that BWSTT is most effective with people older than 65 and those 

most dependent on the therapist at the beginning of the training (Barbeau and Visintin, 

2003) while another study has concluded it is not more effective than home exercise 

(Duncan et al., 2011).  
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In order to understand the underlying mechanisms that give rise to changes 

seen in stroke patients gait post training, 6 subjects were recruited and underwent 

BWSTT training. Clinical measures indicate a significant increase in six minute walk 

test and a slight increase in over ground walking speed which did not lead to a 

significant change. Kinematic measures also indicated a slight increase in peak knee 

flexion angles which were not found to be significantly different when compared to 

before training (Srivastava, 2014). One of the motivations of this study was to use 

simulation to understand any changes in muscle coordination of patients underlying 

the observed training effects. 

Biomechanical investigations of BWSTT have yielded interesting results. In 

recent developments, Goldberg et al. (2013) found sensitivity of mean peak joint 

moments in ankle, knee and hip, changes with variations in speed and level of body 

support. In general mean peak joint moment decreased linearly with decreasing speed 

and increasing body support, except knee extension moments. This study indicates the 

sensitivity of kinematics and subsequently muscle coordination to altered body weight 

and speed, which are both altered in BWSTT, however it is not clear how these 

changes would be translated to hemiparetic patients gait post training or whether it is 

beneficial to increase or decrease the body weight in patients to get better therapeutic 

results. Chen et al. (2005) calculated gait deviations associated with post-stroke 

hemiparesis. Increasing body weight support or handrail support resulted in an 

increase in single limb support time on the paretic limb and increasing treadmill speed 

increased leg kinetic energy at toe-off. McGowan et al. (2009) used simulations to 

determine muscle contributions to the vertical ground reaction force impulse (body 

support) and positive horizontal trunk work and found contributions to the vertical 
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impulse by the soleus, vastus and gluteus maximus decreased in response to decrease 

in body weight. Soleus had the greatest absolute contribution to both body support and 

forward propulsion which may suggest it is a primary modulating mechanism to 

altered weight. This study aims to use simulation to understand the effect of BWSTT 

on muscle coordination and detect changes in individual muscle function during gait. 

 

 

1.6 Significance 

    This study is significant because there has been only one study that has 

quantified the changes in muscle coordination of patients that have undergone Body 

Weight Supported Treadmill Training (BWSTT) and no studies have been done on 

Active Limb Exoskeleton training (ALEX). Only recently a study (Allen et al., 2014) 

has used simulations to understand how propulsion changed in two stroke victims that 

had undergone BWSTT training and found the biggest changes were due to an 

increase in propulsive force generated by plantar flexor muscles. In this study we have 

quantified changes in propulsion and 5 other parameters (force, support, vertical and 

horizontal potential, induced knee angle) for a total of 12 patients for two different 

training paradigms, BWSTT and ALEX. 

This study is also significant because muscle potential analysis along with 

muscle force and induced acceleration analysis may help therapists understand and 

target deficits based on how they originate. Simulation based analysis can help clarify 

and distinguish between deficits due to less advantageous posture during gait or less 

timely muscle activation. 
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1.7 Innovation 

This study is innovative because it describes for the first time: 

1)  Three-dimensional musculoskeletal simulations before and after ALEX 

training 

2)  Three-dimensional musculoskeletal simulations before and after BWSTT 

3) Changes in primary contributors to support and forward acceleration of the 

bodies center of the mass during pre-swing. 

Kinematic analysis can provide data to quantify changes in gait performance 

due to training but gives no insight as to what has caused these changes. Forward 

simulations of walking patterns pre and post training in this study illustrate the 

underlying muscular components that have brought about observed kinematic 

changes.  

    For the first time muscle actuated musculoskeletal modeling is used to 

investigate the effect of ALEX on gait retraining and rehabilitation of stroke subjects 

as well as a more comprehensive study on BWSTT. This study is innovative because it 

uses modeling to identify the effects of robotic gait training and BWSTT on a 

muscular level and can potentially provide guidelines for how to optimally design a 

treatment for a patient to address force or posture deficiencies. 

 

1.8 Thesis Overview 

After this general introduction chapter, Chapter 2 gives a background on gait, 

stroke, rehabilitation and musculoskeletal simulations. Chapter 3 examines muscle 

coordination of stroke victims before and after Active Leg Exoskeleton Training as a 

form of robotic gait retraining and Chapter 4 outlines the muscle coordination and 
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contribution pre and post Body Weight Supported Treadmill Training. Chapter 5 seeks 

to conclude, compare and summarize the findings. Chapter 3 & 4 each respectively 

correspond to Specific Aims 1 & 2. 
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Chapter 2 

BACKGROUND 

2.1 Gait 

Walking is one of the most important activities of daily life which enables us 

to move and interact with the environment and other human beings. The average adult 

takes approximately 6000 to 7000 steps per day (Tudor et al., 2004). Walking is also 

an important factor that contributes to a healthier life style and quality of life. 

Understanding the basic science behind walking can elucidate ways to treat 

pathological gait. Healthy gait can be divided in to two phases: (1) Stance phase, when 

the foot is on the ground (0-60% gait cycle); (2) Swing phase, when the foot leaves the 

ground (60-100% gait cycle). Motion analysis provides a platform to quantify the 

kinematics and kinetics of gait. Motion capture is used to measure joint angles and 

together with force plates enables the calculation of the magnitude and direction of the 

force exerted by the foot on the ground. Ground reaction force is very important 

because it is used to calculate moments at each joint which are produced by muscles. 

Muscle activity can be measured using electromyography (EMG), however, to 

determine how the EMG signal can be translated to muscle force and muscle moment 

can be challenging due to the complex nature of muscle physiology and the nonlinear 

relationship between muscle force and muscle activity. Also, muscles in the 

musculoskeletal system, like any multi-body dynamic system can contribute to the 

joints that they do not cross (Zajac & Gordon 1989), which makes analyzing the 

musculoskeletal system much more complex. Musculoskeletal modeling can help us 
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examine in detail how muscles exactly contribute to these motions. Understanding 

these muscle contributions to gait before and after treatment of stroke victims is the 

main goal of this thesis. 

2.2 Stroke and Gait Retraining 

Stroke is a leading cause of disability in the US. Persons after stroke typically 

experience impairments such as spasticity, excessive co-contraction or poorly 

sustained contraction and muscle weakness (Ryerson et al., 1998). Muscle weakness is 

a major limiting factor of performance in stroke victims (Landau et al., 2002). Muscle 

weakness is often due to atrophy and impaired muscle activation by the central 

nervous system (Ryan et al., 2002). Discrimination between weakness due to force 

generating ability of muscles and activation failure is important in determining subject 

specific rehabilitation protocols (Stackhouse et al., 2000; Stackhouse et al., 2003). A 

recent study indicates this weakness is mainly due to activation failure (Knarr et al., 

2013) which indicates measures such as Functional Electrical Stimulation (FES) might 

be specifically beneficial in treatment. 

Decreased walking speed and abnormal gait kinematics are often the major 

defining characteristics of stroke gait (Olney et al., 1996). Decreased ankle 

dorsiflexion and decreased hip flexion during initial contact and swing phase, 

decreased knee flexion during swing and toe-off and decreased hip extension during 

terminal stance describe the kinematics of stroke gait (Lennon et al., 2001). Decreased 

control of dorsiflexion during the swing phase of gait is a significant problem because 

it effectively shortens the paretic limb elevation requiring compensatory mechanisms 

such as pelvic elevation and leg circumduction to achieve foot clearance (Carr and 

Shepherd, 1983). Plantar flexor deficits are also common among stroke victims. 
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Because weak plantar flexor force generation during walking limits stability (Nadeau 

et al., 1999), the risk of falling is increased (Dettman et al., 1987). 

Most patients regain walking ability after stroke, however their gait pattern is 

often characterized by asymmetries in spatial and temporal parameters (Lauzière et al., 

2014). The underlying muscle coordination and muscle compensation strategies 

responsible for this asymmetry is unclear. These compensatory mechanisms can have 

long term effects and are hard to unlearn if adapted for a long time. Gait retraining 

attempts to address the kinematic shortcomings while preventing disruptive 

compensatory mechanisms and is an important part of rehabilitation. The use of a 

treadmill has gained popularity as a form of intervention for post stroke gait (Sullivan 

et al, 2002; Barbeau 2003; Silver et al., 2000). Studies have also combined treadmill 

walking with other rehabilitation methods such as functional electrical stimulation 

(FES), (Kottink et al., 2004; Kesar et al., 2009). It is known that poor plantarflexor 

control contributes to the production of inadequate ground reaction force, thus Kesar 

and colleagues (2009) combined fast treadmill walking and FES applied to 

plantarflexors and dorsiflexors and reported greater propulsive force and swing phase 

knee flexion.  

 Another paradigm currently used for gait retraining of stroke victims is 

combining treadmill training while using a harness to support body weight (BWSTT). 

Findings on the effects of BWSTT are confusing and contradictory, while some 

studies have found it to be an effective method of gait retraining (Barbeau and Visntin, 

2003; Visintin et al., 1998; Hesse et al., 1999; Hesse and Werner, 2003), other 

findings are inconclusive or show the same results as home managed exercise 
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(Moseley et al., 2005; Duncan et al., 2011). One of the goals of this thesis is to use 

simulations to understand the disparities in conflicting BWSTT findings. 

Robotic training is also an emerging field which aims to decrease the burden 

on the therapist and decrease the cost of gait retraining. An active limb exoskeleton 

(ALEX) has been developed at the University of Delaware (Banala et al., 2007) to 

help patients retrain gait. ALEX is a 6 DOF active limb exoskeleton which uses force 

field to correct for patients gait trajectory. What sets ALEX apart from other robotic 

exoskeletons currently utilized is higher degrees of freedom which allows for a more 

natural movement and force field controller which only supports motion when the 

patient is unable to move the limb in the trajectory desired for healthy gait. ALEX 

employs both these faster walking speeds and FES in gait retraining in order to 

achieve higher propulsive force. Improvements such as increased walking speed and 

increased ankle and knee joint incursion were seen in patients that went through 

ALEX training (Banala et al., 2009). Due to the complex nature of gait we have used 

simulations to understand the changes seen in patients that have gone through robotic 

gait retraining. Changes in activation patterns and forces generated by individual 

muscles, the effect of these changes in forces and posture in terms of  body propulsion 

and support can only be detected and explained via simulation and induced 

acceleration analyses. 

2.3 Musculoskeletal Simulations 

The complexity of the musculoskeletal system enables fine motor control but 

makes it difficult to diagnose and treat pathological gait. Musculoskeletal modeling 

can provide insight to this system and enables cause-and-effect analysis of stroke gait. 
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Modeling can address the questions that are not experimentally feasible either 

due to ethical reasons or lack and inaccuracy of experimental methods in gait analysis. 

We can gain knowledge of the forces carried by ligaments, tendons and joints that are 

of clinical interest but cannot be accessed without invasive procedures (Piazza, 2006). 

OpenSim is a freely available software system that lets users develop models 

of the musculoskeletal system and create dynamic simulations of movement. OpenSim 

can be used to study kinetics, kinematics, muscle force and contributions to movement 

(Delp et al., 2007). Several studies have used simulations to track pathological gait 

(Goldberg et al., 2004; Higginson et al., 2006) and examine muscle function.  

OpenSim uses movement data and subject weight to scale the generic 

musculoskeletal model to subject specific dimensions which includes adjusting masses 

and inertial properties. It is also possible to build a model using marker data in 

programs such as Visual 3D and import the selection to OpenSim to perform 

simulations. OpenSim uses these data to calculate the joint angles. If ground reaction 

data is also provided, inverse dynamics may be applied to calculate joint moments. 

OpenSim can use these joint moments to calculate muscle excitations needed 

to produce the subject’s gait. Due to experimental errors such as marker movement, 

motion may be dynamically inconsistent with force plate data. To reduce these 

inaccuracies, imaginary forces are used to account for these inaccuracies which are 

called “Residuals”. Residual Reduction Analysis (RRA) is performed to minimize 

these forces (Delp et al., 2007). The algorithm recommends changes to model mass 

parameters to reduce the average values of residuals. If there are no limits on residuals 

the kinematics can be tracked ideally but it will in return result in higher residual 

forces, thus an optimization is performed to distribute tracking errors across joint 



 16

angles and a weight is applied to account for the order of importance of tracking each 

degree of freedom.  Based on the research question being addressed, OpenSim has 

provided guidelines on recommended thresholds for residuals for researchers to follow 

which can be accessed via the user guide. 

After reducing residuals and arriving at a consistent kinetic and kinematic 

portrait of gait we can use these data to estimate muscle excitation. In the human body 

the number of muscles that crosses the joints are higher than the degrees of freedom. 

This problem, known as Bernstein’s degree of freedom problem (Bernstein, 1967), 

requires an optimization to be performed to determine each muscles contribution to 

the joint moment. Static Optimization minimizes an objective function such as squared 

activation for a set of muscles to satisfy the equation of motion at each time step.  

Computed Muscle Control combines static optimization with a feedback controller to 

determine the set of muscles that minimize the sum of muscle activation squared and 

error in actual and predicted state and tracks the motion (Thelen et al., 2003). 

Computed Muscle Control (and not static optimization) considers the history 

dependency component, meaning that there are no sudden changes in the forces of the 

muscles (Thelen et al., 2003) since the solution at each time step is influenced by 

feedback from previous time points. If EMG data is collected it can be used to limit 

the time or range of excitation to better fit the experimental data. 

Using activation dynamics, muscle excitations are used to calculate muscle 

activation and in the next step musculotendon dynamics are employed to convert 

muscle activations to muscle forces. Calculating the individual muscles contributions 

to acceleration of a segment can be challenging. The Induced Acceleration Analysis 

tool calculates the acceleration produced by a single muscle (Zajac and Gordon, 1989; 
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Riley and Kerrigan, 1999; Anderson and Pandy, 2003) by solving the equations of 

motion and exchanging ground reaction force with a constraint equation. This method 

is very sensitive to ground reaction forces which must be decomposed to identify 

individual effects (Hammer et al., 2010). Individual contributions of muscles to 

forward propulsion and support of the center of mass can be calculated in order to 

elucidate individual effects of muscles on overall movement. 

Muscle potential is another measure that provides understanding of how each 

muscle can contribute to movement. Muscle potential is defined as the contribution of 

a single muscle to segmental acceleration per 1N of force. Therefore, muscle potential 

is only a function of posture (Correa 2012). One advantage of muscle potential is that 

it is not dependent on force prediction and provides a quantitative measure of posture 

based on muscles ability to accelerate segments in any given position. While activities 

such as FES and strength training focus on muscle force or muscle activation directly, 

ALEX training attempts to improve posture which may influence muscles ability to 

contribute to important walking tasks. 

Muscle force, potential and induced acceleration (which is equal to muscle 

force times muscle potential) give us a more complete picture of how muscles 

contribute to movement and if there has been a change in this contribution due to 

training or therapy. This approach identifies which muscles have improved or changed 

and whether the nature of this change is related to an increase in force or a more 

advantageous position to accelerate segments. 
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Chapter 3 

CHANGES IN MUSCLE COORDINATION OF STROKE PATIENTS DUE TO 
ACTIVE LIMB EXOSKELETON TRAINING 

3.1 Introduction 

 

Stroke is a leading cause of disability in the United States (Roger et al., 2012). 

Each year approximately 795,000 people continue to experience new or recurrent 

strokes (Go et al., 2013). Among stroke survivors, typically 50% exhibit hemiparesis 

and 26% are dependent in the activities of daily living (Bibbins-Domingo et al., 2010; 

Kelly-Hayes et al., 2003). The annual direct and indirect cost of cardiovascular 

diseases and stroke in the United States is an estimated $312.6 billion which includes 

health care expenditures and lost productivity, in comparison to the estimated cost of 

all cancer and benign neoplasms which was $228 billion in 2008 (Go et al., 2013). 

Stroke can severely degrade lower extremity muscle function, which impairs 

activities such as ambulation, limits independence and predisposes survivors to 

injuries from falls (Nyberg et al., 1995). Post stroke gait is often characterized by 

slower walking speed and asymmetry between paretic and non-paretic limbs resulting 

in abnormal gait kinematics (Olney et al., 1996). Walking speed is used as a measure 

of quality of life (Perry, 1965) thus rehabilitation programs often strive to increase 

self-selected walking speed. 

Clinical studies have identified decreased peak hip extension, decreased knee 

flexion and reduced hip and knee flexion velocities during pre-swing, decreased ankle 
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dorsiflexion and decreased hip flexion during initial contact and swing phase and 

decreased hip extension during terminal stance as hallmark features of stroke gait (De 

Quervain et al., 1996; Hsu et al., 2003). Experimental studies have also reported 

abnormalities in pre-swing electromyography (EMG) from paretic soleus and 

gastrocnemius muscle activity compared to neurologically healthy individuals 

(Knutsson et al., 1979; Den Otter et al., 2007). Impairments from stroke lead to 

persistent difficulties with walking and ambulation, subsequently improving walking 

ability is of highest importance to people living with a stroke (Eng et al., 2007).  

Robotic training is an emerging field which aims to decrease the burden on the 

therapist and decrease the cost of gait retraining. Robotic training has been shown to 

be an effective rehabilitation method in increasing gait speed (Hornby et al., 2008; 

Riener et al., 2005; Husemann et al., 2007). Most of robotic rehabilitation devices are 

lacking degrees of freedom which inhibits natural movement and use a passive 

approach for rehabilitation. To address these issues an active limb exoskeleton 

(ALEX) was developed at the University of Delaware. ALEX is unique mainly 

because it was designed based on an assist-as-needed paradigm which has been shown 

to be more effective in the rehabilitation of stroke victims (Banala et al., 2009). ALEX 

is a 6 DOF orthosis with trunk and leg segments which are telescopic and can be 

adjusted to match the subject dimensions as well as a foot segment which is a shoe 

insert. Details on design and control paradigms were described by Banala et al. (2007; 

2009). Improvements such as increased walking speed and increased ankle and knee 

joint excursion were seen in stroke patients that went through ALEX training (Banala 

et al., 2009). 
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In a recent study 6 stroke subjects were recruited and underwent ALEX 

training. A significant increase was seen in self-selected speed, dynamic gait index 

and peak knee flexion angle post training (Srivastava, 2014). What remains unknown 

is how ALEX training affects muscle coordination and individual muscle activation 

that result in the kinematic changes reported. This study aims to address this issue. 

 

Recent studies on healthy walking at self-selected and fast speed have 

identified muscle coordination critical for gait and highlighted the importance of pre-

swing for accomplishing gait tasks (Neptune et al., 2001; Neptune et al., 2004; 

Neptune et al., 2008). The importance of pre-swing has led researchers to focus on 

characterizing deficits during pre-swing in muscle coordination of hemiparetic patients 

(Chen et al., 2005; Peterson et al., 2010; Hall et al., 2010; Allen et al., 2014). Muscle 

Induced Acceleration Analysis can be used to calculate individual muscle contribution 

to segmental acceleration. Analyses of this nature have identified decreased paretic 

soleus and gastrocnemius contributions to forward propulsion and power generation as 

the main impairment in limited community walkers (Peterson et al., 2010). Another 

study compared muscle contribution to walking subtasks and walking status and found 

contributions from soleus, gastrocnemius and gluteus medius to forward propulsion 

increased with improved functional walking status (Hall et al., 2010). A new study 

(Allen et al., 2014) on two hemiparetic subjects walking at similar speeds to each 

other before and after rehabilitation found ankle planter flexors to be the main source 

of increased forward propulsion but subjects exhibited different strategies for 

increasing propulsion. Some studies (Correa et al., 2012) have suggested that muscle 

potential, which indicates how much one muscle can contribute per 1 N of force to 
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propulsion or support of a segment, can be a better indicator of possible optimal 

rehabilitation strategies as it is solely a function of posture. Measures such as muscle 

force, muscle induced acceleration and muscle potential can be considered together to 

provide a clear understanding of complex muscle function as each uniquely identifies 

a separate aspect of muscle function.  

While the effects of stroke are heterogeneous and muscle coordination 

impairments are highly variable within the post-stroke subjects (De Quervain et al., 

1996), understanding and quantifying the changes in muscle coordination of people 

with hemiparesis responsible for kinematic changes may shed light on how one 

specific rehabilitation program has affected the person with stroke. 

The main goal of this study is to quantify the changes in coordination of lower 

extremity muscles of persons post-stroke that have undergone active leg exoskeleton 

(ALEX) training. Forward simulations were performed on 6 post-stroke subjects to 

estimate muscle forces and individual muscle contributions (induced acceleration 

analysis) and potential to contribute (Correa et al., 2012) to the acceleration of the 

center of mass and paretic knee flexion were calculated during pre-swing. We 

hypothesized that overall, hip, knee and ankle muscles post training would be in a 

more advantageous position to propel and support the body center of mass (increased 

potential) or these muscles would show an increase in force.   

3.2 Methods 

3.2.1 Subjects 

Post stroke hemiparetic subjects were recruited to undergo Active Limb 

Exoskeleton training. Inclusion exclusion criteria can be found in Appendix B but 
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briefly subjects were between the ages of 30-80, able to walk independently for 5 

minutes and able to follow instructions. Exclusion criteria were orthopedic or pan 

condition, other neurological disorders, cancer, pulmonary or renal failure and 

congestive heart failure. Subject information is shown in Table 3.1. All of the training 

was in accordance with University of Delaware’s IRB protocol and subjects signed an 

informed consent form (Appendix A). Each Subject underwent 15 training sessions 

with ALEX by having 5 daily sessions per week every other week for three weeks 

while walking on a treadmill. A force field controller was set to assist the subject to 

reach the targeted trajectory and stiffness was set to low, medium and high as training 

progressed over 15 sessions (Appendix C).Subjects received visual feedback on their 

malleolus position and target templates as well as Functional Electrical Stimulation of 

ankle plantar-flexors and dorsi-flexors during alternating minutes. For dorsi-flexion 

pulse duration was set with subject seated to achieve a neutral ankle joint position. For 

plantar-flexion the subjects stood in a position similar to paretic pre-swing and pulse 

duration was set to achieve heel off.   
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Table 3.1:  Subject Information 

 

Subject Sex 
Age 

(years) 

Height 

(m) 

Weight 

(kg) 

Hemi 

side 

Time 

since 

stroke 

(months) 

ALEX 1 M 56 1.78 95 L 95 

ALEX 2 M 80 1.70 72.5 L 53 

ALEX 3 F 60 1.60 59.1 R 3 

ALEX 4 M 43 1.83 74.8 R 3 

ALEX 5 M 67 1.79 100.5 L 20 

ALEX 6 F 70 1.78 72.6 L 149 

 

3.2.2 Experimental Data  

Motion capture data was collected at baseline and after training during over 

ground and treadmill walking trials. Walking trials took place on an instrumented 

treadmill (Bertec Corp., Columbus, OH) that records forces and moments at 1080 Hz. 

A harness was attached for safety reasons and patients had access to a handrail and an 

emergency stop button. Speed was gradually increased with the progression of the 

training based on subject’s progression in previous sessions. Kinematic data was 

recorded using 46 reflective marker set and an eight camera passive motion capture 

system at 60 Hz (Motion Analysis Corp., Santa Rosa, CA) during a single trial. 

Data was low pass filtered in Cortex and an interpolation function was used to 

fill the missing markers blocked by treadmill handrails. A 6 degree of freedom model 

was created in Visual3D for each subject. Heel strike and toe off were defined based 
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on a 20N threshold for ground reaction forces on the respective leg. Kinematics, 

ground reaction force and scaling factors were imported to OpenSim.  

3.2.3  Musculoskeletal Modeling 

A generic gait 2392 model was scaled to create subject specific 3D simulations 

in OpenSim (Delp et al., 2007). The model had 23 degrees of freedom and 92 

actuators. Each subject’s mass along with scaling parameters were used to scale the 

model. 

Due to experimental errors such as marker movement, motion data maybe 

dynamically inconsistent with force plate data. A residual reduction algorithm (RRA) 

was performed on a full gait cycle (Thelen et al., 2003) for each subject to eliminate 

these inconsistencies. OpenSim provides guidelines on suggested residual forces, 

including 2 cm or 5◦ error from original kinematics; also it is suggested that peak 

residual force should not be more than 25 N. These guidelines were used for building 

simulations.  After reducing residuals we used these data to estimate muscle 

excitations. Due to Bernstein’s degree of freedom problem, an optimization must be 

performed to determine each muscles contribution to motion kinematics and kinetics. 

Computed Muscle Control (CMC) combines static optimization with feedback control 

to determine the set of muscle excitations that would minimize the tracking error and 

minimize the sum of muscle activation squared (Thelen et al., 2003). Feedback control 

ensures that excitations are continuous and that there are no sudden changes in muscle 

excitations. CMC was performed for a single gait cycle per subject before and after 

ALEX training for a total of 12 simulations. 
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3.2.4 Data Analysis 

Considering the importance of pre-swing (contralateral heel strike to ipsilateral 

toe off) for healthy and stroke gait (Neptune et al., 2001; Neptune et al., 2004; 

Neptune et al., 2008 ; Chen et al., 2005; Peterson et al., 2010; Hall et al., 2010; Allen 

et al., 2014), we focused our analysis on this phase. CMC generates muscle activation 

and force data. We evaluated individual muscle contributions and potential to 

contribute to acceleration of the center of mass in the horizontal and vertical 

directions. Induced acceleration analysis isolates how much each individual muscle 

accelerates a segment. Dividing muscle induced acceleration by muscle force yields 

muscle potential, which indicates how much a muscle can contribute to segment 

acceleration if only 1 N of force is applied [Refer to Chapter 2 for more information]. 

We extracted average muscle force, time integral of induced acceleration and muscle 

potential during pre-swing to accelerate the center of mass and time integral of 

induced knee angle acceleration during the same period for the paretic leg. 

Analyses were done on all of the muscles present in the generic 2392 model 

but not all of the values are reported. For comparison purposes we selected 10 muscle 

groups that were used in similar studies (Allen et al., 2014, Hall et al., 2010; Peterson 

et al., 2010) that have analyzed individual muscle contributions to support and 

propulsion. Muscle groups and muscle names used in this study are shown in Table 

3.2 
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Table 3.2:  Muscle names and muscle groups 

Muscle name Muscle group 

Soleus Sol 

Medial gastrocnemius Gas 

 Lateral gastrocnemius 

Gluteus maximus 1 

Gmax Gluteus maximus 2 

Gluteus maximus 3 

Gluteus medius 1 

Gmed Gluteus medius 2 

Gluteus medius 3 

Gluteus minimus  1 

Gmin 

 
Gluteus minimus  2 

Gluteus minimus 3 

Semitendinosus 

HAM 

Semimembranosus 

Gracilis 

Biceps femoris long head 

Vastus medialis 

Vas 

 
Vastus lateralis 

Vastus intermedialis 

Rectus femoris RF 

Iliacus Illiacus 

Psoas Psoas 



 27

3.3 Results 

            Table 3.3 depicts self-selected speed before and after ALEX training for each 

subject.  Most (5 out of 6) subjects increased walking speed after training.  The 

average change in speed was 0.15 m/s. 

Table 3.3:  Self-selected speed before and after ALEX training 

 

SUBJECT PRE (M/S) POST (M/S) 

ALEX 1 0.48 0.40 

ALEX 2 0.15 0.35 

ALEX 3 0.12 0.25 

ALEX 4 0.20 0.43 

ALEX 5 0.28 0.46 

ALEX 6 0.28 0.47 

 

             Results are reported as a change from before to after training for the paretic 

leg from contralateral heel strike to ipsilateral toe off. Individual results for each 

subject as well as retention results are reported in Appendix E. 

              Changes in average muscle force (F), time integral of muscle induced 

acceleration in the horizontal direction (IAX), time integral of muscle induced 

acceleration in the vertical direction (IAY), time integral of muscle potential in the 

horizontal direction (POX), time integral of muscle potential in the vertical direction 

(POY) and time integral of induced knee angle acceleration (IKA) are reported for all 
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subjects with mean and standard deviations (SD). Individual reports for each subject 

including results from 6 months after training are also presented in appendix E. 

 
 

Changes in the average force results of 6 subjects are shown in Figure 3.1. SD 

bars indicate the non-homogenous nature of changes observed in forces across 

subjects. Sol and RF increased in force after ALEX training while all other muscles 

groups showed a decrease on average, except for Vas and Gmax which exhibited close 

to zero changes (<20N)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Changes in average muscle force during paretic pre-swing after ALEX 
training. 
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Changes in the time integral of the horizontal induced acceleration (IAX) of 

the body center of mass for subjects are shown in Figure3.2. On average Sol, Vas, RF, 

Iliacus and Psoas increased forward acceleration of the center of the mass while Ham 

decreased and Gas and gluteus muscles showed no change. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.2 Changes in IAX during paretic pre-swing after ALEX training.  
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Changes in the time integral of the vertical acceleration of the body center of 

mass (IAY) for subjects are shown in Figure 3.3. Results indicate that the biggest 

changes were seen in Sol and Gas and that both of them exhibited decreased 

contribution after training. Other muscles groups revealed small positive or negative 

changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.3 Changes in IAY during paretic pre-swing after ALEX training.  
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Changes in the time integral of induced knee angle acceleration (IKA) are 

shown in Figure 3.4. All of the muscles except Iliacus and Psoas showed less 

contribution to extension; these two muscles increased in contribution to extension 

after training.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Changes in IKA during paretic pre-swing after ALEX training. 
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Changes in the time integral of the muscle potential to accelerate the body 

center of mass in the horizontal direction are shown in Figure 3.5. Only small changes 

were observed. Vas, RF and Gmed increased muscle potential to accelerate the center 

of mass in the horizontal direction while HAM decreased potential after training. 

Other muscles had minimal change in potential. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure  3.5 Changes in POX during paretic pre-swing after ALEX training. 
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Changes in the time integral of the muscle potential to accelerate the body 

center of mass in the vertical direction are shown in Figure 3.6. Sol, Gas and Vas 

showed negative changes after the training while Ham showed an increase after the 

training. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Changes in POY during paretic pre-swing after ALEX training. 
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3.4 Discussion 

The purpose of this study was to use 3D muscle driven forward dynamics as a 

tool to understand the changes in muscle coordination of persons post stroke that have 

undergone Active Limb Exoskeleton (ALEX) Training. We built simulations of 

patients before and after they had received rehabilitation which revealed increased 

force and paretic propulsion in soleus and decreased plantar flexor and Vas 

contribution to paretic knee extension.  

Force results show that Sol force increased for 5 subjects who walked faster 

after ALEX training. Gmed force decreased in all but two of the patients and for HAM 

in most of the subjects (5 out of 6). Improvements in walking speed may be linked to 

improved plantar flexor force and decreased HAM force during propulsion, which 

may indicate more timely deactivation of this muscle group post training. Allen et al. 

(2014) also found decreased contribution by HAM in two post-stroke BWSTT trained 

subjects, which may be due to decreased force in HAM. 

Consistent with an increase in force, IAX analysis shows that for most subjects 

(5 out of 6) Sol contribution to forward propulsion increased. Some of the subjects 

exhibited a decrease in braking force while others an increase in forward propulsion 

but the net effect was more forward propulsion. This finding is important and it is in 

agreement with previous literature. Previous studies have linked increased functional 

walking status with an increase in propulsive force (Hall et al., 2010) and decreased 

propulsive force of plantar flexors has been identified as a contributor to reduced 

speed (Peterson et al., 2010). Another study (Allen et al., 2014) has also identified 

ankle plantar flexors as the main source of increase in forward propulsion of stroke 

patients that have undergone rehabilitation. HAM showed less contribution to forward 
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propulsion post training in all subjects, (consistent with Allen et al., 2014) and Iliacus 

and Psoas showed more contribution to forward propulsion in 4 out of 6 subjects. 

Sol and Gas were the main contributors to vertical support (IAY) which is in 

agreement with previous literature (Neptune et al., 2001); but after training Sol 

showed less contribution to support in 5 out of 6 subjects while Gas showed less 

support in 4 out of 6 participants. This may indicate that post training, the patient is 

supporting more body weight with the non-paretic leg.  

Sol and Gas contributed less to extension post training or more to flexion in 

almost all of the subjects. Vas is another muscle known as a major contributor to knee 

extension alongside Sol and Gas (Neptune et al., 2001) which also showed decreased 

contribution post training except in 2 subjects.  Iliacus and Psoas also show a trend, 

such that these contributions to extension increased post training. The net effect may 

explain increased knee flexion post training in subjects. Muscle potential to accelerate 

knee was not calculated but average muscle force and Induced knee acceleration can 

still shed some light on the role of muscle potential to extend the knee. Average Sol 

force increased while average Iliacus and Psoas force decreased post training, 

considering the changes in induced knee acceleration of these muscle groups, results 

may suggest decreased contribution by Sol to extension is probably due to a less 

advantageous posture to extend the knee and the increased contribution of Iliacus and 

Psoas to extension is due to a more advantageous posture that allows these muscles to 

extend the knee.  (i.e., muscle potential).  

Quantifying muscle potential elucidates whether these contributions were a 

result of increase in force and therefore perhaps more timely activation or alternatively 

a more advantageous posture for a given muscle to accelerate the body. Iliacus and 
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Psoas demonstrated an increase in POX. Sol, Gas and Vas had decreased POY for 

some (4 out of 6) of the subjects which suggests decreased paretic support post 

training is mainly due to less advantageous posture for these muscles; only HAM 

shows an increase in positive support or decrease in negative potential in the vertical 

direction but compared to Sol, Gas and Vas it is insignificant.  

The distinction between potential results and IA results may be beneficial in 

determining how impaired muscle function arises and in what way a specific 

rehabilitation program has affected muscles. If muscle potential has increased it means 

the subject is walking in a more advantageous anatomical position for specific muscles 

to accelerate the center of mass, such as increased POX for plantar flexors in ALEX1. 

If force has increased it means that the muscle is activated in the phase of interest such 

as Sol in most of the subjects. These combined changes captured by induced 

acceleration can become more pronounced such as for ALEX4 who exhibited both an 

increase in force and potential in the vertical direction which resulted in greater 

contributions to support (IAY) by plantar flexors. Alternatively, these effects may be 

balanced as in ALEX1 who exhibited a decrease in plantar flexor force but due to 

better posture we can see increased contribution to both support and propulsion. 

Walking speed is a cardinal indicator of post stroke gait performance; 

however, no consensus exists regarding the optimal treatment method(s) for its 

enhancement (Dickstein et al., 2008) even though most rehabilitation strategies focus 

on improving speed. An important factor in producing walking speed is generating 

sufficient propulsion to propel the body center of mass (Allen et al., 2014) and it has 

been shown previously that impairments in walking subtasks such as forward 

propulsion, swing initiation and power generation of hemiparetic subjects are partially 
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responsible for this reduced speed (Hall et al., 2011). While post stroke muscle 

impairment and coordination can vary amongst patients (DE Quervain et al., 1996) 

understanding muscle coordination of persons with gait disability can help with 

designing optimal treatment options (Mcgowan et al., 2009). To conclude ALEX 

training resulted in an increase in average speed and peak knee flexion angle post 

training. Simulation results indicate increased speed may be due to increased paretic 

Sol propulsion, increased plantar flexor force and also increased iliopsoas propulsion 

in pre-swing. Results also suggest that increased peak knee flexion angles post training 

are due to less contribution by paretic plantar flexors and Vas to knee extension in pre-

swing. 

 

3.5 Limitations and Future Work 

The various limitations of using musculoskeletal simulations have been 

addressed in other studies (Neptune et al., 2001; Zajac et al., 2003) but briefly include 

assumptions regarding muscle physiology, ground reaction force model, anatomy, 

objective function and same activation dynamics for healthy and neurologically 

impaired muscles. Statistical limitations of this work are numerous; confounding 

variables such as age, weight, degree of impairment and speed variations result in very 

large deviations and at best a trend may be observed. Future work should include a 

more comprehensive study on the non-paretic leg and interlimb compensation to better 

understand the effect of training on speed, propulsion and support. Induced 

acceleration of hip and ankle angles can identify muscles responsible for kinematic 

changes at the hip and ankle during gait and help explain changes such as foot 

clearance. Other exciting future directions can include a study on identifying clinical 
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measures to increase force and potential separately which would require identifying 

and classifying advantageous postures for individual muscles during gait. The 

combination of forward dynamics with muscle potential, force and induced 

acceleration can act as a predictive rehabilitation tool and give subject specific 

treatment options for patients based on hypothetical changes to their activation and 

posture. This information may help scientists develop better robotic rehabilitation 

devices. 
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Chapter 4 

CHANGES IN MUSCLE COORDINATION OF STROKE PATIENTS DUE TO 
BODY WEIGHT SUPPORTED TREADMILL TRAINING 

 

4.1 Introduction 

Stroke is a leading cause of chronic disability in the United States and 

hemiparesis is the most common pathological disorder that follows stroke (American 

Heart Association). Approximately 795,000 cases of new or recurrent stroke are 

reported each year (Go et al., 2013). Among survivors typically 50% exhibit some 

form of hemiparesis and more than 25% are dependent in activities of daily life 

(Bibbins-Domingo et al., 2010; Kelly-Hayes et al., 2003). The direct and indirect cost 

of stroke and cardiovascular diseases including health expenditure and lost 

productivity is an estimated $312.6 billion (Go et al., 2013). 

Walking ability in persons post stroke may differ from complete dependence to 

independent walking. While up to 85% of stroke survivors regain walking ability 

(Wade et al. 1987; Hill et al., 1997) only 7% of patients discharged from inpatient 

rehabilitation manage to walk the speeds and distances necessary to walk competently 

in the community (Lord et al., 2008). Increasing speed post stroke is a major goal for 

most rehabilitation regimens.  

Stroke can severely affect and damage lower extremity muscle function, which 

limits activities of daily life, independence and ambulation and makes the danger of 

falling more eminent (Nyberg et al., 1995).  Stroke gait is often associated with slower 
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walking speed, degraded muscle function and asymmetry (Olney et al., 1996). 

Decreased knee flexion and reduced knee and hip flexion velocities during pre-swing, 

and decreased ankle dorsiflexion during swing phase are hallmark features of stroke 

gait (De Quervain et al., 1996; Hsu et al., 2003).  Electromyography (EMG) from 

paretic soleus and gastrocnemius compared to neurologically healthy muscles in pre-

swing also shows abnormalities (Den Otter et al., 2007).   

Body Weight Supported Treadmill Training (BWSTT) is a rehabilitation 

program currently used for gait training of stroke survivors. Patients walk on a 

treadmill while partial body weight is supported by a harness, and the level of support 

is decreased gradually as the patient learns to bear more weight on the paretic leg 

(Hesse, et al., 1995; Visintin et al., 1998; Hesse et al., 1999). BWSTT requires 

substantial labor and repetitive motion by therapists as they need to manually provide 

support for patients to extend or flex their ankle, knee and hip during gait. 

    Some studies suggest a rehabilitative effect of BWSTT (Barbeau and 

Visntin, 2003; Visintin et al., 1998; Hesse et al., 1999; Hesse and Werner, 2003) in 

increasing subjects gait speed and other walking parameters; however, most studies 

are inconclusive when comparing BWSTT to other rehabilitation methods. Some 

studies do not support BWSTT as a more effective rehabilitation regimen than over 

ground walking (Nilsson et al., 2001) and in a review, Moseley et al. (2005) concluded 

that there was not enough evidence to determine whether changes were only due to 

treadmill training or harness use. Some studies have concluded that BWSTT is most 

effective with people older than 65 and those most dependent on the therapist at the 

beginning of the training (Barbeau and Visintin, 2003) while another study has 

concluded it is not more effective than home exercise (Duncan et al., 2011).  
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In order to understand the underlying mechanisms that give rise to changes 

seen in stroke patients gait post training, 6 subjects were recruited and underwent 

BWSTT training. Clinical measures indicate a significant increase in six minute walk 

test and a slight increase in over ground walking speed which did not lead to a 

significant change. Kinematic measures also indicated a slight increase in peak knee 

flexion angles which were not found to be significantly different when compared to 

before training (Srivastava, 2014). One of the motivations of this study was to use 

simulation to understand whether any changes in muscle coordination occurred. 

Investigations using biomechanical measures to manipulate body weight have 

also yielded interesting results. Goldberg et al. (2013) found that mean peak joint 

moments in ankle, knee and hip, were sensitive to changes with variations in speed 

and level of body support. In general mean peak joint moment decreased linearly with 

decreasing speed and increasing body support, except knee extension moments. This 

study highlights the sensitivity of kinematics and subsequently muscle coordination to 

altered body weight and speed, which are both altered in BWSTT, however it is not 

clear how these changes would be translated to hemiparetic patients gait post training 

or whether it is beneficial to increase or decrease the body weight in patients to get 

better therapeutic results. Chen et al. (2005) calculated gait deviations associated with 

post-stroke hemiparesis. Increasing body weight support or handrail support resulted 

in an increase in single limb support time on the paretic limb and increasing treadmill 

speed increased leg kinetic energy at toe-off. McGowan et al. (2009) used simulations 

to determine muscle contributions to the vertical ground reaction force impulse (body 

support) and positive horizontal trunk work and found contributions to the vertical 

impulse by the soleus, vastus and gluteus maximus decreased in response to a decrease 



 42

in body weight. Soleus had the greatest absolute contribution to both body support and 

forward propulsion which may suggest it is a primary modulating mechanism to 

altered weight. However the effect of BWSTT on muscle coordination and changes in 

individual muscles following training are unclear. 

Muscle coordination in pre-swing has been the subject of many recent studies 

(Peterson et al., 2010; Hall et al., 2010; Allen et al., 2014). Decreased paretic plantar 

flexor contribution to forward propulsion has been identified as the main impairment 

in limited community walkers (Peterson et al., 2010). Another study on muscle 

contribution to propulsion, swing initiation and power generation has found that 

contributions from soleus, gastrocnemius, and gluteus medius to forward propulsion 

increase with improved functional walking status (Hall et al., 2010). A recent study 

(Allen et al., 2014) on the effects of rehabilitation on 2 stroke victims that both walked 

at the same speed before training and exhibited the same faster speed post training also 

concluded that the main source of improvement was an increase in plantar flexor 

contribution to forward propulsion but it varied in terms of paretic or non-paretic 

plantar flexor improvement. Some studies (Correa et al., 2012) have suggested muscle 

potential can be a better indicator of possible optimal rehabilitation strategies as this 

metric is solely a function of posture. When considered together, muscle force, muscle 

potential and muscle induced acceleration can elucidate muscle coordination as each 

metric represents a different aspect of complex muscle function. 

While the effects of stroke are heterogeneous and muscle coordination 

impairments within stroke subjects are highly variable (De Quervain et al., 1996), 

understanding muscle coordination and function can tell us how one rehabilitation 

program has affected a patient and contribute to designing better rehabilitation 
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programs. The main goal of this study is to quantify the changes in lower extremity 

muscle function of persons post stroke that have undergone Body Weight Supported 

Treadmill Training (BWSTT). Forward simulations were performed on 6 post stroke 

subjects before and after BWSTT training and muscle force, individual muscle 

contribution (Induced Acceleration Analysis) and potential to accelerate the center of 

mass (i.e. more advantageous posture to walk faster) and paretic knee angle (Correa et 

al., 2012) were calculated during pre-swing. We hypothesized that overall hip, knee, 

and ankle muscles post training would be in a more advantageous position to propel 

and support the center of mass (increased potential) or corresponding muscle force 

(more timely activation) would increase.   

 

4.2 Methods 

4.2.1 Subjects 

Post stroke hemiparetic subjects were recruited to undergo Body Weight 

Supported Treadmill Training. Patients signed an informed consent form (Appendix 

B) and all of the training protocols were reviewed and approved by the University of 

Delaware’s Institutional Review Board. Inclusion and exclusion criteria can be found 

in Appendix A but briefly subjects were able to walk independently for 5 minutes, 

able to follow instructions and were between the ages of 30-80 and excluded heart 

failure, orthopedic or pain condition and cancer. Subject information is shown in 

Table 4.1. Each subject underwent 5 daily training sessions per week, every other 

week, for three weeks. Each training session included eight 5-minutes training bouts. 

The body weight support gradually decreased and the training speed was increased 
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over the period of 15 sessions. Two therapists provided manual assistance while for 

the movement of the paretic limb.  The BWSTT training protocol can be found in 

Appendix D. Lower extremity kinematics data was collected for self-selected walking 

speed before and after training while subjects walked on a treadmill and over ground.  

Treadmill data was analyzed in this study. 

Table 4.1:  Subject Information. 

 

Subject Sex 
Age 

(years) 

Height 

(m) 

Weight 

(kg) 
Hemi side 

Time since 

stroke 

(months) 

BWSTT 1 M 58 1.78 93.6 L 17 

BWSTT 2 F 48 1.70 77.7 R 11 

BWSTT 3 M 75 1.60 89.0 R 14 

BWSTT 4 M 54 1.83 91.8 L 12 

BWSTT 5 M 59 1.79 93.5 L 35 

BWSTT 6 M 59 1.78 68.6 R 3 

 

4.2.2 Experimental Data 

Motion capture data was collected at baseline and after training during over 

ground and treadmill walking trials. Walking trials took place on an instrumented 

treadmill (Bertec Corp., Columbus, OH) that records forces and moments at 1080 Hz. 

Patients had access to an emergency stop button and a harness was attached for safety 
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reasons. Gait data was collected for several gait cycles to insure a sample would 

represent actual stroke gait of that subject. Kinematic data was recorded using a set of 

46 reflective markers and an eight camera passive motion capture system at 60 Hz 

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

Data was low pass filtered and processed in Cortex to fill the missing markers 

blocked from the cameras by treadmill handrails. A 6 degree of freedom model was 

created in Visual3D for each subject. Heel strike and toe off were defined based on a 

20N threshold for ground reaction forces for each leg. Kinematics, ground reaction 

force and scaling factors were imported to OpenSim.  

 

4.2.3 Musculoskeletal Modeling 

A generic OpenSim gait 2392 model was scaled to create subject specific 3D 

simulations in OpenSim (Delp et al, 2007). This model has 23 degrees of freedom and 

92 actuators. Each subject’s height, mass and scale factors provided for each segment 

from V3D was used to scale the model. The true power of OpenSim lies in providing 

individual muscle forces and not just collective joint moment or force. 

Marker movement and experimental errors may result in dynamical 

inconsistency between force plate data and computed forces. A residual reduction 

algorithm (RRA) was performed on a full gait cycle (Thelen et al., 2003). Residual 

forces help eliminate these inconsistencies, where weight factors can be assigned to 

more accurately track specific segments. We weighted pelvic vertical movement 

higher than default values to minimize inconsistencies. OpenSim provides guidelines 

on suggested residual forces, including 2 cm or 5◦ error from original kinematics; also 
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it is suggested that peak residual force should not be more than 25 N. These guidelines 

were used for building simulations. 

 Computed Muscle Control (CMC) combines static optimization with feedback 

control to determine the set of muscles that would minimize the tracking errors plus 

muscle activation squared (Thelen et al., 2003). Feedback control ensures there are no 

sudden jumps in activation sequences of muscles which is lacking in static 

optimization. CMC was performed on subjects gait data for before and after training, 

which brings the number of simulations to 12 full gait cycles. 

4.2.4 Data Analysis 

Propulsive or pre-swing phase of gait, from contralateral heel strike to 

ipsilateral toe off, has been shown to be important during gait (Chen et al., 2005; 

Neptune et al., 2004; Neptune et al., 2008) and was investigated in this study. CMC 

provides muscle activation and force data. Further analysis was performed to evaluate 

individual muscle contribution and potential to contribute to center of mass and knee 

angle accelerations in the horizontal and vertical directions. Induced acceleration 

analysis isolates individual muscles contribution to accelerate a segment or joint. 

Dividing muscle induced acceleration by muscle force will give a measure called 

muscle potential. Muscle potential quantifies muscle contribution to segment 

acceleration if only 1 N of force is applied. Since muscle potential is only a function of 

posture (Correa et al., 2012) it gives a quantitative measure of how advantageous that 

posture is for each muscle. Average muscle force, time integral of induced 

accelerations and muscle potential to accelerate the body center of mass and the time 

integral of induced knee angle acceleration was extracted during pre-swing for the 

paretic leg. 
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A limited subset of muscles were selected based on previous studies that have 

ranked the contribution of individual muscles (Allen et al., 2014, Hall et al., 2010; 

Peterson et al., 2010). Table 4.2 shows muscles analyzed and how they have been 

referred to in this study. 
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Table 4.2:  Muscle names and muscle groups 

Muscle name Muscle group 

Soleus Sol 

Medial gastrocnemius Gas 

 Lateral gastrocnemius 

Gluteus maximus 1 

Gmax Gluteus maximus 2 

Gluteus maximus 3 

Gluteus medius 1 

Gmed Gluteus medius 2 

Gluteus medius 3 

Gluteus minimus  1 

Gmin 

 
Gluteus minimus  2 

Gluteus minimus 3 

Semitendinosus 

HAM 

Semimembranosus 

Gracilis 

Biceps femoris long head 

Vastus medialis 

Vas 

 
Vastus lateralis 

Vastus intermedialis 

Rectus femoris RF 

Iliacus Iliacus 

Psoas Psoas 
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4.3 Results 

Table 4.3 depicts self-selected speed before and after BWSTT training for each 

subject. Average walking speed average changed from 0.30 to 0.47 m/s. 

Table 4.3:  Self-selected speeds before and after BWSTT training. 

SUBJECT PRE (M/S) POST (M/S) 

BWSTT 1 0.18 0.35 

BWSTT 2 0.15 0.45 

BWSTT 3 0.17 0.26 

BWSTT 4 0.59 0.43 

BWSTT 5 0.48 0.84 

BWSTT6 0.25 0.5 

 

Changes in average Muscle Force (F), time integral of muscle induced 

acceleration in the horizontal direction (IAX), time integral of muscle induced 

acceleration in the vertical direction (IAY), time integral of muscle potential in the 

horizontal direction (POX), time integral of muscle potential in the vertical direction 

(POY) and time integral of induced knee angle acceleration (IKA) are reported for all 

subjects with mean and standard deviation (SD). Individual reports for each subject 

including results from 6 months after training are also presented in Appendix F. 
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Changes in the average force results of 6 subjects are shown in Figure 4.1. SD 

bars indicate the non-homogenous nature of changes observed in forces across 

subjects. Sol, Gmed and RF increased in force after BWSTT training while other 

muscles groups showed a decrease on average, except for Gas which exhibited close 

to zero changes (<20N)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Changes in average muscle force during paretic pre-swing after BWSTT 
training. 
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Changes in the time integral of the horizontal induced acceleration (IAX) of 

the body center of mass for subjects are shown in Figure 4.2. On average Vas, Iliacus 

and Psoas increased forward acceleration of the center of the mass while Ham, RF and 

Gmed decreased and gluteus maximus and minimus muscles showed no change. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Changes in IAX during paretic pre-swing after BWSTT training.  
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Changes in the time integral of the vertical acceleration of the body center of 

mass (IAY) for subjects are shown in Figure 4.3. Results indicate that the biggest 

changes were seen in Sol and Gas and that both of them exhibited decreased 

contribution after training. Other muscles groups revealed small positive or negative 

changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.3 Changes in IAY during paretic pre-swing after BWSTT training.  
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Changes in the time integral of induced knee angle acceleration are shown in 

Figure 4.4. Sol, Gas, Vas and Ham showed increased contribution to flexion while 

Sol, Iliacus and Psoas showed increased contribution to extension; other muscles 

showed close to zero changes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.4 Changes in IKA during paretic pre-swing after BWSTT training. 
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Changes in the time integral of the muscle potential to accelerate the body 

center of mass in the horizontal direction (POX) are shown in Figure 4.5. Sol, Gas, 

Vas and Ham showed an increase in muscle potential to accelerate the center of mass 

forward. Only small changes were observed in other muscles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.5 Changes in POX during paretic pre-swing after BWSTT training. 
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Changes in the time integral of the muscle potential to accelerate the body 

center of mass in the vertical direction are shown in Figure 4.6. Sol and Gas showed 

negative changes after the training while gluteus muscles and Ham showed an increase 

after the training. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.6 Changes in POY during paretic pre-swing after BWSTT training. 
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4.4 Discussion 

The purpose of this study was to use 3D muscle driven forward dynamics as a 

tool to understand the changes in muscle coordination of persons post stroke that have 

undergone Body Weight Supported Treadmill Training (BWSTT). We built 

simulations of patients before and after BWSTT to determine whether muscle 

coordination had changed due to this training regimen despite negligible changes in 

speed and knee flexion. The main reason speed did not improve significantly can be 

associated with minimal changes in plantar flexor contribution to forward propulsion. 

While Vas exhibits a decrease in braking and Iliopsoas shows increased propulsion 

these effects are not coupled with increased plantar flexor propulsion. Simulation 

results also indicate the net contribution to knee extension was increased in Sol but 

decreased in Vas and Gas, which suggests non-significant improvements in flexion of 

the knee that was exhibited by patients might be due to these opposing effects.    

Gmed produces more force in all of the subjects after training, AM shows the 

opposite trend and force production is decreased post training and Gas produces more 

force in 4 out of the 6 subjects after training which may indicate BWSTT has either 

provided strength training or resulted in more timely activation of these muscles. 

IAX analysis show that Vas contributes less negatively to forward propulsion 

post training in 5 out of 6 subjects, which suggests that training has resulted in less 

braking by Vas. Gmed contributes more negatively to forward propulsion in 5 out of 6 

subjects, which may be due to an increase in Gmed force seen in all of the subjects. 

HAM also generated less propulsion post training in 5 out of 6 participants, which is 

consistent with changes in propulsion observed in stroke subjects in a previous study 

(Allen et al., 2014) and may be due to decreased force of HAM observed in all 

subjects. The plantar flexors did not show any pattern in forward propulsion, and the 
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average change was close to zero. Previous studies have linked an increase in walking 

ability and functional walking status to an increase in propulsive force (Hall et al., 

2010) and decreased plantar flexor propulsive force has been linked to reduced speed. 

Plantar flexor propulsion did not show any conclusive pattern in this study and 

increased for some patients and decreased for others, which may explain the lack of 

change in speed after BWSTT training.   

IAY results identify plantar flexors as primary contributors to support both 

before and after training which is consistent with findings from previous studies 

(Neptune et al., 2001) but contributions are reduced after BWSTT. 

Vas exhibits less contribution to knee angle extension in 5 out of 6 subjects 

post training and Gas is either contributing more to flexion or less to extension in 4 out 

of 6 subjects. Sol on the other hand is contributing more to knee extension in 5 out of 

6 subjects post training. The slight increase in peak knee flexion angle after BWSTT 

may be due to the net effect of Vas, Gas and Sol. 

Muscle potential results (POY) show that in 4 out of 6 subjects plantar flexors 

are in a less advantageous position to support the body center of mass. POX results for 

individual patients are mixed for plantar flexors as well as for Vas. 

Overall results indicate that HAM force has decreased and Gmed force has 

increased for all of the subjects but Gas force has increased for some of the subjects. 

HAM is contributing less to forward propulsion post training, Vas is braking less (i.e., 

less negative contribution to forward propulsion) but plantar flexors are not 

contributing more to forward propulsion post training which results in insignificant 

improvements in speed post training. Gas and Vas net contribution to flexion has 

increased but net Sol contribution to flexion has decreased. These opposite changes 
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observed in knee angle acceleration might be the main result of small improvement 

seen in knee peak flexion angle.  

Walking speed is a cardinal indicator of post stroke gait performance; 

however, no consensus exists regarding the optimal treatment method(s) for its 

enhancement (Dickstein et al., 2008). Increasing speed can occur due to different 

strategies (Olney et al., 1998). An important factor in producing walking speed is 

generating sufficient propulsion to propel the center of mass (Allen et al., 2014) and it 

has been shown previously that impairments in walking subtasks such as forward 

propulsion, swing initiation and power generation of hemiparetic subjects are partially 

responsible for this reduced speed (Hall et al., 2011). Our results indicate that while 

BWSTT resulted in an overall increase in speed this change was not significant 

because decrease in braking force by Vas was not accompanied by an improvement in 

plantar flexor propulsion, resulting in a negligible change in speed. Also opposite knee 

angle acceleration effects by Sol on one hand and Gas and Vas on the other hand was 

the main reason knee flexion angles did not improve significantly.  While post stroke 

muscle impairment and coordination can vary amongst patients (De Quervain et al., 

1996) we hope these findings can be used in designing better treatment options. 
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4.5 Limitations and Future Work 

Assumptions regarding muscle physiology, ground reaction forces, anatomy, 

objective functions and activation profiles for stroke and healthy muscle in addition to 

other limitations of using musculoskeletal simulations have been addressed in other 

studies (Neptune et al., 2001; Zajac et al., 2003) but briefly include assumptions 

regarding muscle anatomy, physiology, objective function for optimization and same 

activation dynamics for healthy and neurologically impaired muscles. Statistical 

limitations of this work are numerous and confounding variables such as age, weight, 

degree and speed of impairment which were not controlled and limited number of 

participants made statistical analysis challenging. Future work should include more 

subjects with a wider range of walking speed which may result in identification of 

certain groups of stroke patients that correspond to BWSTT treatment. A more 

comprehensive study on the contributions of non-paretic muscles to better understand 

kinematic changes should be carried out to understand how supporting body weight 

and walking on treadmill affects the non-paretic leg. Another exciting future direction 

can be identifying advantageous posture for individual muscles and designing 

treatments that would best address impaired muscle potential. 
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Chapter 5 

CONCLUSION & FUTURE STUDIES 

The goal of this study was to understand the changes in muscle coordination of 

stroke victims that have undergone Body Weight Supported Treadmill Training and 

Active Limb Exoskeleton Training. Clinical outcomes suggest both rehabilitative 

regimens improve peak knee flexion angle and over ground walking speed. These 

changes are found to be significant in ALEX group but not in BWSTT group. In this 

study musculoskeletal simulations were used to detect changes in muscle coordination 

after training to understand underlying muscular components of these changes. 

  Simulation results indicate ALEX trained subjects showed increased soleus 

propulsion, decreased Vas braking and decreased plantar flexor and Vas contribution 

to knee extension. We identified muscle roles for propulsion, support and knee angle 

acceleration similar to findings in previous studies on hemiparetic post stroke gait 

(Hall et al, 2010; McGowan et al., 2009) and detected changes in a recent study on the 

effect of rehabilitation on two stroke victims (Allen et al., 2014). 

BWSTT trained subjects show decreased braking by Vas similar to ALEX but 

plantar flexors did not exhibit an improvement in paretic propulsion. Gas and Vas had 

a net positive contribution to flexion post training but Sol had a net positive 

contribution to extension. The overall effect is a less pronounced improvement in 

speed and peak knee flexion angle in BWSTT compared to ALEX when only the 

paretic leg is analyzed. 
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Future work should address non-paretic muscle contributions to support and 

propulsion since it has been suggested that contralateral HAM may be compensating 

for weaker paretic propulsion or abnormal weight shifting (Hall et al., 2011).  

The decomposition of muscle induced acceleration into force and potential 

gives a better understanding of muscle function and might help clinicians with 

choosing the best strategy to help with gait re-training. We can change muscle 

potential by changing posture with a system such as ALEX; and muscle force can be 

increased via FES or strength training. Another exciting future direction can be 

combining forward simulations of hemiparetic patients with changes in muscle force 

(activation) and muscle potential (posture) to see whether these hypothetical 

treatments produce desirable outcomes. 
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Appendix A 

INFORMED CONSENT FORM 

Study Title: [159674-1] Robotic Exoskeletons, FES, and Biomechanics: 

Treating Movement Disorders 

 

Principal Investigators: Stuart Binder-Macleod, PhD, PT, John Scholz, 

PhD, PT (Investigators Primarily responsible for this phase of this multi-

investigator project) 

Additional Investigators: Pei-Chun Kao, Shraddha Srivastava, Trisha Kesar, 

Kyle Winfree, Paul Stegall 

 

You are invited to participate in a research study to explore changes in walking 

patterns.  

• Persons without neurological problems will be asked to participate in either 

one or three experimental sessions, depending on the study, at the 

University of Delaware.  

• Stroke survivors will be asked to participate in 33 visits to the University 

of Delaware for evaluation and training.  

 

All sessions will take place either in the Motion Analysis Laboratory on the 

third floor of McKinly Laboratory or in the Biomechanics Laboratory on the second 

floor of Spencer Laboratory at the University of Delaware. Each of the experimental 
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sessions will take place in Mechanical Systems Lab first floor of Spencer Laboratory 

at the University of Delaware and will take approximately 2.5-3 hours. 

Participation in this study is voluntary. You may withdraw from this study at 

any time without any consequences. If you are a stroke survivor and have other 

conditions that may affect your ability to exercise or to learn you should let us know. 

If you have severe respiratory problems such as chronic obstructive pulmonary disease 

(COPD), heart disease, a loss of sensation, uncontrolled blood pressure, a seizure 

disorder, severe arthritis, or other lower extremity orthopedic conditions that limit 

your activity level, you should not participate in this study.  

 

CLINICAL EVALUATION: Stroke survivors will participate in two clinical 

evaluations, one before and one after training is completed. These evaluations will 

evaluate the following abilities: 

1. Your ability to produce different leg movements while in different positions, 

and to perform basic functions such as rolling from lying to sitting, and 

walking.  

2. Your balance while standing on either one or both legs and with both eyes 

open and closed.  

3. Your balance while standing while you perform other actions such as reaching 

or stepping in different directions with your foot. 

4. Your ability to walk while performing other activities such as looking around, 

stepping over objects, and changing speeds. 

5. The resistance of your limbs when moved passively by the evaluator while you 

try to relax 
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6. Your ability to remember different number or word sequences and various 

historical events. 

7. Your ability to tell the difference between objects of different shapes and 

orientations.  

8. Your ability to perform common activities necessary for daily function, 

including bowel and bladder function, as assessed through a questionnaire.  

9. Your ability to feel touch, pressure, where your joints are positioned and, how 

they are moved. 

You will also be asked to provide signed permission to contact your physician 

for medical records related to your stroke, and other medical history that might 

adversely affect your ability to perform the required training.  

If you are a person without a neurological problem, you will be questioned 

about your current health status. Only if you report that you have a suspected or actual 

neurological problem, or a condition that has the potential to be associated with a 

neurological problem, such as diabetes or chronic dizziness, will you receive the 

clinical evaluations.  

 

EXPERIMENTAL EVALUATION: Movement of your joints and your 

muscles’ activity will be recorded while you walk either on a treadmill or during over 

ground assessments, as well as during strength tests that require you to push your foot 

against an immovable object. This requires that (1) markers be attached to your skin 

with sticky-backed Velcro and (2) muscle sensors be attached to your skin with 

double-sided, hypoallergenic tape. These evaluations will be performed before training 
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begins, midway through the training, and following the completion of training.      

  YES. 

 

� Testing of Device Features (three experimental sessions, each on a 

separate day): If you are one of the twelve (12) persons without a neurological 

problem who agree to participate in this study, you will participate in three testing 

sessions, held on three separate days. During each session, you will wear an automated 

brace that is custom-fitted and attached to your leg. The motorized brace is designed to 

apply gentle forces that help direct your foot’s movement toward an experimenter-

designed footpath while you walk on the treadmill. Your typical footpath will be 

determined during walking while wearing the brace prior to training, but without the 

device being activated. You will then walk for 10-minutes without the motors being 

active while we measure your joint motions. After 5-minutes rest, you will walk for 

another 15-minutes with the motors being either on or off for different intervals during 

that time. The experimenters then will prescribe a new footpath that is reduced in step 

length and height from your typical footpath. You will be asked to produce the 

modified footpath while walking on the treadmill. Your task will be to try to match the 

new footpath during this last 15-minute test while we measure your joint motions. 

This same protocol will be used for the three testing sessions, each of which will take 

about an hour, including setup and breakdown. The three testing sessions will differ by 

the amount of motion that is allowed by your pelvis and hip during the test session. 

Our goal is to assess how essential these pelvic and hip motions are, which are 

normally of limited range, by evaluating their effect on measures of your walking 

performance.  
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  YES. 

 

� Healthy Adult Adaptation Training (One experimental session): If you are 

one of the forty-eight (48) persons without a neurological problem who agree to 

participate in this arm of the study, investigating adaptation to walking with a different 

footpath, you will participate in one training session. During the session, you will wear 

an automated brace that is custom-fitted and attached to your leg. The motorized brace 

is designed to apply gentle forces that help direct your foot’s movement toward a 

different footpath while you walk on the treadmill. Your typical footpath will be 

determined during walking while wearing the brace prior to training, but without it 

being activated. The experimenters then will prescribe a new footpath that is based on 

modifying your typical footpath. You will be asked to figure out and produce the 

modified footpath while walking on the treadmill. Your task will be to try to match the 

new footpath during training trials. The new, prescribed footpath may or may not be 

displayed on a video screen located in front of you. During training trials, a gentle 

force will be applied to your leg that either (1) tends to move you towards the new 

footpath if you deviate too far from that footpath or (2) tends to push your foot further 

away from the new footpath if you deviate from it. You will either be asked to try to 

stay within the newly prescribed footpath or to try to maintain your typical footpath 

despite the tendency of the brace to pull you towards the newly prescribed footpath. 

You will also walk on the treadmill without any applied force during the experimental 

session. In addition, your stepping will be assessed from recordings of markers placed 

on your shoe while walking over ground both before and after training on the 

treadmill. In all, testing and training will take about 2-hours.  
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  YES. 

 

� Long-term training: If you are one of thirty-six (36) stroke survivors who 

will receive long-term training, you will participate in an initial strength-training 

program that involves three training sessions per week for 3 weeks. The sessions will 

include exercise and electrical stimulation of your leg muscles to help increase your 

muscle strength. Following the strength training sessions, you will receive between 12 

and 18 sessions of walking training, depending on how you respond to the training. 

Walking training will occur 3 times per week for 6 weeks using one of the training 

protocols listed below. Your protocol will be selected through a process of random 

assignment. Each training session will at total of 2.5-3. However, the actual time you 

will spend doing walking training 40 minutes, performed in eight 5-minute periods. 

  YES. 

 

 

Long-term Training Protocols: Only the protocol with the check-mark in 

the box applies to you. 

1. � Practice walking on a treadmill while your body weight is supported by a 

suspension system. The amount of body-weight support will be reduced as your 

walking improves. Therapists will assist your leg movement during some portions of 

the training to help give you the sense of the desired walking pattern.  

  YES. 
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2. � Practice walking on a treadmill assisted by a passive leg brace that 

removes the influence of gravity from your leg, combined with electrical stimulation 

of your ankle muscles to aid their contraction, and visual feedback about your 

performance. The amount of gravity balancing of your leg will be gradually reduced 

over training as your walking improves. 

   YES. 

 

3. � Practice walking with the assistance of a motorized leg brace that can 

apply gentle forces to your leg to help you produce more normal joint and foot 

movements of your impaired leg combined with functional electrical stimulation of 

your ankle muscles to help them contract, and visual feedback about your 

performance. Gentle forces applied to your leg by the motors will help your foot move 

in a more normal pattern (displayed to you a video monitor) and provide a spring-like 

resistance to your foot if it moves too far away from the prescribed joint or foot paths. 

The amount of assistance will be reduced over training as your walking improves.  

 YES. 

 

� ELECTRICAL STIMULATION: If you are a participant recovering from 

a stroke and participating in training protocols 2 or 3, electrical current will be 

delivered to the muscles in front of and at the back of your leg as you walk. Initially, a 

low level electrical current will be delivered through the plates to ensure that you are 

comfortable with the sensation of the stimulation. You will feel a “prickly” sensation 

on your skin or feel as if your muscle is being squeezed, but you should not feel pain. 

You will be asked to walk while the computer applies the electric current to your 



 78

muscles. The current will be adjusted depending on how well you can activate the 

muscle yourself. However, the stimulation should never be painful. 

   YES 

 

RISKS AND BENEFITS: The risks associated with the motion analysis 

evaluations and measures of muscle activity include a possible mild skin reaction to 

the tape used to attach the markers and sensors to your skin and falling while 

performing the tasks. However, a trained researcher will monitor you at all times to 

prevent a fall.  

It is possible that we will discover functional impairments during the 

evaluation that have not been previously identified or brought to your attention. 

Although this may be worrisome, such information may help you obtain treatment to 

correct or improve the impairments. The decision as to whether to share any such 

information with your physician or others will be up to you.  

There is a risk of injury from walking with the motor-actuated brace attached 

to your leg. This risk is minimized in several ways. The motor controller of the device 

is designed to gently assist your leg’s movement by applying only small forces. The 

motors are set to limit the amount of applied force to the minimum amount needed to 

assist the motion and if forces exceed these values, the motors are automatically shut 

off. In addition, physical stops on the brace prevent motion beyond your normal range 

of joint motion. Both you and the investigator will have a switch that can be pushed to 

immediately shut down the motors. Nonetheless, it will be important for you to inform 

the investigators immediately if you perceive uncomfortable forces being applied to 

your leg. If you experience any discomfort, the motors will be immediately stopped 
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and appropriate adjustments made to reduce the forces. You may also experience 

general muscle soreness following the walking evaluations, particularly if you have 

not been exercising regularly.   

Pressure from the links of the brace that assist your leg movement can occur 

due to faulty alignment, which may result in irritation and redness of the skin. The 

same is true of the harness support if you are participating in body-weight supported 

treadmill training. Aligning the brace or the support cuffs for each participant 

individually reduces these risks. However, it is important that you inform the 

investigators if you are experiencing any unusual pressure from the brace or support 

cuffs while wearing them so that proper adjustments can be made.  

Some subjects report muscle soreness for about 2 days after electrical 

stimulation that is similar to the muscle soreness you might feel if you lift weights or 

exercise vigorously after a long lay-off.  During some stimulation you may feel pain in 

your thigh and/or calf muscles similar to what you may experience when bicycling 

hard up a long hill. The sensation of pain and fatigue will subside soon after the end of 

the stimulation. Although there is a possibility of injury such as muscle strain, muscle 

tear, injury of the kneecap or injury to other bones of the leg, this is highly unlikely. 

The potential for equipment malfunction is also present, which might result in burns to 

the skin. It is important that you inform us if you experience a sensation of burning or 

pain under the stimulation electrodes so that we can immediately stop the electrical 

stimulation.   

The benefits from participating in this study if you are a stroke survivor 

include comprehensive evaluation sessions and intensive training designed to help 
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improve your walking pattern. However, we cannot guarantee that your walking 

pattern will improve.  

 

Your participation, whether as a patient or healthy adult, may provide valuable 

information that will help in the design and application of new technology although 

this may be of no direct benefit to you. This information may help us to improve the 

way we treat future stroke patients. 

 

CONFIDENTIALITY 

Personal information and the associated case number will be stored in a locked 

file cabinet in the laboratory. Data will be associated directly with the case number 

alone, not the personal information. Only the researchers will have access to this 

information. Your individual evaluation results will not be shared with anyone outside 

the laboratory except you. If you give us written permission, we will also share the 

results with your physician. Neither your name nor any identifying information will be 

used in any publication or presentation resulting from this study. The data collected 

about your walking performance during these studies will be saved on long-term 

storage media such as CDs or DVDs, without information that can directly identify 

you. The media will be stored in the investigator’s laboratory at the University of 

Delaware’s Physical Therapy Department. Following completion of this project 

(approximately five years), the data will be destroyed or stored in a secured file 

cabinet in the investigators’ laboratory if the information is deemed to continue to be 

useful to explore future clinical questions. 
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PATIENT’S STATEMENT 

I have read this consent form and have discussed the procedure described 

above with the investigator(s). I have been given the opportunity to ask questions, 

which have been answered to my satisfaction. I understand that any further questions 

that I might have will be answered verbally, or if I prefer, with a written statement.  

In the event that I am injured or experience acute medical emergency during 

the study, I will be provided first aid. If I seek additional medical care, it will be at my 

own expense.  

I have been fully informed of the above-described procedure with its possible 

risks and benefits, and I hereby consent to the procedures. I have received a copy of 

this consent form.  

 

 

Subject’s signature       Date 

 

 

Subject’s Name (please print) 

 

            

Investigator’s Signature       Date 

 

If you have any questions concerning your rights as a research participant, you 

may contact the University of Delaware Human Subjects Review Board (831-2136). 

Questions regarding the clinical evaluations or leg-brace portions of the study may be 
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addressed to Dr. Scholz (302) 831-6281.  Questions about the electrical stimulation 

may be addressed to Dr. Binder-Macleod (302) 831-8046. 

 

*Personal Physician Information 

       

Name 

       

Street Address 

       

City, State and zip code 

       

Phone number 

 

By signing below, I give the investigators permission to contact my physician 

to obtain pertinent medical records about me.  

 

 

Subject’s signature       Date 

 

. 
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Appendix B 

INCLUSSION EXCLUSSION CRITERIA 

 

 

 

 

 

Stroke studies Inclusion/Exclusion Criteria 

Inclusion Exclusion 

1. Age 30-80 

2. Sub-acute to chronic stroke involving 

cerebral cortical regions (> 3 months 

post stroke) 

3. First (single) lesion  

4. Ability to walk independently but with 

residual gait deficit (including those who 

use a cane or a walker) 

5. Able to walk for 5 minutes at their self-

paced speed 

6. Ability to follow instructions 

7. Normal or corrected normal vision 

 

 

*Can be in OT 

* Good Sensation - determined case by case 

*Botox allowed – determined case by case 

*Allowed to have Insulin Dependent Diabetes 

*Must have sensation in lower extremity 

1. Evidence of chronic white matter disease on 

MRI 

2. Congestive heart failure 

3. Peripheral artery disease with intermittent 

claudication 

4. Cancer 

5. Pulmonary or renal failure 

6. Unstable angina 

7. Uncontrolled hypertension (> 190/110 

mmHg) 

8. Dementia (Mini-Mental State exam < 22) 

9. Severe aphasia 

10. Orthopedic or pain conditions 

11. Cerebellar signs (e.g., ataxic hemiparesis) 

12. Other neurological disorders 

 

*Not involved in current PT 
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Appendix C 

ALEX TRAINING PROTOCOL 

 
 
  

 Before Training 
1. Assess the subject’s physical parameters  
2. Define the subject’s comfortable walking speed and collect baseline data with 

ALEX 
3. Create 5 levels of intermediate trajectory, e.g., 20, 40, 60, 80, and 100% towards 

the control subject’s trajectory, based on homotopy calculation between the 
subject’s and a leg-length matched control’s baselines 

4. Choose a target trajectory for the training 
5.   Warm-up and stretching exercises for 10 minutes   
 
Monitor the subject BP & HR throughout the training 

Provide at least 2~5 minute-break between trainings 
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                        During Training 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 

 

 

  

      

Session √ Time Feedback Force-Field  FES Note 
Adaptation*   5 off off off Speed:         m/h 

Baseline test  3 off off off  

Target trajectory  Speed (              )                 Level  (        %)  

Pre-test   3 on off off  

Training 1_1 (NW-HS)†  5 on-off on on-off  

Training 1_2 (NW-HS)  5 on-off on on-off  

Training 2_1 (NW-LS)  5 on-off on on-off  

Training 2_2 (NW-LS)  5 on-off on on-off  

Mid-test  3 on off off  

Training 3_1 (MW-HS)  5 on-off on on-off  

Training 3_2 (MW-HS)  5 on-off on on-off  

Training 4_1 (MW-LS)  5 on-off on on-off  

Training 4_2 (MW-LS)  5 on-off on on-off  

Post-test  3 on off off  

Follow-up test 1  3 off off off  
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Appendix D 

BWSTT TRAINING PROTOCOL 

 
 

Subject: ____ Body weight: _____ Start date: ____ Preferred speed: ___ (mph) 
 

 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Block 7 Block 8 

Day 1 
40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

Day 2 
40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

40% 
PS 

30% 
PS 

30% 
PS 

Day 3 
40% 

PS + 0.1 
40% 

PS + 0.1 
40% 

PS + 0.1 
40% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.1 

Day 4 
30% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.1 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 

Day 5 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 

Day 6 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
30% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 

Day 7 
20% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.2 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 

Day 8 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
10% 

PS + 0.3 
10% 

PS + 0.3 

Day 9 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
20% 

PS + 0.3 
10% 

PS + 0.3 
10% 

PS + 0.3 
10% 

PS + 0.3 
10%  

PS + 0.3 

Day 10 
10% 

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 

Day 11 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
0%  

PS + 0.4 
0%  

PS + 0.4 

Day 12 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
10%  

PS + 0.4 
0% 

PS + 0.4 
0% 

PS + 0.4 
0% 

PS + 0.4 
0% 

PS + 0.4 

Day 13 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 

Day 14 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.5 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 

Day 15 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
0% 

PS + 0.6 
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PS = preferred speed in miles/hour on the treadmill without BWS 

Block 1&2 – manual assistance (MA): ON for 5 minutes (on, on, on, on, on) 

Block 3&4 – MA: ON for 4 minutes (on, on, on, on, off) 

Block 5&6 – MA: ON for 3 minutes (on, off, on, off, on) 

Block 7&8 – MA: ON for 2 minutes (on, off, on, off, off) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 88

Appendix E 

INDIVIDUAL ALEX FIGURES 

 ALEX 1 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.1. Sol 

and Gas show a steady decrease from pre to post to retention while Iliacus and Psoas 

show a decrease in force post training. 

 

 

 

Figure E.1 Average Force for ALEX 1 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure E.2. Sol is decelerating 

body slightly pre intervention but post intervention and in retention it is accelerating it 

forward. Gas also shows an increase in forward acceleration both after training and in 

retention. RF is decelerating the body more post training while Iliacus and psoas show 

a decrease in forward acceleration post training and in retention. 

 

 

 

 

Figure E.2 IAX for ALEX 1 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.3. Sol and Gas both show a decrease 

from pre to post and also from post to retention, while Gmed shows an increase both 

post training and in retention to support body. 

 

 

 

 

 

Figure E.3 IAY for ALEX 1 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.4. Sol and Gas extend knee less post training, HAM 

extends the knee more post training and in retention, Vas accelerates the knee joint 

into extension more post training while Iliacus and Psoas induce less knee flexion 

acceleration post training. 

 

 

 

Figure E.4 IKA for ALEX 1 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.5. Sol and Gas are in a 

better position to accelerate the body forward post training and also in retention, while 

HAM is in a less advantageous position to contribute to forward propulsion. 

 

 

 

 

Figure E.5 POX for ALEX 1 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate body center of mass 

vertically during paretic pre-swing is shown in Figure E.6. Sol, Gas and Vas are in a 

better position to support the body post training but this advantage is lost in retention. 

HAM also shows great changes and post training is not in a position to support the 

center of mass. 

 

 

 

Figure E.6 POY for ALEX 1 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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ALEX 2 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.7. All 

of the muscles except RF, Gmax and Vas show an increase in force post training. 

GAS, Gmed, Gmin, Iliacus and Psoas show an increase post training. 

 

 

 

Figure E.7 Average Force for ALEX 2 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure E.8. Positive contribution 

post training for plantar flexors has decreased, more so in retention. Vas and RF also 

show less negative contribution post training. 

 

 

 

Figure E.8 IAX for ALEX 2 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.9. Most muscles show less support post 

training. 

 

 

 

Figure E.9 IAY for ALEX 2 during paretic pre-swing. Blue is before training, red post 
training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.10. Sol and Vas show less contribution to extension. Gas, 

Iliacus and Psoas shows less contribution to flexion post training but this contribution 

increases for the last two muscles in retention. 

 

 

 

 

Figure E.10 IKA for ALEX 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.11. Sol, Gas and HAM are 

in a less advantageous position to contribute to forward acceleration, however, Vas, 

RF and Gmax also contribute less in negative direction.   

 

 

 

Figure E.11 POX for ALEX 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure E.12. Sol, Gas, Gmax and RF 

are in a less advantageous position to contribute to support post training and less so in 

retention. 

 

 

 

Figure E.12 POY for ALEX 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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ALEX3 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.13. 

Sol shows increase post training and in retention, Gas shows gradual decrease and all 

other muscles show decrease post training and increase in retention. 

 

   

 

 

Figure E.13 Average Force for ALEX 3 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure E.14. Sol shows reduced 

negative contribution and Gas reduced positive contribution, and Iliacus and Psoas 

show positive contribution post training. 

 

 

 

 

Figure E.14 IAX for ALEX 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.15. Plantar flexors contribute less to 

support, while HAM and Gmed show less negative contribution. 

 

 

 

 

Figure E.15 IAY for ALEX 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.16. All of the muscles except Iliacus and Psoas show 

decreased contribution to extension post training and increased contribution in 

retention. Iliacus and Psoas show the same trend except for flexion. 

 

 

 

 

Figure E.16 IKA for ALEX 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.17. Sol is in a position to 

contribute less negatively to forward acceleration. The gluteus muscle group are 

positioned to contribute less negatively post training and they have the potential to 

contribute positively in retention. Psoas and Iliacus are both in a more advantageous 

position to horizontally contribute to forward acceleration.  

 

 

 

 

Figure E.17 POX for ALEX 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure E.18. Sol, Gas and Vas have 

less potential to contribute to support while Ham shows decreased negative potential. 

 

 

 

 

 

Figure E.18 POY for ALEX 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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ALEX 4 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.19. 

All of the muscles show increased force post training except Gmed, Vas and Ham. RF, 

Iliacus, Psoas and Vas show increase in retention compared to post training. 

 

 

 

 

Figure E.19 Average Force for ALEX 4 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the center 

of mass during paretic pre-swing is shown in Figure E.20. Sol accelerated the body 

forward post training and more so in retention while pre training it was decelerating 

the body. Gas also contributes more to forward acceleration post training. Iliacus and 

Psoas also show increased contribution post training and in retention. 

 

 

 

Figure E.20 IAX for ALEX 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.21. Sol and Gas show increased 

contribution to support body post training and also in retention. RF also shows an 

increase in support post training and in retention.  

 

 

 

Figure E.21 IAY for ALEX 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.22. Sol contributes to extension more post training but less 

in retention. Gas flexes knee more post training, Vas shows decreased contribution to 

flexion and Iliacus and Psoas flex the knee less post training but more in retention. 

 

 

 

 

Figure E.22 IKA for ALEX 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.23. Gas and HAM are in a 

position to contribute to forward acceleration while previously they were in a position 

to contribute negatively. Sol is in a less advantageous position to contribute to forward 

progression. 

 

 

 

Figure E.23 POX for ALEX 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure E.24. Sol, Gas and Vas are all in 

a better position to contribute positively to support post training but not in retention. 

Gmed and Gmin contribute more negatively to acceleration post training. 

 

 

Figure E.24 POY for ALEX 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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ALEX 5 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.25. 

Sol and RF show an increase in post training which is retained for Sol in retention. 

Gas, Iliacus and Psoas show a decrease post training and an increase in retention.  

 

 

 

 

Figure E.25 Average Force for ALEX 5 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure E.26. Sol and RF shows 

less negative contribution post training Gas shows less positive contribution but 

Iliacus and Psoas show more positive contribution post training. In retention Gas and 

HAM show more positive contribution compared to post training. 

 

 

 

Figure E.26 IAX for ALEX 5 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 

 

 

 

 

 

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

IA
X

 (
�

⁄�
)

ALEX 5

Pre Post Retention



 114

Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.27. Sol and Gas show less support post 

training and more support in retention; other muscles show little contribution to 

support. 

 

 

 

Figure E.27 IAY for ALEX 5 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.28. Sol, Gas, and Gmed show less contribution to 

extension post training which is not retained and increases in retention. Iliacus and 

Psoas also show less contribution to flexion post training but again this change is lost 

in retention. 

 

 

 

Figure E.28 IKA for ALEX 5 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.29. HAM and Gas decrease 

post training in potential to contribute to forward acceleration, while Vas and RF 

decrease in potential negative contribution but the change is not retained.  

 

 

Figure E.29 POX for ALEX 5 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure E.30. Sol, Gas and Vas decrease 

in potential support, however the effect is not retained. Gmed and Gmin show less 

negative potential support and the effect is retained. 

 

 

Figure E.30 POY for ALEX 5 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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ALEX 6 

 

Average muscle force (F) during paretic pre-swing is shown in Figure E.31. 

All of the muscles except Ham show an increase post training, but changes are not 

retained for Gas, Ham and Vas. 

 

 

 

Figure E.31 Average Force for ALEX 6 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure E.32. Sol and Gas are 

contributing more to forward acceleration both post training and in retention. RF and 

Vas both show more negative propulsion post training and in retention. 

 

 

 

 

Figure E.32 IAX for ALEX 6 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure E.33. Sol and Gas are mainly supporting 

body, post training there is not much change but in retention they both support body 

more. 

 

 

 

Figure E.33 IAY for ALEX 6 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure E.34. Sol shows a decrease contribution to extension, Gas, 

Iliacus and Psoas show increased contribution to flexion which increase more in 

retention. Vas and Gmed also show an increase in contribution to extension. 

 

 

 

Figure E.34 IKA for ALEX 6 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure E.35. Sol and Gas both 

increased potential to contribute post training and in retention. Vas decreased its 

negative contribution post training but the change is not retained. 

 

 

 

 

 

Figure E.35 POX for ALEX 6 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure E.36. Sol, Gas, RF and Vas all 

show decreased support post training which is not retained. 

 

 

 

Figure E.36 POY for ALEX 6 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 

 
 
 
 
 
 
 
 
 
 
 
 
 

-0.001

0

0.001

0.002

0.003

0.004

0.005

P
O

Y
 (
�

⁄�
.N

 )
ALEX 6

Pre Post Retention



 124

Appendix F 

INDIVIDUAL BWSTT FIGURES 

BWSTT 1 

Average muscle force (F) during paretic pre-swing is shown in Figure F.1. Sol 

and Gas show decreased force post training and increased force in retention. Gmed 

shows increased force post training and all other muscles show decreased force post 

training and in retention. 

 

 

 

Figure F.1 Average Force for BWSTT 1 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the center 

of mass during paretic pre-swing is shown in Figure F.2. Sol, Gas, Ham and Gmed 

show reduced contribution post training, Vas shows less negative contribution and 

Iliacus and Psoas show positive contribution. 

 

 

 

 

Figure F.2 IAX for BWSTT 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure F.3. Sol shows decreased contribution 

post training and increased contribution in retention. Gas also shows decreased 

contribution post training as well as in retention, while other muscles do not contribute 

much.  

 

 

 

Figure F.3 IAY for BWSTT 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.4. Sol Gas and Vas all show decreased contribution to 

extension post training while Iliacus and Psoas show deceased contribution to flexion, 

with changes retained. 

 

 

 

Figure F.4 IKA for BWSTT 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure F.5. Sol and Gas show 

decreased potential post training and retention, Gmax contributes negatively post 

training and retention and Vas shows increased negative potential, HAM shows the 

biggest positive potential but it also decreases post training, while Iliacus and Psoas 

show increased positive potential both after training and in retention. 

 

 

 

Figure F.5 POX for BWSTT 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.6. Sol and Gas show 

decreased potential which is retained post training, HAM shows increased positive 

potential which is retained and gluteus muscles all show less negative potential or 

more positive contribution. 

 

 

 

Figure  F.6 POY for BWSTT 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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BWSTT 2 

Average muscle force (F) during paretic pre-swing is shown in Figure F.7. Sol 

Gas and Gmed show increase in force, Sol shows further increase but Gas and Gmed 

do not retain this increase. Iliacus and Psoas show decreased force post training but 

increased force in retention. 

 

 

 

Figure F.7 Average Force for BWSTT 2 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the body 

center of mass during paretic pre-swing is shown in Figure F.8. Sol shows increased 

contribution in post training and retention while Gas shows the opposite trend, RF and 

Vas show less negative contribution. 

 

 

 

 

Figure F.8 IAX for BWSTT 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the body center of mass 

during paretic pre-swing is shown in Figure F.9. Sol shows increased support post 

training which is not retained, while Gas shows reduced support which further 

decreases post training. 

 

 

 

Figure F.9 IAY for BWSTT 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.10. Sol shows slight increase in contribution to extension 

while Gas shows a sharp decrease post training and contributes to flexion in retention, 

Vas and Gmed also show less contribution to extension while Iliacus and Psoas have 

less contribution to flexion. 

 

 

 

Figure  F.10 IKA for BWSTT 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure F.11. Sol and Gas show a 

slight increase in potential post training, Gmax contributes less negatively, Vas and 

RF decreased negative contributions post training and further decrease in retention.  

 

 

 

Figure F.11 POX for ALEX 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.12. Gas and Sol show 

decreased potential to support which is retained, and Vas shows increased potential to 

support which is also retained. 

 

 

 

Figure F.12 POY for BWSTT 2 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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BWSTT 3 

Average muscle force (F) during paretic pre-swing is shown in Figure F.13. 

Sol shows decreased force while Gas, Gmed Iliacus and Psoas show increased force 

post training which is not retained. 

 

 

 

Figure  F.13 Average Force for BWSTT 3 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the center 

of mass during paretic pre-swing is shown in Figure F.14. Sol Shows less negative 

contribution and Gas shows more positive contribution, but none are retained. Vas 

shows less negative contribution post training which is retained. 

 

 

 

 

 

 

Figure  F.14 IAX for BWSTT 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the center of mass 

during paretic pre-swing is shown in Figure F.15. Sol shows slight decrease in support 

while Gas shows increase in support changes post training are not retained. 

 

 

Figure  F.15 IAY for BWSTT 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.16. Sol, Gas and Gmed show increased contribution to 

extension but Iliacus and Psoas show increased contribution to flexion; changes are 

not retained. 

 

 

 

Figure F.16 IKA for ALEX 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 

 

 

 

-6000

-4000

-2000

0

2000

4000

6000

IK
A

 (
d

e
g

⁄�
)

BWSTT 3

Pre Post Retention



 140

 

 

 

Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure F.17. Sol shows less negative 

potential and Gas shows more positive potential, but changes are not retained. Vas and 

RF show decreased negative contribution while HAM has the biggest potential which 

increases post training but is not retained. 

 

 

 

Figure F.17 POX for ALEX 1 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.18. Sol, Vas and Gas all 

increase in potential to support which is retained.  

 

 

 

Figure F.18 POY for BWSTT 3 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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BWSTT 4 

Average muscle force (F) during paretic pre-swing is shown in Figure F.19. 

Gas and Sol show a decrease in force while Gmed, Iliacus and Psoas show an increase 

in force; changes are retained. 

 

 

 

Figure F.19 Average Force for BWSTT 4 during paretic pre-swing. Blue is before 
training, red post training & yellow 6 months later. 

 

 

 

 

0

200

400

600

800

1000

F
o

rc
e

 (
N

)

BWSTT 4

Pre Post Retention



 143

 

 

 

Time integral of the horizontal muscle induced acceleration (IAX) of the center 

of mass during paretic pre-swing is shown in Figure F.20. Sol and Gas decrease in 

contribution but changes are not retained, and HAM shows a sharp decrease in 

negative contribution but changes are not retained. Iliacus and Psoas slightly increase. 

 

 

Figure F.20 IAX for BWSTT 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of vertical induced acceleration (IAY) of the center of mass 

during paretic pre-swing is shown in Figure F.21. Sol shows a decrease post training 

while Gas and Vas show increases in support which are not retained. 

 

 

 

Figure F.21 IAY for BWSTT 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.22. Sol and Vas show increased contribution to extension 

while Gas shows a decreased contribution to flexion but Iliacus and Psoas show 

increased contributions to flexion.  

 

 

 

Figure F.22 IKA for BWSTT 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure F.23. Sol, Gas and HAM 

show increased potential to contribute but changes are not retained. Gluteus muscles 

show decreased negative contribution and again changes are not retained.   

 

 

 

Figure F.23 POX for BWSTT 4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.24. Sol, Gas and Vas show 

increase in potential post training; changes are not retained in retention but are still 

higher than pre-training.  

 

 

 

Figure F.24 POY for BWSTT4 during paretic pre-swing. Blue is before training, red 
post training & yellow 6 months later. 
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BWSTT 5 

Average muscle force (F) during paretic pre-swing is shown in Figure F.25. 

All of the muscles except Vas show an increase in force post training. 

 

 

 

Figure  F.25 Average Force for BWSTT 5 during paretic pre-swing. Blue is before 
training and red as post training. 
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Time integral of the horizontal muscle induced acceleration (IAX) of the center 

of mass during paretic pre-swing is shown in Figure F.26. Plantar flexors show 

decreased contribution to propulsion post training as well as HAM, and Vas shows 

decreased contribution to braking post training. 

 

 

 

Figure  F.26 IAX for BWSTT 5 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of vertical induced acceleration (IAY) of the center of mass 

during paretic pre-swing is shown in Figure F.27. Sol shows increased contribution to 

support while Gas shows decreased contribution to support of the body center of mass. 

 

 

Figure  F.27 IAY for BWSTT 5 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.28. Sol shows increased contribution to extension while 

Gas and Vas both show decreased contribution to extension. 

 

 

Figure  F.28 IKA for BWSTT 5 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of muscle potential (POX) to accelerate center of mass 

horizontally during paretic pre-swing is shown in Figure F.29. Sol, Gas and Ham are 

all in a less advantageous position to propel the center of mass forward and Vas is in a 

less advantageous position to brake. 

 

Figure  F.29 POX for BWSTT 5 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.30. Sol, Gas,Vas and RF 

show decreased potential to support the center of mass. 

 

Figure F.30 POY for BWSTT 5 during paretic pre-swing. Blue is before training and 
red is post training. 
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BWSTT 6 

Average muscle force (F) during paretic pre-swing is shown in Figure F.31. 

All of the muscles show increase in force except Gmax and HAM. 

 

 

Figure  F.31 Average Force for BWSTT 6 during paretic pre-swing. Blue is before 
training and red is post training. 
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contribution to forward propulsion while Gas shows increased contribution to forward 

propulsion. 

 

 

Figure  F.32 IAX for BWSTT 6 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of vertical induced acceleration (IAY) of the center of mass 

during paretic pre-swing is shown in Figure F.33. Sol shows increase in support post 

training and Gas shows decrease in support post training. 

 

 

Figure  F.33 IAY for ALEX 1 during paretic pre-swing. Blue is before training and red 
is post training. 
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Time integral of induced knee angle acceleration (IKA) during paretic pre-

swing is shown in Figure F.34. Sol and Gmed show increased contribution to knee 

angle acceleration while Iliacus Psoas and Gas show increased contribution to flexion. 

 

 

 

Figure  F.34 POX for BWSTT 6 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of muscle potential (POX) to accelerate the center of mass 

horizontally during paretic pre-swing is shown in Figure 3.5. Sol and Gas both show 

decreased potential to accelerate body center of mass forward and Vas is in a more 

advantageous position to brake post training. 

 

 

Figure  F.35 POX for ALEX 1 during paretic pre-swing. Blue is before training and 
red is post training. 
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Time integral of muscle potential (POY) to accelerate the center of mass 

vertically during paretic pre-swing is shown in Figure F.36. Sol, Gas and Vas all show 

decreased potential to support the center of mass post training. 

 

 

Figure  F.36 POY for BWSTT 6 during paretic pre-swing. Blue is before training and 
red is post training. 
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