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ABSTRACT 

 
 

Running injuries have been linked to poor lower extremity dynamic alignment, 

increased whole body and joint loading, and insufficient modulation of stiffness 

throughout stance phase. Upper body muscle activity and movement have a relationship 

to lower body dynamics; however, the literature has largely neglected their role during 

running. To date, biomechanical gait analysis has primarily focused on lower extremity 

mechanics and muscle activation patterns with no studies investigating the role of 

functional muscle synergies on stability and loading during running. Therefore, the 

primary objective of this project is to determine the role of the Back Functional Line 

(BFL), via measure of latissimus dorsi (LD), gluteus maximus (GM), and vastus lateralis 

(VL) muscle activity, during running and to determine their influence on lower extremity 

kinematics and kinematic predictors of loading that are linked to running-related injuries 

(RRI). We used conditions of arm swing constraint to manipulate the action of the LD 

and investigate the response in GM and VL muscles. Our main variables of interest 

include: 1) BFL muscle activity, specifically mean and peak amplitude, onset, and co-

activation of the LD and GM 2) frontal plane lower extremity kinematics, and 3) 

kinematic predictors of kinetics, specifically foot inclination angle at initial contact and 

vertical COM displacement. 

Twenty healthy recreational runners (10 M; 10 F) participated in this study. Male 

runners tended to be slighter older with a higher weekly running mileage and longer 
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running history. All participants were between the ages of 18 and 55 years old and 

consistently ran at least once per week.  

Participants ran under three arm conditions – free arm swing, unilateral arm swing 

constraint, and bilateral arm swing constraint. During the running trials, surface EMG 

and lower extremity kinematics were collected over the gait cycle. We operationally 

defined the primary BFL as the muscle synergy composed of the non-dominant upper 

extremity (i.e., constrained side during unilateral condition) LD muscle, the dominant 

GM muscle, and the dominant VL muscle. The secondary BFL was defined as the 

dominant upper extremity (i.e., unconstrained during unilateral condition) LD muscle, the 

non-dominant GM muscle, and the non-dominant VL muscle.  

Primary and secondary BFL muscle synergy activity were analyzed during two 

specific phases of gait – the pre-activation (PA) phase and the loading response (LR) 

phase. In support of the hypothesis, the primary BFL LD mean amplitude decreased 

during both the PA and LR phases of gait. GM and VL muscle mean amplitude 

demonstrated a varied response. During the PA phase, both the GM and VL muscles 

increased during the unilateral condition and decreased during the bilateral condition. 

During LR phase, GM and VL muscles increased during both arm swing constraint 

conditions. The highest increase in amplitude was seen during the unilateral condition. 

Peak amplitudes for each muscle did not change dramatically across conditions for either 

the PA or LR phases of gait.  

Secondary BFL LD and GM mean and peak amplitude increased during both the 

PA and LR phases of gait, with changes during the LR phase reaching significance for 

both muscles. Secondary BFL VL also increased in mean and peak amplitude during the 
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bilateral constraint condition. GM and VL mean and peak muscle amplitude were 

significantly correlated during the LR phase, but not for the PA phase. This indicates that 

the lower extremity muscles of the BFL (GM and VL) may not be preparing for impact 

similarly but are adjusting muscle activity in a similar fashion as the lower limb is loaded. 

The increase in muscle amplitude for secondary BFL muscles, particularly during the LR 

phase of gait, may have resulted from a difference between lower limb strength or lower 

extremity single leg stability.  

Onset of muscle activity during loading response did not significantly differ 

across conditions for the LD, GM, or VL muscles, however, analysis of co-activation 

demonstrated that LD and GM were in-phase throughout the gait cycle. This suggests that 

this portion of the BFL may be acting together to stabilize the lumbopelvic-hip complex 

(LPHC) during running. LD and GM appeared to be co-activated throughout the gait 

cycle regardless of arm swing variation.  

Instability, either from asymmetrical movement patterns or poor single leg 

stability may contribute to the activation of the BFL muscle synergy. GM increased 

during the unilateral arm swing constraint during both phase and for both BFL synergies, 

indicating that asymmetrical movement patterns may induce a potential instability or an 

unstable state requiring the need for greater stability around the LPHC.  

Knee frontal plane kinematics changed significantly across conditions. Knee 

abduction angle showed the greatest increase during the unilateral arm swing constraint 

condition suggesting that asymmetrical movement patterns effect lower extremity 

mechanics more so than symmetrical patterns (i.e., bilateral arm swing restriction or free 
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arm swing). Hip adduction and contralateral pelvic drop angles did not differ 

significantly across conditions.  

Our study did not find a significant relationship between BFL muscle activity and 

knee abduction angles. Participants demonstrated larger knee abduction angles on their 

non-dominant limb at midstance. The corresponding (secondary) BFL LD and GM 

demonstrated a significant increase during the LR phase. This may indicate that BFL 

muscle activity is engaged when the need for lower limb stability is greater, either due to 

poor single leg dynamic control or abnormal frontal plane mechanics.  

Kinematic predictors of joint and whole-body loading differed across conditions. 

Vertical COM displacement was significantly decreased during the bilateral arm swing 

constraint condition. Foot inclination angle at initial contact did not significantly change 

with arm swing constraint. Differences were found between right and left lower extremity 

foot strikes (i.e., foot inclination angle) across all conditions; the non-dominant limb 

demonstrated greater plantarflexion during initial contact. Knee flexion angle at initial 

contact and peak knee flexion during stance did not demonstrate a significant change. 

Muscle activity was not significantly correlated to kinematic predictors. Spatiotemporal 

measures altered with arm swing suppression. Stride length decreased and step rate 

increased significantly. Taken together, these results suggest that runners alter 

spatiotemporal measures more so than sagittal plane kinematics when adjusting to arm 

swing suppression.  

The role of the BFL muscle synergy during running remains unclear. 

Asymmetrical movement patterns and arm swing restriction appear to influence BFL 

muscle activity and lower extremity kinematics. Single leg stability, particularly during 
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the LR phase, may alter BFL muscle activity due to the need for increased stabilization of 

the loaded limb and the LPHC. Future research is needed to determine how these 

variables impact BFL muscle activation and whether injured runners respond differently 

to arm swing constraint during running.  
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CHAPTER 1 

INTRODUCTION AND REVIEW OF THE LITERATURE 

 
Introduction 

Physical inactivity is a significant public health concern and poses a major health 

risk for sedentary individuals 9. Behavioral factors account for 40% of all deaths in the 

United States. Obesity combined with physical inactivity, along with smoking, are the top 

three causes of premature death 125. In addition, 90 million Americans are affected by 

chronic and degenerative conditions like coronary heart disease, obesity, type II diabetes, 

osteoporosis, sarcopenia, and some cancers, which have replaced infectious disease as 

our primary public health threat. The cost of these diseases account for nearly two thirds 

of a trillion dollars in health care expenses and productivity loss 10.  

In response, there has been an intensified interest in the role of exercise for health 

and prevention of disease 8. A growing number of individuals are participating in aerobic 

activities, like running, for exercise and fitness benefits. In 2010, an estimated 36 million 

individuals ran regularly with over 500,000 runners completing a marathon 80.  

 

Running Injuries 

Overuse running-related injuries (RRIs) have the potential to significantly disrupt 

participation in physical activity and racing. Distance runners are at a high risk for injury, 

with the incidence of lower extremity RRI rates ranging from 19.4% to 79.3% 130, 136. The 

majority of running studies consistently report that RRIs tend to affect the lower 

extremity with approximately 50% occurring at the knee, 26.7% occurring at the lower 
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leg, 14% occurring at the ankle, 11.1% at the foot, 9.7% at the hip and pelvis, and 3.4% 

occurring at the thigh 131, 132, 136. The most common RRIs include patellofemoral pain 

syndrome (PFP), iliotibial band syndrome (ITBS), tibial and metatarsal stress fractures, 

tibial and metatarsal stress syndromes, plantar fasciitis, and Achilles tendinitis 75, 130, 138.  

Mechanisms of overuse injury in runners are typically classified using three 

distinct categories: structure, mechanics, and training errors. While structure and static 

alignment have not shown any substantial direct link with running injuries, it is still 

believed to be, “ too reasonable a cause to be overlooked” 121.  Some evidence exists to 

support increased dosage, or running volume, being associated with increased incidence 

of injury, but the relationship is complex and still not well understood 92, 104. A review 

found that the incidence of injury per 1000 hours of running decreased as running 

distance increased 137. Meeuwise 94 suggested that excessive distance alone may be 

insufficient to cause injury but may be the “straw that breaks the proverbial camel’s 

back.” Other factors that increase the risk for injury include inexperience (3 years or less) 

and prior history of injury 45, 120, 123, 130, 137.  

Abnormal mechanics and increased joint loading have been linked to overuse 

injuries in runners. Greater peak hip adduction and hip internal rotation during stance 

phase of running were found in females runners with PFP 108, 155,40. Larger vertical GRF 

impact peaks and steeper vertical GRF loading rates were found in runners with a history 

of injury 21, 67, 97. A review by Zadpoor and Nikooyan 157 found that runners with a history 

of tibial and metatarsal stress fractures had significantly higher vertical GRF loading rates 

than control groups. Landing posture is also associated with knee and hip joint loading. 

Increased heel to COM distance and foot inclination angle at initial contact (IC) has been 



 3 

linked to increased loads to the knee and hip joint52, 85, 144, and surrounding musculature 

84. Vertical COM excursion has been linked higher peak vertical GRFs during running 52, 

144. 

The ability to generate the appropriate level of lower extremity stiffness is also 

important in injury prevention 3, 11, 30. Stiffness is a key component of the spring-mass 

system and often defined as the resistance of an object or body to a change in length 93. 

During locomotion, stiffness is modulated by muscle activity during pre-activation, just 

prior to initial contact, and during lower limb stance phase loading.  The central nervous 

system (CNS) can modulate stiffness by altering muscle force prior to initial contact and 

throughout the time course of force application. Neuromotor control involves the 

‘predictive’ and ‘online’ assessment of GRFs with each step 122. Muscle activity during 

the pre-activation phase of gait is thought to play an important role in preparation of foot-

ground contact 79 and subsequently enhances the muscle activity during loading response 

to regulate leg stiffness 48. Examination of muscle activity at pre-activation and during 

loading response may indicate how well a runner is preparing for and absorbing joint and 

whole-body loads during running. 

It has been suggested that excessive or insufficient stiffness may lead to injury. 

Excessive lower extremity stiffness results in reduced sagittal plane excursion, mostly at 

the knee, and increased peak forces; this typically increases vertical GRF loading rates 

and tibial shock 53, which places the runner at greater risk for bony injuries.  
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Sagittal plane knee stiffness during initial contact through loading response was 

significantly greater in runners with a history of tibial stress fractures than controls 98. 

Williams et al. found that the vertical GRF loading rate was a primary predictor of lower 

extremity stiffness in a group of runners with varying foot types 146. 

 

Electromyography 

The EMG Signal 

 Electromyography (EMG) is commonly used to capture neuromuscular electrical 

signals during movement. EMG is the primary signal used to describe the input to the 

muscular system and provides information regarding the final control signal of each 

muscle. The electric signal associated with the contraction of a muscle, the motor unit 

action potential (MUAP), is a result of excitation of the motor endplate of specific muscle 

fibers from the CNS. Each series of MUAPs during a contraction can be represented by a 

combination of sinusoidal waves with distinct characteristics including amplitude, 

frequency, onset time, and offset time. Many variables can influence this myoelectric 

signal at a given time. These variables can include, but are not limited to, velocity of 

muscle shortening/lengthening, rate of tension build-up, fatigue, and reflex activity 72, 154.  

The myoelectric signal or electromyogram represents the summated electrical 

activity of all muscle fiber activation within the detection area of the electrodes placed 

over the contracting muscle. The EMG signal can be detected using surface or indwelling 

(e.g., fine wire) electrodes. Surface electrodes offer a less invasive means of signal 

detection, however, limitations exist with the use of these electrodes. For example, it is 

difficult to accurately record a signal from smaller or deep muscles using surface EMG. 
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In addition, surface electrodes have a greater issue with cross-talk where electrodes may 

pick up nearby MUAPs from adjacent muscles. EMG signal recording can also be 

influenced by a number of factors, such as impedance, location and orientation of the 

electrodes, contact pressure, and noise from nearby electrical equipment, or motion 

artifact.  

The raw EMG signal is often processed in order to yield useful information. 

Analysis of the surface EMG frequency spectrum indicates that little of the signal is 

contained at frequencies below 10 Hz or above 1 kHz 72. The EMG signal is initially 

filtered to remove the high frequency noise (>400-500 Hz) and a linear envelope is 

derived through rectification or converting the negative portions of the signal to positive. 

The rectified signal is then smoothed using a low-pass filter (typically >5 Hz for 

movement analysis applications) and can then be further analyzed depending on the 

research or clinical question. 

EMG Analysis 

 The important characteristics of the EMG signal used in analysis are amplitude 

and onset-offset timing. Amplitude is an indicator of the magnitude of muscle activity 

and is related to force production. The onset-offset timing can indicate periods of muscle 

activity and cessation in relation to a specific activity. 

 Correctly measuring amplitude can be challenging as many factors can influence 

signal quality. Anthropometrics, electrode placement (i.e., location relative to the motor 

point, the electrode position relative to muscle fiber orientation), and body tissue 

impedance (i.e., blood flow, subcutaneous adipose tissue between electrode and muscle, 

muscle architecture) can contribute to the variability in the EMG signals between 
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individuals. In response to such variability, methods to normalize the amplitude of the 

EMG signal have been suggested as a way to better compare data between individuals. A 

common method is to normalize each muscle recorded to the EMG amplitude during an 

isometric maximum voluntary contraction (MVC). Another approach is to use the mean 

or peak amplitude recorded during the functional activity that is being studied for 

normalization.  

 The major variables used to define raw EMG amplitude include peak-to-peak (p-

p) amplitude and averaged rectified amplitude. The peak-to-peak amplitude is one of the 

easiest ways to describe the magnitude of the EMG signal and is useful when the signal is 

highly synchronous, or composed of multiple simultaneously firing motor units. The 

average rectified amplitude represents the mean of the EMG signal after converting the 

negative voltage in positive values.  An estimate of the “volume” of activity can be 

obtained using the linear envelope.  

 Muscle activity can also be quantified using cross-correlation plots and by 

analyzing the onset-offset timing of specific muscles. Cross-correlation is used to 

quantify the common signal between different EMG recordings to provide information 

about muscle coordination. This analysis quantifies the similarity in the shape and phase 

delay between two waveforms and has been used as a method of describing kinematic or 

muscle coordination 103. The potential range of the phase shift between the EMG signal 

of two muscles ranges from -1 and +1, with a highly positive correlation indicating the 

two signals are acting together (i.e., in phase) and a highly negative correlation indicating 

that one signal is at a maximum when the other is at a minimum (i.e., out of phase) 154.  

Timing of muscle activity can be useful for investigation of differences between typically 
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developed individuals and those with neuromuscular disorders and to assess co-activation 

of agonist/antagonist muscles.  If clear bursts of phasic activity occur, detection of 

muscle activation and cessation can be straightforward. However, detection becomes 

more complicated when baseline EMG recordings are high and amplitude bursts are low 

or when muscles are more tonically activated during the movement. In addition, a poor 

signal-to-noise ratio (SNR) may interfere with the ability to accurately detect onset-offset 

timing.  

 Several methods have been suggested to improve the accuracy of detection for 

muscle activity. The use of a standard deviation (SD) threshold (typically 1SD to 3SD) 

with respect to a resting baseline has been proposed 29, 59. While feasible, this method is 

heavily reliant on the EMG amplitude and may fail to identify meaningful bursts if SNR 

is poor. Visual inspection of the EMG signal is another popular method of onset detection 

but is limited by the experience of the investigator to properly detect the point of onset 59 

and also the SNR. The present study utilized visual inspection above the mean resting 

threshold to determine onset of muscle timing. This threshold was calculated using the 

mean baseline EMG plus one SD. 

 

Biomechanics of Locomotion 

Fundamental Characteristics of Walking and Running 

Adult human locomotion typically takes the form of either walking or running. 

Analysis of locomotion involves careful examination of the gait cycle, which is defined 

from foot strike (i.e., initial contact) to ipsilateral foot strike. This cycle can be further 

delineated into stance and swing phases from each limb. Stance phase is the period of 
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time when the foot is in contact with the ground; it begins at initial contact and ends 

when the ipsilateral foot leaves the ground (i.e., toe off). Swing phase is the period of 

time when the foot is in the air for limb advancement and occurs from toe off until the 

subsequent ipsilateral foot strike.  

Three primary differences distinguish running from walking. These differences 

include 1) the presence of a double float, or flight phase, in running, 2) the phasing of 

kinetic and potential energy, and 3) changes in kinematic parameters. Running and 

walking both have a stance and swing phase, but are differentiated by a flight phase in 

running, when neither foot is in contact with the ground. Walking has two periods of 

double support, where both feet are in contact with the ground. In running, toe off occurs 

before 50% of the gait cycle is complete where toe-off is much later (~60%) during 

walking 110 (Figure 1-1). 

 

 

Figure 1-1. Differences in the stance and swing phase of the gait cycle and 
between walking and running 
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Walking can be modeled as an inverted pendulum, with the body representing a 

fixed-point mass on top of an upside down pendulum 1. During the double support phase 

of walking, the center of mass and the potential energy are at their lowest points, but the 

kinetic energy is at its highest point. During midstance, this reverses and the COM is at 

its highest point resulting in higher potential energy, but kinetic energy is at a low. 

Gravitational potential energy is stored as the center of mass rises during the gait cycle 

and then recovered as the body falls forward toward the earth (i.e., kinetic energy); the 

energy is converted back into potential energy as the center of mass again rises again 

over the other leg 13. Conversely, during running the maximum and minimum points for 

kinetic and potential energy are in-phase, thus running is often modeled as a mass-spring 

system 106 (Figure 1-2). In this model, soft tissue structures behave as springs, storing 

elastic energy when stretched and releasing energy when allowed to return to resting 

length. Spring-like behavior of the leg is associated with COM displacement, foot contact 

time, and step frequency, and changes in these parameters can alter lower extremity 

stiffness. In general, stiffness does not change with speed during forward running but can 

be changed to accommodate different stride frequencies at a given speed 37. In contrast, 

walking requires a transition between pendulum-like phases (i.e., stance leg to stance leg) 

in order to transport the body’s COM a limited distance, and thus stiffness may change 

with varying speeds. The metabolic cost of these transitions also require positive and 

negative mechanical work to be performed on the COM in order for movement to occur 

78 
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Figure 1-2. Differences in potential and kinetic energy between running and 
walking. 

 

Gait Transitions 

Studies have demonstrated that there is a shift from walking to running at a given 

speed. Walking is the preferred movement pattern at lower speeds (e.g., < 2.23m/s), and 

running is the preferred form of locomotion at higher speeds (e.g., > 2.23 m/s) 64, 132. The 

cause of the walk-run transitions has been debated in the literature. Proposed causes for 

gait transition include the mechanical limit to walking speed 1, minimization of the 

metabolic cost of locomotion 63, 91 and minimization of mechanical stress 38, 64. The walk-

run transition can also be thought of moving from one unstable (i.e, fast walk) state to a 

more stable one (i.e., run) in terms of coordination dynamics 26, 27.  

Physical and environmental constraints limit step frequency during walking.  

Alexander 1 showed that there is a maximum speed for walking. The hip joint moves on 

the arc of a circle centered on the foot, and this model determines walking speed. 
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Walking is not possible above (gL)1/2 where g is gravity and L is the leg length. This 

value is often called the Froude number (about 1 in humans).  For example, a leg length 

of 0.8m and gravity of 9.8m/s2, the maximum walking speed is approximately 2.8m/s.  

Optimization of metabolic cost has also been proposed as a trigger for walk to run 

transitions. Walking at speeds higher than one’s preferred transition speed results in 

higher energy expenditure than running 63 and would encourage the shift to running. 

However, individuals prefer to switch gaits at speeds lower than what is energetically 

optimal 64, 132 suggesting that factors beyond metabolic cost are driving optimization 

during locomotion.  

Minimization of mechanical stress may be accomplished by optimization of 

kinematic variables during locomotion. Hreljac 64 discovered that angular acceleration of 

the ankle was significantly different between walking and running. During high speed 

walking, a much larger angular acceleration of the ankle was demonstrated compared to 

running at the same speed. Large amounts of muscle activity were required to dorsiflex 

the foot around toe off during high speed walking to avoid dragging the toes on the 

ground. The tibialis anterior muscles were working near their maximum capacity leading 

individuals to report discomfort in these muscles. Minimization of undue muscle stress, 

and potential for injury, may also be a factor in the triggering the walk to run transition 64. 

Finally, in dynamical systems theory, non-equilibrium transitions are 

characterized by different coordinative modes, such as a shift in locomotion mode from 

walking to running. Movement patterns are thought to emerge through generic processes 

of self-organization and an interplay of constraints between and within the elements of a 

system 62. The biomechanical degrees of freedom of the motor system are reduced 



 12 

through the development of coordinative structures. Coordinative structures can be 

defined as muscle synergies, often spanning several joints, that are functionally linked to 

satisfy task demands 133. Identifying coordination changes requires a distinction between 

order and control parameters. Order parameters are low-dimensional qualitative states of 

the system (e.g., relative phase between body segments), where changes in the states can 

be induced by manipulation of a control parameter (e.g., step frequency, velocity). 

Relative phase between component oscillators (e.g., pelvis, thorax) can identify different 

qualitative states of the system dynamics 135. Systematic changes in phase relationships 

may be necessary to optimize gait stability for a given velocity. Wagenaar and Beck 141 

observed systematic changes in the phase relation between pelvic and thoracic rotations 

using velocity as a scaling parameter. In healthy subjects, the phase relation shifted from 

a more in-phase pattern (i.e., pelvis and thorax move simultaneously in the same 

direction) during slower speeds to a more out-of-phase pattern (i.e., pelvis and thorax 

move in opposition directions) at higher walking speeds.  

Lower Extremity Gait Kinetics  

Ground reaction forces differ from walking to running, most notably in the 

vertical direction. The classic depiction of the vertical GRF force curve for walking is the 

“double bump” pattern with the first bump indicating loading response and the second 

representing push-off. The vertical GRF force for running is illustrated by an initial 

impact peak (IP) that occurs during the loading response followed by another, often 

larger, active peak during midstance (Figure 1-3). The vertical GRF is reflective of 

muscle activity required to maintain body position against gravity and accounts for 

approximately 80% of the metabolic cost of gait 37. Vertical IP has gained attention in the 
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literature with regard to economy and injury. Increases in the IP slope has been found to 

be a risk factor for injury in distance runners 21, 33, 65, 97, 156. The slope of the IP can also 

provide information about the foot contact style 20, 87, postural alignment, and stance limb 

stiffness of the runner 25. The second, or active peak, depends on the mass and speed of 

the runner as well as vertical COM displacement. Changes in the active peak can 

influence metabolic demand 34, 76. 

 

 

Figure 1-3. Vertical ground reaction force for running and walking. 
 

Lower Extremity Gait Kinematics 

Walking and running gait also display different joint kinematics. Sagittal plane 

differences between locomotion modes can be seen throughout the body. During walking, 

plantar flexion occurs after initial contact as the foot is lowered to the ground; however, 

while running there is an immediate increase in dorsiflexion as the foot is lowered to the 

ground and the body’s weight is transferred onto the stance limb 110. Individual foot strike 

pattern may influence the amount of dorsiflexion at initial contact. For heel strikers. The 

progression of the tibia over the foot during loading will increase dorsiflexion angles. For 
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mid- or forefoot strikers, dorsiflexion may only minimially increase during loading. Knee 

joint excursions increase during running compared to walking. The knee flexes to 

approximately 45° at midstance during running to attenuate impact, whereas only 20° is 

needed for walking 110. The hip joint displays similar patterns in both running and 

walking. The hip displays delayed timing of maximal extension and an increase in flexion 

angles. Hip extension in terminal swing reduces horizontal velocity of the foot and helps 

to minimize GRF at IC 124. The trunk maintains a fairly netural position (i.e., minimal 

flexion or extension) just prior to foot strike during running. This position is thought to 

help with lumbar spine extension by providing more working range of the pelvis. The 

pelvis increases its anterior pelvic tilt to allow for greater lower limb forward propulsion. 

Maximal trunk flexion during running occurs around mid to late stance 124. Mean angle of 

trunk inclination for running ranges from 2.4° to 13° of flexion. 

Changes in frontal and transverse plane motion occur during running compared to 

walking. These changes are seen mostly at the trunk and lumbo-pelvic-hip complex. At 

foot strike, the hip is adducted and acts as a shock absorbing mechanism along with slight 

ipsilateral trunk flexion. When the limb is loaded, the combined intersegmental rotational 

movements are thought to play a vital role in decoupling lower extremity forces of 

motion from the shoulder and head 110, 124. Hip internal rotation angles during the 

absorption phase range from 8° to 10°, after which the hip joint is returned to a neutrally 

rotated position by toe off. Frontal and transverse plane pelvic motion is minimized in 

running compared to walking in order to conserve energy and maintain efficiency 110. 

Mean trunk and pelvic transverse plane motion assist in directing the resultant GRF 

vector anteriorly during stance, facilitating forward acceleration 124.  
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Upper Extremity Biomechanics 

Literature examining the role of arm swing in running is limited. It has been 

proposed that arm swing acts as a passive “mass-damped system” to reduce head and 

torso rotation and angular momentum produced by the swinging legs about the vertical 

axis 115. Forward modeling of running with and without arm swing discovered that arm 

dynamics contribute less than 1% to peak vertical and horizontal COM accelerations 

during propulsion. Arm swing did, however, induce changes in kinematics of the lower 

extremities through mechanical coupling and counterbalancing the angular momentum of 

the legs 51. This discovery suggests that a functional interdependence exists between 

upper and lower body movement patterns. In addition, arm swing contributes to 

efficiency and balance by reducing side-to-side motion of COM 51. Constraining the arms 

during running increased step width variability by 9% in order to maintain lateral 

balance4. A decrease in step length was seen during running without arm swing with an 

increase in step frequency by roughly 2.5% 4. Arm swing constraint during running 

increased contact time during stance phase and decreased GRFs 95. 

Muscle Activation Patterns 

Few studies have investigated the role of upper extremity muscle activity during 

running 12, 57, 70. Hinrichs and colleagues 57 studied upper extremity muscle activity during 

running and found the arm swing is a product of intensive muscle action, especially of the 

extensor muscles. The posterior deltoid and latissimus dorsi (LD) demonstrated mean 

peak integrated values ranging from 30% to 60% of maximum contraction when running 

at 4.5 m/s. These peaks were found during loading response and toe-off phases of gait 57 



 16 

and appear to demonstrate stretch-shortening cycles similar to the lower extremity 

muscles during locomotion. 

Lower extremity muscle activation patterns during walking and running are 

similar in pattern and timing. However, running gait creates an increase in the amplitude 

of muscle activity 12, 47, 51, 107. All muscles appear to be most active around the time of 

foot contact 12, 110 and increase in activity as a function of speed 14, 107.  Ground reaction 

forces often increase as a function of speed as well. The increased muscle activity at 

initial contact may contribute to GRF by increasing the stiffness of the lower extremity 

during touch down. Trunk, abdominal, and proximal hip musculature appear to be most 

affected by increases in velocity. Gluteus maximus (GM) becomes more active during 

late swing in preparation for touchdown 90 in order to decelerate the thigh and to stabilize 

the lumbopelvic-hip complex (LPHC) for foot contact. At slower running speeds, the GM 

onset does not occur until foot strike 107. Changes in step rate have also demonstrated a 

shift in the onset of GM muscle activation 16. A 10% increase in step rate above preferred 

resulted in earlier and larger activity of GM muscle activity.  

Altered lower extremity muscle activity patterns during running have been 

associated with injury. Souza and Powers 128 found changes in muscle activity for runners 

with PFP. Runners with PFP had increased GM muscle activity throughout the gait cycle 

to compensate for weak gluteus medius or lateral hip muscles. Individuals with PFP also 

demonstrated 14-26% less hip abduction strength and 17-36% less hip external rotation 

strength than similar age-matched controls 69. Some studies have suggested that strength 

deficits result in significantly diminished hip abduction and external rotation torque 

production during running and functional tasks 69, 128. However, the combination of 
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reduced muscle strength along with increased EMG activity during running may be a sign 

that runners are trying to recruit weak muscles for stabilization.  

 

Muscle Connections: Synergies, Slings, and Chains 

As mentioned above, movement patterns are thought to emerge through generic 

processes of self-organization and an interplay of constraints between and within the 

elements of a system 62 where biomechanical degrees of freedom are reduced into 

coordinative structures. Coordinative structures can be defined as muscle synergies, often 

spanning several joints, that are functionally linked to satisfy task demands 133. A muscle 

synergy is usually considered as a set of muscles that are synchronously activated in a 

task 71. The traditional viewpoint of a muscle synergy described muscles working 

together to stabilize or neutralize movement around a single joint. This can also be 

thought of as a set of muscles working locally for isolated joint motion 111. Muscle slings 

are another type of muscle grouping and typically act to facilitate rotation or transfer 

forces through the trunk, particularly from the lower to upper body. They provide 

stabilization and movement in reciprocal and contralateral movements such as 

locomotion 111.  Myofascial chains are an extension of these muscle slings and include 

the musculo-fascial-skeletal connective tracts providing the lines of pull for the muscles. 

Because of the fascial involvement, myofascial chains also transmit strain and movement 

through the body. These chains, or meridians, are described in detail in the book Anatomy 

Trains by Thomas Myers 100.  

Of particular importance to locomotion and athletic movements, is the posterior 

oblique muscular sling, which consists of the LD, GM, and thoracolumbar fascia (TLF) 
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140. This sling was further developed and described as a myofascial chain called the Back 

Functional Line (BFL). In addition to LD, GM, and TLF, the BFL also includes the 

vastus lateralis (VL) 100, patella, and patellar tendon (Figure 1-4). 

Myofascial chains are based on the concept of biotensegrity, where structures are 

stabilized by continuous tension with discontinuous compression and are self-stabilized 

because of the level of pre-stress and triangulation 129. In a biotensegrity model, the loads 

distribute through the system only in tension or compression. As in all truss systems, 

there are no levers and no moments at the joints. The model behaves non-linearly and is 

energy efficient 86. The principles of biotensegrity can help explain how the body 

responds and adapts to constantly changing mechanical forces and still retains its 

structural integrity 129.  

 

 

Figure 1-4. The Back Functional Line. Each line consists of the following 
muscles: latissimus dorsi, contralateral gluteus maximus, and contralateral vastus 
lateralis. 
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Core Stability 

The BFL myofascial chain can be considered as part of the core musculature of 

the body. The ‘‘core’’ can be viewed as a box with the abdominals in the front, 

paraspinals and gluteals in the back, the diaphragm as the roof, and the pelvic floor and 

hip girdle musculature as the bottom 119. Kibler and colleagues 73 summarized core 

stability in a sporting environment as “the ability to control position and motion of the 

trunk over the pelvis to allow optimum production, transfer and control of force and 

motion to the terminal segment in integrated athletic activities”. When the system works 

efficiently, the result is appropriate distribution of forces; optimal control and efficiency 

of movement; adequate absorption of ground-impact forces; and an absence of excessive 

compressive, translation, or shearing forces on the joints of the kinetic chain. The core 

essentially functions as two units, with local and global muscle systems acting together 

for optimal stabilization and mobility. The deeper inner unit is comprised of muscles 

attached to the lumbar vertebrae and provides anticipatory intersegmental stiffness to the 

joints of the lumbar spine and pelvis. This inner unit prepares the LPHC for additional 

loading from the global system. The outer unit, or global muscle system, is comprised of 

four sets of muscles (four slings, including the BFL) that stabilize the LPHC regionally, 

influence posture, control external forces, and allow for efficient mobility of the distal 

segments 82, 140. The muscle slings are integrated for optimal function, specifically 

movement efficiency and balance, with muscles stabilizing muscles (i.e., inner unit) 

aiding in postural control and force distribution and absorption. The mobilizing muscles 

(i.e., outer unit) contribute to rapid movement force and power 7. Efficient movement 

requires coordinated muscle action of the inner and outer units, such that maintaining 
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stability does not restrict motion 60, 61. The coordinated action between the local and 

global muscle sling systems ensures that stability is achieved without rigidity of posture 

and without episodes of collapse 140. 

Many researchers have emphasized the critical role of core stability for optimal 

performance and injury prevention in athletes 36, 46, 56, 143. Proper core stability could serve 

to control dynamic lower extremity alignment, especially in females. Several studies have 

found that female runners display hip abductor weakness and poor neuromuscular control 

at the lumbopelvic hip complex compared to male runners making them more susceptible 

to RRIs 69, 83, 159, 160. Runners with dysfunctional core muscle control may display altered 

movement patterns and be unable to adequately absorb the GRFs associated with impact.  

 

Summary 

Running overuse injuries, like PFP, have been linked to abnormal knee movement 

and altered gluteal and hip muscle activation 69, 83, 117, 150, 151. In addition, increased 

vertical GRF and joint loading are associated with RRIs 22, 157 and may be modulated by 

changes in landing posture and vertical COM excursion 15, 52, 85, 145.  

Upper and lower body movement patterns are interconnected during running. 

However, it is unclear to what extent upper body movement and muscle activity impact 

lower body mechanics. Limited information exists on the role of functional, whole-body 

muscle activity, like the BFL, during running and its influence on specific movement 

patterns that make runners susceptible to injury. Furthermore, interventional studies 

aimed at improving hip muscle strength have not found a substantial improvement in 

running mechanics 41, 152. Therefore, the present study will investigate the role of BFL 
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muscle activity and its influence on lower extremity kinematics and kinematic predictors 

of whole body and joint loading during running. 

Project Objectives 

Running injuries have been linked to poor lower extremity dynamic alignment, 

increased whole body and joint loading, and insufficient modulation of stiffness prior to 

impact and throughout stance phase. Upper body muscle activity and movement have a 

relationship to lower body dynamics; however, the literature has largely neglected their 

role during running. To date, biomechanical gait analysis has primarily focused on lower 

extremity mechanics and muscle activation patterns 25, 66, 67, 110 with no studies 

investigating the role of functional muscle synergies on stability and loading during 

running. Therefore, the purpose of this study is to examine the role of functional 

synergies, namely the BFL, to determine their influence on lower extremity kinematics 

and kinematic predictors of loading linked to RRI. 

The primary objective of this project is to determine the role of the BFL, via 

measure of LD, GM, and VL muscle activity, during running. We will use arm swing 

constraint to manipulate the action of the LD and investigate the response in GM and VL 

muscles. Our main variables of interest include: 1) BFL muscle activity, specifically 

mean and peak amplitude, onset, and co-activation of LD and GM 2) lower extremity 

kinematics, specifically at the knee; and 3) kinematic predictors of kinetics, namely foot 

inclination angle at initial contact and vertical COM displacement. 
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Specific Aims 

Specific Aim 1: Evaluate the role of the Back Functional Line via measures of timing and 

magnitude of muscle activity of the GM, LD and VL under different arm swing 

conditions.  

Hypothesis 1.1: The bilateral constraint of arm swing will cause a decrease in 

muscle activity of the LD and increase GM and VL, bilaterally, prior to initial 

contact and through loading response, compared to control condition (free arm 

swing).  

Hypothesis 1.2:  The unilateral arm swing constraint condition will cause a 

decrease in the activity of the non-dominant LD and an increase in the dominant 

GM and VL muscle activity, prior to initial contact and through loading response, 

compared to control condition (free arm swing).  

Specific Aim 2: Investigate the influence of the Back Functional Line on knee kinematics 

of runners under different arm swing constraint conditions. 

Hypothesis 2.1: The bilateral arm swing constraint condition will result in 

increased bilateral knee abduction during stance phase compared to control 

condition (free arm swing). 

Hypothesis 2.2: The unilateral arm swing constraint condition will result in 

increased dominant knee abduction during stance phase compared to control 

condition (free arm swing). 

Specific Aim 3: Investigate the influence of the Back Functional Line on kinematic 

predictors of kinetics related to knee and total body loading during running under 

different arm swing conditions. 
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Hypothesis 3.1: The bilateral arm swing constraint will result in decreased 

vertical COM displacement during the gait cycle compared to control condition 

(free arm swing). 

Hypothesis 3.2: The bilateral and unilateral arm swing constraint will result in 

increased sagittal plane foot inclination angle at foot strike (i.e., increased 

dorsiflexion) of the dominant lower extremity compared to control condition (free 

arm swing). 
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CHAPTER 2 

MUSCLE ACTIVITY OF THE BACK FUNCTIONAL LINE DURING RUNNING 

WITH DIFFERENT ARM SWING VARIATION 

 

Introduction 

The role of arm swing in the coordination and biomechanics of gait has received 

some attention in the literature 57, 115, 134. Arm swing during running has been shown to 

minimize the transverse angular momentum produced by the swinging legs, which allow 

the legs to propel the body forward in a horizontal direction and keep the COM directed 

anteriorly 57. Arm swing during running appears to minimize energetic cost and improve 

lateral balance 4, 51. The arms have been modeled as a “passive” mechanism used to 

dampen the rotation of the head and torso 115 caused by the opposing movement of the 

legs. The majority of literature on arm swing during gait focuses on mechanical 

influences and studies examining upper extremity muscle activity during gait have been 

limited 12, 57, 118. To date, no studies have focused on the functional synergistic 

relationship between upper and lower body muscle activity during running.  

Investigation of muscle activity often takes a traditional approach, assessing 

muscle relationships based on anatomical locations where a group of muscles (e.g., 

agonist/antagonist) work locally about one joint 71. More recent theories suggest that 

muscles may not solely be defined by anatomical location but rather by function and task-

dependency where muscles may be connected remotely through connective tissue 

linkages, including fascial attachments. 100, 111, 129. These groups of muscles and their 

accompanying connective tissue are referred to as “slings” or myofascial “chains” [a 
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detailed explanation can be found in the book Anatomy Trains 100]. Muscle slings are a 

type of muscle grouping that typically act to facilitate rotation and the transfer of forces 

through the trunk, particularly from the lower to upper body. They provide stabilization 

during reciprocal movements such as locomotion 111.  Myofascial chains are an extension 

of these muscle slings and include the musculo-fascial-skeletal connective tracts 

providing the lines of pull for the muscles. Because of the fascial involvement, 

myofascial chains also transmit strain and movement through the body. 

One specific sling that is particularly important to whole body movement patterns 

like locomotion, is the posterior oblique muscular sling, which consists of the LD, GM, 

and TLF 139, 140. The LD is a large muscle that serves as a bridge between the pelvis and 

shoulder (attachment sites: posterior crest of the ilium, back of the sacrum, the spinous 

processes of the lumbar and lower six thoracic vertebrae (T6-T12) to the medial side of 

the intertubercular groove of the humerus) 43. While the LD is commonly described as an 

internal rotator of the glenohumeral joint, the geometry of the LD and its attachment onto 

the pelvis suggest that it may function in other capacities 140. The LD has been shown to 

be active during pelvic and trunk motion independent of arm movement 113. Recent 

studies demonstrated that GM and LD muscle activity increase in a similar fashion with 

increases in walking gait speed 126 and active arm swing 74. In the Kim et al study 74, a 

1kg arm weight was used to enhance the active movement of the arms. Both GM and LD 

muscle activity increased when walking with distal arm weights. These results suggest 

there may be a functional connection between GM and LD muscle activity. 

The concept of the posterior oblique sling was further developed by Myers and 

described as the Back Functional Line (BFL). The BFL continues along the lateral lower 
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limb to include the vastus lateralis (VL) muscle, patella, patellar tendon, and ends at the 

tibial tuberosity 100. The BFL acts as a stabilizer to counter-balance opposing 

appendicular girdles (e.g., left shoulder and right pelvis) during complex, athletic 

movements. For instance, when throwing a ball with the left hand, the right leg is planted 

and stabilized through the BFL to transfer power from the lower right limb to the left 

throwing arm. During running, these muscles should be active to stabilize the LPHC prior 

to initial contact and while the limb is loaded in stance phase. 

Examining the role of synergistic muscle function during high-level activities, 

like running, has real world clinical application. To date, clinical evaluation tends to 

focus on lower body mechanics with little attention paid to upper body movement 

patterns. However, there are certain conditions where upper body motion is restricted. 

Several sports (e.g., field hockey, lacrosse) require the use of equipment that limits the 

availability of natural arm swing during running. In addition, postpartum recreational 

runners often use jogging strollers, which require either unilateral or bilateral constraint 

of arm swing motion during running in order to operate. Several running “experts” and 

particular styles of running have made recommendations on the proper arm swing 

technique. These recommendations are largely without evidence to support their claims.   

Given this known connection of the shoulder and pelvic girdles through the BFL, 

we proposed that altered upper body motion, specifically arm swing constraint, would 

impact the proximal portion of the BFL through changes in LD muscle activity. We used 

unilateral and bilateral arm swing constraint as independent variables to examine our 

dependent variables – BFL muscle activity (i.e., LD, GM, and VL muscle activity). We 

used three arm swing conditions – free arm swing, unilateral arm swing constraint, and 
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bilateral arm swing constraint, to study changes in BFL muscle activity. Therefore, the 

aim of this part of the study was to evaluate the role of the BFL via measures of timing 

and magnitude of LD, GM, and VL muscle activity under three different arm swing 

conditions for two specific phases of the gait cycle – pre-activation (PA) phase and 

loading response (LR) phase. Specifically, we hypothesized that bilateral constraint of 

arm swing will cause a decrease in muscle amplitude of the LD and increase GM and VL, 

bilaterally, during the PA and LR phase of gait. The unilateral arm swing constraint 

condition will cause a decrease in muscle amplitude of the non-dominant LD and an 

increase in the dominant GM and VL muscle activity during the PA and LR phase of gait. 

We hypothesized that onset time during the gait cycle would differ across arm swing 

conditions for all muscles. In addition, we performed an exploratory analysis on co-

activation of the LD and GM during the gait cycle, and on the association of the BFL 

muscles during the PA and LR phase of gait.  

 

Methods 

Participants 

 Twenty runners (10 males) volunteered for this study. Participants were recruited 

by word of mouth through local running clubs and flyers posted on Temple University 

campus. Subjects were included if they were between 18 and 55 years of age, if they ran 

at least once per week, were familiar with treadmill running, and if they had been injury 

free for at least 30 days prior to testing. Subjects were excluded if they had experienced a 

musculoskeletal injury within the past 30 days, had undergone surgery in the past 3 

months, or if they currently used any prosthetic or orthotic lower extremity device. 
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Temple University Institutional Review Board approved the testing protocol. Informed 

consent was obtained from each participant prior to data collection. 

Procedures 

EMG Instrumentation 

Surface electromyography (EMG) from three muscles was simultaneously 

recorded at 2000 Hz using wireless (TrignoTM Wireless System, Delsys, Inc., Boston, 

MA, USA) electrodes in conjunction with kinematic data collection during treadmill 

running. Data collection for EMG and motion capture was synchronized using a custom-

made external triggering device. Electrodes were placed bilaterally on the LD, GM, and 

VL in parallel with the muscle fibers and in accordance with international 

recommendations 54 (Table 2-1). Correct electrode placement was verified through 

resisted isometric muscle testing. Each electrode pre-amplified the signal and was 

interfaced to an amplifier unit (Delsys, Inc., Boston, MA, USA, operating range 40 m, 

transmission frequency 2.4 GHz, CMRR > 80 dB; bandwidth of 450 Hz at >80 dB/s). 

The EMG signals had a bandpass of 20 to 450 Hz. The signals were then full-wave 

rectified and low pass filtered at 50 Hz using a bidirectional, 6th order Butterworth filter 

to form linear envelopes. Processing was performed using custom Matlab software 

(MathWorks, Natick, MA, USA). 
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Table 2-1 
 
EMG Muscles, electrode location, and verification 
Muscle Electrode Location Verification Technique 
Latissimus Dorsi At 4cm distal to the inferior 

border of the scapula 
Resisted internal rotation 
and extension of upper 
extremity 

Gluteus Maximus At greatest prominence of 
muscle/45° to outside 

Resisted hip extension 

Vastus Lateralis At 2/3 on the line from the 
ASIS to the lateral side of 
the patella/along line 

Resisted knee extension 

 

Kinematic Data Collection and Experimental Protocol 

 Prior to data collection, 30 passive retro-reflective markers were placed on 

specific locations of the subject’s arms, trunk, pelvis, and lower extremities (Table 2-2). 

A 6-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA, 

USA) was used to capture three-dimensional kinematic marker data. The motion capture 

system was calibrated according to manufacturer guidelines. A static calibration was 

performed with 14 additional markers (44 body marker total) to establish joint centers, 

body segment coordinate systems, segment lengths and the local positions of tracking 

markers. Whole body kinematics were recorded using a sampling rate of 200 Hz during 

all running conditions. After calibration trials were complete, participants performed a 

six-minute warm-up on the treadmill (Landice 8700, Randolph, NJ, USA). During this 

period, the participant’s self-selected speed and preferred step frequency were visually 

assessed and quantified with a stopwatch.  
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Table 2-2 
 
Passive retro-reflective marker set and description of location 
Marker Name Location 
R.Shoulder Anatomical marker placed on the right 

acromion 
R.Elbow Anatomical marker placed on the right 

lateral epicondyle 
R.Wrist Tracking marker placed at the most distal 

end of the right ulna and radius 
Sternum Anatomical marker placed on the 

suprasternal notch 
Offset.R Tracking marker placed on the right fossa 

infraspinata, the dorsal surface of the 
scapula 

C7 Anatomical marker placed on the 7th 
cervical vertebral body 

L.Shoulder Anatomical marker placed on the left 
acromion 

L. Elbow Anatomical marker placed on the left 
lateral epicondyle 

L. Wrist Tracking marker placed at the most distal 
end of the left ulna and radius 

S2 Anatomical marker placed on the 2nd 
vertebral body of the sacrum 

R.ASIS Anatomical marker placed on the right 
anterior superior iliac spine 

L.ASIS Anatomical marker placed on the left 
anterior superior iliac spine 

R.PSIS Anatomical marker placed on the right 
posterior superior iliac spine 

L.PSIS Anatomical marker placed on the left 
posterior superior iliac spine 

R.IC Anatomical marker placed on the iliac 
crest. 

L.IC Anatomical marker placed on the left 
iliac crest 

R.GTR Anatomical marker placed on the 
posterior aspect of the right greater 
trochanter 

L.GTR Anatomical marker placed on the 
posterior aspect of the left greater 
trochanter 
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Table 2-2 continued 
R.TH1 Anterior, superior tracking marker on 

right thigh plate 
R.TH2 Posterior, superior tracking marker on 

right thigh plate 
R.TH3 Posterior, inferior tracking marker on 

right thigh plate 
R.Knee Anatomical marker placed on the lateral 

joint line of the right knee 
R.MKnee Anatomical marker placed on the medial 

joint line of the right knee 
R.SH1 Anterior, superior tracking marker placed 

on the right shank plate 
R.SH2 Anterior, inferior tracking marker placed 

on the right shank plate 
R.SH3 Posterior, superior tracking marker 

placed on the right shank plate 
R.Ankle Anatomical marker placed on the right 

lateral malleolus 
R.MAnkle Anatomical marker placed on the right 

medial malleolus 
R.Heel Anatomical marker placed on the 

posterior region of the right calcaneus 
R.MTP Anatomical marker placed on the 5th 

metatarsal‐phalangeal joint of the right 
foot 

R.Tip Anatomical marker placed on the 2nd 
metatarsal‐phalangeal joint of the right 
foot 

L.TH1 Anterior, superior tracking marker on left 
thigh plate 

L.TH2 Anterior, inferior tracking marker on left 
thigh plate 

L.TH3 Posterior, superior tracking marker on 
left thigh plate 

L.Knee Anatomical marker placed on the lateral 
joint line of the left knee 

L.MKnee Anatomical marker placed on the medial 
joint line of the left knee 

L.SH1 Anterior, superior tracking marker placed 
on the left shank plate 

L.SH2 Posterior, superior tracking marker on the 
left shank plate 

L.SH3 Posterior, inferior tracking marker placed 
on the left shank plate 
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Participants wore their own running shoes during the trials. They ran at their self-

selected speed under three arm swing conditions: free arm swing (Free), unilateral arm 

swing constraint (Uni), and bilateral arm swing constraint (Bil). For the unilateral 

constraint condition, the non-dominant arm of each participant was actively held across 

the chest with elbow flexed and in contact with the trunk, and scapula slightly depressed. 

For the bilateral constraint condition, participants actively held their hands clasped at the 

center of their chest with elbows close to trunk and scapulae slightly depressed (Figure 2-

1). Two protocols (A & B) were developed with different ordering of conditions to 

reduce possible order effect. Prior to a subject’s data collection session, the investigator 

randomly selected one of the two protocols. Data were recorded for 15 seconds during 

each condition and was started after the participant had run using the specific arm swing 

for approximately 30-60 seconds.  

 

Table 2-2 continued 
L.Ankle Anatomical marker placed on the left 

lateral malleolus 
L.MAnkle Anatomical marker placed on the left 

medial malleolus 
L.Heel Anatomical marker placed on the 

posterior region of the left calcaneus 
L.MTP Anatomical marker placed on the 5th 

metatarsal-phalangeal joint of the left 
foot 

L.TIP Anatomical marker placed on the 2nd 
metatarsal-phalangeal joint of the left 
foot 

R.Tread Tracking marker placed on the posterior 
aspect of the right treadmill side rail 

L.Tread Tracking marker placed on the posterior 
aspect of the right treadmill side rail 
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Figure 2-1. Arm swing constraint conditions. Left: bilateral arm swing constraint 
condition, right: unilateral arm swing constraint condition 

 

Data Processing and Analysis 

All data was processed using custom software Matlab (MathWorks, Natick, MA, 

USA).  Kinematic data was low-pass filtered using a bidirectional, 4th order Butterworth 

filter with a cutoff frequency of 12 Hz. Foot contact and toe-off were identified using 

kinematic position and velocity data from participants’ heel and toe markers. This 

technique was based on previously published guidelines 89 and used to determine the 

specific phases of the gait cycle. The middle 5 seconds of each 15-second trial collected 

was used for analysis. The participant’s dominant leg (i.e., opposite lower limb from 

unilateral arm constraint) was used in the analysis of five successive strides for each 

condition. A stride was defined as initial contact to ipsilateral initial contact. Consecutive 

gait cycles were determined using a graph illustrating the identified initial contacts over 

the trial and verified by calculating the velocity of each gait cycle to determine 

consistency in running speed.  
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We operationally defined the primary BFL as the muscle synergy composed of 

the non-dominant upper extremity (i.e., constrained side during unilateral condition) LD 

muscle, the dominant GM muscle, and the dominant VL muscle. The secondary BFL was 

defined as the dominant upper extremity (i.e., unconstrained during unilateral condition) 

LD muscle, the non-dominant GM muscle, and the non-dominant VL muscle (Figure 2-

2). Raw EMG data for each condition and each muscle was plotted and visually assessed 

for outliers (see Appendix B). Mean and peak amplitude of the filtered EMG signal for 

each muscle was then determined for the entire running gait cycle and for specific phases 

of the gait cycle – loading response (0 –15%) and (2) pre-activation (80 –100%). The 

mean amplitude for the entire gait cycle of the free arm swing condition was averaged 

across five consecutive gait cycles and used for normalization of the mean amplitude 

during PA and LR phases. The peak amplitude for the entire gait cycle of the free arm 

swing condition was averaged across five consecutive gait cycles and used for 

normalization of the peak amplitude during PA and LR phases. Methods to determine 

phases of the gait cycle and amplitude normalization aligned with other studies 

investigating running mechanics and muscle activity 16, 52, 72. Amplitude normalization to 

the free arm swing condition was chosen because our primary interest was in analyzing 

muscle activity when preferred, or natural, arm swing is constrained. This process 

resulted in the following dependent variables for amplitude analysis: 1) LD muscle mean 

amplitude at PA, 2) GM muscle mean amplitude at PA, 3) VL muscle mean amplitude at 

PA, 4) LD muscle mean amplitude at LR, 5) GM muscle mean amplitude at LR, 6) VL 

muscle mean amplitude at LR, 7) LD muscle peak amplitude at PA, 8) GM muscle peak 
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amplitude at PA, 9) VL muscle peak amplitude at PA, 10) LD muscle peak amplitude at 

LR, 11) GM muscle peak amplitude at LR, and 12) VL muscle peak amplitude at LR. 

To determine muscle timing, the linear envelope for each muscle was averaged 

across 5 consecutive gait cycles and plotted as an ensemble curve for each condition. 

These curves were normalized to 100 points, representing the gait cycle from 0% to 

100% in 1% increments. A threshold for onset muscle activity was determined by taking 

the mean baseline values for each muscle, plus one standard deviation. Muscle onset was 

determined by manually selecting the point on the x-axis (i.e., % gait cycle) at which 

each muscle crossed the threshold line for each condition. To determine the co-activation 

between muscles, a cross-correlation analysis was performed in order to quantify the 

similarity in shape and phase between the LD and GM muscles across the gait cycle. 

Statistical Analysis 

 A power analysis was performed prior to data collection using G*Power 39. We 

did not find any similar studies reporting an effect size for EMG muscle activity; 

therefore, we based our power analysis on a moderate effect size of 0.40. A sample size 

of 12 was predicted to sufficiently power each variable for the effect size selected. An 

additional 8 individuals were enrolled to account for overestimate of the effect size and 

for cases of unusuable data. Thus, a total of 20 individuals participated in this study.  

General Analyses  

Descriptive statistics were performed for participant demographics. A gender 

analysis was performed to determine if differences existed between male and female 

participants. All analyses were performed using Stata 13/IC software (StataCorp, College 

Station, TX). An a-priori significance level of p<0.05 was established for all analyses, 
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and a trend was operationally-defined at 0.05<p≤0.10. A strong correlation was defined 

as an r-value of 0.7 to 0.9, a moderate correlation was defined as 0.4 to 0.6, and a weak 

correlation was defined as 0.1 to 0.3 18.  

Electromyography Analyses 

 We hypothesized that a unilateral and bilateral constraint of arm swing would 

cause a decrease in muscle (mean and peak) amplitude of the LD and increase muscle 

(mean and peak) amplitude of GM and VL, bilaterally, during the PA and LR phases of 

gait compared to free arm swing condition. For the primary BFL (Figure 2-2), a two-way 

ANOVA with repeated measures was performed to evaluate main effects (i.e., arm swing, 

gender) and check for any interactions. To account for multiple comparisons, statistically 

significant F-statistics were evaluated with Bonferroni-adjusted pairwise comparisons, 

which were considered significant when p<0.05. Pairwise comparisons for mean 

differences were evaluated using Tukey’s honestly significant difference. For the 

secondary BFL, a paired t-test was performed to determine differences in muscle 

amplitude between bilateral arm swing constraint and free arm swing.  

We hypothesized that LD, GM, and VL muscle onset time during the gait cycle 

would differ across conditions. We performed a one-way ANOVA with repeated 

measures to evaluate main effects. A Pearson’s Correlation Coefficient test was used to 

determine the association among the LD, GM, and VL muscle (mean and peak) 

amplitude during the PA and LR phases of gait.  
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Figure 2-2. The primary and secondary Back Functional Lines. Illustration is an 
example of BFL musculature for a left hand-dominant runner. 

 

Results 

Data from seven participants were not included in the analyses due to difficulties 

with the external triggering device used to synchronize collection of kinematic and EMG 

data. Thus, data from 13 subjects were available for analysis.  The mean age for 

participants was 26.4±4.8 years. The average weight for participants was 67.6±13.7 kg 

with an average height of 172.9±9.6 cm. Participants averaged 8.4±6.3 years of running 

history with participants running 3.4±1.7 days per week and 11.7±0.68 months per year. 

The average weekly mileage for participants was 23.2±19.8 km/wk and self-selected 

running speed was 2.68±0.15 m/s. Thirty-eight percent of participants had a history of 

prior injury and 77% of participants were right hand-dominant (Table 2-3).  
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Table 2-3 
 
Patient demographics and running characteristics 
Characteristics Men (n=7) Women (n=6) Total (n=13) 
Age (years) 25.7±4.3 27.2±5.6 26.4±4.8 
Weight (kg) 73.9±15.1 60.2±7.3 67.6±13.7 
Height (cm) 178.9±9.3 166±3.1 172.9±9.6 
Leg Length (cm) 84.9±5.8 76±4.2 80.8±6.7 
Running History (years) 8.7±5.9 8±7.4 8.4±6.3 
Running Days per Week 4±1.8 2.6±1.3 3.4±1.7 
Running Months per Year 11.8±0.4 11.5±1.0 11.7±0.7 
Weekly Mileage (km) 31.1±24.3 14±6.4 23.2±19.8 
Self-Selected Run Speed 
(m/s) 

2.8±0.3 2.6±0.2 2.7±0.2 

Preferred Step Frequency 
(steps per minute) 

167±11.5 165±9.3 165±10.1 

Prior History of Injury 37% 33% 38% 
Right Hand Dominant 86% 67% 77% 
Note: Values are represented is mean ± SD 
 

Primary BFL Muscle Activity 

We hypothesized that bilateral constraint of arm swing would cause a decrease in 

muscle (mean and peak) amplitude of the LD and increase muscle (mean and peak) 

amplitude of GM and VL, bilaterally, during the PA and LR phases of gait compared to 

free arm swing condition. For the unilateral arm swing constraint condition, we 

hypothesized that a decrease in muscle (mean and peak) amplitude of the non-dominant 

LD would occur and there would be an increase in the dominant GM and VL muscle 

(mean and peak) amplitude, during the PA and LR phases of gait. 

Mean Amplitude 

No interactions for gender or trial order were found for mean amplitude for any 

BFL muscles. Gender was not a significant factor in the model. No significant differences 

were found across conditions (p=0.54) for mean LD amplitude during the PA phase of 
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gait. GM mean amplitude did not demonstrate significant differences across conditions 

(p=0.58) during the PA phase, and changes in VL mean amplitude did not reach 

statistical significance across conditions (p=0.59). No significant differences were found 

across conditions for LD mean amplitude (p=0.72) during the LR phase of gait. GM 

mean amplitude displayed a trend (p=0.06) across conditions during LR phase of gait. 

Mean amplitude for VL did not demonstrate significant differences (p=0.60) across 

conditions during the LR phase of gait.  

Although mean LD muscle amplitude change did not reach significance during 

the PA phase of gait, it did change in the appropriate direction. A 2% decrease in 

amplitude was found between free arm swing and unilateral arm swing constraint 

conditions (p=0.99). A 33% decrease in amplitude was found between free arm swing 

and bilateral arm swing constraint conditions (p=0.53). LD was 30% decreased in the 

unilateral condition compared to the bilateral arm swing constraint condition (p=0.61). 

Mean GM amplitude demonstrated a varied response across conditions. A 137% increase 

in mean amplitude was found between unilateral arm swing constraint and free arm 

swing conditions (p=0.62). A 25% decrease in mean amplitude was found between free 

arm swing and bilateral arm swing constraint conditions (p=0.98), and a 162% amplitude 

decrease was found between unilateral and bilateral arm swing constraint conditions 

(p=0.51). Mean VL amplitude demonstrated a change opposite to the hypothesized 

direction across conditions. An 18% decrease in mean amplitude was demonstrated 

between unilateral arm swing constraint condition and free arm swing (p=0.97). An 80% 

mean amplitude decrease was seen between bilateral arm swing constraint and free arm 
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swing (p=0.61), and a 62% amplitude difference was noted between unilateral and 

bilateral arm swing constraint conditions (p=0.76).  

During the LR phase of gait, mean LD muscle amplitude decreased across 

conditions. A 28% decrease in mean LD amplitude was found between free arm swing 

and unilateral arm swing constraint conditions (p=0.86). A 21% decrease in mean 

amplitude was demonstrated between the free arm swing and the bilateral arm swing 

conditions (p=0.91). Mean LD amplitude increased by 7% for the bilateral arm swing 

constraint condition compared to unilateral arm swing constraint (p=0.99). Mean GM 

amplitude increased across conditions in the direction hypothesized. A 32% increase was 

found between the free arm swing and the unilateral conditions (p=0.96). A 21% increase 

was found between free arm swing and the bilateral arm swing constrained conditions 

(p=0.65). An 11% decrease was noted between bilateral arm swing constraint conditions 

compared to the unilateral arm swing constraint condition (p=0.04). VL mean muscle 

amplitude increased slightly across conditions during the LR phase of gait. Mean VL 

amplitude increased 32% between unilateral arm swing constraint and free arm swing 

conditions (p=0.78). Mean VL amplitude increased 22% between bilateral arm swing 

constraint and free arm swing conditions (p=0.89). A 10% decrease in mean VL 

amplitude was noted between the bilateral arm swing constraint condition and the 

unilateral constraint condition (p=0.97). A summary of results can be found in Table 2-4. 

Mean muscle amplitude was significantly correlated across all three conditions 

during the PA phase of gait for GM and VL muscles. GM and VL mean amplitude 

demonstrated a strong correlation (r=0.94; p<0.001) during free arm swing, the unilateral 

arm swing constraint condition (r=0.97, p<0.001), and the bilateral arm swing constraint 
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condition (r=0.83, p<0.001). LD and GM muscle activity was also moderately correlated 

during both the free arm swing condition (r=0.77, p<0.01) and the unilateral arm swing 

condition (r=0.78, p<0.01). LD mean muscle amplitude was also moderately correlated to 

VL amplitude during all three conditions, respectively (r=0.77, p<0.01; r=0.71, p<0.05; 

r=0.61, p<0.05).  

During the LR phase of gait, only GM and VL mean muscle amplitudes were 

significantly correlated. GM and VL mean amplitude were strongly correlated during the 

free arm swing condition (r=0.95, p<0.001), the unilateral arm swing constraint condition 

(r=0.87, p<0.001), and the bilateral arm swing constraint condition (r=0.90, p <0.001). 

Table 2-4 
 
Mean muscle amplitude during pre-activation and loading response 
Muscle Arm Swing 

Condition 
Stance Phase 
Loading Response 
0 –15% 

Swing Phase 
Pre-Activation 
80 – 100% 

Latissimus Dorsi Free Arm Swing 1.1±2.0 1.3±1.0 
 Unilateral Arm 

Swing Constraint 
0.8±0.6 1.3±0.8 

 Bilateral Arm 
Swing Constraint 

0.9±0.6 1.0±0.5 

Gluteus Maximus Free Arm Swing 0.8±0.7 2.1±1.4 
 Unilateral Arm 

Swing Constraint 
1.1±0.9 3.4±6.3 

 Bilateral Arm 
Swing Constraint 

1.0±0.8 1.8±0.6 

Vastus Lateralis Free Arm Swing 1.0±1.1 2.9±2.3 
 Unilateral Arm 

Swing Constraint 
1.3±1.3 2.7±2.9 

 Bilateral Arm 
Swing Constraint 

1.2±1.2 2.1±0.7 

Note: Muscle activity was normalized for each muscle to the average mean muscle 
amplitude across the entire gait cycle for the participant’s free arm swing condition. 
Values are represented in mean ± SD 
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Peak Amplitude 

 No interactions for gender or trial order were found for peak amplitude for any 

BFL muscles with the exception of the LD muscle. When holding the conditions 

constant, peak LD muscle amplitude during the PA phase of gait was significantly less in 

females (p <0.001). No significant differences were found across conditions for peak LD 

amplitude during the PA phase of gait (p=0.54). GM peak amplitude did not demonstrate 

significant differences across conditions (p=0.71) during the PA phase, and changes in 

VL peak amplitude did not reach a significant difference across conditions (p=0.60). No 

significant differences were found across conditions for LD peak amplitude (p=0.74) 

during the LR phase of gait. GM peak amplitude did not demonstrate a significant 

difference (p=0.94) across conditions during LR phase of gait. Peak amplitude for VL did 

not demonstrate a significant difference (p=0.28) across conditions during the LR phase 

of gait.  

During the PA phase of gait, peak LD muscle amplitude did change across 

conditions in the appropriate direction; however, these changes did not reach statistical 

significance. A 5% decrease in amplitude was found between free arm swing and 

unilateral arm swing constraint condition (p=0.93). A 9% decrease in amplitude was 

found between free arm swing and bilateral arm swing constraint condition (p=0.76). A 

4% decrease in amplitude was found between unilateral and bilateral arm swing 

constraint condition (p=0.95). Peak GM amplitude increased with arm swing suppression, 

with the greatest increase occurring during the unilateral condition. An 11% increase in 

amplitude was found between unilateral arm swing constraint and free arm swing 

condition (p=0.62). A 3% increase in amplitude was found between free arm swing and 
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bilateral arm swing constraint condition (p=0.98), and a 7% amplitude decrease was 

found between unilateral and bilateral arm swing constraint conditions (p=0.91). Peak VL 

amplitude change varied in response to arm swing condition as well. A 10% decrease in 

amplitude was demonstrated between unilateral arm swing constraint condition and free 

arm swing (p=0.77). A 4% amplitude increase was seen between bilateral arm swing 

constraint and free arm swing (p=0.95), and a 15% amplitude difference was noted 

between unilateral and bilateral arm swing constraint conditions (p=0.60).  

During the LR phase of gait, peak LD muscle amplitude increased across 

conditions. A 4% increase in peak LD amplitude was found between free arm swing 

condition and unilateral arm swing constraint condition (p=0.90). A 6% increase in peak 

amplitude was demonstrated between the free arm swing condition and the bilateral arm 

swing condition (p=0.80). Peak LD amplitude increased only 2% for the bilateral arm 

swing constraint condition compared to unilateral arm swing constraint (p=0.98). Peak 

GM amplitude increased slightly during arm swing suppression conditions. A 3% 

increase was found between the free arm swing condition and the unilateral condition 

(p=0.97). A 2% increase was found between free arm swing and the bilateral arm swing 

constrained condition (p=0.99). A 2% decrease was noted between bilateral arm swing 

constraint conditions compared to the unilateral arm swing constraint condition (p=0.99). 

VL peak muscle amplitude also slightly increased with arm swing suppression. Peak VL 

amplitude increased 11% between unilateral arm swing constraint and free arm swing 

conditions (p=0.80). Peak VL amplitude increased 4% between bilateral arm swing 

constraint and free arm swing condition (p=0.97). A 7% decrease in peak VL amplitude 
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was noted between the bilateral arm swing constraint condition and the unilateral 

constraint condition (p=0.91). A summary of results can be found in Table 2-5. 

Peak muscle amplitude was significantly correlated across all three conditions 

during the PA phase of gait for GM and VL muscles. GM and VL peak amplitude 

demonstrated a moderate correlation (r=0.65; p<0.05) during free arm swing as well as 

the unilateral arm swing constraint condition (r=0.69, p<0.05). During the bilateral arm 

swing constraint condition, peak GM and VL amplitude demonstrated a strong 

correlation (r=0.89, p<0.001). Likewise, GM and VL peak muscle amplitudes were also 

significantly correlated during the LR phase of gait. GM and VL peak amplitude were 

strongly correlated during the free arm swing condition (r=0.93, p<0.001) and the 

bilateral arm swing constraint condition (r=0.90, p <0.001). For the unilateral arm swing 

constraint condition, GM and VL muscle activity was moderately correlated (r=0.62, 

p<0.05).  

EMG Timing and Co-Activation 

 Muscle onset during the gait cycle was examined for the LD, GM and VL 

muscles across arm swing conditions for the primary BFL. LD onset timing did not differ 

significantly across conditions (p=0.36). The GM muscle did not display significant 

differences in onset across conditions (p=0.79). Similarly, VL muscle onset was not 

significantly different across condition (p=0.39). On average, the LD muscle activated at 

approximately 5% of the gait cycle during free arm swing and unilateral arm swing 

constraint conditions, and approximately 1% of the gait cycle during bilateral arm swing 

constraint condition. The GM muscle activated at approximately 7% of the gait cycle 

during the free arm swing condition, 9% during the unilateral arm swing constraint 
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condition, and 11% during the bilateral arm swing constraint condition. VL muscle onset 

was at approximately 10% of the gait cycle during the free arm swing condition, 3% 

during the unilateral arm swing constraint condition, and 5% during the bilateral arm 

swing constraint condition. 

 We explored co-activation of the LD and GM through cross correlation analysis. 

LD and GM muscle activity where highly correlated throughout the gait cycle for the free 

arm swing condition (r = 0.88), signifying that the two signals were acting together, or 

were in phase. This in-phase activation continued during the unilateral arm swing 

constraint condition (r=0.88) and the bilateral arm swing constraint condition (r=0.85).   

Table 2-5 
 
Peak muscle amplitude during pre-activation and loading response 
Muscle Arm Swing 

Condition 
Stance Phase 
Loading Response 
0 –15% 

Swing Phase 
Pre-Activation 
80 – 100% 

Latissimus Dorsi Free Arm Swing 0.3±0.2 0.7±0.3 
 Unilateral Arm 

Swing Constraint 
0.3±0.3 0.6±0.4 

 Bilateral Arm 
Swing Constraint 

0.4±0.2 0.6±0.3 

Gluteus Maximus Free Arm Swing 0.4±0.3 0.8±0.2 
 Unilateral Arm 

Swing Constraint 
0.4±0.4 0.9±0.7 

 Bilateral Arm 
Swing Constraint 

0.4±0.3 0.8±0.3 

Vastus Lateralis Free Arm Swing 0.3±0.4 0.9±0.2 
 Unilateral Arm 

Swing Constraint 
0.5±0.5 0.8±0.5 

 Bilateral Arm 
Swing Constraint 

0.4±0.5 1.0±0.4 

Note: Muscle activity was normalized for each muscle to the average peak muscle 
amplitude across the entire gait cycle for the participant’s free arm swing condition. 
Values are represented in mean ± SD. 
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Secondary BFL Muscle Activity 

We hypothesized that bilateral constraint of arm swing would cause a decrease in 

muscle (mean and peak) amplitude of the LD and increase muscle (mean and peak) 

amplitude of GM and VL, bilaterally, during the PA and LR phases of gait compared to 

free arm swing condition. 

Mean Amplitude 

 During the PA phase of gait, LD mean amplitude increased during the bilateral 

arm swing constraint condition compared to free arm swing, however, this change did not 

reach significance (p=0.11). GM mean amplitude change demonstrated a trend between 

conditions (p=0.07) increasing by almost 60%. No significant change was noted in VL 

muscle amplitude between conditions (p=0.71).  

During the LR phase of gait, mean LD amplitude demonstrated a significant 

increase of 43% (p<0.01). This change was contrary to our hypothesis that LD muscle 

amplitude would decrease. In support of our hypothesis, GM muscle activity increased 

significantly (p<0.05) changing 39% from free arm swing condition. Mean VL muscle 

amplitude demonstrated a trend (p=0.10), increasing by 44% from free arm swing 

condition to bilateral arm swing constraint condition. A summary of results can be found 

in Table 2-6. 

 As with the Primary BFL, GM and VL mean muscle amplitude was strongly 

correlated during both conditions for the LR phase of gait (r=0.93, p<0.001; r=0.90, 

p<0.001). No association for muscle activity was found during the PA phase of gait.  
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Peak Amplitude 

 No significant differences were found between conditions for peak muscle 

activity during the PA phase of gait. During this phase, peak LD muscle amplitude 

increased by 9% (p=0.25), GM peak muscle amplitude increased by 31% (p=0.13), and 

VL peak muscle amplitude decreased by 4% (p=0.69).  

During the LR phase of gait, a significant increase in LD peak muscle activity 

was found (p<0.01) with LD amplitude increasing by 23%. GM peak muscle amplitude 

demonstrated a trend (p=0.07) an increased by 14% from the free arm swing to the 

bilateral arm swing constraint condition. VL peak amplitude increased 8% from the free 

arm swing to the bilateral constraint condition but the change did not reach significance 

(p=0.14). A summary of results can be found in Table 2-6. 

 GM and VL peak muscle amplitudes were strongly correlated for the free arm 

swing condition (r=0.83, p<0.001) during the LR phase of gait. GM and VL peak muscle 

amplitude was moderately correlated for the bilateral arm swing condition (r=0.63, 

p<0.05) during the LR phase of gait.  No association for peak muscle amplitude was 

found during the PA phase of gait. 

 

Discussion 

This study examined the muscle activity of the BFL muscle synergy during two 

specific phases of gait – the PA and LR phase. We constrained the non-dominant arm 

swing unilaterally and both arms bilaterally to evaluate changes in muscle activity of the 

LD, GM, and VL. In support of our hypothesis, the primary BFL LD mean amplitude 

decreased during both the PA and LR phases of gait. However, these changes were not 
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significant. GM and VL muscle mean amplitude demonstrated a varied response across 

conditions during the PA phase. Both the GM and VL muscles increased in activity when 

arm swing was constrained during the LR phase. Peak amplitudes for each muscle did not 

change dramatically across conditions for either the PA or LR phases of gait. 

Table 2-6 
 
Primary and secondary Back Functional Line muscle activity 
 Primary BFL Secondary BFL 
Muscle Free Arm 

Swing 
Unilateral 
Arm 
Swing 
Constraint 

Bilateral 
Arm 
Swing 
Constraint 

Free Arm 
Swing 

Unilateral 
Arm 
Swing 
Constraint 

Bilateral 
Arm Swing 
Constraint 

Pre-Activation Phase 
Mean Amplitude 
LD 1.3±1.0 1.2±0.8 1.0±0.5 0.9±0.1 N/A 1.1±0.1a 
GM 2.1±1.4 3.4±6.3 1.8±0.6 1.5±0.2 N/A 2.1±0.5a 
VL 2.9±2.3 2.7±2.9 2.1±0.7 2.2±0.2 N/A 2.1±0.21 
Peak Amplitude 
LD 0.7±0.3 0.6±0.4 0.6±0.3 0.6±0.1 N/A 0.7±0.1 
GM 0.8±0.2 0.9±0.7 0.9±0.3 0.7±0.1 N/A 1.1±0.3 
VL 0.9±0.2 0.8±0.5 1.0±0.4 0.9±0.1 N/A 0.9±0.1 
Loading Response Phase 
Mean Amplitude 
LD 1.1±2.0 0.8±0.6 0.9±0.6 0.5±0.1 N/A 0.9±0.1b 
GM 0.8±0.7a 1.1±0.9a 1.0±0.8a 0.7±0.2 N/A 1.1±0.2b 
VL 1.1±1.1 1.3±1.3 1.2±1.2 1.0±0.3 N/A 1.5±0.4a 
Peak Amplitude 
LD 0.3±0.2 0.3±0.3 0.4±0.2 0.2±0.1 N/A 0.5±0.1b 
GM 0.4±0.3 0.4±0.4 0.4±0.3 0.3±0.1 N/A 0.4±0.1a 
VL 0.3±0.4 0.5±0.5 0.4±0.5 0.4±0.1 N/A 0.4±0.1 
Note: Values are represented in mean ± SD. 
 
a p<0.10 
b p<0.05  
c Abbreviations: LD – latissimus dorsi, GM – gluteus maximus, VL – vastus lateralis 
 

The primary BFL LD and GM did not increase muscle activity proportionately as 

in other studies 74, 126 investigating locomotion. Several reasons could account for a 
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difference in response. Firstly, the asymmetrical patterns (i.e., unilateral arm swing 

constraint) may have be an indication that there was a disruption in the typical rhythmic 

coupling between upper and lower body muscle activity. Studies investigating the 

relationship between upper and lower limb movement found that during seated 

recumbent stepping, neurologically intact subjects demonstrated an increase in lower 

limb muscle activation that is proportional to upper limb muscle recruitment 42. In a 

seminal paper, Fernandez Ballesteros et al 6 discovered that when the arms were tied to 

the trunk during walking, activity of the LD was tightly synchronized with the stepping 

cycle. More recently, Huang et al 68 tested subjects performing a self-driven stepping task 

using three-levels of upper limb resistance: easy, medium, and hard. The magnitude of 

lower limb muscle recruitment increased for conditions where subjects pushed against 

greater mechanical resistance with the upper limbs. Persistence of phasic upper limb and 

trunk activity in the presence of bilateral arm immobilization during walking also suggest 

that an active, centrally programmed, component exists for whole body coordination 77, 

and that there may be an underlying neutral network that couples upper and lower limb 

muscle activity. Our study opted to asymmetrically restrict upper extremity motion. 

While we did not achieve significant results, the greatest increase in amplitude of the GM 

and VL muscles was during unilateral arm swing constraint and opposite to LD muscle 

amplitude change. This may be an indication of the disruption of this rhythmic coupling 

between upper and lower limb musculature.   

Secondly, in addition to disrupting upper and lower body muscle coordination, the 

asymmetrical condition may have created an unstable movement pattern and shifted the 

phase coordination of the upper and lower body. Upper and lower body coordination has 
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been examined by investigating intergirdle (i.e., scapula and pelvis) movement and 

intersegmental patterns. Dediu and Zanone 24 assessed changes in intergirdle coordination 

during walking and running without arm swing. They tested eight healthy subjects at 

various velocities and found that individuals demonstrated an in-phase pattern between 

girdles while walking without arm swing. This in-phase pattern was strengthened as 

velocity increased, with the strongest symmetry occurring during running. Similarly, a 

study of walking with unilateral arm swing revealed that frequency and phase 

relationship between arms and legs were altered. In addition, transverse pelvic and trunk 

rotation were reduced 44. The large EMG variance found during the unilateral condition 

may be an indication that coordination patterns were unstable during the arm swing 

constraint conditions compared to free arm swing.  

Upper body muscle coordination has been investigated during walking for 

anticipatory postural control 58, 102, 118. Prince et al 118 examined muscle activity of the 

paraspinal, upper trapezius, and LD muscles during walking with and without arm swing. 

They found that muscle activation occurred downward from the head to hip levels during 

both conditions suggesting an active, anticipatory, control of upper body balance to 

stabilize the head and the visual plane. In addition, thoracic and lumbar muscles 

increased during the no arm swing condition to stabilize against the increased anterior 

COM resulting from individuals holding arms across chest. Particularly with the bilateral 

arm swing condition, stabilization of the head would be needed to counteract the rotation 

of the trunk. A post-hoc analysis of bilateral LD mean amplitude and of peak amplitude 

during PA and LR phases was performed. A significant increase in the dominant side 

(i.e., unconstrained upper extremity in unilateral condition) peak amplitude of the LD 



 51 

compared to the constrained side was noted (p<0.05) during the PA phase. This would 

imply that these trunk muscles are not co-activating equally to stabilize prior to initial 

contact to stabilize the head, but may be serving some other functional role (i.e., rotating 

the trunk posteriorly or stabilizing the swinging pelvis). This difference may also be due 

to increase arm swing amplitude needed on the unconstrained side during the unilateral 

condition. Only two studies have investigated the relationship between LD and GM 

muscle activity during locomotion 74, 126. 

We anticipated that during the bilateral arm swing constraint condition, the 

primary and secondary BFL muscle activity would mirror each other. However, this was 

not case. Contrary to our hypothesis, LD and GM both increased in mean and peak 

amplitude during both the PA and LR phases of gait, with changes during the LR phase 

reaching statistical significance. Secondary BFL VL also increased in mean and peak 

amplitude during the bilateral constraint condition. The increase in muscle amplitude 

during the bilateral arm swing constraint condition compared to control for the secondary 

BFL, particularly during the LR phase of gait, may have resulted from a difference in 

strength or lower extremity single leg stability. Our study did not test isolated muscle 

strength or single leg stability. It may be that participants were weaker on their non-

dominant lower extremity and had poorer single leg stability. Deficits in single leg 

dynamic postural control during running would have necessitated an increase in stability 

through the lower leg and LPHC when the limb was loaded, thus increasing the activity 

of the BFL myofascial chain.  

Onset of muscle activity during the gait cycle did not significantly differ across 

conditions for the LD, GM, or VL muscles; however, a large variance was noted, which 
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may have led to insignificant results. Analysis of co-activation demonstrated that LD and 

GM were in-phase throughout the gait cycle. This suggests that this portion of the BFL 

may be acting together to stabilize the LPHC during running. Secondary BFL GM and 

VL mean and peak muscle amplitude were significantly correlated for the LR phase of 

gait, but not for the PA phase. This indicates that lower extremity muscles may not be 

preparing for impact similarly but are adjusting muscle activity in a similar fashion as the 

lower limb is loaded. 

Certain limitations exist with the present study. One limitation to our study is our 

small sample size. Although we did adjust the model for gender, the study may have been 

underpowered to detect a true difference. We also did not assess isolated muscle strength 

or single leg dynamic postural control. Unexpectedly, the participants in this study ran an 

average of 0.63 m/s slower on the treadmill than their self-reported typical running pace. 

The reason for this is unclear as runners were allowed to self-select their speed during the 

conditions and were instructed to choose a running speed reflective of their typical pace. 

Muscle timing may have also been affected by self-selected slower running speeds 14, 107.  

Future studies should include larger sample size to allow for an accurately 

powered gender analysis. In addition, a measure of isolated muscle strength and a single-

leg functional balance test like the Star Excursion Balance Test (SEBT) or Y-Balance 

Test (YBT) would be beneficial to detect differences in strength and single leg dynamic 

postural control. Finally, future studies should include varying speeds to determine if 

running velocity influences BFL muscle activation patterns.  
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Conclusion 

 This study is the first to investigate the role of BFL muscle synergy during 

running. The role of the BFL muscle synergy during running remains unclear, however, 

results of this study suggest that GM and VL muscle activity are strongly linked, 

especially during the LR phase of gait. Furthermore, GM consistently increased during 

the unilateral arm swing constraint condition, indicating that asymmetrical movement 

patterns may induce an unstable state requiring an increase in stability around the hip 

joint.  Further research is needed to determine how deficits in single leg stability or 

muscle strength affect BFL muscle activity and whether gait velocity influences muscle 

activation patterns. Future studies would benefit from additional testing, such as the 

SEBT or YBT, muscle testing, and varying gait speeds, as well as additional dynamical 

systems analysis to investigate upper and lower body kinematic phase coordination.  
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CHAPTER 3 

THE INFLUENCE OF ARM SWING VARIATION AND MUSCLE ACTIVITY 

ON FRONTAL PLANE KNEE MOTION DURING RUNNING 

 

Introduction 

 It is estimated that over 56% of recreational runners will sustain a RRI each year 

136. The majority of these injuries will affect the knee 130. Several factors have been 

proposed as contributing to knee injury. Among them is poor proximal neuromuscular 

control. Studies have found that poor trunk proprioception and control were predictors of 

knee injury in female athletes 158, 159. Poor hip muscle strength has also been associated 

with aberrant knee mechanics and are suggested to be a primary risk factor for injury 117. 

Willy and Davis 152 found that females athletes with decreased hip abduction and external 

rotation strength also demonstrated increased medial knee valgus collapse during single 

leg activities. Other studies investigating lower extremity alignment, hip muscle strength 

and risk of injury have supported these findings 17, 83, 101, 105, 149.  

 The underlying mechanism of knee injury in response to poor lower extremity 

mechanics may result from changes in stress patterns of joint structures. Altered hip and 

knee kinematics in the frontal and transverse plane during weight bearing may be 

accompanied by poor trunk control. These mechanics decrease patellofemoral contact 

and increase retropatellar stress by shifting the center of mass and the GRF vector 

anteriorly 117. This inability to properly control loading applied during weight bearing 

activities have been the focus of injury prevention strategies in athletes and runners 19, 35, 

52, 96, 109, 153.  
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 Hip strengthening has been recommended as a way to modify poor knee 

mechanics and reduce risk of injury 23, 88, 128. However, interventions aimed at increasing 

hip strength have only improved non-impact functional movement and not transferred to 

a change in running mechanics 152. Furthermore, some studies have found limited 

association between hip muscle strength in relation to knee mechanics or injury status 147, 

148, 151. These conflicting results may be indicative of the need to broaden the lens of how 

clinicians and biomechanists evaluate muscle activity in relation to knee injury. To date, 

the majority of studies have been limited to the assessment of lower extremity 

musculature.  

Muscles that are linked functionally and connected through fascial attachments to 

the knee may provide a new viewpoint on neuromuscular factors relating to knee 

mechanics and injury. One specific sling that is particularly important to whole body 

movement patterns like locomotion, is the posterior oblique muscular sling, which 

consists of the LD, GM, and TLF 139, 140. The LD is a large muscle that serves as a bridge 

between the pelvis and shoulder (attachment sites: posterior crest of the ilium, back of the 

sacrum, the spinous processes of the lumbar and lower six thoracic vertebrae (T6-T12) to 

the medial side of the intertubercular groove of the humerus) 43. While the LD is 

commonly described as an internal rotator of the glenohumeral joint, the geometry of the 

LD and its attachment onto the pelvis suggest that it may function in other capacities 140. 

The LD has been shown to be active during pelvic and trunk motion independent of arm 

movement 113. The posterior oblique sling was further developed by Myers and described 

as the BFL, which is the myofascial anatomical connection of the LD, TLF, and GM 

extending across the posterior body. The BFL continues along the lateral lower limb to 
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include the VL, patella, patellar tendon, and the tibial tuberosity 100. The BFL acts as a 

stabilizer to counter-balance opposing appendicular girdles (e.g., left shoulder and right 

pelvis) during complex, athletic movements. For instance, when throwing a ball with the 

left hand, the right leg is planted and stabilized through the BFL, which transfers power 

from the lower right limb to the left throwing arm. During running, these muscles should 

be active to stabilize the LPHC prior to initial contact and during stance phase loading 

response. 

Exploration of BFL muscle activity in relation to knee position during running 

may provide further insight into the influence of whole-body neuromuscular activity on 

lower extremity mechanics that are risk factors for injury. Given this known connection 

of the shoulder and pelvic girdles through the BFL, we proposed that altered upper body 

motion, specifically arm swing constraint, will impact the proximal portion of the BFL 

through changes in LD muscle activity. We used unilateral and bilateral arm swing 

constraint as independent variables to examine our dependent variables – lower extremity 

frontal plane kinematics. We used three arm swing conditions – free arm swing, 

unilateral arm swing constraint, and bilateral arm swing constraint, to study changes in 

frontal plane knee position during running.  

The aim of this study is to investigate the influence of the BFL, via muscle 

activity of the LD, GM, and VL, on lower extremity frontal plane kinematics under 

different arm swing conditions. Specifically, we proposed to investigate changes in 

frontal plane knee motion during stance phase of running. We hypothesized that the 

bilateral arm swing constraint condition will result in increased bilateral knee abduction 

during stance compared to free arm swing. We hypothesized that the unilateral arm swing 
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constraint condition will result in increased dominant knee abduction (i.e., opposite lower 

extremity of constrained upper extremity) during stance compared to free arm swing. Our 

secondary aim was to perform an exploratory analysis of additional lower extremity 

kinematics, specifically hip adduction angle (HADD) and contralateral pelvic drop (CPD) 

during stance, to determine if arm swing condition had an influence on hip motion, and to 

assess whether changes in frontal plane knee motion would be associated with muscle 

activity of the BFL during loading response.  

 

Methods 

Participants 

 Twenty runners (10 males) volunteered for this study. Participants were recruited 

by word of mouth through local running clubs and flyers posted on Temple University 

campus. Subjects were included if they were between 18 and 55 years of age, if they ran 

at least once per week, were familiar with treadmill running, and if they had been injury 

free for at least 30 days prior to testing. Subjects were excluded if they had experienced a 

musculoskeletal injury within the past 30 days, had undergone surgery in the past three 

months, or if they currently used any prosthetic or orthotic lower extremity device. 

Temple University Institutional Review Board approved the testing protocol. Informed 

consent was obtained from each participant prior to data collection. 

Procedures 

EMG Instrumentation 

 Surface electromyography (EMG) from several muscles was simultaneously 

recorded at 2000 Hz using wireless (TrignoTM Wireless System, Delsys, Inc., Boston, 
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MA, USA) electrodes in conjunction with kinematic data collection during treadmill 

running. Electrodes were places bilaterally on the LD, GM, and VL in parallel with the 

muscle fibers and in accordance with international recommendations 54. Correct electrode 

placement was verified through resisted isometric muscle testing. Each electrode pre-

amplified the signal and was interfaced to an amplifier unit (Delsys, Inc., Boston, MA, 

USA, operating range 40 m, transmission frequency 2.4 GHz, CMRR > 80 dB; 

bandwidth of 450 Hz at >80 dB/s). All processing was performed using custom Matlab 

software (MathWorks, Natick, MA, USA). 

Kinematic Data Collection and Experimental Protocol 

 Prior to data collection, 30 passive retro-reflective markers were placed on 

specific locations of the subject’s arms, trunk, pelvis, and lower extremities (Table 3-2). 

A 6-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA, 

USA) was used to capture three-dimensional kinematic marker data. The motion capture 

system was calibrated according to manufacturer guidelines. A static calibration was 

performed with 14 additional markers (44 body marker total) to establish joint centers, 

body segment coordinate systems, segment lengths and the local positions of tracking 

markers (Figure 3-1). Whole body kinematics were recorded using a sampling rate of 200 

Hz during all running conditions. After calibration trials were complete, participants 

performed a six-minute warm-up on the treadmill (Landice 8700, Randolph, NJ, USA). 

During this period, the participant’s self-selected speed and preferred step frequency were 

visually assessed and quantified with a stopwatch. 
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Figure 3-1. Marker placement for data collection 

 

Participants wore their own running shoes during the trials. They ran at their self-

selected speed under three arm swing conditions: free arm swing (Free), unilateral arm 

swing constraint (Uni), and bilateral arm swing constraint (Bil). For the unilateral 

constraint condition, the non-dominant arm of each participant was actively held across 

the chest with elbow flexed and held in contact with the trunk, scapula slightly depressed. 

For the bilateral constraint condition, participant’s actively held their hands clasped at the 

center of their chest and were encouraged to keep elbows close to trunk and scapulae 

slightly depressed (Figure 3-2). Two protocols (A & B) were developed with different 

ordering of the conditions to reduce possible order effects. Prior to a subject’s data 

collection session, the investigator randomly selected one of the two protocols. Data was 

recorded for 15 seconds of each condition and started after participant had run using the 

specific arm swing for approximately 30-60 seconds.  
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Data Processing and Analysis 

Kinematic data was low-pass filtered using a bidirectional, 4th order Butterworth 

filter with a cutoff frequency of 12 Hz using custom software Matlab (MathWorks, 

Natick, MA, USA). Foot contact and toe-off were identified using kinematic position and 

velocity data from participants’ heel and toe markers. This technique was based on 

previously published guidelines 89 and used to determine the specific phases of the gait 

cycle. The middle 5 seconds of each 15-second trial collected was used for analysis. The 

participant’s dominant leg (i.e., opposite lower limb from unilateral arm constraint) was 

used for analysis of five successive strides for each condition. A stride was defined as 

initial contact to ipsilateral initial contact. Consecutive gait cycles were determined using 

a graph illustrating identified initial contacts over the trial and verified by calculating the 

velocity of each gait cycle to determine consistency.  

 Lower extremity kinematics were analyzed using custom-written Matlab code 

(MathWorks, Natick, MA, USA). Raw data was plotted to inspect for outliers. Knee 

abduction angle was defined as the frontal plane angle made by the distal (shank) 

segment relative to the midline of the proximal (thigh) segment. The HADD angle was 

defined as the frontal plane angle made by the thigh segment and the horizontal plane 

made by the right anterior-superior iliac spine (ASIS) and left ASIS markers. The CPD 

angle was defined as the frontal plane angle made by the right ASIS and left ASIS 

markers and the horizontal plane. The peak values during stance were found and 

averaged across the five consecutive gait cycles to obtain a mean value for each 

condition.  
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Raw EMG data for each condition and each muscle was plotted and visually 

assessed for outliers. Mean and peak amplitude of the filtered EMG signal for each 

muscle was then determined for the entire running gait cycle and loading response (0 –

15%). The mean amplitude for the entire gait cycle for the free arm swing was averaged 

across five consecutive gait cycles and used for normalization of the mean amplitude 

analysis for  the LR phase. The peak amplitude for the entire gait cycle for the free arm 

swing was averaged across five consecutive gait cycles and used for normalization of the 

peak amplitude analysis for the LR phase. Methods to determine phases of the gait cycle 

and amplitude normalization aligned with other studies investigating gait and running 

mechanics and muscle activity 16, 52, 72. Amplitude normalization to the free arm swing 

condition was chosen because our primary interest was in analyzing muscle activity when 

preferred, or natural, arm swing is constrained. 

Statistical Analysis 

A power analysis was performed prior to data collection using G*Power 39. A 

sample size of 12 was predicted to sufficiently power the study in order to detect a 

moderate effect size (0.40). An additional 8 individuals were enrolled to account for 

overestimate of effect sizes and for cases of unusable data. Thus, a total of 20 individuals 

participated in this study.  

General Analyses  

Descriptive statistics were performed for participant demographics. A gender 

analysis was performed to determine if differences existed between male and female 

participants. All analyses were performed using Stata 13/IC software (StataCorp, College 

Station, TX). An a-priori significance level of p<0.05 was established for all analyses, 
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and a trend was operationally-defined at 0.05<p≤0.10. A strong correlation was defined 

as an r-value of 0.7 to 0.9, a moderate correlation was defined as 0.4 to 0.6, and a weak 

correlation was defined as 0.1 to 0.3 18.  

Lower Extremity Kinematic Analysis 

We hypothesized that the bilateral arm swing constraint condition would result in 

increased bilateral knee abduction during stance compared to free arm swing. In addition, 

we hypothesized that the unilateral arm swing constraint condition would result in 

increased dominant knee abduction (i.e., opposite lower extremity of constrained upper 

extremity) during stance compared to free arm swing condition. We performed an 

exploratory analysis for two lower extremity variables associated with knee injury risk – 

HADD and CPD. Our main kinematic outcome variables were dominant leg peak knee 

abduction angle during stance and non-dominant leg peak knee abduction angle during 

stance. Our secondary kinematic outcome variables were dominant leg peak HADD and 

CPD during stance. Gender was added to the model to test for significance and 

interaction. A two-way ANOVA with repeated measures was performed to evaluate main 

effects (i.e., arm swing, gender) and any interactions. To account for multiple 

comparisons, statistically significant F-statistics were evaluated with Bonferroni-adjusted 

pairwise comparisons, which were considered significant when p < 0.05. Pairwise 

comparisons for mean differences were evaluated using Tukey’s honestly significant 

difference. For the non-dominant lower extremity, a paired t-test was performed to 

determine differences in peak knee abduction angles between bilateral arm swing 

constraint and free arm swing.  
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EMG Analysis 

 A secondary purpose was to determine if changes in frontal plane knee abduction 

angles were associated with muscle activity of the BFL, specifically muscle amplitude of 

the LD, GM, and VL during the LR phase of gait. A Pearson’s Correlation Coefficient 

test was used to determine if an association existed between either the LD, GM, or VL 

muscle (mean and peak) amplitude during the loading response and peak knee abduction 

angles across arm swing conditions.  

 

Results 

Data from five participants were excluded due to poor kinematic data leaving 15 

subjects for analysis. The mean age for participants was 28.8±6.2 years. The average 

weight for participants was 68.4±11.8 kg with an average height of 173.4±10.4 cm. 

Participants averaged 9.9±7.6 years of running history with participants running 3.4±1.5 

days per week and 11.7±0.6 months per year. The average weekly mileage for 

participants was 25.9±18.7 km/wk and self-selected running speed was 2.9±0.28 m/s, and 

preferred step rate was 165±9.3 steps per minute. Forty-seven percent of participants had 

a history of prior injury and 80% of participants were right hand-dominant (Table 3-1). 

Running characteristics did not significantly differ between males and females. Males 

and females did not differ for running history (p=0.75), running mileage per week 

(p=0.19), running days per week (p=0.26), months per year (p=0.34), or self-selected 

pace (p=0.14).  
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Table 3-1 
 
Patient demographics and running characteristics 
 Men (n=8) Women (n=7) Total (n=15) 
Age (years) 28.4±7.7 29.3±4.4 28.8±6.2 
Weight (kg) 73.3±13.4 62.9±6.9 68.4±11.8 
Height (cm) 180.4±8.6 165.5±5.2 173.4±10.4 
Leg Length (cm) 85.2±4.8 76.7±5.1 81.2±6.5 
Running History (years) 10.3±8.9 9.6±6.9 9.9±7.6 
Running Days per Week 3.8±1.7 3.0±1.3 3.4±1.5 
Running Months per Year 11.9±0.4 11.5±0.84 11.7±0.6 
Weekly Mileage (km) 31.1±22.7 19.3±11.3 25.9±18.7 
Self-Selected Run Speed 
(m/s) 

3.0±0.2 2.8±0.31 2.9±0.3 

Preferred Step Frequency 165.5±10 165.7±9.2 165.6±9.3 
Prior History of Injury 37% 57% 47% 
Right Hand Dominant 75% 86% 80% 
Note: Values are represented in mean ± SD 
 

Knee Abduction Angle 

We hypothesized that the bilateral arm swing constraint condition would result in 

increased bilateral knee abduction during stance compared to free arm swing condition 

and that the unilateral arm swing constraint condition would result in increased dominant 

knee abduction (i.e., opposite lower extremity of constrained upper extremity) during 

stance compared to free arm swing. Consistent with our hypothesis, frontal plane peak 

knee abduction angles did differ significantly across arm swing conditions (p<0.05). 

Knee abduction angles increased during the unilateral arm swing constraint condition. 

During the bilateral condition, the non-dominant leg peak knee abduction angle did not 

significantly differ from free arm swing condition (p=0.91). Gender did not have a 

significant effect on knee abduction angles (p=0.47).  



 65 

An increase in knee abduction angle of approximately 2.6 degrees occurred 

during the unilateral condition with constraint of the dominant upper limb (p=0.57). Knee 

abduction angles did not differ (0.03 degrees) between the bilateral arm swing constraint 

condition and free arm swing (p=1.00) (Figure 3-2). The non-dominant leg peak knee 

abduction angle during the bilateral arm swing constraint condition did not differ 

significantly from free arm swing (p=0.54)  

 

Figure 3-2. Averaged peak knee abduction angle across arm swing constraint 
conditions. 
 

Secondary Lower Extremity Kinematics 

 We performed an exploratory analysis to examine HADD and CPD angles across 

arm swing conditions for the dominant lower extremity (i.e., lower limb opposite to the 

constrained upper extremity). HADD increased during the unilateral and bilateral arms 

swing constraint condition. However, these values did not reach significance (p=0.16). 

On average, HADD differed by approximately 2 degrees across conditions. Similarly, 
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CPD demonstrated a 1-degree change across conditions (p=0.62). Kinematic measures 

are summarized in Table 3-2. 

Relationship between BFL Muscle Activity and Knee Abduction Angle 

No significant correlations were found between LD, GM, or VL mean muscle 

amplitude during the LR phase and peak knee abduction motion during stance. No 

significant correlations were found between LD, GM, or VL peak muscle amplitude 

during the LR phase and peak knee abduction motion during stance. GM muscle (mean 

and peak) amplitude displayed a negative association with knee abduction motion, 

decreasing in amplitude with increased knee abduction angles.  

Table 3-2 
 
Lower extremity kinematics across arm swing conditions 
Lower Extremity Kinematics Free Arm 

Swing 
Unilateral Arm 
Swing Constraint 

Bilateral Arm 
Swing Constraint 

Dominant Leg Peak Knee 
Abduction (°) a 

10.0±7.2 12.6±7.6 10.0±5.6 

Non-dominant Leg Peak 
Knee Abduction (°) 

11.4 ± 1.4 N/A 11.6±1.9 

Hip Adduction (°) 18.4±6.6 19.6±6.5 20.4±8.5 
Pelvic Drop (°) 9.8±3.2 9.9±3.1 10.5±5.1 
Note: Values are represented in mean ± SD. 
 
a p<0.05 
 

Discussion 

  The objective of this study was to investigate the influence of the BFL via muscle 

activity of the LD, GM, and LD on lower extremity frontal plane kinematics under 

different arm swing conditions. Specifically, we proposed to investigate changes in knee 

abduction angles during stance phase of running. We also examined HADD and CPD 

angles during stance.  
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  Knee abduction angles did increase with unilalateral swing constraint. To date, 

only one other study has examined the influence of arm swing constraint on lower 

extremity kinematics during running. Results from our study corresponded to those 

findings. Miller et al 95 assessed lower extremity kinematics in seven subjects who with 

arms folded across chest and folded across their back. They found that peak knee 

adduction angles (opposite of knee abduction) decreased by 2.6 degrees with suppression 

of arm swing, using either method, compared to free arm swing. In our study, peak knee 

abduction angle showed the greatest increase during the unilateral arm swing constraint 

condition suggesting that asymmetrical movement patterns caused by restriction of 

opposite arm swing do effect lower extremity mechanics more so than symmetrical 

patterns. No significant changes were noted in HADD and CPD angles across conditions. 

These findings were similar to results from Miller and colleagues 95 for secondary lower 

extremity kinematics measures. They found a 1.7-degree difference in HADD between 

free arm swing and bilateral arm swing suppression. Our results were slightly higher at 

2.8 degrees between free arm swing and bilateral arm swing constraint condition.  

  We performed an exploratory analysis to determine the relationship between BFL 

muscle activity during loading response and knee abduction angle during stance. We 

chose this specific phase because muscle activity should be stabilizing the lower limb as 

it loads. Moreover, the literature suggests that impaired muscular control of the hip, 

pelvic, and trunk during weight bearing can affect tibiofemoral and patellofemoral joint 

kinematics and kinetics in multiple planes 117 and that these impairments and altered 

mechanics may contribute to RRI 28, 99, 114, 116, 128, 150. Although altered hip strength has 

been demonstrated in individuals with knee injury or poor knee mechanics 23, 55, 69, 81, 128, 
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interventions that focus on increasing hip strength as a means to alter kinematics have 

had limited results.  Willy et al 152 took 10 runners with excessive hip adduction during 

running and put them through a 6-week hip abductor and extensor strengthening 

program. When re-tested, runners demonstrated improved lower extremity strength, and 

improved single-leg squat mechanics but running mechanics were not altered. Likewise, 

Ferber and colleagues 41 had 10 individuals with PFP perform at 3-week hip abductor 

strengthening program in an attempt to change knee kinematics. They found the protocol 

was effective at increasing strength, decreasing pain and stride-to-stride variability, but it 

did not alter lower extremity kinematics, particularly knee abduction, during running.  

  The availability of instrumentation limited our ability to perform inverse 

dynamics in order to analyze joint kinetics. Studies that have focused on runners poor hip 

strength and aberrant frontal plane knee movement have found changes in joint moments 

and strength without accompanied changes in range of motion. Snyder et al 127 had 15 

healthy runners perform a 6-week hip strengthening program. They found that the 

protocol was effective at significantly improving hip abduction, hip external rotation 

strength, and decreasing hip abduction moment, but changes in knee abduction range of 

motion were not seen during running. Similarly, Earl et al 31 found positive results from 

an 8-week strengthening protocol in runners with PFP. An improvement in lower 

extremity strength and a reduction in hip abduction moment was demonstrated, but 

without a change in frontal plane knee mechanics. While this study found no significant 

association between muscle activity and knee motion, arm swing constraint may have 

resulted in changes in joint moments that we were unable to detect.  
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  We did not examine transverse plane upper or lower body kinematics. Miller et al 

95 found 5.1 degree increase in hip internal rotation with arms constrained compared to 

free arm swing. This value did not reach significance but did demonstrate a large effect 

size (d=0.81). Changes in transverse plane upper and lower body movement were also 

noted while walking with unilaterally constrained arm swing. Ford and colleagues 44 

found that when one arm was constrained pelvic and thoracic rotation were decreased. 

The decrease in inter-segmental coordination and increase in transverse angular 

momentum that occurs from arm swing constraint may have resulted in greater changes 

in the transverse plane motion at the hip and knee rather than frontal plane motion.   

 Several limitations exist in this study. Firstly, we only tested healthy runners and 

did not screen participants for specific abnormal lower extremity kinematics or 

neuromuscular impairment. Runners with a particular injury who already display aberrant 

mechanics and/or neuromuscular patterns may respond differently to running with arm 

swing constraint. Secondly, we did not include kinetic analysis. Other studies have 

reported changes in joint kinetics without observable changes in lower extremity 

mechanics, which may also be true for our study. Futhermore, we were unable to use 

25% of the data collected due to markers being occluded during the trial. This may be 

have underpowered the ability to find significant differences across conditions for hip 

mechanics. Future studies would benefit from additional analysis of joint kinetics, 

transverse plane motion, and inclusion of runners with a current injury or history of lower 

extremity running-related injury.  
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Conclusion 

Changes in frontal plane knee abduction angles occur with arm swing constraint 

during stance phase of running. Frontal plane knee motion was not associated with BFL 

muscle activity; however, it is unclear whether joint loading is associated with or 

influenced by BFL muscle activity. Further research is needed to determine whether 

runners with a history of injury or presentation of aberrant lower extremity movement 

patterns respond differently to arm swing constraint during running and what role the 

BFL plays in controlling lower extremity motion and joint loading.  
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CHAPTER 4 

THE INFLUENCE OF ARM SWING VARIATION AND MUSCLE ACTIVITY 

ON KINEMATIC PREDICTORS OF KINETICS DURING RUNNING 

 

Introduction 

 Distance runners are at a high risk of injury. It is estimated that approximately 

56% of recreational runners will sustain a RRI each year 136 with nearly half of all RRIs 

occurring at the knee 130. There have been several injury risk factors suggested for knee 

injuries 136, 142, with the inability of the lower extremity joints to adequately control the 

loads applied during stance being the focus of many injury prevention strategies. 

Increased GRFs during running have also been linked to injury in runners 2, 67, 157. 

Joint loading can, in part, be modulated by stiffness. This concept is a key 

component of a spring-mass system and often defined as the resistance of an object or 

body to a change in length 93. During running, the leg can be modeled as a spring 

supporting the mass of the body. An accurate model of mechanical stiffness of the leg 

involves several components including tendon, ligament, cartilage, and bone properties. 

However, a model that accounts for all of these components is complicated and not fully 

developed, thus, several researchers use a simpler spring-mass model for estimation of 

leg stiffness 11.  

The ability to generate the appropriate level of lower extremity stiffness is 

important in prevention of injury 3, 11, 30. Increased leg stiffness in typically associated 

with reduced lower extremity excursions and increased peak forces 11. Leg stiffness can 

be calculated by examining the vertical GRF (vGRF) and the change in leg length. 
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Because of this, vertical loading has been used indirectly to assess the effect of stiffness 

on injury. Williams et al. found that vGRF loading rate was the primary predictor of 

lower extremity stiffness in a group of runners with varying foot types 146. Retrospective 

studies have demonstrated that reported that runners who suffered a lower extremity 

stress fracture exhibited increased peak vGRFs, which potentially increased the leg 

stiffness during running 49, 97. Sagittal plane knee stiffness during initial loading phase 

was also significantly greater in runners with a history of tibia stress fractures than 

controls 98. 

The CNS can modulate stiffness by altering muscle force prior to initial contact 

and through limb loading. Neuromotor control involves the ‘predictive’ and ‘online’ 

assessment of GRF with each step 122. Muscle activity during the PA phase of gait is 

thought to play an important role in preparation for foot-ground contact 79 and 

subsequently modulate muscle activity during the loading in order to regulate leg 

stiffness 48. Examination of muscle activity during the PA and LR phases of gait may 

indicate how well a runner is preparing for and absorbing joint loads during running. 

Investigation of stiffness, GRF, and joint loading requires expensive, laboratory-

based equipment like force plates. However, few clinicians or athletic trainers have the 

necessary technology to adequately assess these measures. The recent utilization of smart 

phones or a single video camera and software packages that quantify two-dimensional 

(2D) variables has allowed for more objective running gait assessment by clinicians. 

Recent studies have demonstrated that certain, easily obtainable kinematic can be used to 

estimate GRFs and joint kinetics during running 144, 145. Wille et al 144 found that foot 

inclination angle at initial contact and vertical COM displacement were associated with 
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mechanical energy absorbed at the knee (r2=0.46). Vertical COM displacement was also 

associated with peak vertical GRF (r2=0.51). Their subsequent study focused on knee 

moment, vGRF, knee power, and braking impulse, or anterior-posterior GRF, which 

found that 58% of the variance in these kinetic measures could be explained by 3 or 

fewer kinematic variables along with step rate during running 145. 

Muscles that are linked functionally and connected through fascial attachments 

can act as whole-body stabilizers against external loading. These slings are active during 

rhythmic, reciprocal movements like locomotion. One specific sling that acts as a 

stabilizer during locomotion is the posterior oblique muscular sling, which consists of the 

LD, GM, and TLF 139, 140. The LD is a large muscle that serves as a bridge between the 

pelvis and shoulder (attachment sites: posterior crest of the ilium, back of the sacrum, the 

spinous processes of the lumbar and lower six thoracic vertebrae (T6-T12) to the medial 

side of the intertubercular groove of the humerus) 43. While the LD is commonly 

described as an internal rotator of the glenohumeral joint, the geometry of the LD and its 

attachment onto the pelvis suggest that it may function in other capacities 140. The LD has 

been shown to be active during pelvic and trunk motion independent of arm movement 

113.  

The posterior oblique sling was further developed by Myers and described as the 

BFL. The BFL continues along the lateral lower limb to include the vastus lateralis (VL) 

muscle and ends at the tibial tuberosity 100. The BFL acts as a stabilizer to counter-

balance opposing appendicular girdles (e.g., left shoulder and right pelvis) during 

complex, athletic movements. For instance, when throwing a ball with the left hand, the 

right leg is planted and stabilized through the BFL to transfer power from the lower right 
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limb to the left throwing arm. During running, these muscles should be active to stabilize 

the LPHC prior to initial contact and while the limb is loaded in stance phase. 

Exploration of BFL muscle activity prior to contact and during the loading phase of 

running may provide insight into how these muscles interact to stabilize the body.  

Given the known connection of the shoulder and pelvic girdles through the BFL, 

we proposed that altered upper body motion, specifically arm swing constraint, will 

impact the proximal portion of the BFL through changes in LD muscle activity. We used 

unilateral and bilateral arm swing constraint as independent variables to examine our 

dependent variables – kinematic predictors of whole-body and joint loading. We used 

three arm swing conditions – free arm swing, unilateral arm swing constraint, and 

bilateral arm swing constraint, to study changes in these kinematic predictors. Therefore, 

the aim of this study was to investigate the influence of arm swing and BFL muscle 

activity on kinematic predictors of kinetics related to knee and total body loading during 

running. We hypothesized that the bilateral arm swing constraint will result in decreased 

vertical COM displacement during the gait cycle compared to free arm swing. We 

hypothesized that bilateral and unilateral arm swing constraint will result in increased 

sagittal plane foot inclination angle at foot strike compared to control condition free arm 

swing. Our secondary purpose was to determine if changes in foot inclination angle 

would be associated with muscle activity of the BFL, specifically magnitude of the LD, 

GM, and VL prior to contact and during the loading response.  
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Methods 

Participants 

 Twenty runners (10 males) between the ages of 20 and 45 volunteered for this 

study. Participants were recruited by word of mouth through local running clubs and 

flyers posted on Temple University campus. Subjects were included if they were between 

18 and 55 years of age, if they ran at least once per week, were familiar with treadmill 

running, and if they had been injury free for at least 30 days prior to testing. Subjects 

were excluded if they had experienced a musculoskeletal injury within the past 30 days, 

had undergone surgery, or if they currently used any prosthetic or orthotic lower 

extremity device. Temple University Institutional Review Board approved the testing 

protocol. Informed consent was obtained from each participant prior to data collection. 

Procedures 

EMG Instrumentation 

 Surface electromyography (EMG) from several muscles was simultaneously 

recorded at 2000 Hz using wireless (TrignoTM Wireless System, Delsys, Inc., Boston, 

MA, USA) electrodes in conjunction with kinematic data collection during treadmill 

running. Electrodes were placed bilaterally on the LD, GM, and VL in parallel with the 

muscle fibers and in accordance with international recommendations 54. Correct electrode 

placement was verified through resisted isometric muscle testing. Each electrode pre-

amplified the signal and was interfaced to an amplifier unit (Delsys, Inc., Boston, MA, 

USA, operating range 40 m, transmission frequency 2.4 GHz, CMRR > 80 dB; 

bandwidth of 450 Hz at >80 dB/s). The EMG signals were subsequently full-wave 

rectified and low pass filtered (band-pass 10 to 500 Hz) using a bidirectional, 6th order 
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Butterworth filter. All processing was performed using custom Matlab software 

(MathWorks, Natick, MA, USA). 

Kinematic Data Collection and Experimental Protocol 

 Prior to data collection, 30 passive retro-reflective markers were placed on 

specific locations of the subject’s arms, trunk, pelvis, and lower extremities (Table 4-3). 

A 6-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA, 

USA) was used to capture three-dimensional kinematic marker data. The motion capture 

system was calibrated according to manufacturer guidelines. A static calibration was 

performed with 14 additional markers (44 body marker total) to establish joint centers, 

body segment coordinate systems, segment lengths and the local positions of tracking 

markers (Figure 4-1). Whole body kinematics were recorded using a sampling rate of 200 

Hz during all running conditions. After calibration trials were complete, participants 

performed a six-minute warm-up on the treadmill (Landice 8700, Randolph, NJ, USA). 

During this period, the participant’s self-selected speed and preferred step frequency were 

visually assessed and quantified with a stopwatch. 

Participants wore their own running shoes during the trials. They ran at their self-

selected speed under three arm swing conditions: free arm swing (Free), unilateral arm 

swing constraint (Uni), and bilateral arm swing constraint (Bil). For the unilateral 

constraint condition, the non-dominant arm of each participant was actively held across 

the chest with elbow flexed and held in contact with the trunk, scapula slightly depressed. 

For the bilateral constraint condition, participant’s actively held their hands clasped at the 

center of their chest and were encouraged to keep elbows close to trunk and scapulae 

slightly depressed (Figure 4-2). Two protocols (A & B) were developed with different 



 77 

ordering of the conditions to reduce possible order effects. Prior to a subject’s data 

collection session, the investigator randomly selected one of the two protocols. Data was 

recorded for 15 seconds of each condition and started after participant had run using the 

specific arm swing for approximately 30-60 seconds.  

Data Processing and Analysis 

Kinematic data was low-pass filtered using a bidirectional, 4th order Butterworth 

filter with a cutoff frequency of 12 Hz using custom software Matlab (MathWorks, 

Natick, MA, USA). Foot contact and toe-off were identified using kinematic position and 

velocity data from participants’ heel and toe markers. This technique was based on 

previously published guidelines 89 and used to determine the specific phases of the gait 

cycle. The middle 5 seconds of each 15-second trial collected was used for analysis. The 

participant’s dominant leg (i.e., opposite lower limb from unilateral arm constraint) was 

used for analysis of five successive strides for each condition. A stride was defined as 

initial contact to ipsilateral initial contact. Consecutive gait cycles were determined using 

a graph illustrating the identified initial contacts over the trial and verified by calculating 

the velocity of each gait cycle to determine consistency.  

Lower extremity kinematics were analyzed using custom-written Matlab code 

(MathWorks, Natick, MA, USA). Raw data was plotted to inspect for outliers. The 

filtered sacral marker (S2) trajectory was plotted and analyzed as a measure of vCOM 

displacement 50 (Figure 4-2). The foot inclination angle was calculated by using the heel 

marker (Heel) and toe marker (TIP) to build a triangle in the XZ-plane. The difference in 

the X and Z direction was assessed to find the angle such that a negative value would 

imply the heel is elevated above the toe (i.e., plantarflexion) (Figure 4-3). 
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Raw EMG data for each condition and each muscle was plotted and visually 

assessed for outliers. Mean amplitude of the filtered EMG signal for each muscle was 

then determined for the entire running gait cycle and two specific phases of the gait cycle 

– loading response (0 –15%) and pre-activation (80 –100%). The mean amplitude for the 

entire gait cycle for the free arm swing condition was averaged across five consecutive 

gait cycles and used for normalization. Methods to determine phases of the gait cycle and 

amplitude normalization aligned with other studies investigating running mechanics and 

muscle activity 16, 52.  

 

 

Figure 4-2. Vertical center of mass displacement. Taken from Wille, C. M., 
Lenhart, R. L., Wang, S., Thelen, D. G., & Heiderscheit, B. C. (2014). Ability of 
sagittal kinematic variables to estimate ground reaction forces and joint kinetics in 
running. J Orthop Sports Phys Ther, 44(10), 825-830. 

 

  

Figure 4-3. Foot inclination angle at initial contact. Taken from Wille, C. M., 
Lenhart, R. L., Wang, S., Thelen, D. G., & Heiderscheit, B. C. (2014). Ability of 
sagittal kinematic variables to estimate ground reaction forces and joint kinetics in 
running. J Orthop Sports Phys Ther, 44(10), 825-830. 
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Statistical Analysis  

A power analysis was performed prior to data collection using G*Power 39. The 

study was powered for a moderate effect size of 0.40 for the kinematic predictor variables 

of vCOM displacement and foot inclination angle at IC. A sample size of 12 was 

predicted to sufficiently power each variable. An additional 8 individuals were enrolled 

to account for overestimate of effect sizes and for cases of unusable data. Thus, a total of 

20 individuals participated in this study.  

General Analyses 

Descriptive statistics were performed for participant demographics. All analyses 

were performed using Stata 13/IC software (StataCorp, College Station, TX). An a-priori 

significance level of p<0.05 was established for all analyses, and a trend was 

operationally-defined at 0.05<p≤0.10. A strong correlation was defined as an r-value of 

0.7 to 0.9, a moderate correlation was defined as 0.4 to 0.6, and a weak correlation was 

defined as 0.1 to 0.3 18.  

Kinematic Predictors of Kinetics 

 We hypothesized that the bilateral arm swing constraint would result in decreased 

vCOM displacement during the gait cycle compared to free arm swing. A paired t-test 

was used to compare the free arm swing to the bilateral arm swing constraint condition. 

We hypothesized that the bilateral and unilateral arm swing constraint will result in 

increased sagittal plane foot inclination angle at initial contact compared to free arm 

swing. Foot inclination angle at initial contact were compared across conditions using a 

one-way ANOVA with repeated measures to test for main effects. Pairwise comparisons 

were evaluated using Tukey’s honestly significant difference. 
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Muscle Activity 

 A secondary purpose was to determine if changes in foot inclination angle was 

associated with BFL muscle activity, specifically magnitude of the LD, GM, and VL 

prior to contact and during loading response of gait. A Pearson’s Correlation Coefficient 

test was used to determine the strength of this association.  

 

Results 

Data from five participants were excluded from analysis due to poor kinematic 

data resulting in data from 15 subjects for analysis. The mean age for participants was 

28.8±6.2 years. The average weight for participants was 68.4±11.8 kg with an average 

height of 173.4±10.4 cm. Participants averaged 9.9±7.6 years of running history with 

participants running 3.4±1.5 days per week and 11.7±0.6 months per year. The average 

weekly running mileage for participants was 25.9±18.7 and self-selected running speed 

was 2.9±0.28 m/s. Forty-seven percent of participants had a history of prior injury and 

80% of participants were right hand-dominant (Table 4-1).  

 Although a gender analysis was not performed, running characteristics did not 

significantly differ between males and females. Males and females did not differ for 

running history (p=0.75), running mileage per week (p=0.19), running days per week 

(p=0.26), months per year (p=0.34), or self-selected pace (p=0.14).  
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Table 4-1 
 
Patient demographics and running characteristics 
 Men (n=8) Women (n=7) Total (n=15) 
Age (years) 28.4±7.7 29.3±4.4 28.8±6.2 
Weight (kg) 73.3±13.4 62.9±6.9 68.4±11.8 
Height (cm) 180.4±8.6 165.5±5.2 173.4±10.4 
Leg Length (cm) 85.2±4.8 76.7±5.1 81.2±6.5 
Running History (years) 10.3±8.9 9.57±6.9 9.9±7.6 
Running Days per Week 3.8±1.7 3.0±1.3 3.4±1.5 
Running Months per Year 11.9±0.4 11.5±0.8 11.7±0.6 
Weekly Mileage (km) 31.1±22.7 19.3±11.3 25.9±18.7 
Self-Selected Run Speed 
(m/s) 

3.0±0.2 2.8±0.3 2.9±0.3 

Preferred Step Frequency 165.5±10 165.7±9.2 165.6±9.3 
Prior History of Injury 37% 57% 47% 
Right Hand Dominant 75% 86% 80% 
Note: Values are represented in mean ± SD. 
 

Vertical COM Displacement 

A significant difference was found between control and bilateral arm swing 

constraint conditions and displayed appropriate directionality (p<0.05). Vertical COM 

displacement was 11.6±1.6 cm for free arm swing condition and 11.4±1.6 cm for the 

bilateral arm swing suppression condition.  

Foot Inclination Angle 

Foot inclination angle at initial contact did change in the appropriate direction 

across conditions; however, these differences were not statistically significant (p=0.42). 

Foot inclination angle only differed, at most, by 0.12° of plantarflexion. 

Muscle Activity 

 No significant associations were found between foot inclination angle and LD, 

GM, or VL muscle amplitude during the PA phase for any of the arm swing conditions. 
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No significant associations were found between foot inclination angle and LD, GM, or 

VL muscle amplitude during the LR phase for any of the arm swing conditions. 

 

Figure 4-4. Representative data from a single participant for vertical center of 
mass displacement. Solid line represents free arm swing condition. Dashed line 
represents bilateral arm swing constraint condition.  
 

 

Discussion 

The aim of this study was to investigate the influence arm swing and muscle BFL 

activity muscle activity on kinematic predictors of loading. These predictors were chosen 

because of their association to knee and total body loading. In support of the hypotheses, 

the vCOM displacement decreased significantly during the bilateral arm swing constraint 

condition. We used vCOM displacement as a marker of peak vGRF.  

The study findings about vCOM displacement agreed with a previous study 

investigating arm swing and vGRF. Miller et al 95 found that when arm swing was 

suppressed – either with arms held across chest or behind the back – vGRF was 

significantly reduced compared to free arm swing. In addition, Miller et al 95 found 

changes in sagittal and frontal plane lower extremity kinematics in addition to decreased 
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vGRF with arm swing suppression. Joint angle timing was not changed but rather the 

magnitude of the angles. Frontal and sagittal hip and knee angles increased with arm 

swing suppression. We found similar changes in lower extremity kinematics for our 

study. Frontal plane knee abduction angle significantly increased with arm swing 

constraint (see Chapter 3).  

Foot inclination angle at initial contact did demonstrate a small increase in 

plantarflexion with unilateral arm swing constraint. Miller et al 95 also found an increase 

in overall peak ankle dorsiflexion with bilateral arm swing suppression, but findings did 

not reach significance. Foot inclination angle was not significantly different across 

conditions for the non-dominant lower extremity (i.e., lower extremity ipsilateral to 

constrained upper extremity) lower extremity (p =0.33). However, foot inclination angle 

at IC between non-dominant and dominant lower extremities were different during 

conditions. The non-dominant lower extremity demonstrated greater plantarflexion 

during initial contact (p=0.01) compared to the dominant lower limb. This asymmetry 

between right and left foot strike was found during the unilateral (mean difference = 0.6°; 

p<0.05) and bilateral (mean difference = 0.5°; p=0.07) conditions. These results suggest 

that runners may have different landing mechanics between right and left lower 

extremities.  

Muscle activity during the PA or LR phase did not display a significant 

association with foot inclination angle across conditions. The lack of significant change 

in muscle activity and sagittal plane kinematics could indicate that runners utilize 

different means of modulating forces (e.g., altering spatiotemporal parameters) with BFL 

muscles acting to stabilize the LPHC during running. 
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A post-hoc analysis of spatiotemporal measures was performed. Significant 

changes spatiotemporal measures were also demonstrated across arm swing conditions. 

Runners significantly increased step rate (p<0.01) and decreased stride length (p<0.001) 

when arm swing was suppressed. Post-hoc analysis of lower extremity sagittal plane knee 

motion at IC did not reach significant (p=0.99). Heel to COM distance at IC did not 

significantly change with arm swing constraint (p=0.66). Taken together, it appears that 

runners reduce vCOM displacement by changing spatiotemporal parameters without a 

significant change in lower extremity sagittal plane movement.  

Due to limited equipment availability, we were unable to analyze kinetic 

variables. However, based on the model presented by Wille et al 145, our findings suggest 

that runners may have reduced peak vGRF, breaking impulse, and peak knee extensor 

moment when running with constrained arm swing. Decreases in kinetic loading may 

have occurred as a result of increases in step rate and decreases in vCOM excursion. It is 

unclear at this time whether all kinematic variables in the model must be altered to 

accurately predict changes in kinetics. However, results from previous studies suggest 

that increasing step rate may be sufficient on its own to alter kinetic variables associated 

with RRI 5, 32, 52. 

Several limitations exist in this study. We did not screen runners for a particular 

foot strike pattern (i.e., rearfoot, midfoot, or forefoot). Runners with a particular foot 

strike may be more likely to exhibit changes in foot inclination angle with arm swing 

constraint. Moreover, runners who have deliberately made modifications in their foot 

strike pattern (e.g., barefoot training) may have limited the influence of arm swing on 

foot inclination angle. The availability of instrumentation limited our ability to perform 
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inverse dynamics, (i.e., measures of joint moments and/or loading). Runners may have 

exhibited changes in whole body and joint loading during arm swing constraint with a 

corresponding change in motion.  Future research would benefit from identification a 

particular foot strike prior to data collection and the incorporation of inverse dynamic 

analysis to determine if changes occur in kinetic variables with arm swing variation. 

 

Conclusion 

Our findings indicate that bilateral arm swing constraint decreased vCOM 

displacement in runners without causing a significant change in foot inclination angle or 

BFL muscle activity. Future research is needed to determine if changes in vCOM 

displacement with arm swing constraint results in altered mechanical work or energy 

absorption in the lower extremity, whether the preferred foot strike pattern influences 

changes in foot inclination angle, and whether environmental demands influence the 

prioritization of muscle activity synergistic patterns.  

Table 4-2 
 
Spatiotemporal measures across arm swing conditions 
Spatiotemporal 
Measures 

Free Arm Swing Unilateral Arm 
Swing Suppression 

Bilateral Arm 
Swing Suppression 

Stride Time (sec) a 0.74±0.05 0.73±0.04 0.72±0.04 
Stride Length (m) a 2.0±0.2 1.9±0.2 1.9±0.2 
Stride Frequency 
(Hz) a 

1.4±0.9 1.4±0.7 1.4±0.1 

Step Rate (steps 
per minute) a 

162±10.4 164±8.7 167±9.4 

Note: Values are represented in mean ± SD. Participants ran a self-selected speed for 
all conditions. 
 
a p<0.001 
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CHAPTER 5 

DISCUSSION 

 

Review of Specific Aims 

Physical inactivity is a significant public health concern and poses a major health 

risk for sedentary individuals 9. In response, there has been an intensified interest in the 

role of exercise for health and prevention of disease 8. A growing number of individuals 

are participating in aerobic activities, like running, for exercise and fitness benefits. In 

2010, an estimated 36 million individuals ran regularly with over 500,000 runners 

completing a marathon 80. Overuse RRIs have the potential to significantly disrupt 

participation in physical activity and racing. Distance runners are at a high risk for injury, 

with the incidence of lower extremity RRI rates ranging from 19.4% to 79.3% 130, 136. The 

majority of running studies consistently report that RRIs tend to affect the lower 

extremity with approximately 50% occurring at the knee, 26.7% occurring at the shank, 

14% occurring at the ankle, 11.1% at the foot, 9.7% at the hip and pelvis, and 3.4% 

occurring at the thigh 131, 132, 136.  

Running injuries have been linked to high vGRF rates of loading, poor lower 

extremity dynamic alignment, and insufficient modulation of stiffness prior to impact. 

Upper body muscle activity and movement are interconnected to lower body dynamics; 

however, the literature has largely neglected their role during running for stabilization 

and load dissipation. Biomechanical analysis has primarily focused on lower extremity 

mechanics and muscle activation patterns 25, 66, 67, 110. To date, no studies have 

investigated the role of functional muscle synergies for generation of stability and 
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appropriate load absorption during running. Therefore, the purpose of this dissertation is 

to examine the role of a core functional muscle synergy, the BFL, in the context of 

running to determine its influence on lower extremity kinematics and kinematic 

predictors of loading related to RRI risk factors. 

The primary objective of this project was to determine the role of BFL muscle 

activity during running and its relationship to frontal plane knee motion and kinematic 

predictors of loading. We used three arm swing conditions to investigate the role of the 

BFL. Our main variables of interest included: 1) LD, GM, and VL muscle activity, 

specifically mean and peak amplitude, EMG onset, and co-activation of LD and GM 

muscles, 2) lower extremity kinematics, specifically frontal plane knee abduction motion, 

and 3) kinematic predictors of kinetics, namely foot inclination angle at initial contact 

and vertical COM displacement. 

 

 The specific aims of this study were: 

Specific Aim 1: Evaluate the role of the Back Functional Line via measures of timing and 

magnitude of muscle activity of the GM, LD and VL under different arm swing 

conditions. 

Hypothesis 1.1: The bilateral constraint of arm swing will cause a decrease in 

muscle activity of the LD and increase GM and VL, bilaterally, prior to initial 

contact and through loading response, compared to control condition (free arm 

swing). 

Hypothesis 1.2: The unilateral arm swing constraint condition will cause a 

decrease in the activity of the non-dominant LD and an increase in the dominant 
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GM and VL muscle activity, prior to initial contact and through loading response, 

compared to control condition (free arm swing). 

Specific Aim 2: Investigate the influence of the Back Functional Line on knee kinematics 

of runners under different arm swing constraint conditions. 

Hypothesis 2.1: The bilateral arm swing constraint condition will result in 

increased bilateral knee abduction during stance phase compared to control 

condition (free arm swing). 

Hypothesis 2.2: The unilateral arm swing constraint condition will result in 

increased dominant knee abduction during stance phase compared to control 

condition (free arm swing). 

Specific Aim 3: Investigate the influence of the Back Functional Line on kinematic 

predictors of kinetics related to knee and total body loading during running under 

different arm swing conditions. 

Hypothesis 3.1: The bilateral arm swing constraint will result in decreased 

vertical COM displacement during the gait cycle compared to control condition 

(free arm swing). 

Hypothesis 3.2: The bilateral and unilateral arm swing constraint will result in 

increased sagittal plane foot inclination angle at foot strike of the dominant lower 

extremity compared to control condition (free arm swing). 
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Summary of Results 

 Twenty healthy recreational runners (10 M; 10 F) participated in this study. Data 

from 13 – 15 participants were used in analyses. Male runners tended to be slighter older 

with a higher weekly running mileage and longer running history. All participants were 

between the ages of 18 and 55 years old and consistently ran at least once per week. 

Female runners chose a self-selected speed that was slightly slower than male runners 

(2.54±0.27 versus 2.77±0.27 m/s). All runners were free from neuromuscular or 

musculoskeletal disorders and were injury-free for at least 30 days prior to participation 

in the study.  

Aim 1 

 Previous studies examining upper body muscle activity have been primarily 

limited to walking 6, 12, 57, 77, 115, 118 with little attention paid to upper body muscular 

activity during high impact activities, like running. Furthermore, studies of muscle 

activity have been limited to traditional approaches of muscle actuators as prime movers 

around a single joint rather than having a synergistic or context-dependent role during 

functional movement.  

 Of particular importance during high impact movements, is a group of muscles, or 

functional synergy, that facilitate the coordination and stabilization of shoulder and pelvic 

girdles during locomotion. These muscles are linked through a fibrous connection, via the 

TLF and form a myofascial chain called the BFL. The BFL is an extension of a 

commonly recognized muscle sling called the posterior oblique sling. The posterior 

oblique sling is composed of the LD and GM with the BFL adding to it the VL muscle 

and extending to the tibial tuberosity through attachments along the patella and patellar 
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tendon. Only two studies to date have examined the relationship of posterior oblique sling 

muscles during walking 74, 126. These studies found that increasing gait speed increased 

the activity of both the LD and GM muscle without a significant increase in gluteus 

medius muscle activity. Studies investigating arm swing suppression have found that the 

LD muscle remains active during arm constraint 6, 77, 112 suggesting that it plays a broader 

role in locomotion than just a prime mover of the arm.  

 This study examined the muscle activity of the primary and secondary BFL 

muscle synergy during two specific phases of running – the PA phase and the LR phase. 

In support of the hypothesis, the primary BFL LD mean amplitude decreased during both 

the PA and LR phases of gait. However, these changes were not significant. GM and VL 

muscle mean amplitude demonstrated an increase in activity with the greatest amount of 

activity occurring during the unilateral arm swing constraint condition. This pattern of 

activity occurred for both the PA and LR phases of gait. Peak amplitudes for each muscle 

did not change dramatically across conditions for either the PA or LR phases of gait. We 

anticipated that during the bilateral arm swing constraint condition, the primary and 

secondary BFL muscle activity would mirror each other. However, this was not case. 

Contrary to our hypothesis, LD and GM both increased in mean and peak amplitude with 

bilateral arm swing constraint during both the PA and LR phases of gait, with changes 

during the LR phase reaching significance for both muscles. Secondary BFL VL also 

increased in mean and peak amplitude during the bilateral constraint condition. The 

increase in muscle amplitude during the bilateral arm swing constraint condition 

compared to control for the secondary BFL, particularly during the LR phase of gait, may 
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have resulted from a difference in isolated muscle strength or lower extremity single leg 

stability on the non-dominant limb.  

We also explored muscle timing and co-activation across arm swing conditions. 

Onset of muscle activity during the LR phase did not significantly differ across 

conditions for the LD, GM, or VL muscles. Analysis of co-activation demonstrated that 

LD and GM were in-phase throughout the gait cycle. This suggests that this portion of the 

BFL (the posterior oblique sling portion) may be acting together to stabilize the LPHC 

during running. For the secondary BFL, GM and VL mean and peak muscle amplitude 

were significantly correlated for the LR phase of gait, but not for the PA phase. This 

indicates that lower extremity muscles may not be preparing for impact similarly but are 

adjusting muscle activity in a similar fashion as the lower limb is loaded.  

This study was the first to investigate the role and relationship of BFL muscles 

during running. Results of this study suggest that GM and VL muscle activity are 

strongly linked, especially during the LR phase of gait. LD and GM appear to be co-

activated throughout the gait cycle regardless of arm swing variation. Instability, either 

from asymmetrical movement patterns or poor single leg dynamic postural control may 

contribute to the activation of the BFL muscle synergy. GM consistently increased during 

the unilateral arm swing constraint condition compared to control or bilateral arm 

constraint condition, indicating that asymmetrical movement patterns may induce an 

unstable state requiring an increase in stability around the hip joint.  Furthermore, a 

significant increase in LD and GM muscle amplitude was demonstrated for the secondary 

BFL during LR phases of gait for the non-dominant lower limb suggesting that 

differences in single leg stability may influence activation of the BFL.  
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Aim 2 

The majority of RRIs will affect the knee 130. Several factors have been proposed 

as contributing to knee injury. Among them is the poor proximal neuromuscular control. 

Studies have found that poor trunk proprioception and control were predictors of knee 

injury in female athletes 158, 159. Poor hip and gluteal muscle strength has also been 

associated with aberrant knee mechanics and are suggested to be a primary risk factor for 

injury 117.  

Hip strengthening has been recommended to modify poor knee mechanics as a 

means to reduce risk of knee injury 23, 88, 128. However, interventions aimed at increasing 

hip strength have not consistently resulted in a change in knee mechanics during activity 

152. Furthermore, some studies have found limited association between hip muscle 

activity and strength in relation to knee mechanics or injury status 147, 148, 151. These 

conflicting results may be indicative of the need to broaden the lens of how clinicians and 

biomechanists evaluate risk factors for injury. To date, the majority of studies have been 

limited to assessment of lower extremity musculature during functional activity. 

Examination of muscles that are linked functionally and connected through fascial 

attachments to the knee (i.e., BFL) may provide a new insight into the contribution of 

neuromuscular factors related to poor knee mechanics and injury. Therefore, the aim of 

this part of the study was to investigate the influence of the BFL via muscle activity of 

the LD, GM, and LD on lower extremity frontal plane lower extremity kinematics 

specifically, frontal plane knee abduction angles during stance phase of running. 

In support of the hypothesis, knee abduction angles during stance did change 

significantly with constraint of arm swing. Knee abduction angle showed the greatest 
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increase during the unilateral arm swing constraint condition suggesting that 

asymmetrical movement patterns caused by restriction of opposite arm swing do effect 

lower extremity mechanics more so than symmetrical patterns. This study did not find a 

significant relationship between BFL muscle activity and knee abduction angles. 

However, runners demonstrated a larger knee abduction angle on their non-dominant 

limb. The corresponding (secondary) BFL muscles increased during the LR phase 

suggesting that BFL muscle activity is engaged when the need for stability is greater. 

Aim3 

Nearly half of all RRIs occur at the knee 130. There have been several injury risk 

factors suggested for knee injuries 136, 142, with the inability of the lower extremity joints 

to adequately control the loads applied during stance being the focus on many injury 

prevention strategies. Increased GRFs during running have also been linked to injury in 

runners 2, 67, 157. The amount of joint loading can, in part, be modulated by stiffness.  

The ability to generate the appropriate level of lower extremity stiffness is an 

important factor in prevention of injury 3, 11, 30. Muscle activity during the PA phase of 

gait is thought to play in important role in preparation for foot-ground contact 79 and 

modulate muscle activity during loading response to regulate leg stiffness 48. Examination 

of muscle activity at pre-touchdown (i.e., PA phase of gait) and during the first half of 

stance phase (i.e., LR phase of gait) may indicate how well a runner is preparing for and 

absorbing joint loads during running. 

Investigation of stiffness, GRF, and joint loading is performed using expensive 

laboratory equipment like force plates. However, few clinicians or athletic trainers have 

the necessary technology to adequately assess these measures. The use of video analyses 
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with low-technology applications that utilize video cameras has allowed for the 

identification of sagittal plane running mechanics. Recent studies have demonstrated that 

certain, easily obtainable kinematic and spatiotemporal measures can be used to estimate 

GRFs and joint kinetics during running 144, 145. Wille et al 144 found that foot inclination 

angle at initial contact and vCOM displacement were associated with mechanical energy 

absorbed at the knee (r2=0.46). Vertical COM displacement was also associated with 

peak vGRF (r2=0.51). Their more recent study focused on knee moment, vGRF, knee 

power, and braking impulse, or anterior-posterior GRF. Wille and colleagues found that 

58% of the variance in these kinetic measures could be explained by 3 or fewer kinematic 

variables along with step rate during running 145.  

Muscles that are linked functionally and connected through fascial attachments 

can act as whole-body stabilizers against external loading. Therefore, the aim of this part 

of the study was to investigate the influence arm swing and muscle BFL activity muscle 

activity on kinematic predictors of loading. Predictors associated with knee and total 

body loading during running were chosen for investigation. In support of the hypotheses, 

the vCOM displacement decreased significantly with bilateral arm swing constraint 

condition. We used vCOM displacement as a marker of peak vGRF; therefore, it is likely 

that vGRF also decreased with bilateral arm swing constraint. It is unclear whether 

runners would benefit from reducing arm swing to reduction vGRF. The increase in step 

rate that accompanied arm swing constraint alone may be sufficient, and more feasible, in 

reducing impact loads than constraing arm swing during running.  

This study also examined foot inclination angle at initial contact in response to 

arm swing constraint. Foot inclination angle at initial contact did not demonstrate a 
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significant increase in dorsiflexion with arm swing constraint. Foot inclination angle was 

also not significantly different across conditions for the dominant lower extremity (i.e., 

limb opposite to constrained upper extremity). The non-dominant limb (i.e., limb on the 

same side as unconstrained arm) foot inclination angle was different from the dominant 

side during free arm swing and the unilateral condition (p<0.05). These results suggest 

that runners may employ different landing mechanics between right and left lower limbs 

in response to differences in single-leg dynamic stability. Muscle activity did not display 

a significant association with foot inclination angle across conditions.  

 

Limitations 

 There are several limitations in this study that should be considered for future 

work. We were not able to use all of the participants’ data in the analyses. This decrease 

in sample size may have underpowered our findings, particularly the EMG results. A 

post-hoc calculation of effect sizes for all EMG findings ranged from 0.05 – 0.31.  

Our study focused on analysis of the dominant lower limb. We did not account for 

differences in single-leg postural stability between lower extremities. Results from this 

study reveal that differences in single leg dynamic postural control may influence BFL 

muscle activity. Future studies should consider adding a test of single-leg dynamic 

postural stability such as the SEBT or the YBT. 

 Secondly, we did not screen runners for particular lower extremity movement 

patterns or foot strike patterns prior to data collection. It is possible that runners with 

specific aberrant movement patterns, like excessive knee abduction or hip adduction, may 

respond differently to arm swing constraint than our participants. Likewise, runners who 
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display varying foot strike patterns may have altered foot inclination angles at IC during 

arm swing constraint conditions as compared to our findings. Future work should include 

screening and inclusion of participants based on initial lower extremity and/or foot strike 

patterns. Moreover, we only tested healthy runners and did not group runners by a 

specific injury history. Further investigation is needed to determine whether currently 

injured or previously injured runners have similar BFL muscle activation and kinematic 

patterns compared to healthy runners.  

  

Future Research 

 This is the first study to investigate BFL muscle activity during and its influence 

on lower extremity mechanics. Results from this study demonstrate that the muscles of 

the BFL co-activate during the gait cycle (LD and GM) and their muscle amplitude is 

significantly correlated (GM and VL), particularly during the LR phase of gait. BFL 

muscle activity also appears to be sensitive to asymmetrical movement patterns and 

single-leg stability; however, more research is needed to determine this relationship.  

 Future studies should include data collection from runners that share similar traits, 

such as abnormal lower extremity mechanics or a particular foot strike pattern, to 

determine if BFL muscle activity or their response to arm swing constraint differs from 

the results of this study. Screening for these characteristics prior to data collection would 

be beneficial. Incorporating single-leg dynamic balance testing may provide insight into 

whether deficits in balance truly affect BFL muscle activity.  

 Finally, we did not include kinetic variables in this study While some kinematic 

measures did not reach significance that does not indicate that joint moments and powers 
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were unaffected. Future studies would benefit from the collection and analysis of specific 

lower extremity joint kinetic parameters. Changes in knee joint loading and power may 

be present with restriction of arm swing during running and have a significant 

relationship with BFL muscle activity. 



 98 

BIBLIOGRAPHY 

 
1. Alexander RM. Mechanics of bipedal locomotion. In: Davies PS, eds. 

Perspectives in Experimental Biology. Oxford: Permigon; 1976:493-504. 

2. Altman A, Davis I. Barefoot running: biomechanics and implications for running 

injuries. Current Sports Medicine Reports. 2012;11:244-250. 

3. Arampatzis A. The effect of speed on leg stiffness and joint kinetics in human 

running. JOurnal of Biomechanics. 1999;32:1349-1353. 

4. Arellano CJ, Kram R. The effects of step width and arms swing on energetic cost 

and lateral balance during running. Journal of Biomechanics. 2011;44:1291-1295. 

5. Arendse RE, Noakes TD, Azevedo LB, Romanov N, Schwellnus MP, Fletcher G. 

Reduced eccentric loading of the knee with the Pose running method. Med Sci 

Sports Exerc. 2004;36:272-277. 

6. Ballesteros MLF, Buchthal F, Rosenfalck P. The pattern of muscular activity 

during the arm swing of natural walking. Acta Physiol Scan. 1965;63:296-310. 

7. Bergmark A. Stabiilty of the lumber spine: A study in mechanical engineering. 

Acta Orthopaedica Scandinavica. 1989;60: 

8. Berryman JW. Exercise is Medicine: A Historical Perspective. Current Sports 

Medicine Reports. 2010;9:00-00. 

9. Blair S. Physical inactivity: The biggest public health problem of the 21st 

Century. Br J Sports Med. 2009;43:1-2. 



 99 

10. Booth F, Gordon S, Carlson C, Hamilton M. Waging war on modern chronic 

diseases: primary prevention through exercise biology. Journal of Applied 

Physiology. 2000;88:774-787. 

11. Butler RJ, Crowell HP, Davis IM. Lower extremity stiffness: implications for 

performance and injury. Clin Biomech (Bristol, Avon). 2003;18:511-517. 

12. Cappellini G, Ivanenko Y, Poppele R, Lacquaniti F. Motor Patterns in Human 

Walking and Running. Journal of Neurophysiology. 2006;95:3426-3437. 

13. Cavagna G, Saibene F, Magaria R. External work in walking. Journal of Applied 

Physiology. 1963;18:1-9. 

14. Cavanagh P. Biomechanics of Distance Running. Champaign, Illinois: Human 

Kinetics; 1990. 

15. Cheung RT, Davis IS. Landing pattern modification to improve patellofemoral 

pain in runners: a case series. J Orthop Sports Phys Ther. 2011;41:914-919. 

16. Chumanov ES, Wille CM, Michalski MP, Heiderscheit BC. Changes in muscle 

activation patterns when running step rate is increased. Gait Posture. 

2012;36:231-235. 

17. Clairborne TL, Armstrong CW, Gandhi V, Pincivero DM. Relationship between 

hip and knee strength and knee valgus during a single leg squat. Journal of 

Applied Biomechanics. 2006;22:41-50. 

18. Cohen J. A power primer. Psychol. Bull. 1992;112:155-159. 

19. Crowell HP, Davis IS. Gait retraining to reduce lower extremity loading in 

runners. Clin Biomech (Bristol, Avon). 2011;26:77-83. 



 100 

20. Daoud AI, Geissler GJ, Wang F, Saretsky J, Daoud YA, Lieberman DE. Foot 

strike and injury rates in endurance runners: a retrospective study. Med Sci Sports 

Exerc. 2012;44:1325-1334. 

21. Davis I, Bowser B, Hamill J. Vertical impact loading in runners with a history of 

patellofemoral pain syndrome [abstract]. American College of Sports Medicine 

Annual Meeting. Baltimore, MD: 2010. 

22. Davis I, Bowser B, Hamill J. Vertical impact loading in runners with a history of 

patellofemoral pain syndrome [abstract]. Medicine & Science in Sports & 

Exercise. 2010;42: 

23. de Marche Baldon R, Nakagawa TH, Muniz TB, Amorim CF, Macial CD, Serrao 

FV. Eccentric hip muscle function in females with and without patellofemoral 

pain syndrome. Journal of Athletic Training. 2009;44:490-496. 

24. Dedieu P, Zanone PG. Effects of gait pattern and arm swing on intergirdle 

coordination. Hum Mov Sci. 2012;31:660-671. 

25. Dicharry J. Kinematics and kinetics of gait: from lab to clinic. Clin Sports Med. 

2010;29:347-364. 

26. Diedrich F, Warren W. The dynamics of gait transitions: Effects of grade and 

load. J Mot Behav. 1998;30:60-78. 

27. Diedrich F, Warren W. Why change gaits? Dynamics of the walk-run transition. J 

Exp Psychol Hum Percept Perform. 1995;21:183-202. 

28. Dierks T, Manal KT, Hamill J, Davis IS. Proximal and distal influences on hip 

and knee kinematics in runners with patellofemoral pain during a prolonged run. 

Journal of Orthopaedic & Sports Physical Therapy. 2008;38:448-456. 



 101 

29. DiFabio R. Reliability of computerized surface electromyography for determining 

the onset of muscle activity. Physical Therapy. 1987;67:43-48. 

30. Dutto DJ, Smith GA. Changes in spring-mass characteristics during treadmill 

running to exhaustion. Medicine & Science in Sports & Exercise. 2002;34:1324-

1331. 

31. Earl JE, Hoch AZ. A proximal strengthening program improves pain, function, 

and biomechanics in women with patellofemoral pain syndrome. Am J Sports 

Med. 2011;39:154-163. 

32. Edwards WB, Taylor D, Rudolphi TJ, Gillette JC, Derrick TR. Effects of stride 

length and running mileage on a probablistic stress fracture model. Med Sci 

Sports Exerc. 2010;41:2117-2184. 

33. Edwards WB, Ward ED, Meardon SA, Derrick TR. The use of external 

transducers for estimating bone strain at the distal tibia during impact activity. 

Journal of Biomechanical Engineering. 2009;131: 

34. Eriksson M, Halvorsen KA, Gullstrand L. Immediate effect of visual and auditory 

feedback to control the running mechanics of well-trained athletes. J Sports Sci. 

2011;29:253-262. 

35. Etnoyer J, Cortes N, Ringleb SI, Van Lunen BL, Onate JA. Instruction and Jump-

Landing Kinematics in College-Aged Female Athletes Over Time. Journal of 

Athletic Training. 2013;48:161-171. 

36. Faccioni A. The role of mid-torso in maximising sprint performance. Strength 

Cond Coach. 1994;2:6-10. 



 102 

37. Farley C, Gonzalez O. Leg stiffness and stride frequency in human running. 

Journal of Biomechanics. 1996;29:181-186. 

38. Farley CT, Blickhan R, Saito J, Taylor RC. Hopping frequency in humans, a test 

of how springs set stride frequency in bouncing gaits. Journal of Applied 

Physiology. 1991;71:2127-2132. 

39. Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: A flexible statistical 

power analysis program for the social, behavioral, and biomedical sciences. 

Behavior Research Methods, Instruments, & Computers. 2007;39:175-191. 

40. Ferber R, Davis IS, Williams III DS. Gender differences in lower extremity 

mechanics during running. Clin Biomech (Bristol, Avon). 2003;350-357. 

41. Ferber R, Kendall KD, Farr L. Changes in knee biomechanics after a hip-

abduction strengthening protocol for runners with patellofemoral pain syndrome. 

Journal of Athletic Training. 2011;46:142-149. 

42. Ferris DP, Huang HJ, Kao P-C. Moving the arms to activate the legs. Exerc Sport 

Sci Rev. 2006;34:113-120. 

43. Floyd R. Manual of Structural Kinesiology. New York, New York: McGraw Hill; 

2009. 

44. Ford MP, Wagenaar RC, Newell KM. Arm constraint and walking in healthy 

adults. Gait Posture. 2007;26:135-141. 

45. Fredericson M, Misra AK. Epidemiology and aetiology of marathon running 

injuries. Sports Med. 2007;37:437-439. 



 103 

46. Fredericson M, Moore T. Muscular balance, core stability, and injury prevention 

for middle- and long-distance runners. Phys Med Rehabil Clin N Am. 

2005;16:669-689. 

47. Gazendam MG, Hof AL. Averaged EMG profiles in jogging and running at 

different speeds. Gait & Posture. 2007;25:604-614. 

48. Gollhofer A, Kyrolainen H. Neuromuscular control of the human leg extensor 

muscles in jump exercises under various stretch-load conditions. International 

Journal of Sports Medicine. 1991;12:34-40. 

49. Grimston S, Ensberg J, Kloiber R, Hanley D. Bone mass, external loads, and 

stress fractures in females runners. International Journal of Sports Biomechanics. 

1991;7:293-302. 

50. Gullstrand L, Halvorsen K, Tinmark F, Eriksson M, Nilsson J. Measurements of 

vertical displacement in running, a methodological comparison. Gait Posture. 

2009;30:71-75. 

51. Hamner S, Seth A, Delp SL. Muscle contributions to propulsion and support 

during running. Journal of Biomechanics. 2010;43:2709-2716. 

52. Heiderscheit BC, Chumanov ES, Michalski MP, Wille CM. Effects of step rate 

manipulation on joint mechanics during running. Med Sci Sports Exerc. 

2011;43:296-302. 

53. Henning EM, LaFortune MA. Relationship between ground reaction force and 

tibial bone acceleration parameters. International Journal of Sports 

Biomechanics. 1991;7:303-309. 



 104 

54. Hermens HJ, Freriks B, Merletti R, et al. European Recommendations for Surface 

ElectroMyoGraphy. Netherlands: Roessingh Research and Development; 1999. 

55. Hewett TE, Myer GD, Ford KR, et al. Biomechanical measures of neuromuscular 

control and valgus loading of the knee predict anterior cruciate ligament injury 

risk in female athletes: a prospective study. The American Journal of Sports 

Medicine. 2005;33:492-501. 

56. Hibbs AE, Thompson KG, French D, Wrigley A, Spears I. Optimizing 

performance by improving core stability and core strength. Sports Medicine. 

2008;38:995-1008. 

57. Hinrichs R. Upper extremity function in running. University Park: The 

Pennsylvania State University; 1985. 

58. Hirschfeld H, Forssberg H. Phase-dependent modulations of anticipatory postural 

activity during human locomotion. Journal of Neurophysiology. 1991;66:12-19. 

59. Hodges P, Bui B. A comparison of computer-based methods for the determination 

of onset of muscle contraction using electromyography. Electrocephalography 

and Clinical Neurophysiology. 1996;101:511-519. 

60. Hodges PW. Changes in motor planning of feedforward postural responses of the 

trunk muscles in low back pain. Exp Brain Res. 2001;141:261-266. 

61. Hodges PW, Moseley GL, Gabrielsson A, Gandevia SC. Experimental muscle 

pain changes feedforward postural responses of the trunk muscles. Exp Brain Res. 

2003;151:262-271. 

62. Holt KG, Wagenaar RO, Saltzman E. A Dynamic Systems/Constraints Approach 

to Rehabilitation. Revista Brasileira de Fisioterapia. 2010;14:446-463. 



 105 

63. Hoyt D, Taylor C. Gait and the energetics of locomotion in horses. Nature. 

1981;292:239-240. 

64. Hreljac A. Determinants of the gait transition speed during human locomotion: 

kinematic factors. Journal of Biomechanics. 1995;28:669-672. 

65. Hreljac A. Impact and Overuse Injuries in Runners. Medicine & Science in Sports 

& Exercise. 2004;845-849. 

66. Hreljac A, Ferber R. A biomechanical perspective of predicting injury risk in 

running. International SportMed Journal. 2006;7:98-108. 

67. Hreljac A, Marshall RN, Hume PA. Evaluation of lower extremity overuse injury 

potential in runners. Med Sci Sports Exerc. 2000;1635-1641. 

68. Huang HJ, Ferris DP. Neural coupling between upper and lower limbs during 

recumbent stepping. Journal of Applied Physiology. 2004;97:1299-1308. 

69. Ireland M, Willson JD, Ballantyne BT, McClay I. Hip strength in females with 

and without patellofemoral pain. Journal of Orthopaedic & Sports Physical 

Therapy. 2003;33:671-676. 

70. Ivanenko YP, Poppele RE, Lacquaniti F. Five basic muscle activation patterns 

account for muscle activity during human locomotion. J Physiol. 2004;556:267-

282. 

71. Ivanenko YP, Poppele RE, Lacquaniti F. Motor control programs and walking. 

Neuroscientist. 2006;12:339-348. 

72. Kamen G. Electromyographic KInesiology. In: Robertson DGE, Caldwell GE, 

Hamill J, Kamen G, Whittlesey SN, eds. Research Methods in Biomechanics. 

Human Kinetics; 2004: 



 106 

73. Kibler WB, Press J, Sciascia A. The role of core stability in athletic function. 

Sports Medicine. 2006;36:189-198. 

74. Kim T-Y, Yoo W-G, An D-H, Oh J-S, Shin S-J. The effects of different gait 

speeds and lower arm weight on the activities of the latissimus dorsi, gluteus 

medius, and gluteus maximus muscles. Journal of Physical Therapy Science. 

2013;25:1483-1484. 

75. Knobloch K, Yoon U, Vogt PM. Acute and Overuse Injuries Correlated to Hours 

of Training in Master Running Athletes. Foot & Ankle International. 

2008;29:671-676. 

76. Kram R, Taylor C. Energetics of running: a new perspective. Nature. 

1990;19:265-267. 

77. Kuhtz-Buschbeck JP, Jing B. Activity of upper limb muscles during human 

walking. J Electromyogr Kinesiol. 2012;22:199-206. 

78. Kuo AD, Donelan JM, Ruina A. Energetic Consequences of Walking Like and 

Inverted Pendulum: Step-to-Step Transitions. Exerc Sport Sci Rev. 2005;33:88-

97. 

79. Kyrolainen H, Belli A, Komi PV. Biomechanical factors affecting running 

economy. Medicine & Science in Sports & Exercise. 2001;33:1330-1337. 

80. Lampaa R. Marathon, half-marathon and state of sport report. Colorado Springs, 

CO: Running USA; 2011. 

81. Lankhorst NE, Bierma-Zeinstra SM, van Middelkoop M. Factors associated with 

patellofemoral pain syndrome: a systematic review. British Journal of Sports 

Medicine. 2012; 



 107 

82. Lee D. The Pelvic Girdle. 3rd Edition. Edinburgh: Churchill Livingstone; 2004. 

83. Leetun DT, Ireland ML, Willson JD, Ballantyne BT, Davis IM. Core Stability 

Measures as Risk Factors for Lower Extremity Injury in Athletes. Medicine & 

Science in Sports & Exercise. 2004;36:926-934. 

84. Lenhart R, Thelen D, Heiderscheit B. Hip muscle loads during running at various 

step rates. J Orthop Sports Phys Ther. 2014;44:766-A764. 

85. Lenhart RL, Thelen DG, Wille CM, Chumanov ES, Heiderscheit BC. Increasing 

running step rate reduces patellofemoral joint forces. Med Sci Sports Exerc. 

2014;46:557-564. 

86. Levin SM. The tensegrity-truss as a model for spine mechanics: biotensegrity. 

Journal of Mechanics in Medicine and Biology. 2002;2: 

87. Lieberman DE, Venkadesan M, Werbel WA, et al. Foot strike patterns and 

collison forces in habitually barefoot versus shod runners. Nature. 2010;463:531-

536. 

88. Long-Rossi F, Salsich GB. Pain and hip lateral rotator muscle strength contribute 

to functional status in females with patellofemoral pain. Physiotherapy research 

international : the journal for researchers and clinicians in physical therapy. 

2010;15:57-64. 

89. Maiwald C, Sterzing T, Mayer TA, Milani TL. Detecting foot-to-ground contact 

from kinematic data in running. Footwear Science. 2009;1:111-118. 

90. Mann R, Hagy J. Running, jogging and walking: a comparison of 

electromyographic and biomechanical study. In: Trott JEBA, eds. The Foot and 

Ankle. New York: Thieme-Stratton; 1980:167-175. 



 108 

91. Margaria R. Biomechanics and energetics of muscular exercise. Oxford: 

Clarendon Press; 1976. 

92. Marti B, Vader JP, Minder CE, Abelin T. On the epidemiology of running 

injuries: The 1984 Bern Grand-Prix study. The American Journal of Sports 

Medicine. 1988;16:285-294. 

93. McMahon TA, Cheng GC. The mechanics of running: how does stiffness couple 

with speed? Journal of Biomechanics. 1990;23:65-78. 

94. Meeuwisse W. Assessing Causation in Sport Injury: A Multifactorial Model. 

Clinical Journal of Sports Medicine. 1994;4:166-170. 

95. Miller RH, Caldwell GE, Van Emmerik RE, Umberger BR, Hamill J. Ground 

reaction forces and lower extremity kinematics when running with suppressed 

arm swing. J Biomech Eng. 2009;131:124502. 

96. Milner CE, Fairbrother JT, Srivatsan A, Zhang S. Simple verbal instruction 

improves knee biomechanics during landing in female athletes. Knee. 

2012;19:399-403. 

97. Milner CE, Ferber R, Pollard CD, Hamill J, Davis IS. Biomechanical factors 

associated with tibial stress fracture in female runners. Med Sci Sports Exerc. 

2006;38:323-328. 

98. Milner CE, Hamill J, Davis IS. Are knee mechanics during early stance related to 

tibial stress fracture in runners? Clin Biomech (Bristol, Avon). 2007;22:697-703. 

99. Myer GD, Ford KR, Barber Foss KD, et al. The incidence and potential 

pathomechanics of patellofemoral pain in female athletes. Clin Biomech (Bristol, 

Avon). 2010;25:700-707. 



 109 

100. Myers TW. Anatomy trains: myofascial meridians for manual and movement 

therapists. Churchill Livingstone; 2009. 

101. Nadler SF, Malanga GA, Deprince M, Stitik TP, Feinberg JH. The relationship 

between lower extremity injury, low back pain, and hip muscle strength in male 

and female collegiate athletes. Clinical Journal of Sports Medicine. 2000;10:89-

97. 

102. Nasher L, Forssberg H. Phase-dependent organization of postural adjustments 

associated with arm movements while walking. Journal of Neurophysiology. 

1986;55:1382-1394. 

103. Nelson-Wong E, Gregory DE, Winter DA, Callaghan JP. Gluteus medius muscle 

activation patterns as a predictor of low back pain during standing. Clin Biomech 

(Bristol, Avon). 2008;23:545-553. 

104. Nielsen RO, Buist I, Sorensen H, Lind M, Rasmussen S. Training errors and 

running related injuries: a systematic review. International Journal of Sports 

Physical Therapy. 2012;7:58-75. 

105. Niemuth PE, Johnson RJ, Myers MJ, Thieman TJ. Hip Muscle Weakness and 

Overuse Injuries in Recreational Runners. Clinical Journal of Sports Medicine. 

2005;15:14-21. 

106. Nikooyan AA, Zadpoor AA. Mass-spring-damper modelling of the human body 

to study running and hopping - an overview. Proceedings of the Institution of 

Mechanical Engineers, Part H: Journal of Engineering in Medicine. 

2011;225:1121-1135. 



 110 

107. Nilsson J, Thorstensson A, Halbertsma J. Changes in leg movements and muscle 

activity with speed of locomotion and mode of progression in humans. Acta 

Physiol Scan. 1985;123:457-475. 

108. Noehren B, Pohl MB, Sanchez Z, Cunningham T, Lattermann C. Proximal and 

distal kinematics in female runners with patellofemoral pain. Clin Biomech 

(Bristol, Avon). 2012;27:366-371. 

109. Noehren B, Scholz J, Davis IS. The effects of real-time gait retraining on hip 

kinematics, pain and function in subjects with patellofemoral pain syndrome. Br J 

Sports Med. 2010;45:691-696. 

110. Novacheck TF. The biomechanics of running. Gait & Posture. 1998;7:77-95. 

111. Page P, Frank C, Lardner R. Assessment and Treatment of Muscle Imbalance- The 

Janda Approach. Human Kinetics; 2010. 

112. Patel JH. Role of the Lumbopelvic-Hip Complex in Bipedal Acceleration. Auburn, 

Alabama: Auburn University; 2013. 

113. Patel JH, Sumner A, Fox J, et al. The role of the latissimus dorsi muscle pelvic 

girdle and trunk rotations. 2013. 

114. Pohl MB, Mullineaux DR, Milner CE, Hamill J, Davis IS. Biomechanical 

predictors of retrospective tibial stress fractures in runners. J Biomech. 

2008;41:1160-1165. 

115. Pontzer H, Holloway JHt, Raichlen DA, Lieberman DE. Control and function of 

arm swing in human walking and running. J Exp Biol. 2009;212:523-534. 



 111 

116. Powers C. The influence of altered lower-extremity kinematics on patellofemoral 

joint dysfunction: A theoretical persepctive. J Orthop Sports Phys Ther. 

2003;33:639-646. 

117. Powers CM. The influence of abnormal hip mechanics on knee injury: a 

biomechanical perspective. J Orthop Sports Phys Ther. 2010;40:42-51. 

118. Prince F, Winter D, Stergiou P, Walt S. Anticipatory control of upper body 

balance during human locomotion. Gait & Posture. 1994;2:19-25. 

119. Richardson C, Jull G, Hodges P, Hides J. Therapeutic exercise for spinal 

segmental stabilization in low back pain: scientific basis and clinical approach. 

Edinburgh NY: Churchill Livingstone; 1999. 

120. Rolf C. Overuse injuries of the lower extremity in runners. Scandinavian Journal 

of Medicine & Science in Sports. 1995;5:181-190. 

121. Ryan MB, MacLean C, Taunton JE. A review of anthropometric, biomechanical, 

neuromuscular and training related factors associated with injury in runners. 

International Sports Medicine Journal. 2006;7:120-137. 

122. Santello M. Review of motor control mechanisms underlying impact absorption 

from falls. Gait Posture. 2005;21:85-94. 

123. Satterthwaite P, Norton R, Larmer P. Risk factors for injuries and other health 

problems sustained in a marathon. British Journal of Sports Medicine. 

1999;33:22-26. 

124. Schache AG, Bennell K, Blanch PD, Wrigley TV. The coordinated movement of 

the the lumbo-pelvic-hip complex during running: a literature review. Gait & 

Posture. 1999;10:30-47. 



 112 

125. Schroeder S. We can do better: improving the health of the American people. New 

England Journal of Medicine. 2007;357:1221-1228. 

126. Shin S-J, Kim T-Y, Yoo W-G. Effects of various gait speeds on the lattisimus 

dorsi and gluteus maximus muscles associated with the posterior oblique sling 

system. Journal of Physical Therapy Science. 2013;25:1391-1392. 

127. Snyder KR, Earl JE, O'Connor KM, Ebersole KT. Resistance training is 

accompanied by increases in hip strength and changes in lower extremity 

biomechanics during running. Clin Biomech (Bristol, Avon). 2009;24:26-34. 

128. Souza RB, Powers CM. Differences in hip kinematics, muscle strength, and 

muscle activation between subjects with and without patellofemoral pain. J 

Orthop Sports Phys Ther. 2009;39:12-19. 

129. Swanson RL. Biotensegrity: A unifying theory of biological architecture with 

applications to osteopathic practice, education, and research - A review and 

analysis. Journal of American Osteopathic Association. 2013;113:34-52. 

130. Taunton JE, Ryan MB, Clement DB, McKenzie DC, Lloyd-Smith DR, Zumbo 

BD. A retrospective case-control analysis of 2002 running injuries. Br J Sports 

Med. 2002;36:95-101. 

131. Taunton JE, Ryan MB, Clement DB, Smith DL, Zumbo BD. A prospective study 

of running injuries: the Vancouver Sun Run "In Training" clinics. British Journal 

of Sports Medicine. 2003;37:239-244. 

132. Tseh W, Bennett J, Caputo JL, Morgan DW. Comparison between preferred and 

energetically optimal transition speeds in adolescents. European Journal of 

Applied Physiology. 2002;88:117-121. 



 113 

133. Turvey MT. Coordination. American Psychologist. 1990;45:938-953. 

134. Umberger BR. of suppressing arm swing on kinematics, kinetics, and energetics 

of human walking. Journal of Biomechanics. 2008;41:2575-2580. 

135. van Emmerik RE, van Wegen EE. On Variability and Stability in Human 

Movement. Journal of Applied Biomechanics. 2000;16:394-406. 

136. van Gent RN, Siem D, van Middelkoop M, van Os AG, Bierma-Zeinstra SM, 

Koes BW. Incidence and determinants of lower extremity running injuries in long 

distance runners: a systematic review. Br J Sports Med. 2007;41:469-480. 

137. van Mechelen W. Running Injuries: A Review of the Epidemiological Literature. 

Sports Medicine. 1992;14:320-335. 

138. Van Middelkoop M, Kolkman J, Van Ochten J, Bierma-Zeinstra SMA, Koes B. 

Prevalence and incidence of lower extremity injuries in male marathon runners. 

Scandinavian Journal of Medicine & Science in Sports. 2008;18:140-144. 

139. Vleeming A, Pool-Goudzwaard A, Stoeckart R, van Wingerden J-P, Snijders CJ. 

The posterior layer of the thoracolumbar fascia: Its function in load transfer from 

spine to legs. Spine. 1995;20:753-758. 

140. Vleeming A, Stoeckart R. The role of the pelvic girdle in coupling the spine and 

the legs: a clinical-anatomical perspective on pelvic stability. In: al Ve, eds. 

Movement, Stability & Lumbopelvi Pain. New York: Churchill 

Livingstone/Elsevier; 2007: 

141. Wagenaar RC, Beek W. Hemiplegic gait: A kinematic analysis using walking 

speed as a basis. Journal of Biomechanics. 1992;25:1007-1015. 



 114 

142. Wen DY, Puffer JC, Schmalzried TP. Lower extremity alignment and risk of 

overuse injuries in runners. Med Sci Sports Exerc. 1997;29:1291-1298. 

143. Willardson JM. Core stability training, applications to sport conditioning 

programs. Journal of Strength and Conditioning Research. 2007;21:979-985. 

144. Wille CM, Aufderheide E, Michalski MP, Chumanov ES, Heiderscheit BC. 

Kinematics measures predict braking impulse and knee joint loading during 

running. American Physical Therapy Association Combined Sections Meeting. 

New Orleans, LA: 2011. 

145. Wille CM, Lenhart RL, Wang S, Thelen DG, Heiderscheit BC. Ability of sagittal 

kinematic variables to estimate ground reaction forces and joint kinetics in 

running. J Orthop Sports Phys Ther. 2014;44:825-830. 

146. Williams III D, McClay Davis I, Scholz J, Hamill J, Buchanan T. Lower 

extremity stiffness in runners with different foot types. Gait and Posture. 2003; 

147. Willson JD, Davis I. Lower extremity strength and mechanics during jumping in 

women with patellofemoral pain. Journal of Sport Rehabilitation. 2009;18:76-90. 

148. Willson JD, Davis IS. Lower extremity mechanics of females with and without 

patellofemoral pain across activities with progressively greater task demands. Clin 

Biomech (Bristol, Avon). 2008;23: 

149. Willson JD, Dougherty CP, Ireland ML, Davis IM. Core stability and its 

relationship to lower extremity function and injury. Journal of American Academy 

of Orthopedic Surgery. 2005;13:316-325. 



 115 

150. Willson JD, Ireland ML, Davis IS. Core strength and lower extremity alignment 

during single leg squats. Medicine & Science in Sports & Exercise. 2006;38:945-

952. 

151. Willson JD, Kernozek T, Arndt R, Reznichek D, Straker S. Gluteal muscle 

activation in female runners with and without patellofemoral pain syndrome. 

Journal of Orthopaedic & Sports Physical Therapy. 2011;41:A17-A18. 

152. Willy RW, Davis IS. The effect of a hip-strengthening program on mechanics 

during running and during a single-leg squat. J Orthop Sports Phys Ther. 

2011;41:625-632. 

153. Willy RW, Scholz JP, Davis IS. Mirror gait retraining for the treatment of 

patellofemoral pain in female runners. Clin Biomech (Bristol, Avon). 

2012;27:1045-1051. 

154. Winter D. Biomechanics and Motor Control of Human Movement. Fourth Edition. 

Hoboken, New Jersey: John Wiley & Sons; 2009. 

155. Wirtz AD, Willson JD, Kernozek TW, Hong DA. Patellofemoral joint stress 

during running in females with and without patellofemoral pain. Knee. 

2012;19:703-708. 

156. Zadpoor A, Nikooyan A. The relationship between lower-extremity stress 

fractures and the ground reaction force: A systematic review. Clin Biomech 

(Bristol, Avon). 2010; 

157. Zadpoor AA, Nikooyan AA. The relationship between lower-extremity stress 

fractures and the ground reaction force: a systematic review. Clin Biomech 

(Bristol, Avon). 2011;26:23-28. 



 116 

158. Zazulak BT, Hewett TE, Reeves NP, Goldberg B, Cholewicki J. Deficits in 

neuromuscular control of the trunk predict knee injury risk: a prospective 

biomechanical-epidemiologic study. Am J Sports Med. 2007;35:1123-1130. 

159. Zazulak BT, Hewett TE, Reeves NP, Goldberg B, Cholewicki J. The effects of 

core proprioception on knee injury: a prospective biomechanical-epidemiological 

study. The American Journal of Sports Medicine. 2007;35:368-373. 

160. Zazulak BT, Ponce PL, Straub SJ, Medvecky MJ, Avedisian L, Hewett TE. 

Gender comparison of hip muscle activity during single-leg landing. Journal of 

Orthopaedic & Sports Physical Therapy. 2005;35:292-299. 



 117 

APPENDIX A 

MATLAB CODE DESCRIPTION FOR DATA ANALYSIS 

 

This appendix contains the customized MatLab code, and a brief description of 

each code, that was created for data analysis and is specific to this study. 

legCalibration – this program takes the cleaned motion analysis calibration trials 

and creates three files – leftcalibration, rightcalibration, and triadrotations – that 

are used to process the kinematic data. 

smoothData1 – this program is used to determine the time stamps for phases of 

the gait cycle. 

processEMGmean – this program is used to filter, rectify, and detrend the 

electromyography (EMG) data. It calls the files created by smoothData and 

outputs the mean and root mean square of each EMG channel for each phase of  

the gait cycle. 

processEMGpeak – this program is used to filter, rectify, and detrend the 

electromyography (EMG) data. It calls the files created by smoothData and 

outputs the peak and root mean square of each EMG channel for each phase of  

the gait cycle. 

EMG_L/R_onsetcc – this program takes the consecutive stride information and 

processes the EMG for each muscle, for each condition. The EMG signal is 

normalized to the gait cycle and the baseline EMG signal is used in a calculation 

of the onset threshold. 
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graphEMGall_(R/L)HandDOM – this program is used to graph the raw EMG 

signal for each of the three arm swing conditions.  

functionalAngles – this program is used to calculate  the lower extremity sagittal 

and frontal plane angles relative to the horizontal plane. 

vCOM_BFL – this program is used to calculate the vertical displacement for each 

of the three arm swing conditions using the sacral marker data. 

vCOM_graph – graphs the vCOM exercusion across arm swing conditions. 
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APPENDIX B 

REPRESENTATIVE RAW EMG DATA 

This data includes plots of raw EMG data used for visual assessment for each 

muscle for each condition, raw EMG data that is time normalized to the gait cycle, and a 

plot of the linear envelope of the muscle across conditions. This plot includes threshold 

for EMG onset detection.  

 

 

 
Figure B-1. Representative data for latissimus dorsi muscle activity during the 
free arm swing condition. Raw signal of latissimus dorsi over entire trial for free 
arm swing condition for a single subject. 
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Figure B-2. Representative data for latissimus dorsi muscle activity during 
unilateral arm swing condition. Raw signal of latissimus dorsi over entire trial for 
unilateral arm swing constraint condition from one participant. 

 

 
Figure B-3. Representative data for latissimus dorsi muscle activity during 
bilateral constraint condition. Raw signal of latissimus dorsi over entire trial for 
bilateral arm swing constraint condition for a single subject. 
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Figure B-4. Representative data for latissimus dorsi muscle activity across one 
complete gait cycle. Raw signal of latissimus dorsi for one complete gait cycle 
across all conditions for a single subject. 

 

 
 

Figure B-5. Representative data of linear envelope for latissimus dorsi muscle 
activity. Plot of latissimus dorsi is over one complete gait cycle for a single 
subject. Solid horizontal line indicates threshold determined from comparison to 
baseline EMG. 
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Figure B-6. Representative data for gluteus maximus muscle activity during free 
arm swing condition. Raw signal of gluteus maxims over entire trial for free arm 
swing condition for a single subject. 

 

 
Figure B-7. Representative data for gluteus maximus muscle activity during 
unilateral arm swing constraint condition. Raw signal of gluteus maximus over 
entire trial for unilateral arm swing constraint condition for a single subject. 
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Figure B-8. Representative data for gluteus maximus muscle activity during 
bilateral condition. Raw signal of gluteus maximus over entire trial for bilateral 
arm swing constraint condition for a single subject. 

 

 
Figure B-9. Representative data for gluteus maximus muscle activity across one 
complete gait cycle. Raw signal of gluteus maximus for one complete gait cycle 
across all conditions for a single subject. 
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Figure B-10. Representative data of linear envelope for gluteus maximus. Linear 
envelope is across one complete gait cycle for a single subject. Solid horizontal 
line indicates threshold determined from comparison to baseline EMG. 
 
 

 
Figure B-11. Representative data for vastus lateralis muscle activity during free 
arm swing condition. Raw signal of vastus lateralis over entire trial for free arm 
swing condition for a single subject. 
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Figure B-12. Representative data for vastus lateralis muscle activity during 
unilateral arm swing constraint condition. Raw signal of vastus lateralis over 
entire trial for unilateral arm swing constraint condition for a single subject. 

 

 
Figure B-13. Representative data for vastus lateralis muscle activity during 
bilateral condition. Raw signal of vastus lateralis over entire trial for bilateral arm 
swing constraint condition for a single subject. 
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Figure B-14. Representative data for vastus lateralis muscle activity across one 
complete gait cycle. Raw signal of vastus lateralis for one complete gait cycle 
across all conditions for a single subject. 

 

 
Figure B-15. Representative data of linear envelope for vastus lateralis muscle activity. 

Linear envelope is over one complete gait cycle for a single subject. Solid horizontal line 
indicates threshold determined from comparison to baseline EMG. 

 

0 500 1000 1500
−2

−1.5

−1

−0.5

0

0.5

1

1.5
x 10−4 Vastus Lateralis

time (ms)

Am
pli

tud
e (

V)

 

 
free arm swing
unilateral arm swing constraint
bilateral arm swing constraint

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

8
x 10−5 Vastus Lateralis

Gait Cycle (%)

Am
plit

ude
 (V

)

 

 
free arm swing
unilateral arm swing suppression
bilateral arm swing suppression


